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Lay abstract

Sepsis is a major reason for hospitalization and cause of death in hospitals worldwide. Its treatment
is highly time sensitive with each hour of delay in diagnosis causing a significant increase in chances
of death. Due to the wide range of symptoms that can be caused by sepsis, its diagnosis uses a scoring
method that relies on the expertise of the onsite doctors and nurses increasing their workload. A more
objective system for detection requires the measurement of the quantities of different biomarkers in
blood. Biomarkers are proteins present in plasma that change in quantity due to the body’s reaction
to sepsis. Several of these biomarkers have been identified and studied for their use in both diagnosing
the presence of sepsis and in predicting the outcome with the current treatment plan. In this PhD study,
we chose two of these biomarkers — circulating free DNA (cfDNA) and protein C and developed low-
cost techniques for rapidly measuring their concentration in blood plasma. To do this, we made
microfluidic devices with techniques that use low-cost materials such as plastic sheets and threads.
The device for the measurement of protein C required separating it from many other proteins in
plasma. We showed that a device fabricated from stacked plastic sheets and integrated with agarose
gels could be used for the measurement of protein C in plasma with sufficient resolution to help with
treating septic patients at a cost of less $5 per device. Similarly, we showed that a device that
integrated threads with plastic sheets could be used for measuring the quantity of cfDNA in plasma
in a portable format within 15 minutes. Overall, we developed tools for rapid measurement of two
biomarkers of sepsis using low cost device that cost under $5 to run and could led to improving the

quality of care for sepsis patients.



Abstract

Sepsis is a “life-threatening organ dysfunction caused by a dysregulated host response to infection”
that has a widespread impact on human life around the world. It affects more than 1.5 million people,
killing at least 250,000 each year in the US alone and affects 90,000 people annually, with estimated
mortality rates of up to 30% in Canada. Our understanding of the different biochemical pathways that
in the progression of sepsis has improved patient care for sepsis patients. One part of patient care is
the use of biomarkers for patient prognosis that draws on the full range of relevant and available
information to model the possible outcomes for an individual. Numerous biomarkers have been
studied for patient prognosis that includes Procalcitonin (PCT), C-reactive protein (CRP), TNF-a,
cfDNA, protein C and PAI 1. Using a panel of multiple biomarkers provided more accuracy in patient
prognosis than using individual biomarkers and one such panel that was proposed used cfDNA,
protein C, platelet count, creatinine, Glasgow Coma Scale [GCS] score, and lactate. Commercial, low
cost POC techniques were available for the measurement of all biomarkers besides cfDNA and protein
C. The objective of this doctoral thesis was chosen to develop low cost, microfluidic devices for the
measurement of protein C and cfDNA using nonspecific fluorescence dyes that would enable the
eventual integration of the systems and improve patient prognosis. The measurement of protein C in
plasma required the separation of protein C from interfering proteins in plasma. This was done through
the development of a two-stage separation process that included the development of tunable agarose
isoelectric gates for separating proteins using their isoelectric point and the miniaturization of
immobilized metal affinity chromatography and its extension to Barium for the selective binding of
proteins using their chemical affinity. This was performed in a xurographically fabricated chip to
reduce costs and enable the use of geometric focusing of the electric field to enable the operation of

the device at a lower applied voltage. The challenges faced with cfDNA were different due to the



different characteristics of the material and less interference from plasma. The requirement was to
measure the total cfDNA content with minimal cost in comparison to currently available techniques.
This was achieved through the development of thread microfluidic devices that showed the use of
thread for automated aliquoting of samples by controlling length and twists of the thread.
Preconcentration and use of external apparatus was avoided by showing that thread could be used to
amplify fluorescence response to a range that was sufficient for the measurement of cfDNA in sepsis
patients. A portable fluorescence imaging setup was developed for this purpose and was used in
demonstration for the measurement of cfDNA in plasma with sufficient resolution. In conclusion, we
developed technologies for rapid and low-cost measurement of protein C and cfDNA using
xurographic and thread-based microfluidics that may serve as valuable in improving patient

prognosis.
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Chapter 1: Introduction



Chapter Preface

Sepsis is a medical emergency with widespread impacts on human life around the world. As a result
of our growing understanding of the pathophysiology of sepsis and the numerous factors involved,
we have been making major progress in reducing the mortality due it. A large part of our progress
stems from understanding the different biochemical pathways that seem to be essential to the
progression of sepsis and using this knowledge to better understand how to treat patients with sepsis.
A logical progression of this progress is the development of techniques to measure the concentrations
of these biomarkers and use that to quantify the efficacy of our treatment plans. Current laboratory
scale techniques are expensive and require trained personnel to operate because of which, there is
limited use of biomarker detection for constant monitoring of patient status. Microfluidic devices
show immense potential in reducing the cost of diagnostic care improving the standard of care by
enabling more frequent biomarker detection. Development of thread, paper and plastic devices
reduces the cost of fabrication while improving the potential to scale up the manufacturing of devices.
Additionally, the biomarkers needed span from genomic material to various cytokines and proteins.
Currently, these biomarkers are measured using targeted measurement and detection techniques

which are difficult to integrate.

In this chapter, An overview of the pathophysiology of sepsis, a few of the biomarkers that have been
recognized for their role in the pathophysiology and their potential use in diagnosis or prognosis of
patients was introduced. The detection methods for these biomarkers are explored with a particular
emphasis on technologies that can be used for bedside, rapid care in a low-cost manner. Then, an
overview of different microfluidic technologies that can be used for the fabrication of such devices
are explored and their advantages and drawbacks are presented. In the chapters that follow,
technologies developed for the detection of biomarkers — cell free DNA and protein C are presented

2



and shown to meet the necessary requirements for detection in plasma at a resolution needed for

prognosis while using fluorescence imaging which can be eventually integrated into a single device.
1. Sepsis pathophysiology

Sepsis is “a life-threatening organ dysfunction caused by a dysregulated host response to infection”
[1]. It is the 13" leading cause of death in Canada [2] and affects 90,000 people annually, with
estimated mortality rates of up to 30% [3]. Based on data from the Institute for Clinical evaluative
Sciences (ICES), the economic burden of sepsis in Canada is more than $1.5 billion annually [4]. As
a result, sepsis has been widely studied and numerous theories have been proposed regrading the
multiple factors that play a role and their relative importance. However, due to the complexity of
sepsis and the wide variety of symptoms presented, the pathological process leading to the

development of multiple organ dysfunction is still not completely understood.

Our current understanding of sepsis revolves the interplay between the inflammatory response to an
infection and the coagulation cascade which is further exacerbated by other factors such as a cytokine
storm and apoptotic cell death. The first response to an infection is the activation of innate immune
cells such as macrophages, monocytes among others which result in the activation of intracellular
signal transduction pathways which initiates the release of proinflammatory cytokines TNFa, IL-1,
and IL-6 and inflammasomes such as IL-1p and IL-18. Cytokines are often produced in a cascade as
the release of one cytokine stimulates its target cells to make additional cytokines. A potentially fatal
immune response consisting of a positive feedback loop between cytokines and immune cells is
termed as a cytokine storm [5]. While inflammation is useful to localize the effects of infection, an
extreme inflammatory response causes vascular congestion, endothelial injury, and overstimulation
of the coagulation system. One of the effects of the increase in proinflammatory cytokines is the

upregulation of tissue factor production. Tissue factor causes a systemic activation of the coagulation
3



cascade which causes an increase in the production of thrombin and platelet activation ultimately
leading to an increase in the formation of microthrombi and disseminated intravascular coagulation

(DIC) which can cause tissue hypoxia and organ dysfunction [6].

The coagulation cascade in a healthy human exists in a state of balance between coagulation and
fibrinolysis [7]. However, during sepsis, the excess release of tissue factor due to inflammatory
cytokines in combination with release of other important procoagulants including plasminogen
activator inhibitor, platelet activating factor, and von Willebrand’s factor amplifies the procoagulant
response. Simultaneously, there is a depression in the anticoagulant responses of protein C and
thrombin. A schematic of the interaction between different components in the coagulation cascade is
presented in Fig. 1. Protein C is converted to activated protein C by thrombomodulin which is
activated by thrombin. Activated protein C in combination with activated protein S inhibits the
procoagulant effects of factors Va and factor Vllla. It also has an anti-inflammatory response by
inhibiting the effects of TNFa, IL-1p, and IL-6. However, as sepsis has a large inflammatory response,
these proteins are consumed, and the balance is broken resulting in a runaway coagulation cascade
and production of large amounts of thrombin [8]. Thrombin converts soluble fibrinogen to insoluble
fibrin which clumps with platelets to form clots. Excessive formation of these clots may result in them
acting as emboli that block the microvasculature throughout the body. This is further exacerbated by
the release of plasminogen activator inhibitor - 1 (procoagulant) that inhibits the release of tissue
plasminogen activator that activates plasmin which is responsible for breaking down fibrin breaking
down the fibrinolytic pathway and hence, swaying the balance between coagulation and fibrinolysis

further towards runway coagulation [7].
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Figure 1 Schematic showing the major components and interaction of the coagulation cascade and
fibrinolytic system [9]

In addition, any cell death during the progression of sepsis results in the release of molecules from
dead or damaged host cells such as cell free DNA, ATP and mitochondrial DNA, which can bind to
receptors on monocytes and macrophages increasing the inflammatory response further propagating
the sepsis response [6]. In addition, neutrophils release extracellular traps known as NETSs through
another death mechanism (NETosis)[10]. NETosis releases extracellular chromatin wrapped around
histones and numerous granular proteins and enzymes. Citrullination of these histones in the presence
of peptidyl arginine deiminase-4 releases cfDNA into the circulation to engulf invading microbes

resulting in an increase in plasma concentration of cfDNA. Other components such histones mediate
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extensive cellular damage in endothelial cells aggravating the hemostatic imbalance and amplifying

the inflammatory response by inducing cytokine production [11].
2. Sepsis Biomarkers

As a result, of the complex pathophysiology of sepsis and the resulting wide variety of symptoms

presented, diagnosing sepsis is exceptionally challenging.

2.1 Current diagnostic and prognosis methodologies

The current system for identifying and assessing patients with sepsis was chosen by performing a
multivariable regression analysis with 21 bedside and laboratory criteria using the electronic health
records of 1.3 million encounters at 12 community and academic hospitals [1]. Their predictive ability
was tested, and it was found that SOFA (Sequential Organ Failure Assessment) and Logistic Organ
Dysfunction System were found to have the highest predictive power, of which SOFA is the scoring
system in predominant use. SOFA grades the functioning of various organ systems on a scale of 1- 4
using a number of parameters. These parameters are partial pressure of oxygen (Respiration), Platelet
count (Coagulation), Bilirubin levels (Liver function), Blood pressure, dopamine/ epinephrine/
norepinephrine dosage (Cardiovascular system), Glasgow coma scale (Nervous system), Creatinine
and urine output (Renal system). The scaling of each of these parameters is shown in Table 1. A
higher SOFA score is correlated with an increased probability of mortality. A SOFA score of greater

than 2 was identified as organ dysfunction



Table 1 Sequential Organ Failure Assessment - SOFA ( Adapted from [1] )

System Score
Parameter 0 1 2 3 4
Respiration
Ratio of arterial
oxygen partial
pressure to
fractional 2400 < 400 <100 (13.13
inspired oxygen (53.3 (53.3 <300 (40 <200 (26.7 kPa) kPa) with
in mm of Hg kPa) kPa) kPa) with support support
Coagulation
Platelet count,
x103 /uL >150 <150 <100 <50 <20
Liver
1.2 -
Bilirubin, mg/dL <1.2 1.9 2.0-5.9 6.0-11.9 >12.0
Cardiovascular
Need dosage of
Dopamine 5.1 - Need dosage of
15 or Dopamine > 15
epinephrine < or epinephrine >
> < Need dosage 0.1lor 0.1or
Mean arterial 70mm 70mm of Dopamine norepinephrine norepinephrine
pressure (MAP) of Hg of Hg <5 <0.1 >0.1
Central nervous system
Glasgow Coma
Scale 15 13-14 10-12 6-9 <6
Renal
Creatinine, 1.2 -
mg/dL <12 1.9 20-34 35-49 >5

However, since parts of SOFA such as creatinine and bilirubin level require laboratory testing, and
have a delayed response to organ dysfunction, a rapid test for screening possible sepsis patients was
suggested. The suggested protocol was in the form of quickSOFA (qSOFA). It contained three clinical
variables - Glasgow Coma Scale score of 13 or less (altered mentation), systolic blood pressure of
100 mmHg or less, and respiratory rate 22 /min or greater. It was reported that any 2 of 3 of these had

a similar predictive validity to SOFA outside the ICU. The report suggested that exhibiting altered



mentation with one of the other two criteria be used as a screening tool and be followed up by the
testing needed for a positive qSOFA. This is less robust than the criteria set by a SOFA of greater

than 2, particularly in the ICU and was suggested only as an external screening tool.

In addition to detecting the host response to an infection, blood cultures are used to confirm the presence
of an invasive infection. However, this takes 2 — 14 days and has a low yield. As a result, the host response

is assumed to be due to an infection in the early stages of diagnosis [12].

To reduce the limitations of current clinical scoring methods and improve the insight into host
response based on the differential impact of the individual components in the scoring system,
experimental scoring methods have been suggested. One such scoring system uses six factors -
cfDNA, protein C, platelet count, creatinine, Glasgow Coma Scale [GCS] score, and lactate. This was
shown to have a stronger predictive power than SOFA [13]. The increase in predictive power is due
to two reasons. One is the use of weights determined by observed data instead of equal weights like
in SOFA. The other is the use of biomarkers identified to play a key role in our present understanding
of sepsis. Numerous biomarkers have been identified that could play a role in diagnosis or prognosis

for sepsis which are described in chapter.

2.2 Overview of biomarkers

A recent review describes 258 biomarkers that have been identified as biomarkers for sepsis. Of these
258, 26 biomarkers have been evaluated in studies with over 300 patients [14]. Due to the wide
variation in symptoms for sepsis, biomarkers include proinflammatory biomarkers such as C-reactive
proteins, endothelial proteins such as angiopoietins, cell surface receptors such as CD64 and cfDNA,
cytokines such as TNF-o and immunomodulatory biomarkers such as lymphocyte count and
neutrophil behaviour [15]. Some of the most investigated biomarkers among these are Lactate,

Procalcitonin (PCT), C-reactive protein (CRP), TNF-a, CD64, IL — 6, PAI 1 [1,15-17]. Furthermore,
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the use of a panel of biomarkers improved the accuracy of biomarkers for prognosis and diagnosis of

sepsis for which additional biomarkers like protein C were found to be of interest.

Biomarkers and biomarker panels can be used either for diagnostics to identify the presence of a
disease in a patient or for prognostics to identify the likely outcome of the disease. Diagnosis classifies
patients into groups defined by disease and pathology. This provides clinicians the means to organise
and interpret patient symptoms and test results which can then be used for decision making. This is a
dichotomous result which does not fully account for disease severity. However, the underlying disease
is a continuous distribution of probability for future outcomes, and this is better reflected in prognosis.
Prognosis draws on the full range of relevant and available information to model the possible
outcomes for an individual. As a result, it is currently used after initial diagnosis to provide effective
treatment based in individual requirements [18]. Of the listed biomarkers, Lactate, CD64 and IL — 6
have been studied for their use, either by themselves or as a panel for diagnostics while Procalcitonin
(PCT), C-reactive protein (CRP), TNF-a, cfDNA, protein C and PAI 1 have been found to useful for

prognostics [14,15].

However, the use of biomarkers in hospitals for diagnosis or prognosis of patients has been limited
due to the time needed to run assays for measuring their concentration, the instrumentation/running
cost of each assay and the inability to combine the measurement of multiple biomarkers in a single
format. The current standard for benchtop assays of biomarkers uses immunoassay kits that are widely
available [-CRP 19,-Procalcitonin 20,21]. The most common immunoassay performed is a sandwich
immunoassay. A sandwich immunoassay consists of a capture probe that is bonded to the surface
using either adhesion or functionalization of the surface. The probe can be either an antibody specific
to the biomarker or an aptamer designed to bind specifically to the biomarker. The sample is then

flowed over the capture antibodies to allow binding of the biomarker to the capture probe. This is



followed by using a detection antibody/aptamer that binds to the antigen forming a sandwich. The
detection antibody is bound to a detector depending on the method of detection used. This can be a
fluorophore, a nanoparticle causing a color change or any of the other detection methods. These steps
are interspersed by wash steps to remove excess reagent and steps to passivate the remaining surface
of the device. This is done to reduce nonspecific binding with the other proteins in solution. Numerous
techniques have been developed to further increase the signal obtained from the immunoassay. A
simplified schematic of an immunoassay with the capture and detection probes is shown in Fig. 2.
Step i shows the capture of the analyte using a capture antibody. Step ii shows the binding of the
detection antibody to the analyte following which the fluorescent marker binds to the detection

antibody in step 3.

Proprietary Epoxy glass slides

Capture antibody l
0 Analyte >
™ Biotinylated detection antibody . ()

| Cy3labelled Streptavidin

Figure 2 Schematic of a simplified sandwich immunoassay and detection using fluorescence. [22].

10



However, while laboratory scale processes are widely available, the commercially available kits are
slow taking upwards of 4 hours to complete [23], require the use of expensive reagents and need
trained personnel to perform each of the steps manually. This makes them ineffectual for use as
bedside diagnostic techniques. There are also no integrated laboratory scale techniques available for
measuring the concentrations of multiple biomarkers simultaneously. The measurement of multiple
biomarkers has been shown improve the accuracy of prognosis and would be required for the
successful development of a POC device for sepsis. Additionally, the POC device would need to be
a low-cost and minimize the number and complexity of steps needed such that personnel who have
received minimal training can operate the device. This is best achieved using microfluidics which can
enable the integration of multiple steps and the simultaneous detection of multiple analytes in a low
cost, easy to use format. The microfluidic devices that have been developed for the measurement of
different biomarkers are described in section 2.3. The microfluidic methods available for the detection
of Lactate, Procalcitonin, C-reactive protein and TNF-a and ¢cfDNA are described in sections 2.3.1-
2.3.5 respectively. The challenges in measurement of protein C are described in detail in section 2.3.6

as there were very few microfluidic devices targeted at protein C.

2.3 Microfluidic devices for detection of sepsis biomarkers

Microfluidics is the study and manipulation of fluids at a submillimeter length scale. The effects of
scaling down offer compelling advantages in the development of diagnostic devices. The combined
effects of reducing sample volume, lower cost of production and integration of multiple steps and
biomarkers in a single chip streamlines complex assay protocols results in the reduction of cost and
increases the usability of diagnostic tests. This has led to the development of a class of microfluidic
devices called miniaturized (micro) total analysis systems (UTAS) [24] aimed at reducing the cost of

diagnostic devices in resource poor regions and simplifying their usability to be used by untrained
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personnel. UTAS have been developed for several bacterial and viral diseases with known biomarkers
[25]. Microfluidic devices to improve the rate of detection of blood cultures for sepsis have been
developed. However, the use of these POC methods vary based on the source of infection, with

different methods available for bacterial, fungal and viral infections [12,26].

Different formats of capture and detection of biomarkers have been developed specifically to target
each biomarker of sepsis that result from the host response to an infection as they have a wide range
of properties and native concentrations. The physiological role, the range of measurement and devices
developed are described. The efficacy of a biomarker in providing information for the diagnosis or
prognosis of sepsis is described by using the Receiver Operating Characteristic (ROC) which is a
graphical representation of the trade off between the false negative (sensitivity) and false positive
rates (1 — specificity). The accuracy of a test is measured by the area under the ROC curve (AUC). A
higher AUC represents a better biomarker. Additionally, the optimal sensitivity and specificity was

mentioned where available.

2.3.1 Lactate

Lactate is produced in tissues when the body experiences inadequate perfusion of oxygen. It is formed
from the anaerobic oxidation of pyruvate to produce ATP. It can be produced during heavy exercise,
seizures and numerous other instances that can cause inadequate oxygen delivery, disproportionate
oxygen demand or inadequate oxygen utilization. It can thus be used as a marker for strained cellular
metabolism [27]. Sepsis patients with lactate levels of more than 4 mmol/L had an in-hospital
mortality of 28.4%. One of the methods developed for the use of lactate as a biomarker involved the
introduction of external lactase and studying the clearing time. An increase in concentration of blood
lactate of more than 0.6 mmol/L 60 minutes after the start time of external lactate infusion was 53%

sensitive and 90% specific with an odds ratio of 14.2 (p=0.042) for 28- day mortality [28].
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Microfluidic detection of lactate is the simplest of the listed biomarkers as it has been measured for
determining the status of acid-base homeostasis in the human body for a long time [27]. As a result,
the protocol for measurement is well established and scales down well. This led to the development
of commercial point of care testing equipment [29] which has been tested for practical use as a point
of care device [30]. The device has a turnaround time of 13 seconds per experimental run and

measures lactate concentration in the range of 0.3 — 20 mmol/L.

2.3.2 Procalcitonin (PCT)

Procalcitonin is a protein with a molecular weight of 13kDa which is a precursor to calcitonin which
is essential to maintaining calcium homeostasis. Typically, procalcitonin is only produced in the
thyroid but is produced by other tissues when an infection is present. This results in a large increase
in procalcitonin within 4 hours and peaks in 12-48 hours. However, it is highly nonspecific and
changes in concentration to any infection or inflammation. As a result, it has found to be of better use
as a monitoring tool. PCT guided treatments have reported reduced duration of antibiotics, length of
ICU stay, increase of antibiotic free days and lowered cost of antibiotics [31]. Serum concentration
of PCT in healthy individuals is below 0.1 ng/mL [15] and increases to above 2 ng/mL in case of
sepsis . PCT has a sensitivity of 77% and a specificity of 79% in diagnosing sepsis with a cutoff at 2

ng/mL. It has an AUC of 0.878 [32].

Procalcitonin has been measured on a microfluidic device using immunofluorescence with an
evanescent wave to improve sensitivity [33]. Murine monoclonal antibodies specific to procalcitonin
were prepared used for a sandwich immunoassay. The fluorescence emitted was captured using a
photomultiplier, and the slope of the liner range of the fluorescence signal in V/sec was proportional
to the analyte concentration and used as the measurement. Using this, a limit of detection of 0.02

ng/mL and a range of 0-9 ng/mL in whole blood was obtained with an experimental time of 9 minutes.
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Additionally, numerous devices have been developed using variations of immunoassay developed by
BRAHMS GmbH with resolutions of 0.02 ng/mL to 0.5 ng/mL [33-35]. An electrochemical magneto-
immunoassay showed detection of 0.02 ng/mL of procalcitonin with 25 pL of sample in 15 minutes
[36]. However, the use of specifically produced antibodies makes these assays expensive for regular

use.

2.3.3 C-reactive protein (CRP)

C-reactive protein is synthesised and released by the liver and is a part of a nonspecific acute-phase
response of the body to inflammation, infection and tissue damage. It binds to polysaccharides and
peptido-polysaccharides in bacteria, fungi and parasites in the presence of calcium and plays an active
role in their clearance. As a result, the CRP levels which are present in a range of 0.3-1.7 pg/mL in
healthy individuals to over 10 pg/mL in patients with inflammation and infection [37]. The cut-off
for sepsis has been recommended to be over 50 pg/mL with a sensitivity of 98.5% and a specificity

of 75% [38]. The AUC for CRP is 0.811 [32].

ELISA has also been used in the detection of C-reactive protein using antibodies produced in a mouse
paired with gold nanoparticles [39]. The device was a paper microfluidic assay in vertical flow assay
format and sequential steps were arranged by using pressed paper to control flow rates. The color
change due to capturing of the gold nanoparticles in the test region was used to measure concentration
and resultant device had a limit of detection of 0.005 pg/mL in buffered samples with a range of up
to 5 pg/mL. An experimental time of 15 minutes was used between sample input and detection.
However, mouse produced antibodies are expensive and are limited in supply, an alternative was the
use of aptamers designed to be specific to CRP [40]. Using aptamers paired magnetic beads
microfluidic devices have been designed using PDMS with external pumping for sensing with 5uL

of sample with a limit of detection of 0.0125 pg/mL within 30 minutes. A simpler version of the
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device without a micromixer was shown to have a similar LOD but operating with 62 pL of sample
[41]. These devices used a luminometer to measure the intensity of emitted light from tagged CRP
that bound to the aptamers. Label free detection was shown using cyclic voltammetry and
electrochemical impedance spectroscopy with antibodies from a goat [42]. The device used a
nanoelectrode array with anti-CRP antibodies immobilized on the surface. The resulting device had a
limit of detection of 11 ng/mL with a range of up to 5 pug/mL with an experimental time of a few
minutes. However, the use of CRP specific antibodies and aptamers increases the operating costs of

the devices which worsens their applicability as a bedside test for sepsis.

2.3.4 Tumor necrosis factor-alpha (TNF-a)

TNF-o is a cytokine that acts as a mediator of the inflammatory response. It is released by
macrophages within 30 minutes of infection causing an increase in concentration during sepsis. The
plasma concentration in healthy individuals is usually below 10 pg/mL [43]. This rises to between 20-

100 pg/mL in sepsis [44]. The AUC of TNF-a is 0.835 [32].

TNF-a detection in plasma was shown performing an immunoassay in a cyclic olefin copolymer
(COP) microdevice [45]. An inkjet printer was used for deposition of discrete drops of mouse
antibodies specific to TNF-a and a pipette was used for deposition of other reagents into a surrounding
microchannel. A sandwich assay carried out using this platform with plasma showed a LOD of 0.46
pg/mL and a range of 0-32 pg/mL in 5 hours. A second platform for using ELISA to detect TNF-a
was fabricated in PDMS and consisted of two parallel networks linked by a controllable valve [44].
The valves were used to control the release of functionalised beads for detection which in combination
with multiple wash steps was used to reduce nonspecific adsorption to PDMS and improve sensitivity.
The resultant device was shown to detect TNF-a in serum at concentrations of 25-500 pg/mL in under

30 minutes. Another technique for detection used surface immunofluorescence [46]. It consisted of a
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silicon chip etched to form capillary channels through which 0.3pL of sample and detection antibodies
were pumped using capillary forces and active evaporation using a Peltier element. A PDMS block
coated with capture antibodies from a goat was manually placed in conformal contact with the
capillaries to form a grid that enables rapid detection. The resultant device was shown to have a
sensitivity ranging from 10 to 50 pg/mL in 12 minutes depending on the flow rate of the analyte in
the device. A solid phase assay for measurement of TNF-a was demonstrated using a magnetic bead-
based proximity ligation assay in a COP chip [43]. The technique consists of binding, ligation, and
amplification by qPCR of paired oligonucleotides/goat antibodies to detect specific proteins. This

resulted in a portable device that could measure TNF-a in a range of 12.5-100 pg/mL in plasma.

2.3.5 cell free DNA (cfDNA)

cfDNA molecules are transient fragments of DNA released from neutrophils, eosinophils and
macrophages as a result of either apoptosis or necrosis [31,47]. They are present in minimal levels in
healthy humans as they are regularly cleared by phagocytosis. However, in septic patients, there is
rapid cellular death and increased necrosis. Furthermore, Neutrophils release extracellular traps
(NETS) via a death mechanism, known as NETosis. This releases the extracellular chromatin that is
wrapped around histones and numerous granular proteins and enzymes. The Citrullination of these
histones by peptidyl arginine deiminase-4 relaxes and releases cfDNA into the circulation to engulf
invading microbes. As a result, the cfDNA concentration was found to be a prognostic indicator for
overall morbidity and mortality, as cfDNA content in surviving patients (1.16 = 0.13 pg/mL) was
similar to that of healthy volunteers (0.93 + 0.76 pg/mL) (p = 0.426), while that of non-survivors
(4.65 = 0.48 pg/mL) was notably higher [48]. cfDNA with a cut-off of 2.35 ng/uL has a sensitivity of
88% and a specificity of 94% for predicting ICU mortality [47] and an AUC of 0.84 for hospital

mortality [49] .
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Isolation of cfDNA has been performed using many different techniques. Solid phase isolation was
performed leveraging the nonspecific absorption of DNA to silica. Silica channels, silica immobilized
in sol-gels and poly- (ethylene glycol) have all been demonstrated before [50,51]. However, these
methods are limited by uneven bead distribution and use of solutions that inhibit amplification. Other
methods include the use of a functionalized surface to bind to cfDNA. 3-aminopropyltrietboxysilane
(APTES) and 3-[2-(2-aminoethylamino)-ethylamino]-propyluimethoxysilane (AEEA) have both
been found to have been used to bind to cfDNA [52]. However, the recovery efficiency in blood is
27-40%, and it attracts other negative species in solution. Dimethyl dithiobispropionimidate (DTBP)
is another amine binding nonchaotropic reagent that has been used to bind to cfDNA with a greater
recovery but has similar limitations [53]. Solid phase separation of cfDNA is limited by the need to
functionalize the surface or use complicated fabrication methods to trap silica/chaotropic agents in
the microfluidic device and can only be used for fixed quantities before being saturated [54]. Liquid
phase separations simplify the fabrication of the device and use an electric field or chemical agents to
trap cfDNA. Furthermore, they can be designed for continuous separation. This was demonstrated by
designing a multiphase channel with a mixture of three organic components: phenol, chloroform, and
isoamyl alcohol acting to separate DNA from a protein-DNA mixture with a yield of more than 92%
[54]. However, the extension of this technique to cfDNA is yet to be demonstrated. Electrophoretic
concentration of cfDNA has been demonstrated using agarose gel to alter the mobility of DNA in an
electric field and increase the concentration prior to measurement using fluorescence [48]. However,
these methods of isolation and measurement still require complex and expensive external hardware

for controlling fluid flow, manipulating the electric field and measurement.
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2.3.6 Protein C

Protein C is a vitamin K dependant protein zymogen present in plasma that plays an active role in the
coagulation cascade and inflammatory response. As described in the earlier section on sepsis
pathology, Protein C breaks down in the presence of thrombin and thrombomodulin to form activated
protein C which inhibits the procoagulant effects of factors Va and factor VIlla impeding the
coagulation cascade. In addition, it also has an anti-inflammatory response by inhibiting the effects
of TNFa, IL-1p, and IL-6. However, as there is only an initial concentration of protein C of 3.9-5.9
pg/mL in plasma [7], it is rapidly consumed during sepsis resulting in a decrease in concentration.
This decrease was found to be meaningful in predicting the outcome of the patient. It was reported
that protein C in plasma reduced from 0.61-1.33 U/mL in healthy individuals to 0.41+£0.22 U/mL in
non survivors of sepsis and 0.53+£0.24 U/ml in survivors. Additionally, non survivors had a sustained
decrease in protein C values after 7 days to below 0.37 U/mL (1.8 pg/mL assuming an average protein
C concentration of 4.5 pg/mL) while the protein C in survivors increased to 0.7+£0.22 U/mL [55].

Protein C has an AUC of 0.64 on its own but increases to 0.92 when combined with cfDNA.

Protein C detection in microfluidic devices has been demonstrated only using a two-step sandwich
immunoassay with antibodies sourced from a mouse[56]. This results in a prohibitively high cost for
using protein C as a constantly monitored biomarker. The high cost and complexity of separation is
potentially due to the similarity in properties between protein C and other proteins in the coagulation
cascade. Other than the use of an immunoassay, the primary method for separating protein C leverages
the presence of a y-carboxyglutamic acid domain (GLA) domain in its composition and the resulting
affinity to barium. Dropwise addition of 1M barium chloride to a solution with 0.2M sodium citrate
and the sample results in the formation of precipitate. Centrifugation of this precipitate formed a pellet

which can be resuspended in a solution with 0.2M ethylenediaminetetraacetic acid to extract the
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bound proteins, all of which contain a GLA domain [57]. There a limited number of GLA domain
containing proteins in plasma. These are coagulation factors Il (prothrombin), VII, 1X, X, proteins C,
S and Z in plasma [57-59]. These were then separated from protein C using a combination of
ammonium sulfate fractionation, DEAE-Sephadex chromatography, dextran sulfate agarose
chromatography, preparative polyacrylamide gel electrophoresis [60] or other similar sample
preparation processes that requires multiple steps [61,62]. An alternative separation method that was
more recently described was the use of immobilized metal affinity chromatography (IMAC) that
would leverage the presence of a large number of histidine groups in protein C and was used to show
its separation from Cohn fraction Iva [63,64] and transgenic milk [65]. However, IMAC was only

used as one of a series of steps for isolation of protein C.

Current benchtop measurement of protein C primarily uses immunoassays [61,66] or functional
assays following the isolation of protein C. This was done by isolating protein C using one of the
methods described above following which the protein C was activated to form aPC. The increase in
clotting time due to the addition of aPC was used to quantify it [66,67]. Alternatively, a chromogenic
assay was performed to measure the color change produced when added to a selective chromogenic

substrate [68].

As aresult, microfluidic tools for rapid and low-cost measurement of protein C are unavailable despite

the possibly high utility of protein C in improving the quality of care for sepsis patients.

2.3.7 Multi protein panels

In addition to detection of individual biomarkers, devices have been developed for parallel detection
of a panel of biomarkers. Panels have been shown to improve the accuracy of prognosis and provide
a more comprehensive overview of the state of the patients. One such device was fabricated in epoxy

resin with capture antibodies printed on the surface using a contact spotter [22]. Nonspecific binding
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was reduced using BSA to block the remaining surface. An optimized format for a binding inhibition
assay for CRP and miniaturized surface immunoassay was used with magnetic nanoparticles to
improve sensitivity. The resulting device was incubated with the protein samples for 2.5 hours to
obtain a LOD of 1.2 pg/mL for IL- 6 and 0.13 pg/mL of CRP in addition to S-100 and E-Selectin
which are other suggested biomarkers for sepsis. The biomarkers were chosen as different sub groups
of the panel were shown to have a higher specificity and sensitivity to diagnosing prenatal sepsis at
different time points [69]. A prior version of this chip in a similar format without magnetic
nanoparticles was tested with a panel of IL-6, IL-8, IL-10, TNF-a, and PCT resulting in LOD’s of 15
pg/mL, 26 pg/mL, 65 pg/mL, 40 pg/mL, 0.078 ng/mL and 3 pg/mL respectively in 2.5 hours [23]. A
microfluidic device that integrates preparation steps using similar protocols was later demonstrated.
This device was tested with PCT, IL-6 and CRP. The device tested with 4% human albumin had
LOD’s of 0.34 ng/mL, 0.27 ng/mL and 0.9 pg/mL. When the device was tested for measurement of
IL-6 in plasma, it was found to have an LOD of 0.6 ng/mL. However, the effectiveness of this panel

for the diagnosis or prognosis of sepsis was not evaluated.

A panel consisting of cfDNA, protein C, platelet count, creatinine, Glasgow Coma Scale [GCS] score,
and lactate proposed earlier has been reported to have a high accuracy in predicting patient outcome
[13]. The panel had an AUC for predicting a “single” mortality outcome for each patient in 28 days
of 0.903 compared to SOFA which has an AUC of 0.86 in similar conditions. Of these, lactate, platelet
count and creatinine have commercially available technologies for rapid measurement, Glasgow
Coma Scale is a qualitative scoring tool and requires rapid development of microfluidic devices for
cfDNA and protein C. While cfDNA has techniques available for measurement, they require complex
external hardware for measurement which makes these methods hard to use for bedside assays. A

simplified technique that is low cost and senses in a range of 1-5 pug/mL would improve usability for
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diagnosis. Protein C is currently only measurable using expensive immunoassays or multi-staged
processes that render it inconvenient for diagnostics. An alternative method for measuring protein C
concentration in a single step while not being expensive is necessary for the use of protein C as a
biomarker. Furthermore, the current techniques used for the measurement of cfDNA and protein C
are not suitable to be integrated into a single device that could be used for the measurement of both
biomarkers. The development of devices for the measurement of protein C and cfDNA that use a
common method of detection while maintaining a low cost and run time would pave the way for the
use of a new panel of biomarkers that could rapidly assess the status of a sepsis patient with higher

accuracy than current biomarkers.
3. Fabrication techniques for low-cost biomarker separation

The development of devices for low cost and rapid diagnosis of biomarkers required an assessment
of different fabrication methods available in microfabrication and an analysis of the strengths and
limitations of each of these methods which are summarized in this section. As the requirements for
the materials used in the measurement of cfDNA and protein C are different, an analysis is provided
at the end of each section detailing the limitations of using the fabrication method for measurement
of cfDNA and protein C. The goal for the device measuring cfDNA is lowering the complexity of the
device while retaining the sensitivity in the range of 1 — 5 pg/mL. In addition, using the device with
a portable detection method required a compact size and low depth while storing a large volume of
fluid. These were the main criteria for c-DNA measurement. The goal for the protein C measurement
device was the ability to fabricate multiple individual 2D layers which then needed to be integrated,
in addition to minimizing surface adsorption, electrical and thermal insulation, low cost and rapid
prototyping. Due to the need for low cost, silicon based micromanufacturing and photolithographic
fabrication techniques were excluded from consideration.
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3.1 Polydimethylsiloxane (PDMYS)

Soft lithography using PDMS is currently the most widely used method for fabrication of microfluidic
devices. This is due to the many favourable characteristics of PDMS for rapid prototyping such as its
high transparency, ease of fabrication, replication of nanoscale characteristics, excellent
biocompatibility and low autofluorescence. The fabrication method used for PDMS microdevices is
illustrated in Fig. 3 and shows the major steps in fabrication. A mold with the required design is first
prepared using a different fabrication method and the resolution of which determines the final
resolution of the device. PDMS which is sold with two different components — base elastomer and
curing agent, are mixed in a ratio of 10:1 and degassed to remove trapped air bubbles. The combined
mixture is deposited in the mold and allowed to cure at 80 °C for two hours or at room temperature
for over 24 hours to allow the two components to copolymerize forming a flexible polymer which can
then be extracted from the mold. The resulting PDMS block can then be integrated with another
patterned PDMS block, a plain PDMS membrane or glass slides using plasma treatment, wet bonding,
or other bonding processes [70]. The tremendous amount of research performed using PDMS has
resulted in a comprehensive characterization of the material[71] and a wide variety of bonding
methods, surface treatments and functionalization methods being available to alter the device to meet

different requirements [72].

However, despite these advantages, PDMS is unsuitable for the measurement of protein C and
cfDNA. This is due to the hydrophobicity of PDMS which would require the use of additional pumps
to flow samples through the device. This also increases the absorption of proteins to the walls reducing
the specificity of the device without additional surface treatment. PDMS also has a low surface energy
which in combination with flexibility of PDMS device and reduces stability of gels integrated in

PDMS. This was found to be necessity for detection of protein C.
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3.2 Other polymers

Thermoplastic polymers, including polycarbonate, polyimide, COC, and PMMA have been used in
the fabrication of microdevices using hot embossing with a mold. Injection molding is a well-
established fabrication process for polymers in high volume production due to its fast process time
and high replication accuracy. The polymer is fed into a chamber and melted (200—350 °C depending
on the melting temperature of polymer). It is then injected into the mold cavity and cooled to form a
replica. This has been demonstrated with both thermosetting and thermoplastic polymers. COC and
COP have been extensively used for low-cost microfluidic devices due to ease of transition to
injection molding. However, despite the ease of use of injection molding and hot embossing, they are
not suitable for the current application. This is primarily due to the use of a relatively high cost for

the mold material to ensure it can withstand the high temperature process.

3.3 Paper microfluidics

Patterned paper microfluidic technology was first popularized in 2007 [73] and has since found
widespread use for its ease of fabrication and low cost. The porosity and hydrophilicity of paper
results in the capillary flow of fluids through the device which makes it an attractive substrate for
portable microfluidic applications without the need for external pumps. The growth of paper
microfluidic devices led to an array of patterning tools and applications for the technology. Broadly,
they can be classified as (i) Photolithography, (ii) Surface functionalization, (iii) Wax
patterning/printing, (iv) Plotting, and (v) Laser cutting. Except for plotting and laser cutting where
the sections of the substrate were physically separated, the mechanism for manipulating fluid flow in
paper was through the creation of difference of hydrophobicity between channels (hydrophilic) and
boundaries (hydrophobic). Photo-lithography which was the first method proposed for patterning

using a hydrophobic photoresist to pattern the walls of the channel into the paper[73]; Surface
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functionalization was used to create barriers in paper. The chemical modification of sections of paper
to make those sections hydrophobic was performed using alkyl ketene dimer (AKD) [74] which was
added to the -OH groups in cellulose through an esterification reaction. Similarly,
Trimethoxyoctadecylsilane (TMOS) reacts with -OH groups in cellulose to create hydrophobic
regions and has been used to make paper based sensors by making a patterned mask soaked in TMOS
and bringing it in contact with paper and being allowed to evaporate [75]. Wax printing which was
proposed as a low-cost alternative to photolithography. Parafilm was one of the earliest materials used
to pattern paper using a heated metal stamp[76]. A similar method that combined a printing head with
stamping technology for paper devices was also demonstrated for multiplexed design fabrication more
recently [77]. Screen printing [78] and manual wax and PDMS drawing [79] were also demonstrated
but suffer from far lower reliability and lack of scalability. The most popularly used method for

wax/inkjet patterning uses a modified inkjet printer to print patterns using a wax based ink [80].

Plotting or paper cutting which was a promising method of fabrication as no chemicals were needed
to define channels for fluid flow, and hence was independent of flow characteristics of wax, polymers
and solvents. This improved the precision in manufacturing channels. However, due to the reduction
of material, the mechanical stability of the paper was reduced, and the device requires additional
support which increased costs [81]. However, the cutting action sometimes induced warping or tearing
of the paper, which necessitated the use of a backing material [81]. Sensors have been fabricated by
craft cutting nitrocellulose with a polyester backing [82]. Laser cutting using a computer-controlled
CO: laser was similar to using a craft cutter and could cut through the paper in a single pass without
the need for a backing material. However, this increased the cost of fabrication [83]. Laser cutters

have also been used to fabricate laser-ablated hollow channels that were partially attached to the bulk
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filter paper sheet in a single step which eliminated the removal of unused, excess material [84]. A

summary of the different methods of fabrication is shown in Fig. 3

Despite the potential for using paper microfluidic devices in the development of low-cost diagnostic
devices, they were found to not be suitable for this application due to a number of reasons. The choice
of materials for paper microfluidic devices was limited, primarily being cellulose and cellulose
derived materials, which have limited chemical compatibility. Secondly, the thickness of paper
microfluidic devices was limited, resulting in a wider distribution of sample volume. This would
reduce the limit of detection of the device when used with optical detection methods. Thirdly, paper
microfluidic devices have a low wet strength which makes the integration of multiple patterned paper

layers with gels challenging. This was necessary requirement for protein C measurement.
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Figure 30verview of different fabrication techniques for paper microfluidic devices[85]

3.4 Thread microfluidics

Thread microfluidics was proposed shortly after paper microfluidic devices by two different groups.
[86,87]. The proposition for thread microfluidic devices was based on having similar advantages of
low cost and ease of fabrication while having a wider range of materials to choose from, better wet
strength and pre-established chemical modification toolkit from the fabric industry. However, this
was at the cost of increased complexity of fluid flow. The increased complexity of fluid flow was
most apparent in the number of variables that could be tuned to alter rate of fluid flow and volume
stored in a length of thread. Numerous studies were performed analysing these parameters including

theoretical analysis of the effects of twists per inch (tpi) of the thread [88], effects of knots on fluid
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resistance, Laplace pressure [89], deformation of the thread when twisting [90] and the effects of
integrating strings of multiple materials with different surface energy in the thread [91]. In addition,
active flow control was demonstrated using electrophoretic forces [92] that were dependant on the
material of thread, temperature based valves [93] and the external deposition of a hydrophilic material

[94].

Fluid flow in threads was controlled using techniques dependant on the format of the device. These
can broadly be classified as 1-D and 2-D devices. 1-D devices are those in which there is no variation
of flow along the width or height. The simplest format used threads weaved into a plastic frame and
intertwining of threads was used to induce fluid mixing [86,87]. A valve in a 1-D thread was
demonstrated by patterning the thread using plasma treatment to make a hydrophobic cotton thread
hydrophilic across its length except in a specific region of the thread. Fluid could then be passed
through the thread from either inlet into a second thread which was moved to switch and transfer flow
between the inlets of the first thread or stop flow entirely by moving the second thread to the
hydrophobic blocked region of the first thread [95]. Knots have also been used to direct flow in threads
by controlling flow resistance in threads [88]. These are illustrated in Fig. 4(a)(b). 2-D thread device
patterning is more analogous to paper microfluidic devices and is derived from a similar ideology of
shaping hydrophilic regions to act as channels surrounded by hydrophaobic section of thread. This has
been demonstrated using photolithography [96] wax patterning [97], Intertwining/weaving
hydrophobic strings around hydrophilic strings to form channels [98][99]. The intertwining of strings
with different properties is unique to threads and is only possible due to the wide variety of materials
available for thread microfluidic devices and the different surface treatments available for those

materials. These devices are shown in Fig. 4(c)(d).
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Thread microfluidic devices have been demonstrated using a variety of materials such as cotton, wool
[100], silk [98], nylon, polyester, stainless steel [101], gold microwires [102] and suture threads [103].
Cotton is the most commonly used material of choice due to its low cost and compatibility with a
wide range of testing reagents evidenced by the large number of paper microfluidic devices which
share the same backbone material — cellulose [104]. However, the morphology of cotton thread and
non-uniformities in it introduce large variations in flow rate and pore size which prevents its use in

applications which requires reliable mobility of particles that could be entrapped [105]. Composite

threads consisting of a blend of polyester and cotton are available on the market and enable tuning

the wicking and absorption rate to the required preferences [106].
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Figure 4 Patterning of (a)(b) 1-D and (c)(d) 2-D threads.a) Valve using hydrophobic sections of the
thread [95] (b) Knots used for controlled mixing of solutions [88] (c) Device fabricated on silk with
hydrophilic strings weaved around hydrophobic strings [98](d) Polyester fabric patterned using
hydrophobic (L) and hydrophilic (H) strings in different proportions to obtain different wetting
characteristics [99]
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Thread microfluidic presents many advantages compared to other similar technologies such as the
wide variety of material choices to minimize background fluorescence, low cost of fabrication, high
wet strength, ease of integration with other materials, and controllable porosity. As a result, it would
be ideal for fabrication of a POC device for the measurement of cfDNA. The porosity and larger
volume of sample stored in each length of thread would theoretically improve the optical signal
obtained compared to a paper microfluidic device while retaining the low cost. The wider variety of
materials available would enable choosing a material that is compatible for the required application.
However, the complexity of the 3D structure within the thread would result in a complicated electrical
field distribution making this a more challenging fabrication technique for use in applications that

require a known gradient in electric field.

3.5 Xurography

Xurography is an inexpensive microfabrication technique patterning of complex shapes in films. First
proposed by Bartholomeusz et al., in 2006 [107], the technique uses a cutting plotter to cut out shapes
in plastics which are then layered together using adhesive films to make microfluidic devices. It
enables the integration of different materials into a single device using inexpensive materials [108],
rapid fabrication, and simple processing. Additionally, this method enables the integration of
electrodes by cutting and physically adhering metal films into microfluidic devices to reduce the cost

of fabrication of devices [109].

Xurography can broadly be classified into 2 discrete steps as illustrated in Fig. 5. The first is a
patterning step where a cutting plotter is used to physically carve a pattern into a thin sheet (Fig. 5a).
This is followed by an adhesion step where these films are aligned and adhered together by the
application of an external pressure (Fig. 5b). The patterning of xurographic films is controlled by a

range of parameters including the angle of the cutting blade, the vertical and horizontal cutting force
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applied, the thickness of the blade, depth of cut and cutting speed among others [110]. These
parameters need to be individually assigned based on the choice of material and thickness of the film.
Furthermore, as xurography is a mechanical process, a wide variety of materials can be processed
using these methods, this includes polyethylene terephthalate (PET), polyester, polyimide and
polycarbonate, acrylic among others. In comparison to laser cutting, xurography has more uniform
physical properties as the material is unaffected by heat, is more portable and has a lower cost of
fabrication while laser cutting has a higher resolution of cutting. The adhesion of sheets together has
been demonstrated with the use of pressure sensitive and UV sensitive adhesives. A wide range of
adhesives are available which can broadly be classified based on their backbone as acrylic, rubber,
and silicone adhesives resulting in an array of properties including tape thickness, material properties,

surface energy, cost and availability [111].

a)

5“ Alignment holes

Figure 5 Schematic of the two steps of xurography (a) Cutting a pattern using a plotter (b) Aligning
and adhering the individual layers together [108].

Xurography would be the ideal method of fabrication for the detection of protein C due to several
reasons. Firstly, the ability to pattern individual layers would result in a simple structure that could be
used to focus the electric field in specific regions of the device. Secondly, the use of plastics like PET

which have a low zeta potential and protein adsorption would reduce electroendosmaosis of agarose
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and protein loss during measurement. Finally, the ease of integration with other materials such as
agarose gels and polyester membranes using adhesive layers would simplify the fabrication process
which in combination with the low cost of fabrication would enable the rapid development of multiple
iterations of the device which would be necessary for the development of a rapid measurement tool

for protein C.

4. Summary

Sepsis is “a life-threatening organ dysfunction caused by a dysregulated host response to infection”
that results from a escalating interaction between the inflammatory response to an infection and the
coagulation cascade and is further exacerbated by other factors such as a cytokine storm and apoptotic
cell death. It is currently diagnosed using a SOFA (Sequential Organ Failure Assessment) score
which grades the functioning of various organ systems by monitoring routinely tested laboratory
variables. However, a full SOFA test requires lab tests for platelet counts, bilirubin level and
creatinine level which is time consuming. A rapid bedside test, gSOFA was recommended for
screening using the Glasgow coma scale in combination with one of systolic blood pressure and

respiratory rate.

Numerous biomarkers have been identified to improve the ability to diagnose and predict sepsis
outcomes. This includes Procalcitonin, C-reactive protein, TNF-a, CD64, IL — 6 and PAI 1, cfDNA
and protein C among many others. At present, most of these biomarkers are detected using
immunoassays. Benchtop and microfluidic assays that have been used for detection of some of the
popular biomarkers were summarized. In addition, numerous panels for rapid detection/prognosis of
sepsis were studied. One of the panels that was recommended consisted of measuring cfDNA, protein
C, platelet count, creatinine, Glasgow Coma Scale [GCS] score, and lactate offered better predictive

power for prognosis than SOFA. Of these, protein C and cfDNA are the only two biomarkers that do
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not have suitable assays for detection. Current assays for cFDNA were focused on the high-resolution
measurement of cfDNA which was unnecessary for sepsis which induces massive increase of cfDNA
concentration to a range of 1-5 pg/mL. A simplified portable, bedside assay with a minimal use of
external apparatus and training is currently unavailable and needs to be developed. Protein C is
currently measured using a multi-step functional/chromogenic assay or through the use of an
immunoassay. While the immunoassay is a single stepped assay suitable for diagnostics, it is
extremely expensive as it requires target antibodies. An assay that targets protein C using a generic
fluorescent tag would greatly reduce cost and improve the usability of protein C as a biomarker.
Furthermore, using a fluorescent tag for detection would simplify the integration of detection methods
for cfDNA and protein C which would be of helpful in the eventual use of both biomarkers as part of

a panel of biomarkers.

The choice of fabrication methods in the development of microfluidic devices for the detection of
cfDNA and protein C was summarized. PDMS, which is the most used substrate in microfluidics was
found to be unsuitable for cfDNA detection due to the hydrophobicity of PDMS. Similarly, it was
found to be unsuitable for protein C measurement as the integration of gels with PDMS is challenging
due to its low surface energy and mechanical flexibility. Paper microfluidic devices were considered
as an alternative due to the low cost of fabrication but were found to be unsuitable due to the low
volume trapped per area of paper, low wet strength and limited choice of material. Thread microfluidic
devices were a better choice for the detection of cfDNA due to the larger volume storage capacity and
larger choice of materials of threads compared to paper. Xurography was a better alternative for the
measurement of protein C due to the wide variety of properties of plastics, ease of integration with

gels and membranes, low cost of fabrication and rapid prototyping.

5. Objectives of the thesis
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The objective of this doctoral thesis is the development of tools for the rapid detection and
measurement of biomarkers for sepsis diagnosis or prognosis. The objective was met through the
development of two formats of microfluidic devices designed for the measurement of cfDNA and
protein C using a common detection method that would enable eventual integration. The format for
the detection of cfDNA was built upon a larger framework that showed the use of threads for rapid
aliquoting and detection of biomarkers that could be measured without prior separation. This was
combined with a custom-built portable fluorescence camera for a rapid fluorescence assay. The
measurement of protein C involved the development of a technique for separation of proteins based
on their isoelectric point in addition to miniaturization of immobilized metal affinity chromatography.
The resulting platforms were tested to show their capabilities to separate the respective biomarkers

from plasma as an indication of their potential for diagnostics.
6. Thesis organization

The thesis contains of 6 main chapters in a “sandwich” thesis format. Chapter 1 provides introductory
information on the reasons for development of low-cost devices to measure the concentration of
biomarkers for sepsis and microfluidic fabrication technologies that can be used for fabrication.
Chapters 2 and 3 are on the development of microfluidic isoelectric gating and miniaturized
immobilized metal affinity chromatography using barium (Ba-IMAC) for low cost, single stepped
measurement of protein C in plasma. Chapter 4 and 5 are on the development of fabrication, aliquoting
and detection using thread microfluidic devices for detection of cfDNA in plasma without pre-
concentration. Chapter 6 describes the relevant conclusions and future directions of research that

could be developed from the developed technologies.

Chapter 1:
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This chapter reviews the background and motivation behind the development of low-cost biomarker
detection of sepsis. This includes an overview of the pathophysiology of sepsis and important
cascades that play a role, resulting in changes of biomarker concentrations. Important biomarkers are
described and some detection methods for principal biomarkers are explained. Utility of cfDNA and
protein C for sepsis prognosis is elucidated and their detection methods described. The need for low-
cost methods is explained and fabrication methods for such a goal are provided with their advantages

and challenges described. The reasons for using the choice of fabrication methods used are detailed.

Chapter 2:

This chapter details the development of agarose based isoelectric gates for the separation of protein
C. It describes the principle of operation, limitations of the technology and examples of its operation
to show separation in simple matrices such as in egg white. This study showed that successful

operation of isoelectric gates would be suitable for separating proteins based on their isoelectric point.

Chapter 3:

This chapter describes the development of miniaturized immobilized metal affinity chromatography
using barium (Ba-IMAC) and its integration with isoelectric gates. The isoelectric gates were used as
the first stage of separation followed by an agarose gel placed on a membrane acting as the column
for microfluidic Ba-IMAC for a second stage of separation. The combined system was shown to be
able to measure the concentration protein C spiked in plasma at concentrations necessary for

prognosis of sepsis.

Chapter 4:

This chapter describes the development of a thread microfluidic format for reagent storage and
handling. A composite PDMS — thread format was developed for the automated control of sample
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volume for simplified detection using a colorimetric imaging setup. This was validated by measuring
the concentration of nitrite and pH in environmental samples of water at concentrations required for

environmental monitoring.

Chapter 5:

This chapter used a simplified passive version of the device developed in chapter 4 for the detection
of cfDNA in plasma. The device consisted of a capillary driven thread microfluidic device that was
capable of aliquoting sample volumes and enabled single stepped measurement of cfDNA with no
preconcentration steps. A portable fluorescent detection system was developed using a simplified
version of the colorimetric system previously developed and integrated to form a POC testing setup
for cfDNA. The integrated system was validated for the detection of cfDNA in plasma in the range

required for prognosis of sepsis.

Chapter 6:

This chapter includes the conclusion of the thesis and suggested future works for both xurographic
and thread microfluidic technologies and the potential to blend the systems together for integrated

measurement of both biomarkers.

7. Research contributions

The principal objective of this thesis is the development of devices for the rapid detection and
measurement of biomarkers for sepsis diagnosis and prognosis. The devices are designed to be faster
than currently available techniques, single stepped with no external inputs after the initial setup and
use fluorescent detection. A common detection method was used to aid in the eventual integration of

the devices which would further improve the development of a POC device. The contributions made
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during the development of these technologies can be broadly divided into applied contribution and

fundamental contributions.

The fundamental contributions made during the thesis are the development of techniques for the
separation of proteins using their isoelectric point and chemical affinity and the development of
fluorescent signal amplification and aliquoting using threads. Specifically, the separation of proteins
using isoelectric point was established using agarose gels buffered with commonly used buffering
compounds as isoelectric gates for the separation of proteins based on their isoelectric points. This
enabled tuning of the gates to target specific proteins while using a nonspecific dye which reduced
costs in comparison to comparable techniques. The separation of proteins using their chemical affinity
was through the development of a miniaturized format for immobilized metal affinity chromatography
(IMAC) using Barium for the measurement of protein C which has not been demonstrated before.
The format was miniaturized using a xurographic device integrated with a polyester membrane. An
agarose gel containing IMAC beads bound to Barium was deposited on this membrane. The gel was
then used to trap proteins containing a y-carboxyglutamic acid domain due to high affinity of this
domain for Barium. The gravity driven process of conventional IMAC was replaced by
electrophoretic transport to improve the speed of separation. This enabled the targeting of specific
proteins by their chemical affinity at a much lower cost than immunoassays. Patterning methods were
developed, and characterization was performed for the use of threads as a controllable medium for
aliquoting fluid samples. Length and twists per cm were found to be parameters that needed to be
controlled for adequate control of trapped fluid volume. This simplified fluidic operations for use in
POC devices and is a necessary step for the development of passive thread microfluidics. The use of

threads in amplifying reflective fluorescence measurement was characterized and compared with non-
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thread devices to demonstrate an advantage for thread microfluidic devices that has not been

previously described.

The applied contributions that resulted from the thesis are the development of an integrated
microfluidic device for protein C quantification and the first passive cfDNA quantification device.
The microfluidic device for measuring protein C used isoelectric gating as the first stage of separation
and Ba-IMAC as the second stage of separation to measure the concentration of protein C in plasma
using a nonspecific dye and with minimal sample preparation. This method was viable in the presence
of interfering proteins at a concentration 1000-fold higher in the same solution and at a much lower
cost than the currently used immunoassays. The use of xurography enabled the use of geometric
variations in channel size to strategically concentrate the electric field and minimize run time while
operating at a voltage of 15 — 100 V which is significantly lower than that used for traditional dIEF
(digital isoelectric focusing) and clEF (capillary isoelectric focusing) formats. Passive cfDNA
quantification was developed through the fabrication of a thread-silicone composite that used threads
to amplify the fluorescence response and capillary forces to aliquot sample volumes. The device used
a generic dsDNA binding fluorescent dye and was paired with a custom-built portable fluorescence
imaging setup for measuring cfDNA concentration in plasma at concentrations necessary for the
prognosis of sepsis in a single step within 20 minutes. This is a lower cost and easier to use solution

for POC prognosis of cfDNA than any other detection methods that are currently available.
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Abstract: Bedside diagnostics using protein biomarkers requires rapid concentration, isolation and
measurement of these specific biomarkers from a complex matrix in a low cost and portable manner.
Traditional separation using gel electrophoresis separates the sample into all its constituent elements
and requires high voltages and/or long runtime which is often unnecessary for diagnostics where only
a specific biomarker needs to be quantified. Digital isoelectric trapping can be used to isolate and
concentrate proteins but requires UV cured immobline gels that have defined pH values and are not
tunable to target specific proteins. Here, we have developed miniaturized isoelectric gates to separate,
concentrate and quantify a targeted biomarker based on its isoelectric point, from a complex matrix
in under 20 minutes. We designed specific isoelectric gates to concentrate and quantify bovine serum
albumin (BSA) at a concentration of 1-5 mg/mL with a peak concentration of over 300 mg/mL, while
maintaining solubility. Next, we demonstrated isolation of human protein C from a mixture with 1000-
fold higher concentration of BSA with no additional processing. Finally, we demonstrated rapid (< 20
min) separation, concentration and quantification of ovomucoid in a fresh hen egg using dual
isoelectric gates at pH 3.9 and 4.3 to trap ovomucoid with an isoelectric point of 4.1 using a low
applied voltage of only 13 V. By using low cost agarose gels instead of expensive immobilines, this
device reduced the cost and complexity of separation. The combination of low-cost, tunability, fast-
runtime, low-operating voltage makes this technique attractive for use in point-of-care biomarker

detection without specific antibodies.
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1. Introduction

Proteins perform a wide array of functions within the body including catalysing specific reactions,
transporting signals throughout the body, coordinating cellular processes and storing vital molecules.
Circulating protein levels are altered in a variety of diseased states including diabetes [1], sepsis [2],
and cancer [3]. Identifying, isolating and quantifying proteins in blood is essential to improving our
understanding of diseases, aid the discovery of biomarkers and improve diagnostics [4]. However,
blood is a complex matrix consisting of over 500 proteins, glucose, mineral ions, dissolved gases and
blood cells. Due to the complexity and number of proteins present in blood, various techniques have

been developed to separate and quantify proteins.

Immunoassays are the most commonly employed techniques for isolating and measuring the
concentration of a protein of interest, however, they require use of specific fluorescent or
electrochemical tags [3] which increases the cost of the assay. They also require sample cleaning to
reduce nonspecific interactions and are not easily amenable to concentrate proteins. Other common
techniques for protein separation use electrophoretic forces in a slab gel based environment [4-7].
These techniques separate proteins based on the size[8], isoelectric point [9] or a combination of both
[6]. Miniaturizing separation presents numerous advantages including reduced sample volume, high
efficiency separation, efficient heat dissipation and ease of multiplexing [10]. Capillary gel
electrophoresis (CGE) has been demonstrated with preconcentration and has been reported showing
separation times of under 4 minutes with an applied voltage of 1200 V [11]. A multiplexed fsPAGE
running 96-plex PAGE separation in a format similar to slab gels has also been demonstrated showing
separation of ovalbumin, BSA and TI in 6 minutes with an applied voltage of 100 V/cm[10]. While
CGE presents numerous advantages over macroscale gel electrophoresis, it requires high voltages for

rapid separation [12]. Solution based free flow electrophoretic methods were developed to increase
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the speed of separation and ease direct sample collection [13]. This includes techniques such as zone
electrophoresis, field step electrophoresis and isotachophoresis which separate by electrophoretic
mobility and capillary isoelectric focusing (cIEF) which separates by pl have been extensively studied
[13]. However, these methods require constant and precise sample flow using an external pump which
reduces portability and still requires voltage of over 100 V/cm. In addition to these methods, cIEF in
the direction of flow [14,15] has been reported with runtimes as low as 150s with an applied voltages
of up to 4000 V [16] which limits its use as a point of care diagnostic method. Combinations of the
above methods have been reported to improve separation efficiency such as 2D separation using a
combination of IEF and CE on a chip that shows separation in under 5 minutes but requires a voltage
of 500 V/cm [17]. These separation methods use high voltages unfeasible for portable applications
and are designed to separate the sample into all its constituent elements which is not necessary for
diagnostic applications that require the quantification of a single specific biomarker. The separation
and quantification of all proteins in a mixture using a continuous separation method such as IEF is
dependent on the length of the channel, concentration of the components, electric field and pH

gradient used as shown below [17].
n=~L/4o

5 C
0" =—4—F——
EdpH /dx

Where n is the peak capacity, L is the separation length, ¢ is the variance of the focused concentration
distribution, C is a grouped term representing the properties of the sample species, E is the applied
electric field. This relationship results in a limitation in the protein load that can be separated in
continuous separations. A high concentration protein would necessitate the use of a high voltage or
high pH gradient to ensure separation at the cost of longer runtime, higher temperature, or reduced

pH range. Furthermore, proteins precipitate out of solution when they stabilise at their isoelectric
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point[18] which further limits the peak concentration that can be separated using continuous pH

gradients.

Use of discrete pH barriers (gate) to sort proteins into wells by isoelectric point in place of continuous
separation allows for targeted separation and decouples the size of the device (length of the channel)
from its resolution. Furthermore, it also maintains the solubility of proteins in solution as the protein
is trapped between gates that are at a different pH. This is called isoelectric trapping (IET) and was
demonstrated in wells using 120-480 pl of solution per well [19] with various separating membrane
such as PVA hydrogels and copolymerizing acrylamide [20]. However, the devices used voltages of
up to 1000 V for separation in 20-60 minutes [19]. Commercial IET devices operate at high voltages
and require 3-24 hours for operation [19]. Finally, these methods have only been used to sort proteins
into large (1pH unit wide) fractions as a sample clean-up or prefractionation step prior to subsequent
unit operations [19,21].

Miniaturization and integrating detection with isoelectric traps has been shown using Digital
Isoelectric focusing (dIEF) in which proteins tagged with fluorescent markers similar to difference
gel electrophoresis (DIGE) gels [3] were separated in an immobiline based IET system [22,23].
However, the fabrication of dIEF devices required photopolymerization of the acrylamide gels in the
capillary which increases the cost and complexity of the device, in addition to a high voltage of 50-
200 V/cm. The fabrication process in a glass microfluidic device required the formation of a
continuous pH gradient before polymerizing sections of it to form gates. As a result, the process

retains some of the drawbacks of continuous separation.

The existing methods are not well suited for separating and identifying an individual biomarker
typically present at a low concentration (on the order of a few pg/mL) from proteins with close

isoelectric points and present at much higher concentrations (on the order of mg/mL) in the same
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sample matrix without significantly high voltages or a long runtime (over 30 minutes). Techniques
such as IPG cannot be used directly as commercially available IPG strips have a peak loading capacity
of 100 pg for a 7 cm strip[24]. As a result, if a sample consists of low biomarker concentration (say
~1-5 pg/ml) with a high concentration of another interfering protein (say ~5 mg/mL), only a fraction
(~0.02-0.1 pg) of the biomarker will be trapped in the gel which makes it significantly harder to
measure accurate changes in concentration. In such a scenario, immunoassays which can extract low
concentration proteins using a specific antibody binding are used. Alternatively, a preparative step to
remove high concentration proteins like albumin prior to running slab gel or 2D separation processes
or a post separation step with specific binding is used for measurement. In addition to extra
complexity, such additional steps alter the composition of sample matrix (such as blood) in
unpredictable ways which could reduce the effectiveness of using the assay for diagnostics. At present,
to the best of our knowledge, there is no available method that can separate, concentrate and measure
the concentration of an individual targeted protein in a single step without using a protein-specific tag
while operating at a low voltage and with a rapid runtime. The demonstration of a technique that can
accomplish this would be the first step towards the development of a diagnostic device that can be

used for bedside detection of a targeted biomarker without specific antibodies or dyes.

Simultaneous concentration, isolation and measurement of a low concentration biomarker [2] from a
complex matrix consisting of other proteins at higher concentration in a low-cost and portable device
1s necessary for point of care diagnostics. For instance, human protein C (hPC) has been identified as
a biomarker for sepsis prognostics [25,26]. The current method to isolate hPC from serum requires a
multistep process to first remove high concentration proteins such as albumin (50 mg/mL compared
to the Sug/mL of hPC in healthy volunteers). Similarly, ovomucoid is the most prominent allergy
causing protein in eggs and has a concentration of 13.2 mg/mL compared to about 65mg/mL of

ovalbumin in raw egg white which has a total of 120 mg/mL of proteins. In this paper, we demonstrate
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a technique for the simultaneous isolation, concentration and measurement of a targeted protein from
a complex mixture using isoelectric gates. The gates were made using low cost, high porosity agarose
membranes and cast in a device made of inexpensive xurographically patterned polyethylene
terephthalate (PET) [27-29]. The gates are tunable to the protein of interest and enable a versatile
platform to isolate proteins in specific range of isoelectric points. Quantitative fluorescence
measurement was performed using a non-specific protein tag in combination with a microscope, using
both the inbuilt camera and a mounted cell phone, the LG G5. We show that the fabricated device can
be used to separate proteins with different isoelectric points even at high concentration differentials
while reducing the time needed for separation to 10-20 minutes using an applied voltage of 15 V. hPC
was separated and measured from a mixture with BSA present at a concentration 1000 times higher.
Separation of a single protein from a more complex matrix was demonstrated by separating,

concentrating and measuring ovomucoid concentration from egg white in a single step.

2. Device design and working principle

Selective isolation and trapping of the protein was accomplished by trapping the protein of interest
between two pH gates with values targeted to the protein of interest. The pH gates above and below
the isoelectric point (pI) of the protein of interest were prepared using buffered agarose gels, and an
electric field was applied to trap the protein of interest between the two gates while the rest of the
proteins were either blocked from entering the region or allowed to transit through. A device to
integrate specific pH gels to function as gates was developed using polyethylene terephthalate (PET)
which is a transparent, inert, non-fluorescent material. The fabricated device was mounted onto a
fluorescent microscope for real time monitoring of protein concentrations. The microscope itself can
be easily miniaturized in the later stages of the development of a true diagnostic device, as a very low

magnification was used. Two versions of the device were fabricated, a mono-gated device to
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demonstrate the motion of proteins through agarose gels and the concentration and measurement of
proteins at the pH gate (Fig. 1(a) and a di-gated device to demonstrate the separation of a low

concentration protein from mixtures (Fig. 1(b)).

The device consists of 40 uL reservoirs in the top layer, placed 2.5 mm apart from each other with
indents made at the ends to reliably position electrodes as shown in fig. 1(a)(b). The reservoirs were
connected through connecting channels in the bottom layer which act as isoelectric gates and were
filled with agarose. The gates have dimensions of 4.5x1 mm and were chosen to increase the local
electric field intensity while providing adequate buffering capacity. The mono-gated device contains
a secondary electrode chamber of radius 1.5 mm, Imm from the cathode reservoir and connected via
a 4 mm wide connector in the bottom layer. This was done to minimize imaging artifacts caused by
bubble formation at the cathode, adjacent to the measuring area. This was unnecessary in the di-gated
device as the measurements were made in the central reservoir unaffected by bubble formation at the
electrodes in the side chambers. Graphite electrodes were used to maintain an inert boundary at the
electrode interface and were immersed into the solution at the ends of the device to apply an electric

field across the device.

Reservoirs

— Direction of motion

opl<3 o3<pl<S #5<pl<8
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Figure 6: Isometric views of (a) mono-gated device and (b) di-gated device showing the layout of the
reservoirs, gates and the position of the secondary electrode chamber in mono-gated devices. (c)

Schematic of isoelectric trapping principle.

Agarose gels were used in place of the traditionally used polyacrylamide gels to form the pH gates.
Agarose gels are reported to have a pore size of 200—500 nm compared to the 5-100 nm pore size of
polyacrylamide gels [30] with some reports for 1% agarose showing a pore size of ~160nm [31]. The
higher porosity reduces the drag force experienced by the proteins in motion reducing the required
operating voltage and runtime. Microfabrication of the gates using xurography results in a focusing
of the applied electric field in the gates enhancing the rate of migration of proteins through them.
Numerical simulations using COMSOL multiphysics software (Supplementary material 1 — Figure
S1) were used to model the electric field distribution in the device and determine the local electric
field at the pH gates. Simulations were run using an applied potential of 15 V to design two versions
of the device. The results showed that the electric field was concentrated in the connecting channel
regions. The connecting channel in the mono-gated device had a peak field strength of 44.35 V/cm
and the di-gated device had a peak electric field of 20.36 V/cm while the reservoirs had an electric
field of around 5 V/cm. The much higher electric field in the gel filled connecting channels where the
mobility of target proteins while maintaining a low electric field in the higher mobility aqueous phase
improves the overall separation time of proteins in the mixture. The electric field obtained in the
connecting channels of the device while operating at 15 V is higher than the 10 V/cm obtained in

traditional gels operating with 200 V power supplies [9] but lower than high voltage gels.

On application of a potential across the electrodes in the device, proteins buffered in 2x TAE (Tris-
acetate-EDTA buffer) (pH 8.2) with pl of less than 8.2 migrate electrophoretically away from the

cathode and towards the pH gates. In a mono-gated device used for concentration, the pH of the gate

62



is set to be slightly lower than the pl of the target protein of interest. When the protein reaches the
gate, the protein is trapped at the interface in a constant back and forth motion, concentrating it while
maintaining its solubility as the pH of the medium is always slightly above or below the pl of the
protein as shown in Fig. 1(c). In a di-gated device used for separation and concentration, a second gel
with a pH higher than the plI of the protein is used to screen other proteins with higher pI’s. As the pH
of gel is higher than the pl of the targeted protein, but less than 8.2, it migrates through the gel at a
reduced rate as the direction of the electrophoretic force remains the same. As illustrated in fig. 1(c),
proteins with a pl between 3 and 5, can be separated from proteins with a pI <3 or > 5 using gates of

pH 3 and 5.

3. Materials and methods

3.1 Materials

Powdered Agarose, 50x TAE buffer concentrate, citric acid, sodium phosphate dibasic, sodium
chloride, bovine serum albumin (BSA), gamma globulins from bovine serum and ovomucoid from
hen egg were obtained from Sigma Aldrich. Purified protein C concentrate (100pug/mL) was obtained
from Thrombosis & Atherosclerosis Research Institute(TaARI). Qubit protein assay kit was obtained
from Thermo Fisher Scientific.0.005” thick polyethylene tetraphalate (PET) and 0.002” 7952MP
transfer tape were obtained from 3M. Polydimethyl siloxane (PDMS) was obtained from Dow
Corning. Graphite rods with a diameter of 0.1” were obtained for use as electrodes from Graphitestore.
Buffers used in the agarose gel gates were prepared by mixing 0.2 - 0.4 M of citric acid and 0.2 - 0.6
M of sodium phosphate dibasic to obtain a pH of 3 - 7. Buffers of pH 7.5 - 8.2 for the reservoirs and
sample preparation were obtained by diluting a 50x TAE concentrate to 2x TAE. 2x TAE consisted of

80 mM tris, 40 mM acetic acid and 2 mM EDTA.
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Protein samples were prepared by diluting BSA and ovomucoid powders in 2x TAE. Human protein
C samples were prepared by diluting a concentrated stock solution of 20 pg/mL obtained from TaARI
using 2x TAE . Egg white was obtained from a fresh hen egg and diluted to the required range using
2x TAE. The sample for experiments were prepared by following the protocol for Qubit Protein Assay.
Briefly, 1 ul of fluorescent dye was diluted with 199 nl of provided sample buffer on the day of the
experiment; 190 pl of this dilution was mixed with 10 ul of protein samples of differing
concentrations. These samples were then allowed to mix for 15 minutes before pipetting 40 ul into
the device. This dye tags all proteins in the sample up to a maximum of 5 mg/mL, as stated in the data
sheet. The dye binds by simple charge interaction and does not bind by hydrogen or covalent binding,
so it is expected to have minimal effect on the pl of the protein. This was found to be true in
experiments with pH windows of 0.4 units, which is the highest resolution tested during this set of
experiments. More thorough characterization will be done at a future date. BSA was used to show
separation from a protein at high concentration, due to a similar isoelectric point and weight to human
serum albumin (HSA) while being more accessible. It has a molecular weight of 66.4 kDa and an
isoelectric point of 5.2 [32] compared to HSA with a weight of 66.4 kDa and isoelectric point of 5.6-
5.8 [33]. Protein C is a biomarker for sepsis prognostication and has been shown to decrease from a
concentration of 5.3+0.2 pg/ml in healthy individuals and sepsis survivors to 2.05+1 pg/ml in non
survivors of sepsis [25]. It has an isoelectric point of 4.4 - 4.8. Ovomucoid is the most allergic
component of egg white and has been used to test for egg allergies. It is a trypsin inhibitor with
antimicrobial properties that is currently being investigated [34]. It has an isoelectric point of 4.1 and
a molecular weight of 28 kDa[35]. A summary of the proteins used, and their isoelectric points are

shown in Table 1.
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Table 2: Proteins used and their isoelectric points

Protein Isoelectric point

(rD

Bovine serum albumin 5.2-5.8

(BSA)
Protein C 44-48
Ovomucoid 4.1
Ovalbumin 4.54
3.2 Fabrication
Transfer Composite|  Buffered Agarose gel is
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Figure 7: Schematic of the fabrication process showing (a) Combining transfer tape with PET sheet
to form composite sheets (b) Shaping of the composite sheets using a cutting plotter (c) Cut sheets
were aligned, layered and laminated together to form complete device (d) Pipetting agarose gels

into the device and adding buffers prior to use (e) Fabricated device
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The device was fabricated using a variation on xurography [27,36]. The fabrication method for a di-
gated device is shown in Fig. 2. Polyethylene Tetraphalate (PET) with a thickness of 127 um was
adhered to a double-sided transfer tape[37] and laminated to make composite sheets as shown in Fig
2(a). A cutting plotter (Graphtec FC8600) was used to cut the composite sheets based on channel and
reservoir designs as shown in Fig. 2(b). The cut sheets were integrated into a complete device by
manually aligning and layering them with the adhesive side of the top layer facing the PET face of
the bottom layer and subsequently laminating it as shown in Fig. 2(c). Prior to use, hot agarose at a
temperature of 80-90° was pipetted into the channels between the reservoirs which were designed to
contain the agarose and maintain a consistent area of contact with the samples in the reservoirs as
shown in Fig. 2(d). The device was made to be a low cost, disposable device to prevent cross
contamination between samples with an expected cost per assay of less than $1 per run. A cost analysis
for a single device is provided in supplementary material 3. High aspect ratio reservoirs for the
measurement of the fluorescent intensity of the complete sample was prepared by punching through

Icm tall PDMS and adhering it to 3M tape.

4. Experimental setup

The experimental setup consists of the device placed on a fluorescence microscope (Nikon Eclipse
TE2000-S) and connected to a power supply (Trek 677B) which was operated in current limiting
mode set at 0.5 mA which resulted in an operational voltage of 10-15 V during the start of the
experiments and increase to 21 V over 15 minutes. An excitation window of 455+25 nm and an
emission window of 60030 nm were used for fluorescence imaging. A cell phone, the LG G5 was
mounted on the eyepiece of the microscope using a 3D printed holder to increase the field of view

compared to the inbuilt camera. The schematic is shown in Fig. 3.
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Figure 8: Schematic of experimental setup

Experiments were conducted by pipetting gels with the required pH into the connecting channels,
depositing the sample in the anode reservoir and 2x TAE buffer in the other reservoirs. Every run was
conducted in a new device, which was discarded appropriately after the run. A 20 pL volume of each
solution was used in the mono-gated devices and 40 pL in the di-gated devices. The prepared device
was then placed on a fluorescent microscope for observation and graphite electrodes were placed at
the far end of the reservoirs and connected to the power supply. Images were captured using the
camera on the LG G5 mounted on the microscope eyepiece using OpenCamera or the inbuilt point
grey camera FL3-U3-32S2C-CS. The LG G5 images were taken with a shutter speed of 1.5 s. The
point grey camera images were taken with a shutter speed of 400 ms. Images were taken every 30

seconds to capture time variation of fluorescence intensity during concentration.

Image processing
The RAW images obtained from the cameras were analysed using ImageJ. The images from the point

grey camera were used for mono-gated devices. The images were centred at the entrance to the gel
which was then analysed using Imagel. A macro code (Supplementary material 2) was used to
calculate the change in integrated density of the image, termed as Relative Integrated Density (RID)

to separate the low intensity artifacts produced by bubble generation from the higher intensity change
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in fluorescence intensity due to concentration. The phone camera (LG G5) was used for di-gated
devices and the average greyscale intensity of the full image centred at the entrance to the second gel
was plotted against the concentration of protein C. RID was not required for di-gated devices due to
the separation of the measurement region from the electrodes by the gel filled channel. Intensities
were measured for three samples at each concentration and their means and standard deviations were

calculated.

pH stability analysis
The pH of the gels was tested for stability using a colorimetric universal pH sensing dye. Images were

taken every minute using a microscope. The images had their contrast enhanced to improve visibility
of the dye and converted to the HSB (Hue-saturation-brightness) color space. The Hue in a region of
interest (ROI) spanning the width of the gel and a length of 0.5mm were calculated using ImageJ. The

relative change in hue was plotted to observe the changes in pH.

5. Results and discussion

5.1 Agarose based isoelectric gates

Isoelectric gates were fabricated using agarose gels to control the motion of proteins by altering the
local pH environment around the proteins. They were fabricated by using high concentration solutions
of citrate-phosphate buffer and adding 1% agarose. The solution was then heated in a microwave and
allowed to dissolve completely before pipetting into the connecting channels. Using agarose in place
of the traditional immobilized pH gradient gels (IPG) enables tuning pH of the gel to target a specific
protein. However, transport by diffusion and electrokinetics can affect the stability of the pH in the
gel region. In particular, the stability of pH in a hydrogel when exposed to electric fields has not been
previously tested. To determine the stability of agarose pH gates and the mechanisms associated with

the change in pH, several experiments were conducted. First, mono-gated and di-gated devices with
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gates of pH of 4.3 and 6.2 were used. A solution of 2x TAE with a pH 8.2 was filled in the reservoirs.
The colorimetric change in pH over time in the middle section of the gates was measured as described

in methods section.

The images obtained over 30 mins are shown in Fig. 4(a) and its quantification is shown in Fig 4(b).
When no potential was applied, there was virtually no visible change in the hue of the gel indicating
that pure diffusional transport of buffering ions out of the gel and into the reservoirs is not significant
over the durations of a typical assay. This is expected as the gel prevents convective mixing between
the reservoir and channel while the higher buffering capacity of the gel buffer compared to the

reservoirs mitigates change in pH.
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Figure 9: Colorimetric testing of pH stability in (a) mono and di-gated devices with no current
applied(b) Stability graphs with no current (in green) and at 13V (in blue) in mono-gated (circle)
and di-gated devices (square).
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Next, experiments were repeated with the application of a potential of 13 V across the ends of the
device which corresponds to an electric field of 38.44 V/cm and 19.22 V/cm in pH gates of the mono-
gated and di-gated device, respectively. This low voltage is typical of operation of our device and
ensures portability. Images obtained over a period of 30 minutes are shown in Fig 4(a) and quantified
in Fig 4(b). The application of electric field has a significant effect on pH. The resulting electric field
reduces pH stability of the device potentially due to a combination of electroosmotic flow through the
gel and the formation of acidic and basic ions at the anode and cathode respectively which alter the
local pH at the electrode. This overcomes the buffering capacity of the solution in the reservoirs and
reduces the buffering capacity of the gels much more rapidly than just diffusive interaction between
the buffering solution and the gel. The mono-gated device showed slow gradual deterioration of the
pH gate till ~7 minutes followed by a dramatic change in pH after as evidenced by the change in slope
as shown in Fig. 4(b). This change in pH can result in the movement of the trapped protein into the
gel after a fixed time. The di-gated device showed only a gradual degradation of the gate over the 30
minutes due to the lower effective electric field applied at the gates and due to each gate being affected
by only acidic or basic ions. As a result, the mono-gated device can be used for rapid concentration
and quantification in under 7 minutes with a large gap between the pH of the gate and the pl of the
trapped protein to account for the degradation of the gate in the 7 minute window. Due to the need for
this, the mono gated device cannot be used for separations but can be used for concentration. Di-gated
devices, due to the higher stability can be used simultaneous separation, concentration and

quantification.

5.2 Transport/accumulation at isoelectric gates

The use of isoelectric gates to control the transport or accumulation of proteins based on the pH of

the gels was demonstrated using samples containing 1-5 mg/mL of bovine serum albumin (BSA) in a
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mono-gated device. Two devices with pH gates of pH 4.3 and 6.2 respectively were used to
demonstrate the behaviour of BSA (pl 5.2) at gates above and below its pl. A 20 pL sample of 5Smg/mL
BSA buffered with 2x TAE at pH 8.2 was loaded into the sample reservoir and 2x TAE was loaded in
the second reservoir. An electric field of 15 V, corresponding to an electric field of 44.35 V/cm was
applied across the device for 15 minutes. An illumination of 15% of the LED was used to obtain
images every 30 seconds. On application of the field, the BSA buffered in 2x TAE is negatively
charged and migrates away from the cathode and is trapped at the interface between the pH 4.3 gate
(pH less the isoelectric point of BSA) and the sample reservoir as shown in Fig. 5(a) resulting in its
accumulation at that interface. After ~10 minutes, when the pH of the gel begins to change, the BSA
breaks through the gel along with the interface at which the gel pH is lower than the isoelectric point
of BSA as shown in Fig. 5(a). When the pH 6.2 gel gate device is used instead, BSA maintains its
negative charge on entering the gel and is transported through the pH 6.2 gel with no accumulation as
shown in Fig. 5(b). This demonstrates that the agarose gel can be used as a gate to control the transport
of proteins and by tuning its pH, the gel gate can be designed to trap and concentrate a protein of

known pl.
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Figure 10: (a-i,ii) Concentration of BSA with isoelectric point of 5.2 - 5.8 trapped at a pH barrier of
pH 4.3 (iii) Breakthrough of BSA due to change in pH of gate (b) Transport of BSA through a pH
barrier of pH 6.2.

5.3 Simultaneous concentration and quantification of BSA in mono-gated devices

While the previous experiment shows the qualitative concentration of a protein at the interface, the
next objective was to show that the device can be used simultaneously accumulate and measure the
concentration of the protein in the sample. To demonstrate this application, BSA was used as a model
protein and samples of buffered BSA were dispensed into a mono-gated device with a gate at a pH 3.
Even though BSA’s isoelectric point was between 5.2 - 5.8, a significantly lower pH gate was used to
prevent breakthrough of protein through the gate during these experiments. Three samples each of 2x
TAE containing BSA at concentrations of 0.25, 0.5, 1.0, 2.0, 5.0 mg/mL were prepared using the
procedure described in the methods section and an electric field of 44.35 V/cm (13 V) was applied to
concentrate the protein in the sample at the gate for about 10 minutes. This timeframe ensured that
the entire protein in the sample well was concentrated, and the intensity reached a steady value.

Fluorescent images were obtained every 30 seconds and RID calculated from the measured intensity
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at the reservoir-gel channel interface of the pH 3 gate. The change of RID with time using a sample
with 0.5 mg/mL BSA is plotted in Fig. 6(a) and shows an increase with time indicating an increase in
protein concentration at the interface. There is a slow increase in protein concentration for the first
~80 s before the growth rate increases rapidly due to the ovoid droplet shape of the reservoir. The
distribution of protein in the reservoir results in a time delay before the bulk of the protein from the
central, high volume region of the reservoir flows towards the gate. The RID then plateaus after 200
seconds of concentration when all the protein in the reservoir is accumulated at the gate. This
behaviour was observed at all protein concentrations with varying plateauing times. The steady state
RID’s at each concentration are plotted against the initial concentration of the samples in Fig. 6(b)
and show the increase in saturation intensities with initial concentration. The graph shows a reduction
in slope as sample concentrations are increased above 1 mg/mL. This behaviour at higher
concentration is expected due to the protein concentration reaching the saturation limit of the Qubit
fluorescent dye (5 mg/mL) as mentioned in the data sheet. The correlation between the final intensity
and the initial protein concentration of the sample shows that the device can be used for measurement
of protein concentration in a sample using a gel at pH lower than the pl of the protein of interest. Of
note is that no BSA was precipitated out of solution despite local concentration at the interface

exceeding 300 mg/mL in an environment with a high salt concentration.
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Figure 11: (a) Saturation of RID after electrophoresis for 5 using samples with a concentration of
0.5 mg/mL BSA (n=3) (b) Graph showing increase in RID at saturation at different concentrations
of BSA (n=3)

5.4 Simultaneous separation, concentration and quantification of Protein C in di-gated
devices

The next step was to show the utility of using pH gates to simultaneously separate the protein of
interest from other high proteins in the mixture while concentration and measuring its intensity. A
fundamental advantage possessed by the device over continuous separations, where the concentration
of the other proteins is unimportant is also demonstrated. This is necessary for a bedside diagnostic
device as biomarkers are normally present in a sample with other proteins at higher concentrations.
Protein C is a natural anticoagulant that inhibits the blood coagulation cascade. Low plasma levels

of protein C have been shown to predict poor outcome in sepsis, a condition characterized by a
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systemic hypercoagulable state’* in sepsis. A reduction in concentration from 5 pg/mL to about 1
pg/mL was found in non survivors of sepsis [25]. However, it is normally found in plasma mixed with
albumin (concentration of about 50 mg/mL) and requires multiple steps for separation and

measurement.

We show the use of a di-gated device for simultaneous separation, concentration and measurement of
1 - 5 pg/mL of human Protein C (hPC) from a mixture with 5 mg/mL BSA using gates of pH 3 and 5.
A concentration of 5 mg/mL for BSA was used as that was the saturation limit of the dye when
following the established protocol. Human protein C has a molecular weight (56 kDa) similar to BSA
and an isoelectric point of 4.4 - 4.8. As the properties of BSA are similar to HSA, this was used as a
test case to show the efficacy of this device in separating proteins of widely different concentrations.
First, experiments were conducted using three samples each of different concentration of hPC (0.0,
1.0, 2.0, 5.0 pg/mL) in 2x TAE buffer to form a baseline measurement of the fluorescent intensity.
The hPC migrates through the pH 5 gate and collects at the pH 3 gate as it has an isoelectric point
below 5 and above 3. The average intensity at the pH 3 gate shown in Fig. 7 (light blue) for samples
with various concentrations of hPC. To measure the fraction of protein C trapped at the interface,
three reservoirs made with high aspect ratio PDMS was filled with 40 pL of a 5 pg/mL buffered hPC
and the fluorescence intensity was measured. Next, three samples each were prepared with a mixtures
of 0.0, 1.0, 2.0, 5.0 pg/mL of hPC and 5Smg/mL of BSA which were then assayed on the di-gated
device. The pH 5 gate is expected to block the BSA from moving into the field of view of the
microscope due to its higher isoelectric point while allowing the hPC to pass through it. The hPC is
accumulated at the pH 3 gate as before. As the transport of the hPC is identical in both cases, the
obtained intensities should match up with the earlier obtained values using pure hPC. The intensities
obtained at the pH 3 gate with the mixture samples is as shown in Fig. 7 (dark blue). Following this,

an additional three samples consisting of 5 pg/mL hPC, 5 mg/mL BSA in the same buffer with the
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addition of 90 mM of sodium chloride were prepared. These samples were prepared with a salt
concentration of~300 mmol/L compared to the ~120 mmol/L of 2x TAE used before and were used
to verify that the device could be used at physiological salt concentration (28943 mmol/L[38]) without

desalting. The samples were run following the same protocol, and the fluorescent intensity measured.
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Figure 12: Fluorescent intensity of different concentrations of human protein C in buffered sample
(light blue) and after separation from BSA (dark blue) using 2 barriers of pH 3 and 5 (n=3)

The intensity of 5 pg/mL of hPC that was measured was 1614 + 82. When compared to the complete
fluorescence intensity obtained using the 40uL sample, which had an intensity of 1843+108, the
device had a capture efficiency of 87.5+6.8%. This is similar to the efficiency reported previously
using PEG coated PDMS. Following the separation from BSA, the intensity of hPC accumulated at
pH 3 were slightly higher than that obtained from hPC alone by about 15%, 1.4% and 5.3%
respectively at 1.0, 2.0 and 5.0 pg/mL of hPC. The increase in intensity can be due to the dispersed
light from the concentration of BSA at the pH 5 gate which is also tagged by the fluorescent dye
adding to the visible intensity. The non-linearity of the measured intensities is inherent to the
fluorescent response of the dye [39]. The fluorescent intensity obtained using the sample with a
physiological salt concentration containing 5 pg/mL hPC and 5 mg/mL BSA was 1561+156, which

was 6.95% less than that obtained using the 2x TAE samples (1678+66) showing that the test can be
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conducted without a previous desalting step, simplifying the workflow and enabling single step
protein testing. In addition, as the intensities of 1.0, 2.0 and 5.0 pg/mL of hPC were clearly
distinguishable from each other, we verify that the di-gated device can be used for simultaneous
separation, concentration and measurement of a low concentration biomarker protein from higher
concentration proteins in the mixture even with a three-order difference in concentration, and at

physiological salt concentrations.

5.5 Isolation of Ovomucoid from egg white in di-gated devices

A di-gated device with a narrower pH window tuned to a target protein was then used to demonstrate
separation and measurement of that protein from a complex matrix which is necessary to extract
information on biomarker concentration in real world applications. For this purpose, we show the
separation of ovomucoid from egg white. Ovomucoid is a prominent allergen causing protein in egg
white and is used for allergy testing which requires its separation from egg white. Measurement of
IgE response to ovomucoid concentrations helps predict symptomatic allergic reactions [40].
However, current methods for separation require multiple steps for separating and quantifying the
concentration of ovomucoid in egg white due to the presence of a complex surrounding matrix with

a wide variety of proteins at different concentrations [34].

Ovomucoid has an isoelectric point of 4.1 and has a concentration of 13.2 mg/mL. It is present in a
mixture with numerous other proteins, fats, vitamins, and glucose. The major protein components in
egg white with a similar pH range are ovalbumin with a concentration of about 65 mg/mL, pl of 4.54
and ovomucin with a concentration of 4.2 mg/mL, pl of 4.5 - 5. The numerous other proteins alongside
the above mentioned add up to a total concentration of 120 mg/mL of protein. To separate the target
protein with a pl of 4.1, an upper pH gate of 4.3 was chosen to maintain adequate charge on

ovomucoid during motion through the gate while separating it from ovalbumin and ovomucoid. A
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lower gate 0.2 pH units below the pl of ovomucoid was chosen to ensure that no other major proteins

were trapped in the central reservoir. As a result, a lower pH gate of 3.9 was used.

As the concentration of proteins in egg white was much higher than measurement range of the optical
detection unit, the egg white samples were diluted 4000 times so that the concentration of ovomucoid
was diluted to ~ 3.3 pg/mL [34] based on literature values, which brought it to the same range as

previously used in the measurement of hPC (1 - 5 pg/mL).

The di-gated device with gates of pH 4.3 and 3.9 was setup following the same protocol as used for
hPC measurement previously. Calibration was performed ovomucoid buffered in TAE with three
samples each at concentrations of 0.0, 1.0, 3.0 and 5.0 pg/mL. The samples were analysed on the di-
gated device where the ovomucoid passed through the pH 4.3 gate and was collected at the pH 3.9

gate to obtain fluorescent intensities as shown in Fig. 8.

Following the calibration of the device, 3 samples of diluted egg white were analysed on the device.
The other proteins in egg white either pass through both the pH 3.9 and 4.3 gate if their isoelectric
point is under 3.9 or collect at the pH 4.3 gate if their isoelectric point is more than 4.3 while only
ovomucoid collects at the pH 3.9 gate. The measured intensity at the pH 3.9 gate was then compared
to the previously obtained calibration curve to measure the ovomucoid concentration in the egg white
sample, which was found to be 3.22+0.28 pg/mL. This matches well with the value of about 3.3
png/mL[34] expected after the 4000 fold dilution. As the fluorescent dye used binds to all proteins in
egg white, measuring a concentration within the expected concentration range implies that none of
the other egg white proteins such as ovalbumin (pl 4.5, expected concentration of 16.2 pg/mL [35])
or ovomucin (pl 4.5 - 5, expected concentration of 1 pg/mL [35]) entered the detection window. The
measured intensity at different concentrations is very similar to those obtained with hPC after

separation from BSA with slightly higher variation due to the different rates of motion as the proteins
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pass through the pH gate. These results indicate the possibility of using the device to measure protein
concentration without prior calibration for the protein as the fluorescent intensity obtained is protein
agnostic. They demonstrate the use of the device as a method for targeted, rapid separation of a protein
of choice from a matrix consisting of numerous other proteins using a tunable pH window. While the
current size of the window is 0.4 pH units, additional work can be done to further stabilize the pH in

the gels and increase the resolution of the device for more complex matrices such as blood.
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Figure 13: Graph comparing concentration of ovomucoid and intensity and measured intensity of
ovomucoid in egg white (In red)

6. Conclusion

A rapid, low cost, highly miniaturized technique to separate a protein based on its isoelectric points
using discrete, tuneable pH barriers made with agarose gels was demonstrated. pH-selective
movement of BSA was demonstrated using pH barriers of pH 4.3 and 6.2 and a runtime of 15
minutes. BSA samples of different concentrations were run, and the correlation between Relative
Integrated Density of fluorescence with the concentration of the protein was shown to demonstrate
the ability to use the device for simultaneous concentration and quantitative protein measurement
while maintaining solubility of proteins at extremely high concentrations. Simultaneous separation,

concentration and measurement of a low concentration protein in the presence of a high
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concentration protein was demonstrated by measurement of 1 — 5 pg/mL of human protein C in the
presence of 5 mg/mL of BSA using barriers of pH 3 and 5. Selective concentration of a protein from
a complex mixture was demonstrated by isolating, concentrating and measuring ovomucoid from
egg white using gated of pH 3.9 and 4.3 that are tuned to the pl of ovomucoid (4.1). The obtained
concentration was compared to literature-based values to show that no other major proteins were
present in the same reservoir. This is also the highest resolution separation that has been obtained
currently, with a pH difference of 0.3 pH units. While application of the device for diagnostics faces
numerous challenges such as improving the resolution to within 0.1 pH units which is the theoretical
limit of resolution with our current device as shown in supplementary information 4. This will be
done increasing stability of pH gels and reducing electroosmotic flow. In addition, demonstration of
the device with a complex matrix containing proteins with overlapping isoelectric points such as
human protein C in plasma poses additional challenges. The results show that the developed device
is a first step towards the development of a low-cost diagnostic device for isolating, concentrating,
and quantifying a specific biomarker from a complex matrix such as egg white rapidly and without
any pre-treatment. By judiciously choosing the pH of the gates, single or multiple proteins can be
targeted that could be important in rapid screening and triaging for specific disease conditions.

Finally, these gates can also be parallelized to identify multiple biomarkers in parallel.

7. Associated content

Supporting Information

COMSOL simulation used to measure field strength in connecting channels (file type, PDF)

Macro code used for measuring RID (file type, PDF)

Cost analysis of device (file type, PDF)
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Abstract

Protein C is a vitamin K dependant protein in plasma that plays an essential role in regulating the
coagulation cascade and inflammatory response. As a result of its importance in these roles, it has
been suggested as a biomarker for prognosis of patients affected by sepsis. Sepsis is a dysregulated
host response to an infection that is the leading cause of mortality in U.S hospitals and results in
the most expensive cost of hospitalization. It was found that protein C concentration in non
surviving sepsis patients is significantly lower (1.8 pg/mL) than survivors and healthy patients
who have a protein C concentration of 3.9-5.9 ug/mL. Current methods for diagnosing sepsis rely
on immunoassays which are expensive or functional assays which require multiple steps for
isolation and activation of protein C. We demonstrate in this paper a low cost, single step assay
for detection of protein C in blood plasma. This was done by combining isoelectric gates with
barium-immobilized metal affinity trapping (IMAT). The electric field was optimized for use with
IMAT using COMSOL simulation. The integrated device was tested with samples containing
buffered protein C, protein C in the presence of high concentration bovine serum albumin and
Alpha 1-proteinase inhibitor, and in blood plasma with spiked protein C. The stability of the
measured values was tested by monitoring the intensity of a mixture of protein C with BSA and
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A1PI every minute to determine that measurement after 40 minutes was optimal. The results
showed that the device could be used to distinguish a reduction in protein C from 5.9 pg/mL to 3.4

pg/mL with greater than 98% confidence in plasma making it suitable for sepsis prognosis.

1. Introduction

Protein C is a vitamin K dependant protein zymogen present in plasma that plays an active role in
the coagulation cascade. Its average concentration in a healthy human is in a range between 3.9-
5.9 pug/mL. Protein C upon activation breaks down to form activated protein C (aPC) which inhibits
coagulation and increases fibrinolysis. This interaction plays an essential role in maintaining the
balance between coagulation and fibrinolysis in a healthy human [1]. APC also plays a role in
decreasing inflammation by inhibiting cytokine production and neutrophil activation. Protein C
deficiency in plasma has also been cited as a cause for an increased risk for venous thrombosis.
This can be either due to a hereditary transmission of protein C deficiency present in 500,00 to
750,000 births worldwide or due to acquired deficiency from liver disease or vitamin K deficiency
[2]. As a result of its role in regulating both coagulation and inflammation, the concentration of
Protein C has been studied as a biomarker for sepsis. A recent study showed that Protein C levels
decrease to a quarter of the normal range in septic patients [3] and is associated with an increased

risk in mortality.

Sepsis is defined as “a life-threatening organ dysfunction caused by a dysregulated host response
to infection” by the third international consensus conference organized by Society of Critical Care
Medicine and the European Society of Intensive Care Medicine [4]. It has a high hospitalization
cost which was estimated to be $62 billion annually in 2003 in the U.S and is the primary cause of
readmission. It is the leading cause of mortality and approximately 35% of patients of all hospital
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deaths are due to sepsis [5]. Furthermore, sepsis diagnosis is highly time sensitive as the risk of
mortality increases by 4-9% with each hour of delay in treatment [6]. However, sepsis is a broad
term wherein the clinical criteria or laboratory features that uniquely diagnose sepsis have not yet
been identified. As a result, diagnosis currently relies on Sequential Organ Failure Assessment
Score (SOFA) for determining the severity of sepsis. Numerous biomarkers have been suggested
for the diagnosis and prognostication of sepsis patients [7]. One of these biomarkers that has been
identified, particularly due to its role in maintaining the balance in the coagulation cascade and its
ability to predict survival in septic patients is Protein C [3]. They report that the level of protein C
was reduced to 0.41+0.22 U/mL in non survivors of sepsis and 0.53+£0.24 U/ml in survivors as
compared to normal individuals (0.61-1.33 U/mL). Furthermore non survivors had a sustained
decrease in protein C values after 7 days to below 0.37 U/mL (1.77 pg/mL assuming an average
protein C concentration of 4.8 pug/mL [8]) while that of survivors increased to 0.7+£0.22 U/mL.
Protein C as part of a multivariable approach in combination with cfDNA, platelet count,
creatinine, Glasgow Coma Scale [GCS] score, and lactate was shown to have a stronger predictive
power (AUC P28 = 0.9) than the current diagnostic standard, SOFA (AUC_P28 = 0.86)[9]. Of
these, Glasgow Coma Scale [GCS] score is a qualitative test; platelet count, creatinine and lactate
are routinely evaluated and devices for rapidly detecting cfDNA are being developed [10].

However, the measurement of protein C is a more complicated process at present.

Protein C has a molecular weight of 62 kDa and an isoelectric point (pl) of 4.4-4.8 [11] and is
composed of a heavy chain (41 kDa) and a light chain (21 kDa) [12]. On activation, the heavy
chain consisting of the serine active site and activation peptide breaks away from the light chain
forming activated protein C (aPC) which is used up as a part of the coagulation cascade. The light

chain contains a y-carboxyglutamic acid domain (GLA) contains modifications of glutamate
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residues by vitamin K-dependent carboxylation to form y-carboxyglutamate (Gla). This domain
has a high affinity for binding with calcium ions. At present the GLA domain is known to exist in

coagulation factors Il (prothrombin), VII, IX, X, proteins C, S and Z in plasma [13-15].

Due to the exclusivity of binding of the GLA domain, protein C was originally isolated from
plasma using its affinity to bind to barium [16]. A precipitate of barium citrate was formed by
dropwise addition of 1 M barium chloride to a solution with 0.2 M sodium citrate. Centrifugation
of this precipitate formed a pellet which can be resuspended in a solution with 0.2 M
ethylenediaminetetraacetic acid to extract the bound proteins, which contain a GLA domain [13].
These proteins are then further separated using ammonium sulfate fractionation, DEAE-Sephadex
chromatography, dextran sulfate agarose chromatography, and preparative polyacrylamide gel
electrophoresis [17] or other similar sample preparation processes that requires multiple steps
[8,16]. An alternative method for the separation of protein C from platelet poor plasma, Cohn
fraction Iva [18,19] and transgenic milk [20] was the use Immobilized metal affinity
chromatography (IMAC) with Copper. These separations exploit the preferential adsorption of the
large number of exposed histidine groups in protein C. Other studies have explored iron [19],
nickel and cobalt [21] affinity chromatography. However, IMAC was only used as one of a series

of steps for isolation of protein C.

Quantification of protein C was performed using one of two methods [2]. One was using
immunoassays such as ELISA [16] and radioimmunoassays which have the advantage of high
specificity and accuracy. The other was using functional assays which evaluate the biological
activity of protein C. These methods use the separation methods described above to first isolate

protein C, then stimulate its activation to form activated protein C and measure its activity using a
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clotting assay that measures the increase in clotting time due to the addition of the aPC to a protein
C deficient plasma sample [2,22] or using a chromogenic assay that measures the color change
produced when a selective chromogenic substrate is added to aPC [23]. Among these methods,
immunoassays show the most potential in the development of a bedside diagnostic measurement
tool for sepsis as it is a single step process that can distinguish the decrease in protein C
concentration in septic patients. However, the generation of anti protein C antibodies is expensive
which has led to limited adoption of protein C as a diagnostic biomarker. A device that can leverage
the low cost of IMAC, while retaining the ability to detect the concentration of protein C in a single
step from a blood plasma sample would increase the usability of protein C as prognostic marker

for sepsis.

Here, we demonstrate such a low-cost device that can be used for single step measurement of
protein C in blood plasma. The device integrates isoelectric gates [24] as the first stage of
separation with IMAC-inspired immobilized metal affinity trapping (IMAT) using barium creating
a 2-stage process that separates protein C from most other proteins in solution and concentrates it
for detection. The first stage of separation uses an isoelectric gate cast using buffered agarose at a
pH of 5 that serves to prevent the more abundant proteins in plasma from moving further. The
second stage (IMAT) uses IMAC-Select metal affinity beads chelated with barium and cast in
agarose and placed over a polyester porous membrane to immobilize barium and bind protein C
preferentially over other proteins in plasma that pass through the first stage. When all proteins in
plasma were tagged with a nonspecific fluorescent dye, the change in fluorescence at the site of
the second stage of separation was found to be indicative of the concentration of protein C. This
device was tested with three types of samples — buffered protein C (Sample A), protein C with two

high concentration interferents (Sample B) and protein C spiked in blood plasma (Sample C) to
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demonstrate the capability of the device to distinguish protein C concentrations in the range of 0-

5 nug/mL in a single step for use in sepsis prognostication.
2. Device design and working principle

Measurement of Protein C was preformed by integrating two stages of separation in the device to
exclude most of the plasma proteome and is shown in Fig. 1a. The first stage was the use of an
isoelectric gate at a pH of 5 to exclude proteins with a pH of 5 and above. As was previously
demonstrated [24], agarose gels buffered with citrate phosphate buffer can be used to make the
isoelectric gates. The second stage of separation used immobilized metal affinity trapping with
barium. Beads with a chelate bound to barium were cast into an agarose gel and located on a
suspended polyester membrane that forced passage of the electrophoretically transported proteins
though the gel. As barium has increased affinity for proteins containing a GLA domain such as
protein C, only these proteins remain bound to the agarose gel in this section while the remainder
pass through with minimal binding. In addition, the gel has an ambient pH of 8.2, and if the
isoelectric point of the passing protein is lower than protein C, it moves through the gel faster and
which reduces the interaction between the beads and the protein. The schematic of the complete

device is shown in Fig. 1b.
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Figure 14 (a) Illustration of a cross section of the device and the two stages of separation (b)
Schematic of the device showing the device with the agarose gels and buffers.

The device consists of 5 layers of polyethylene tetrapthalate (PET) adhesive tapes which were
shaped into the 3 reservoirs to hold solutions. The sample reservoir was on one end of the device
oriented longitudinally while the laterally oriented anodic and central reservoirs were used to hold
a buffer. The sample reservoir and anodic reservoirs were elliptical with a minor axis length of 7
mm and major axis length of 14 mm. The central reservoir was a rectangle with dimensions of 14
mm X 7 mm. These dimensions were chosen to be able to hold ~180 pL of buffer which was
necessary to maintain sufficient pH stability for the duration of the experiment. The shape of the
central reservoir was chosen to facilitate robust adhesion of the membrane, while the shape and
orientation of the two elliptical reservoirs were chosen to amplify the focusing effect of the electric
field. The reservoirs were all located 5mm from each other. The 2" layer from the bottom was
used to interlink the anodic and central reservoirs. The 3" layer consisted of a through hole with a

radius of 2 cm co-centric with the central reservoir to direct protein motion through this hole and
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to control the radius of the Ba-IMAT gel and ensure repeatability. A polyester membrane with
dimensions of 6 mm x 13 mm was adhered to the base of the third layer and the barium bound
agarose beads were placed above this membrane in the circular hole of the 3" layer. The pH of the
agarose gel used to hold the barium beads was the same the same as the pH of the buffer (pH 8.2)
used in that reservoir. The sample reservoir was connected to the central reservoir in the 4™ layer.
This channel was used to form the isoelectric gate by pipetting agarose gel with a pH of 5 into it.
Two versions of the device were fabricated with isoelectric gate widths of 0.32 cm and 0.215 cm
(connecting the sample reservoir and central reservoir). Similarly, the liquid channel between
anodic and central reservoirs was fabricated with dimensions of 0.5 cm and 0.3 cm respectively in
the two versions of the device. The device with larger channel widths was used for experiments
with plasma to allow for the higher protein load and the device with smaller channel widths was
used for buffered samples which had significantly lower protein loads. The dimensions of the
isoelectric gate were much smaller than the dimensions of the reservoirs to focus the electric field
in these regions and increase rate of migration and separation. The resulting electric fields in the
two devices have been analysed and optimized for this application as described in section 4.1. The
resultant electric field in the isoelectric gate of the device when operated at 20 V with smaller
channel widths was an average of 11.1-11.2 V/cm while that in the device with larger channel
widths was 8-9 V/cm. This is similar to ~ 10 VV/cm obtained in traditional gels operating with a

200 V power supply [9] but lower than high voltage gels.

On application of an electric field between the cathode in the sample reservoir and anode in the
buffer reservoir at the other end, the proteins with an isoelectric point less than 8.2 (pH of the
buffer) in the sample migrate towards the isoelectric gate where all proteins with a pl of more than

5 are trapped while the proteins with a pl less than 5 migrate through it into the central reservoir
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at a slower rate. This stage of separation excludes a large fraction of proteins such as albumin
(plasma concentration of 35-50 mg/mL[25], weight of 68 kDa, isoelectric point of 5.45-5.85 [33])
and most GLA domain proteins including protein S and Factor X (pI’s of 5-5.5, 4.9-5.2
respectively [14]). Four GLA domain proteins pass through to interact with the barium bound
IMAT beads of which both factor 11 and factor VII have a pl of 4.7-4.9 and 4.8-5.1 respectively
[14] which is higher than protein C and moves more slowly through the isoelectric gate creating a
separation in time. The proteins that pass through this stage pass through the central reservoir while
interacting with the barium trapped to the beads in the gel. This gel is at a pH of 8.2, and the rate
of migration of the protein through this gel is dependent on the difference between the pH of the
column and the pl. The proteins that pass through the gel includes some high concentration proteins
such as Alpha 1-proteinase inhibitor as well as Factor IX present in plasma at a concentration of 5
pg/mL and protein Z present at a concentration of 2.9 pug/mL are the other interfering GLA
proteins. Protein C, Protein Z and Factor IX with a GLA domain have a higher affinity for barium
while other proteins pass through with minimal interaction. In addition, Protein Z has an isoelectric
point less than 3 [26] and factor IX has a lower pl of 4-4.5 [14] and a lower likelihood of interaction
due to the higher electrophoretic force and rate of migration. As a result, protein C is most likely
to interacting with barium and being trapped in this region while the remaining proteins pass
through with less interaction. As a result, the final intensity of fluorescence measured at the site of
the second stage of separation is expected to be primarily dependant on the concentration of protein
C. A pictorial representation of the interaction of different proteins at the isoelectric gate and in

the Ba-IMAT gel is shown in Fig. 2.
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Figure 15 Schematic of protein interaction at the isoelectric gate and in the Ba-IMAT gel

3. Materials and methods

3.1 Materials

Low electroendosmosis agarose, citric acid, sodium phosphate dibasic, Tris, Hydrochloric acid,
Alpha 1-proteinase inhibitor, bovine serum albumin (BSA), IMAC-Select Affinity Gel (beads in
an ethanol suspension) and barium chloride were obtained from Millipore Sigma (Oakville, ON).
Citrated pooled human plasma was obtained from Innovative research (Toronto, ON).
Recombinant protein C concentrate was obtained from Thrombosis & Atherosclerosis Research
Institute (TaARI), McMaster University. Qubit protein assay kit was obtained from Thermo Fisher
Scientific. 0.005” polyethylene tetraphalate (PET) was obtained from McMaster Carr. 0.002”
7952MP transfer tape were obtained from 3M. Polyester membrane with a pore size of 5um was
obtained from Sterlitech. Graphite rods with a diameter of 0.1”” were obtained for use as electrodes

from Graphitestore.
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Tris-HCI buffer at a concentration of 50 mM and 100 mM were prepared by titrating Tris with
HCI till a pH of 8.2 was reached. Citrate phosphate buffer at a pH of 5 was prepared and mixed
with the 1% agarose. This mixture was heated on a hotplate at 100°C till the solution became clear
and was pipetted into the channel to fabricate the isoelectric gate. 5 pL of the gel was pipetted into
the narrow channel device and 10 uL in the wide channel device. All excess gel was allowed to
stay on the device in the reservoir adding an additional 2 mm of gating length present at a lower

electric field.

An agarose gel containing barium bound IMAC-Select metal affinity beads was prepared by a
modification of the “trial scale” protocol described by the manufacturer. To prepare 50 pL of the
gel, barium was bound to the IMAC-Select metal affinity beads by incubating 25 uL of the beads
suspension with 50 pL of barium chloride for 10 minutes. Following this, to remove the ethanol
present in the suspension and unbound barium, washing steps were performed by centrifuging the
solution for 30 s at 6000 rpm and 50 pL of the supernatant was removed. Then, 50 pL of deionized
water was added and the solution was centrifuged for 30 s. The beads were equilibrated with the
pH 8.2 buffer in the reservoirs by removing 50 pL of the supernatant and adding 50 uL of 50 mM
of pH 8.2 Tris-HCI. The solution was centrifuged for 30 s again and 50 pL of the supernatant was
removed. Finally, 25 pL of 100 mM pH 8.2 Tris-HCI with 2% agarose was added to this solution
to make the final gel that was heated on a hotplate at 100 °C and pipetted into the device on the

membrane.

Three types of protein samples were used to demonstrate the use of the device to measure protein
C concentration. The first type of samples (Sample A) consisted of just protein C in buffer. The

second type of samples (Sample B) which was used to verify the ability of the device to function
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in the presence of interfering proteins consisted of a mixture of protein C, Alpha 1-proteinase
inhibitor and BSA. The third type of samples (Sample C) consisted of protein C spiked in human
blood plasma. Sample A were prepared by diluting the Protein C to make a 20 pg/mL master
solution. O pL,2 pL,6 puL and 10 pL of this solution was mixed with Tris-HCI buffer to a total
volume of 400 pL and 2 pL of Qubit protein assay’s fluorescent dye was added to make a solution
equivalent to that described in the protocol for O puL 1 pL, 3 uL and 5 puL samples of Protein C.
Sample B used 0 pL,2 pL,6 pL and 10 pL of Protein C with 20 pL each of 10 mg/mL of BSA and
5 mg/mL of Alpha 1-proteinase inhibitor (A1PI) mixed with Tris-HCL to a total volume of 400
pL and 3 pL of fluorescent dye. The volume of dye was increased to ensure that the signal was
not saturated as each pL of dye binds to a 100 pg of all proteins in the sample as given in the
manufacturer’s specifications. Sample C were prepared by spiking 0 puL,1 pL,3 pL and 5 pL of
Protein C in 10 pL of plasma mixed with Tris-HCL to a total volume of 400 uL and 15 pL of dye.
The average amount of native protein C in the plasma being used was found by ELISA (Affinity
Biologicals) to be 6.8 pg/mL. As the protein volume was halved compared to the previous

experiments, the resulting Protein C content corresponds to 3.4 - 5.9 pg/mL of the earlier results.

3.2 Fabrication

The device was fabricated using 5 layers of PET adhesive tapes which were patterned using
Xurography and integrated using lamination as shown in Fig.3 [27]. The bottom and top layers
were made from 0.005” PET. The 2" layer from the bottom and the 4™ layer from the bottom were
made from 0.005” PET adhered to 0.002” transfer tape on both sides. The 3" layer was made from
PET adhered to the transfer tape on one side. The resulting cross section is shown in Fig. 3a. A
schematic of the complete fabrication method used is shown in Fig.3b-i. The 3 layer of the device

was integrated with a polyester membrane on the bottom using the transfer tape. The individual
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layers cut in PET using a Cricut cutting plotter and were integrated using a roller to pressure
laminate the adhesive sheets together Fig. 3a-f. Prior to use, the agarose gel with IMAC-Select
metal affinity beads bound to barium was pipetted into the central reservoir on the exposed portion
of the membrane (Fig. 3g). The pH 5 agarose gel was then pipetted in the channel between the
sample and central reservoirs forming the isoelectric gate followed by the buffers in each reservoir
and the sample as shown in Fig. 3h. The device was then placed on a fluorescence microscope and
graphite electrodes were introduced in the anodic and sample reservoirs of the device. The cathode
in the sample chamber and the anode in the buffer reservoir. The resultant device costs less than

$5 per run in plasma as shown in the cost analysis (supplementary material S2).
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Figure 16 Schematic of the fabrication process (a) cross section of the device showing the
adhesives of each layer (b-f) Patterning of each layer of PET using Cricut cutting plotter and
integration of the device with polyester membrane (g) Pipetting of barium bound beads in the
device (h) Placing the isoelectric gate in the channel connecting central and sample reservoirs(i)
Connecting graphite electrodes.

3.3 Experimental setup

The experimental setup consists of a fluorescence microscope (Nikon Eclipse TE2000-S) on which
the device was placed. The microscope was used with an excitation window of 45525 nm and an
emission window of 600+30 nm. X-Cite 360LED was used as the light source for the microscope
and was operated at 30% of the maximum. The microscope was connected to a raspberry pi camera

on the C-mount camera outlet and the raspberry pi was programmed to switch on the light source
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1s before image capture and capture images every minute with an exposure time of 4s, an ISO of
400 and a color balance with a bias of 4: 0.1: 1 for red: green: blue, respectively. A clamp was
used to hold 2 graphite rods suspended over the device connected to Keithley 2410 which was
used as a power supply. The Keithley was operated with a voltage cap of 100 V and a current cap
of 1 mA for protein separation with buffers and 0.75 mA for separation in plasma. This was done
to limit the current produced to migration of proteins. The resultant voltage over the course of the
experiment was 10-60 V increasing over time. Reaching the voltage cap in a run implied the
formation of bubbles in the intersecting channels and the run was excluded from further analysis.

The schematic of the experimental setup is shown in Fig. 4.

Each run was performed using a new device with freshly prepared gels which were pipetted into
the assigned locations before placing the device on the microscope and placing the electrodes. The
leftmost buffer reservoir was first filled with 180 pL of 50 mM Tris-HCI a part of which passes
through to the bottom of the central reservoir by capillary action. It was then refreshed by 60 pL
of 100 mM Tris-HCI. The central reservoir was filled with 180 uL of 50 mM Tris-HCI. The sample
reservoir was filled with 120 uL of Tris-HCI and 60 pL of sample prepared as described before.
The microscope was centered on the 2 cm radius agarose gel in the central reservoir and images
were taken every minute for 60 minutes with buffered samples and 80 minutes for plasma samples.

The electric field was applied after the first image was captured.
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Figure 17 Experimental setup used showing filter cube with an excitation filter of 455£25nm,
emission filter of 600£30nm

3.4 Image analysis

The captured images were transferred to a computer and ImageJ was used to analyse the images.
A square shaped region of interest (ROI) with a side length equal to the diameter of the agarose
gel was placed around the agarose gel and a second reference ROI was located in a section of the
device with no solution. The second ROI was used to compensate for changes in brightness due to
external factors and dispersion of light. This was particularly evident in higher intensity samples
where the camera brightened the image further artificially increasing the measured intensity. The
average greyscale intensity in these ROI’s was measured and the difference in intensity between
the measurement ROI and reference ROI was used to measure the fluorescent intensity at each
time. The baseline intensity was set to 22.5+£0.5 A.U, and the fluorescent intensity was plotted over

time. The intensity when the first stable value was reached after half the experimental time elapsed
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was considered as the measurement for that sample. A value was considered stable if 5 consecutive
measurements were within 2 units of each other. This was done to allow for variability due to
passage of non-binding protein through the beads. This resulted in measurement at a time of ~40
minutes (experimental time of 60 minutes) for buffered samples and ~60 minutes (experimental

time of 80 minutes) for plasma samples.

4. Results and discussion

4.1 Simulation of electric field distribution

The electric field distribution in the device was calculated using COMSOL Multiphysics. The
geometry was replicated, and the electric currents module was used for the calculation of the
electric fields. The membrane was approximated by a single cylindrical volume with a radius of
0.5mm that had an equivalent electrical resistance. Both the narrow channel design used for
buffered solutions and the wide channel design used for plasma samples were simulated. The
simulation was run with the anode at 20V which was the approximate starting voltage of each
experiment. The cathode was set to ground. The conductivity of 50mM Tris-HCI was
approximated to be 2mS/cm[28] while that of the pH 5 buffer was 1.5mS/cm[29]. The solver used

was a Newtonian fully coupled solver.

The electric field in the isoelectric gate of the narrow channel device was calculated to be 11.1-
11.2 V/cm while that in the location of the Ba-IMAT gel was ~2.5 VV/cm. The rest of the reservoirs
had a distribution of electric fields ranging from 3 - 5 VV/cm. The complete distribution is shown
in Fig. 5a and 5¢. The wide channel device was calculated to have an electric field of 8-9 V/cm in
the isoelectric gate, ~2.5 — 3 V/cm at the location of the Ba-IMAT gel and 3 - 5 V/cm in the rest

of the device. The changes in the calculated electric field were due to the larger dimensions of the

104



channel. This resulted in a less focused electric field, which lead to a decrease in the electric field
at the isoelectric gate and a corresponding increase in the electric field at the location of the Ba-
IMAT gel. These distributions were shown in Fig. 5b and 5d. The structure of the device enabled
focusing of the electric field in the isoelectric gate while reducing the electric field in the Ba-IMAT
gel to enable a longer residence time for protein C to bind to the barium. The electric field was
then used to calculate the theoretical time needed for the protein C to pass through the device and
concentrate at the Ba-IMAT gel. This was found to be 25 minutes in the absence of electroosmotic

forces as shown in supplementary information 1.

3
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Figure 18 Distribution of electric field in the (a)(c) narrow and (b)(d) wide channel devices (a)(b)
in the x-z plane (c)(d) x-y plane

4.2 Measurement of protein C in a buffered sample
The ability of the 2-staged device in trapping protein C was first characterized with a sample

containing various concentrations of protein C in Tris-HCI buffer (Sample A). The device was
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prepared with an isoelectric gate of pH 5 and the Ba-IMAT gel was deposited on the membrane.
Following this, the buffer and sample were deposited in the respective reservoirs as described
previously. On application of an electric field capped at 1 mA and 100 V, an operational voltage
of 20-60 V was obtained. Images were captured with samples at concentrations of 0 pg/mL 1
pg/mL, 3 pg/mL and 5 pg/mL of protein C in buffer (Sample A). The location of image capture
and images with 0 pg/mL and 5 pg/mL of protein C at 40 minutes are shown in Fig.6a. Protein C
would typically take 25 minutes to reach the Ba-IMAT gel in the absence of electroosmotic flow
in this device geometry as shown in supplementary information S3. To provide sufficient time for
unbound protein C to pass through and stabilize the measured intensity of protein C while
accounting for the reduction in flow rate of electroosmotic flow, a time of 40 minutes was chosen
for measurement. These images show the increase in intensity of fluorescence emitted due to the
trapping of protein C by barium chelated to the beads in the central reservoir after passing through
the first stage of separation with the isoelectric gate at pH 5. The asymmetry in fluorescent intensity
measured at 40 minutes with the 5 ug/mL sample is due to the distribution of the electric field lines
in the central reservoir. As the electric field is much higher in the section of agarose gel closer to
the sample chamber, most of the protein C is bound in that portion of the gel. The average intensity
of 3 samples at each concentration after image analysis are shown in Fig.6b. The background
intensity at the start of each run was 22.5£0.5 A.U. The control with the fluorescent dye and no
proteins in solution had an intensity of 23.7£0.4 A.U after 40 minutes which is an insignificant
difference compared to an intensity of 39.99+1.5 A.U obtained with 5 pg/mL of protein C in the
sample. A two tailed t test shows greater than 99.5% confidence in differentiating between any
two of these samples except between 0 pg/mL and 1 pg/mL which has an 87% confidence interval.
Despite the low confidence with measuring samples at ~1 pg/mL compared with blank, the device
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can be used for distinguishing samples with normal levels of protein C of 5 pg/mL from patient

samples with 1-3 pg/mL which is the differentiation required for sepsis albeit in buffered samples.
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Figure 19(a) Images captured with 0 pg/mL and 5ug/mL samples of protein C at the start and
after 40 minutes, including calibration for the 5ug/mL samples (b) Plot showing change in
measured fluorescent intensity with protein C concentration (N=3).

4.3 Measurement of protein C in the presence of high concentration interfering agents
The use of the device to measure protein C concentration in the presence of other proteins was
tested using samples of protein C in buffer mixed with 10 mg/mL of BSA and 5 mg/mL of Alpha
1-proteinase inhibitor (Sample B). This was done to verify the specificity of binding of Ba-IMAT
to protein C in comparison to other proteins present at a high concentration in plasma. BSA was
chosen to be analogous to human serum albumin with similar isoelectric points and weight. Alpha
1-proteinase inhibitor (A1PI) was chosen as it is a major component of plasma with an isoelectric
point of 4.7 which is within the range of 4.4-4.8 of protein C, has a similar weight compared to
protein C (52kDa) and is present at a higher concentration of 1.5 - 3.5 mg/mL [30] compared to 4-
5 ng/mL of protein C in plasma. The device was then prepared as previously described and 60 pL
of the sample was deposited in the device followed by application of the electric field with a current
limit of 1 mA and voltage limit of 100 V, an operational voltage of 20-80 V was obtained. Images

as shown in Fig. 7a were obtained with samples containing 0 pg/mL and 5 pg/mL of protein C
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mixed with 10 mg/mL of BSA and 5 mg/mL A1PI (Sample B) at 40 minutes to show the difference
in fluorescent intensity between a control containing only the interfering proteins and the intensity
with the addition of protein C. Average intensity of 3 samples each with 0 pg/mL 1 pg/mL, 3
pg/mL and 5 pg/mL of protein C were plotted to obtain Fig. 7b which compares the resulting
intensity in the presence of interfering proteins with that obtained from sample A containing only
protein C measured in section 4.2. The results show a slight increase in fluorescent intensity
measured in the control (where the concentration of protein C is zero) containing BSA and A1PI
(26.9+2.79 A.U) compared to that measured in the absence of any proteins (23.7£0.44 A.U) due
to low level nonspecific binding of A1PI as it passes through the gel. Additionally, there is an
increase in signal measured at all concentrations of protein C compared to the respective values
measured with only protein C in section 4.2. This can be attributed to less of protein C being
adsorbed to the surface of the device due to the presence of BSA and A1PI at much higher
concentrations. This results in more protein C being available for binding with Ba-IMAT and a
resultant higher intensity. The slope of a linear regression approximation in the presence of
interfering proteins (5.85 A.U/ug/mL) is better than that obtained with only protein C (3.19
A.U/ug/mL) due to the reduced loss of protein C from adsorption to the surface of the device. As
a result, a 2 tailed t-test shows a greater than 99% confidence interval in differentiating any 2
samples in this device except between control and 1pug/mL that shows a 91.5% confidence, which
is higher than in the case with just protein C in buffer. This shows that the device can be used for
measuring protein C and differentiating between septic and non septic patients with a high

accuracy even in the presence of interfering proteins.
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Figure 20(a) Images captured with 0 pg/mL and 5ug/mL samples of protein C in the presence of
BSA and A1PI at the start and after 40 minutes, including calibration for the 5pg/mL samples (b)
Plot showing change in measured fluorescent intensity with protein C concentration (N=3).

4.4 Change in intensity with time during trapping

The time stability of the intensity measurement of protein C when in a mixture with BSA and
Alpha 1-proteinase inhibitor was studied to verify the stability of the measured intensity. This was
done using sample solutions with 0 and 5 pg/mL of protein C mixed with 10 mg/mL of BSA and
5 mg/mL of Alpha 1-proteinase inhibitor. Three samples of each were prepared as before, and
images were taken every minute with the device operated in the same condition as in section 4.3.
The average intensity of the images was calculated as described previously. The average of three
runs was plotted to obtain Fig. 8. The plot shows an increase in intensity with the 5 pg/mL sample
due to the capture of protein C in the Ba-IMAT gel starting at ~20 minutes and stabilization of the
intensity at ~35 minutes. The variation in intensity measured before 35 minutes can be attributed
to the inhomogeneity of protein density in the sample reservoir causing a large variation of the rate
of trapping. However, this stabilizes after 35 minutes as shown by the reduction in noise. The
sample with no protein C shows no increase in intensity as the Alpha 1-proteinase inhibitor passes
through rapidly while the BSA is blocked at the isoelectric gate. As a result, measurement of image

intensity at the 40-minute mark can be used as a stable measurement of protein C.
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Figure 21 Change in measured intensity with time using samples containing 0 and 5 pg/mL of
protein C mixed with 10 mg/mL BSA, 5 mg/mL A1PI (N=3)

4.5 Measurement of protein C in blood plasma

The device was used to measure concentration of protein C that has been added to pooled human
plasma as an simulation of a real-world sample. The objective in this experiment was to verify if
the device could differentiate between plasma samples when the protein C concentration is either
half or a quarter of that of a healthy human (3.9-5.9 pg/mL) which is the case in sepsis non
survivors. In order to prepare these samples in human plasma that may already have protein C in
it, a new protocol was used. Samples were prepared with 0 pg/mL, 1 pg/mL, 3 ug/mL and 5 pg/mL
of protein C spiked in plasma (Sample C) which were then used in preparation of the sample.
However, due to the presence of native protein C in the pooled human plasma at a concentration
of 3.4 pg/mL (measured by ELISA) and usage of half the protein volume in comparison to the
previous experiments, the protein concentration in comparison to earlier experiments would be in

the range of 3.4 -5.9 pg/mL.

Larger channel width devices were used with 0.75 mA and 100 V current and voltage limits on the

power supply. Images were taken every minute and images after 60 minutes with the O pL and 5
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ML sample are shown in Fig. 9a. The calibration for the 5 pg/mL sample at 60 minutes shows the
increase in background brightness when exposed to high intensity sample, which was corrected
for in the graphed values. The average of intensities measured for each of the protein C
concentrations is plotted in Fig. 9b and compared to results obtained with Sample B (protein C
mixed with BSA and A1PI). When corrected for the initial protein C content in the plasma as
measured using ELISA, the intensity measured at each concentration lies close to the interpolated
intensity from Sample B with a maximum error of 13%. This is due to the difference in interfering
agents. The interference in the mixture with A1PI and BSA is primarily due to the excess of A1PI.
However, the interference in plasma is due to the passage of other GLA domain proteins and
nonspecific binding of other proteins which affects the binding characteristics of the Ba-IMAT
gel. The binding of other GLA domain proteins passing through the Ba-IMAT beads is less than
that of protein C due to the difference in pl as described in section 2. Of the GLA domain proteins
passing through, protein Z has the lowest pl of less than 3 [26] as a result of which its residence
time in the vicinity of the Ba-IMAT beads is the lowest resulting in minimal binding. Factor IX
has a pl of 4-4.5 [14] which is slightly lower than protein C, resulting in reduced residence time
and possibly some binding with Ba-IMAT. Factor Il and Factor VII have a higher pl of more than
4.7 and migrate more slowly through the isoelectric gate of pH 5, taking longer than the

experimental time to reach the Ba-IMAT gel and probably do not play a role in the measurement.

The dilution of protein C due to spiking reduced the range of measurement from 0 — 5 pg/mL in
the previous experiments to 3.4 — 5.9 ug/mL in plasma. Nevertheless, the device could differentiate
protein C concentrations with a confidence of greater than 93% between any 2 concentrations
which were ~ 1 pg/mL apart. The objective of the device is to be able to differentiate between

samples with protein C halved or reduced to a quarter of the original 5ug/mL concentration in
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septic patients for which the device has a greater than 98% confidence in plasma. A limit of
detection defined as three times the standard deviation of the control (0 pg/mL spiked in plasma)

was found to be 0.35 pg/mL spiked in plasma.
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Figure 22(a) Images captured with 0 pg/mL and 5ug/mL samples of protein C spiked in human
plasma at the start and after 60 minutes, including calibration for the 5ug/mL samples (b) Plot
showing change in measured fluorescent intensity with protein C concentration for various
samples (N=3).

5. Conclusion

A low-cost device that can be used for single step measurement of protein C in human plasma was
demonstrated as an intial step in the development of a POC device for sepsis. The device integrates
isoelectric gates with IMAC inspired Ba-IMAT in a microfluidic device fabricated using PET
sheets. We first used simulations to study the variation in electric field to optimize conditions for
using Ba-IMAT to trap protein C. Then, we demonstrated the use of barium bound IMAT beads
to bind to protein C in the presence of a high concentration of interfering agents such as A1PI and

BSA which showed an improvement in detection compared to just protein C due to reduced surface
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adsorption of protein C. Then, we show the stability of the measurement by viewing the change in
intensity with time and show that a measurement 40 minutes after applying the electric field
provides a stable measurement of intensity. The testing time could potentially be further enhanced
by optimizing device geometry to increase residence time of protein C during IMAT while
reducing transit time in the reservoirs. Finally, we demonstrate the detection of protein C spiked
in plasma which shows a maximum error of 13% compared to the three-protein mixture despite
the differing interfering agents. The device also showed sufficient capability to distinguish
between the measured concentrations of protein C with 93% confidence and greater than 98%
confidence in determining a reduction of protein C from 5.9 pg/mL to 3.4 pg/mL (unspiked
plasma) which was necessary for sepsis prognosis. This device could then be integrated with
alternative strategies to eliminate gel loading before the experiment to simplify workflow and a
portable fluorescence imaging system to replace the currently used microscope for use as a of low

cost, single step POC system for sepsis prognosis.
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S1 Supplementary information 1 — Theoretical time for protein motion

In the absence of electroosmotic flow, the force balance on each protein is given by
qED = fV

Where q is the charge on the protein, theoretically predicted based on the functional groups on
protein C. This was obtained from https://www.protpi.ch/Calculator/ProteinTool/

D is the diffusivity ratio which is the additional resistance to flow due to the structure of the gel
and size of the protein and was approximated based on the size of protein C in agarose to be
0.85[31]

V is the velocity that is being calculated
f is the stokes drag acting on the particle obtained from
f =6nnr
Where
Where 1 is the kinematic viscosity
r is the stokes radius of the protein, approximated to be 3nm[32]

When applied to protein C, with a theoretical pl of 5.9191, The theoretical velocity at a pH
difference of 0.2 and 3.4 that corresponds to an ambient pH of 5 and 8.2 for protein C with a pl
range of 4.4 - 4.8 are shown below.

pH (pH difference) | charge (C) stokes Location Electric velocity
drag (N) field (mm/s)
6.2 (+0.2) -3.9E-19 5.65E-11 Isoelectric gate 1.1Vicm | 6.52E-03
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9.3 (+ 3.4) -6.8E-18

5.65E-11

Central reservoir 0.5 Vicm 0.06

(pre membrane)

Central reservoir 0.25 V/cm 0.0255
(gel)

Sample reservoir 0.35 V/cm 0.042

Time needed to travel through

The sample reservoir = 14 mm/0.042 mm/s = 333.3 s = 5.55 minutes

The isoelectric gate =5 mm / 6.52E-03 mm/s = 766.87 s = 12.78 minutes

The central reservoir =4 mm/ 0.06 mm/s + 3mm / 0.0255mm/s = 360 s = 6 minutes

Total = 24.33 minutes in the absence of electroosmotic flow
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S2 Supplementary information 2 - Cost analysis of the device

Cost of a PET sheet 0.005” — 27” x 10ft — CAD $6
(McMaster Carr)
Area of sheet used per device - 1.5” x 1” per layer —3 layers

Cost of PET per device — CAD $0.0083

Cost of 3M tape — 600mm x 900mm - $9.5

Cost of 3M per device — 5 layers — CAD $0.009

Fluorescent dye used — qubit protein assay - $444 for 500 assays that use 3L each
= $0.866 per assay

We use 15pL per run = CAD $4.33

https://www.thermofisher.com/order/catalog/product/Q33211#/0Q33211

IMAC affinity beads — 25mL for CAD $485
25uL used per run = CAD $0.485

Barium chloride, citric acid, sodium phosphate dibasic, tris, hydrochloric acid - <$0.01 per device

Instrumentation cost

Cost of xurography using cricut explore - $350

Results

Setup cost = $350 for small scale production

Total cost per device = Cost of materials + Cost of reagents
=0.0083 + 0.009 + 4.33 + 0.485

= CAD $4.83
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Abstract

Environmental monitoring requires periodic measurement of parameters such as pH, heavy metals,
nitrates and phosphates in field settings, autonomously. Microfluidic devices have been considered
for environmental sensing due to its inherent advantages of lower volume, faster sensing and low-
cost fabrication. Various sensing methods including colorimetric, fluorescence and
electrochemistry have been studied. Among them, colorimetric sensing is attractive due to its
simple instrumentation and wide range of selective reagents. Nevertheless, it is limited by the use
of liquid reagents which necessitates the use of energy demanding valves and pumps that limit the
lifetime of colorimetric systems in the field. Here, we demonstrate that threads can be used for
solid state reagent storage in the dried form to facilitate autonomous measurement. When
integrated together with a microfluidic device, the system was shown to control the volume of
sample exposed to the stored reagent on a thread for a controlled sample-reagent interaction and
demonstrating color change that can be measured using a simple, low-cost system that minimizes
energy cost by reducing the number of pumps and valves necessary. We develop a new approach
to pattern and separate the dried reagents using paraffin wax to allow the thread to slide smoothly
into the microfluidic device while preventing the sample from wetting the remaining thread
allowing experiments to be performed at different timepoints. We demonstrate this platform for

periodic measurement using pH and nitrites as examples of environmental monitoring which is
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extendable to other colorimetric analytes for periodic autonomous monitoring. We show that the
device operates in a range of 1 — 5 mg/mL of nitrite and pH range of 6 - 7.4 which covers the

regulatory range in many countries.

Keywords — Environmental monitoring, automated sensing, colorimetric sensing, thread microfluidics,

low-cost sensing

1. Introduction

The sustainable development goals (SDG 6) for 2030 announced by WHO lists access to clean
water as being a vital target to be achieved in many countries around the world as it reports that
unsustainable stress on water resources could put upto 45% of global gross domestic product
(GDP) and 52% of the world’s population at risk. The development of integrated water resources
management (IWRM) was recommended as an essential part of the agenda [1]. A large part of
IWRM is the development of monitoring and reporting mechanisms for water quality. To reach
the global targets for water monitoring requires frequent and rapid monitoring of water quality in
remote areas with limited access to laboratory services and manpower. A system that can automate
the monitoring process and periodically monitor the water quality without human intervention
would help meet these goals. Among the numerous analytes that are used to measure water quality,
nitrite is one of the most studied analytes. It is a naturally occurring form of nitrogen and is found
in low concentrations in water. An increase in its concentration can cause eutrophication of the
water and lead to increased mortality of aquatic life [2]. Recommended limits for nitrite content in
water range from 1mg/L in the US [3], to 3 mg/L as recommended by Health Canada [4] and
WHO [5]. As aresult, nitrite concentration has been assessed using a variety of methods including

capillary electrophoresis [6], chemiluminescence [7], fluorescence [8], electrochemistry [9], high
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performance liquid chromatography [10] and spectroscopic methods [11,12] among others.
Chemiluminescence paired with flow injection analysis (FIA) [7] and absorbance after the Greiss
reaction with sequential injection analysis (SIA) devices for automated monitoring [13] have been
used. However, both FIA and SIA devices require the use of a combination of pumps paired with
microcontrollers and numerous time synchronized valves which results in a complicated system.
Microfluidic alternatives [14,15] reduce the power requirements for the components enabling
longer periods of remote detection but are still by power use of the various components such as

pumps and valves.

pH is another frequently studied analyte in determining water quality. While pH has limited health
impact, a pH of more than 10 or less than 4 is an important indicator in measuring the corrosivity
and disinfection of water. As drinking water is chlorinated, a pH above 8 indicates insufficient
disinfection of the water while a low pH of under 6.5 is corrosive to plumbing, contaminating the
water [16]. Furthermore, the current increase in atmospheric carbon dioxide leads to an increase
in acidity of water bodies which needs to be monitored for its effects on aquatic life. The most
common methods for measuring pH are electrochemical [17] and optical sensor based
measurements [18-21]. Electrochemical and spectrometric sensors are widely used for pH
measurement due to their high sensitivity and ability to continuously monitor pH level when
deployed in remote locations without manual intervention. Electrochemical sensors are limited by
requiring frequent calibrations to avoid artifacts which can cause sensor drift. These are associated
with both residual liquid junction potentials and variations in asymmetry potentials [21].
Microfluidic electrochemical sensors resolve this through the use of calibration samples that are
regularly used to correct for the drift, but this adds additional complexity due to the additional

pumps and valves which increases the cost of the device and reduces the duration over which
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automated sensing can occur. Spectrometric and colorimetric sensors avoid the issues with sensor
drift but require the storage and transportation of liquid reagents which limit the period of operation
[22]. In addition, both types of sensors are limited by the power demands of the components used
when deployed in remote locations. This includes the pumps for the calibration samples in
electrochemical sensors and the sensing reagents used in colorimetric/spectrometric sensors,
valves operated to regulate fluid flow and power requirements of the electrochemical/optical
sensor used. The need for pumps and valves originates from the storage, transportation and
aliquoting needs of liquid reagents. The devices currently developed for remote monitoring have
a high resolution for both pH and nitrite sensing. pH sensing has been demonstrated with a
resolution of 0.001-0.004 pH units [19,21] and nitrite sensing with a LOD of 0.2 uM. This is
necessary for some applications which require sensitive detection of changes in the environment.
However, this sensitivity results in an increase in cost of the device. For applications that can be
resolved at a lower sensitivity, there are only a few technologies available for automated remote
monitoring due to the need for pumps and valves that need to be integrated. Monitoring water
quality in remote areas with limited access to electricity could be improved through the
development of a low-cost device that can continuously monitor the analyte of interest using a
solid state reagent for colorimetric sensing that would reduce the power demand and enable longer

term monitoring.

Low-cost microfluidic devices in combination with the colorimetric markers to detect analytes in
water presents an opportunity for the development of low power automated and periodic
monitoring of analytes in water. Some of the devices developed for low cost measurement use
paper microfluidic devices [23] or hydrogels [24] paired with mobile phone cameras or an imaging

system for colorimetric testing. These devices leverage the low cost, easy manufacturability, and
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availability of numerous fabrication methods to make devices that can rapidly measure nitrite
concentrations. However, these low-cost colorimetric testing methods are designed for a single use
by a person on the field and require the deposition of specific volumes of sample. While self-
metering paper devices have been developed, they still require personnel to operate [25]. Thread
based microfluidic devices [26] share many of the advantages of paper microfluidic device
including low cost, portability and ease of manufacturing. In addition, there are a few other
advantages including a wide variety of materials and a higher wet strength [27]. However,
traditional thread-based sensing uses threads as a medium for transporting liquids like in traditional
capillaries. The testing reagent is placed on a segment of the thread and the sample is wicked to
that segment by capillary forces which results in a diluted signal. In addition, the formats currently
available for thread-based devices are not suitable for automated periodic monitoring as a sample
needs to be manually deposited for each test using currently available devices. Microfluidic

automated colorimetric systems have not been demonstrated using threads.

In this work, we show that patterned threads can be used as a solid-state reagent storage and
aliquoting system that can be automated for periodic monitoring. The use of solid-state reagent
storage would reduce the transportation costs associated with transportation and aliquoting of
liquid samples while also reducing the power costs associated with pumps and valves associated
with fluid control within the device. The patterned threads were integrated with a PDMS
microfluidic device and paired with a simple imaging system. The resulting device was used to
expose individual segments of the thread (with known quantities of reagent stored on it) to specific
volumes of sample in an automated and controlled interaction repeatedly and consistently. We
show the versatility of this device for monitoring different analytes by measuring the concentration

of nitrite from 1 to 5 mg/L and pH ranging from 6 to 7.6. A nitrite range of 1 to 5 mg/L was chosen
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based on the regulatory limits of nitrite content in water [3,5]. The range of pH was chosen as a
pH of less than 8 is necessary for effective disinfection with chlorination and a pH of less than 6.5
can increase corrosion of plumbing and cause gastrointestinal irritation [16].This versatile platform

can be adapted for monitoring other analytes of importance in the environment.
2. Device design and working principle

The development of a thread-based microfluidic device for automated and periodic monitoring of
analytes requires integration of sample processing operations such as metering of the testing
reagent and sample fluid. This was achieved by using a patterned thread as a solid-state container
for storing and transporting dried testing reagent. Threads enable the storage of a larger volume of
reagent in comparison to paper microfluidic devices of the same dimension due to the complex 3D
structure and higher porosity which enables the packaging of higher amount of testing reagent in
small volumes. Microfluidic containers for reagents are created on threads by patterning segments
of the thread with hydrophobic materials that seep into it and prevent fluidic connection (wicking)
between adjacent hydrophilic unpatterned segments. The form factor of the thread itself provides
ideal confinement of fluids in the radial direction and the uniform size of the thread provides a
consistent microfluidic volume for absorption and serves to aliquot reagents precisely. These
advantages were leveraged to fabricate discrete compartments for reagent storage in threads
separated by segments of either paraffin wax or another hydrophobic solution. The 1-D format of
the thread allows sequencing of the reagents as well as spatial localization that is useful when
introducing multiple reagents one after another or performing periodic tests one after another. As

the thread is flexible, reagents dried on it can be stored in a more compact form when it is rolled
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into a spool. Also, using stitching techniques they can be inserted into any compliant material such

as an elastomer.

Leveraging these features, the patterned thread was then integrated into a PDMS device fabricated
using a 3D printed mold as shown in Fig. 1(a) to satisfy two objectives. The first objective was to
create a sealed environment and expose a single segment of the patterned thread at a time. The
second objective was to control the volume of solution that was exposed to the segment. To
accomplish these objectives, a cross channel arrangement was chosen consisting of a main channel
for sample transport and an intersecting thread channel through which the patterned thread loaded
with reagents was passed. The first objective was met by setting the width of thread channel to be
slightly less than the free width of the thread and sealing the base of the PDMS device using a
deformable silicone membrane. When a wax patterned thread was introduced into the thread
channel, due to the larger diameter of the wax patterned regions, each wax barrier slightly deforms
the silicone membrane as shown in the schematic of the cross section in Fig. 1(b) forming a
waterproof seal. The segment between these seals acts as discrete, sealed compartments which was
can then be exposed to the sample. The second objective was met by modulating the shape of the
main channel at the intersection region. A diamond shaped intersection between the main and
thread channels was found to minimize bubble entrapment, minimize dead volume and enabled
control of the reagent volume delivered by varying the lengths of the sides of the diamond. It also
reduced diffusion of the reagent stored in the thread into the remaining sample channel. The sample
channel used was 2 mm wide and diverges at the intersection to be 5 mm wide forming the testing
chamber. The change in width from 2 mm to 5 mm was over 4 mm. As a patterned thread with

segments of 1cm was integrated into the PDMS device for sensing, a maximum width of 5 mm
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was chosen to enable exposure of the sample to a single thread segment at a time while ensuring

that the wax barriers block contamination of adjacent reagent segments.
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Figure 23 (a) Mold used for the fabrication of the microfluidic device (b) Fabrication of
compartments in a patterned thread by deformation of silicone membrane to store reagents (c)
Schematic showing the use of patterned threads for solid-state reagent storage and delivery in an
automated and periodic system.

By controlling the length of the exposed thread segment to control the volume of reagent and the
volume of sample exposed by using the geometry of the device, a controlled colorimetric reaction
can be produced in the testing chamber. The resulting color change is then dependent mainly on

the concentration of analyte in the sample. The protocol for such an application is illustrated in
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Fig. 1(c). A patterned thread was dipped in a testing reagent to introduce a fixed volume of reagent
into each segment of the patterned thread (colored green in Fig. 1(c)) and then inserted into the
PDMS device using a needle. The wax boundaries seal the testing chamber isolating and exposing
a single segment of the thread to the sample channel. The sample when injected through the main
channel consists of an analyte of interest that generates a color change when exposed to the reagent
in the thread. As both the volume of sample in the testing chamber and the length of the exposed
thread segment are controlled, the resultant color change (green to blue in Fig. 1(c)) is dependent
on the concentration of analyte. This color change could then be quantified by capturing an image
after a fixed time interval. To perform another analysis, the device is flushed, and thread moved
by a certain distance by winding it so that a new reagent segment on the thread is exposed to the
sample in the testing chamber. This cycle can be repeated to periodically monitor the concentration

of analyte in the sample.

3. Materials and Methods

3.1 Materials

The thread used in the device was 100% size 2 cotton purchased from Amazon with a diameter of
1.3 mm and ~20 tpi. PDMS (Sylgard 184) was obtained from Dow Corning, USA. Medium grade
silicone sheets with a thickness of 1/32” were obtained from McMaster Carr. Real world water
sample was obtained from local lake (Cootes Paradise) Hamilton, Canada. Paraffin wax with a
melting point of 65 °C which was used for wax patterning, sodium nitrite with a purity of >99%
which was used for preparation of sodium nitrite solution, anhydrous citric acid with a purity of
>99.5% purity and sodium phosphate dibasic with a purity of >99% which were purchased from

Sigma-Aldrich for buffer preparation. Commercial grade sensing reagent for nitrite and pH
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manufactured by API fishcare that are used for macroscale sensing in aquariums, melamine sponge

(Mr.Siga, China) and Neverwet (Rust-oleum, USA) were purchased from Amazon.

3.2 Fabrication

The device was fabricated in two stages. The first step was the development of patterning
techniques to segment the length of the thread into discrete, defined microvolumes. This was
followed by the fabrication of a microfluidic sample analysis device and integrating the patterned
thread into it, to expose the sample to an individual segment of the thread without interfering with

other segments.

3.2.1 Thread patterning

A patterned thread was used to control the volume of testing reagent that was absorbed into the
thread for the assay. Two methods for patterning were developed. One method used a hydrophobic
coating to change the contact angle of segments of the thread to make it unfavorable for wicking.
This was done by fabricating a stamp containing sections of melamine sponge adhered to a glass
slide as shown in Fig. 2(a) which was then spray coated with the Neverwet hydrophobic solution
soaking the sponge. The stamp was then manually placed on a thread and a gentle pressure was
applied to transfer the solution from the sponge sections onto the thread, creating hydrophobic
segments in the thread. By making the spacing between the hydrophobic segments uniform and
precise, the thread can be patterned such that the space between the hydrophobically patterned
regions on the thread can serve as microvolume containers capable of storing precise quantities of
reagents. This method was used to fabricate wicking barriers without affecting the flexibility and

dimensions of the thread. It should be noted however that the coating took 12 hours to cure and is
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atemporary coating. Frequent contact and movement over time would reduce the life of the coating

and might allow fluidic contact between adjacent thread segments.

Alternatively, molten wax was also used as an ink to form the wicking barriers. This was done by
placing both the wax and the thread to be patterned on a hotplate set to the temperature. A 3D
polylactic acid (PLA) printed stamp, shown in Fig 2(b), was dipped in the molten wax and rapidly
pressed on the thread to deposit the wax. The volume of transferred wax depends on the geometry
of the stamp. The thread was heated to ensure that the wax wicks into the thread and the wicking
length of wax at 75 °C was measured to be ~0.5 cm in each direction from the features on the
stamp. A gap of 2 cm was used between successive features on the stamp to obtain unpatterned
segments that were 1 cm long. This process was repeated to create wax boundaries with a known
spacing. Wax patterning creates a reliable and inert boundary but increases the stiffness of the
thread. The presence of wax coated areas also increases the diameter of the wire in the waxed

segments as the wax does not completely seep into the thread before solidifying.

Once patterned, the thread was loaded by immersing it in the reagent for 1-2 minutes. The extended
immersion ensures that all the hydrophilic (unpatterned) segments of the thread are fully saturated
with the reagent. As is shown later in the paper, as the length of the hydrophilic segments can be
controlled by the stamp used which inturn controls the volume of the reagent stored in each

segment.

3.2.2 Microfluidic sample analysis device
A microfluidic device was fabricated in PDMS using soft lithography with a 3D printed PLA mold
(Figure 2(c)). The PDMS device was then wet bonded to a silicone membrane by spreading a thin

layer of PDMS on the base and baking the two parts together at 85 °C (Figure 2(d)). A thread
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patterned using wax and loaded with the testing reagent (Figure 4(e)) was then inserted into the
PDMS device using a needle. The wax barriers on the thread deform the silicone membrane
forming waterproof seals between adjacent thread segments containing reagents forming the
completed device as shown in Figure 4(f). Additional images are shown in Fig. S1 that show the

seal when the device was operated.
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Figure 24 (a) The sponge stamp made using hydrophobic solution filled sponge on a glass slide
and the resultant thread pattern (b) 3D printed PLA stamp used to wax pattern a thread with nitrite
testing reagent deposited between grey wax barriers. Fabrication of the composite PDMS-thread
device. (c) Soft lithography using a PLA mold (d) Wet bonding of the PDMS to a silicone
membrane (e) Wax patterning and loading testing reagent on the thread (f) Insertion of patterned
thread into PDMS forming individually sealed thread segments.
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3.3 Experimental method and setup for colorimetric imaging

The PDMS-thread composite device was placed in an imaging box made using a black, opaque
acrylic to control the lighting as shown in Fig. 3. A light source was placed at the bottom and a
PDMS block was placed between the light source and device to prevent liquid from seeping into
the light source inadvertently. The device was then connected to a syringe pump using luer lock
connectors and liquid from the output was collected in a petri dish and discarded. A Nikon D800
camera was mounted on the ceiling of the box and connected via USB to a laptop. A software

‘Digicamcontrol’ was used to control the camera to take images with the box fully closed.

Automated and periodic measurement using commercial colorimetric dyes was performed by
filling 5mL syringes with the necessary samples. The presence of nitrite was tested at
concentrations of 1, 2 and 5 mg/L using solutions freshly made from sodium nitrite. pH was
measured using solutions at pH 6.0, 6.2, 6.4, 6.8, 7.2 and 7.4 made using a combination of citric
acid and sodium phosphate dibasic and verified using a pH meter to be within £0.05. The syringe
was then connected to the sample channel of the device and was perfused into the sample channel
at a flow rate of 1 mL/min mimicking the typical flow of sample into the device. While a syringe
pump was used in the demonstration for convenience, a low cost, low power pump or natural fast
flowing streams in water bodies could be used without detriment to the functioning of the device
as the accuracy of flow rate is inconsequential to the purpose of flushing remnant dye in the testing
chamber and infusing a fresh sample. The device was flushed with the sample solution, several
times the priming volume of the device, to remove any reagents from the prior measurement. After
flushing, the pump was stopped, and the next thread segment was moved into the testing chamber
to expose the reagent loaded on it to the sample in the device. The dried reagent in the thread

aliquoted by the length of the thread segment then slowly dissolves and diffuses into the sample
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volume in the testing chamber while the thread simultaneously absorbs the sample solution. This
interaction with the sample in the chamber produces a consistent color change both in the thread
as well as in the testing chamber. After a fixed exposure time (3 minutes for nitrite and 30 seconds
for pH), an image of the testing chamber was taken, and the chamber was flushed again till all the
testing reagent and previous sample was expelled. For periodic measurements, this operation can
be repeated, and the next thread segment can be moved into the central chamber and exposed. DI
water was used to flush the chamber every 3 runs. Testing with environmental samples were
performed by filtering the water sample obtained from the shore of cootes paradise through a No.1
Whatman filter paper to remove the sediment and other solid particulates from the water. This was
necessary as colorimetric imaging is sensitive to the hue of the water which would be affected by

floating particulate matter.

To provide a benchmark for using threads in colorimetric sensing, cut threads segments with a
length of 1cm were used to identify the ideal color change that could be obtained on threads with
complete control over the reagent and sample volumes. This was done by dipping the thread
segments in the testing reagents for nitrite and pH till they were saturated. Then, the threads were
dried and placed in a petri dish. Following this, different volumes of sample containing nitrite at
concentrations of 0.4, 1, 2 and 5 mg/L were added. The threads were then allowed to react for 3
minutes for nitrite before being transferred into separate chambers in a 3D printed mold for
measurement. The 3D printed mold was used to hold the threads close together without contact
and ensure uniform lighting across all the thread segments. The color change obtained with

different volumes of nitrite was then measured from the captured images.
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3.3.1 Imaging

A Nikon D810 DSLR in an opaque black box was used for imaging. A custom white balance was
setup in the camera to compensate for the inherent bias in LED lighting and maintain a neutral
balance in all images except for images used to check the effects of diffusion. A blue tinted white
balance was used in those experiments. Raw “tiff” images were obtained from the camera. The
color change in cut thread segments was measured using reflected light from the threads as the
threads are opaque and color change was measured at the center of each thread. The inbuilt flash
of the DSLR camera was used as the light source. An exposure time of 0.25 s, ISO 1000 and /4.2
were used. Transmittance measurement was used for the PDMS-thread composite device as the
PDMS was reflective and prevented reflectance measurement. An LED lamp placed under the
device was used as the light source and the color change in the solution in the immediate vicinity
of the thread was measured. The color change in the thread itself could not be used with
transmittance measurement as the light source silhouettes the thread reducing the sensitivity. The
nitrite color change was measured with an exposure time of 1/50 s, with an aperture of /3.3 and
ISO 32. The pH color change was measured at an exposure time of 1/100 s with an aperture of

/3.3 and ISO 64.

3.3.2 Data analysis

The obtained images were analysed using ImageJ by converting to the HSB color space. In the
HSB color space, the image is split into three channels, each representing the hue, saturation, and
brightness of the pixels in the original image. Hue is an angle from 0-360° that represents 0° at
red, green at 120° and blue at 240°. The average hue in a fixed area near the thread (transmittance)

or on the thread (reflectance) was measured to denote the color change.
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Figure 25 Experimental and imaging setup used for demonstrating automatic and periodic
sensing

4. Results and Discussion

4.1 Aliquoting reagents using thread segments

The volume of reagent available in the testing chamber of the PDMS-thread device has to be
controlled to produce the consistent and optimal color change for the given range of analyte
concentration. The linear nature of threads enabled the use of the patterned lengths of the thread
as a unique method of aliquoting the reagent volume, while also improving the ease of transport
and storage. To demonstrate the ability of a patterned thread segment to aliquot specific volumes
of reagent by controlling its length, the volume of liquid that can be trapped in each length of
thread was quantified by cutting the thread into segments of 1, 2 and 3 cm in length. The threads

were then weighed to an accuracy of 0.1 mg. The cut threads were then immersed in DI water and
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gentle pressure was applied to ensure complete wetting of the threads. The threads were then
weighed again, and the difference in weight was used to determine the volume of liquid held in
that thread segment. This was repeated thrice for each length of thread to obtain a graph of the
volume absorbed by different lengths of the cotton thread which is shown in Fig. 4(a). Next,
threads were cut with an additional length of 2 cm and patterned with wax (1 cm) on each side at
75 °C as shown in Fig. 4(b). The additional 2 cm were added to allow the wax to wick through the
thread, as wax wicks 0.5 cm in both direction from each point of application. The resultant trapped
fluid volume was compared to the unpatterned thread to obtain Fig. 4(a). The patterned threads
store slightly larger volumes of liquid compared to the same lengths of their unpatterned
counterparts, which can be attributed to variation in wicking length of wax at 75 °C. The volume
of fluid stored however, is consistent and predictable at each length of thread showing that fluid
can be aliquoted with a patterned thread. The trendline when extended to zero length produces a
non-zero intercept due to the additional surface area at the ends of the device for capillary
absorption which facilitates additional absorption capacity that is independent of length. This
method of using a 3D printed mold was found to be suitable to fabricate hydrophobic barriers with
a length of 1 cm which separate reagent loadable segment of lengths 1cm, trapping a volume of 25

ML using this cotton thread.
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Figure 26 (a) Volume of liquid trapped in different lengths of thread with associated error bars (£
1o) (n=3) (b) Images of patterned threads with hydrophilic lengths of 1, 2 and 3 cm.

4.2 Color change in cut thread segments

The color change in cut thread segments was measured to provide a baseline measurement for the
ideal color change that could be obtained by controlling the volumes of both reagent and sample.
This was done by testing different sample volumes to obtain the largest color change for a thread
deposited with a known volume of reagent. The reagent volume was standardized by using a
saturated 1 cm long thread segment, corresponding to a volume of 25 pL. The reagent loaded
thread segments were first dried for ~2hours at room temperature. Then, 3 samples at a
concentration of 5mg/L and volumes of 10,30,50,70 and 90 puL were deposited on the cut thread
segments. The change in color at each sample volume was measured by capturing the light
reflected from the threads as previously described and analyzed using ImageJ to obtain a
correlation between the sample volume deposited and the resulting color change shown in Fig.
5(a). The color changed from an initial hue of 138° to 167° on addition of 10 pL of sample. The
color change increased to 208° on addition of 50 pL of sample which was 2.4 times the change in

hue with 10 puL of sample. At higher volumes, there was limited increase in the color change. A
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hue of 221° was measured when 90 uL of sample was deposited which was only 1.18 times the
change in hue with 50 pL of sample. This was due to a combination of limited reagent volume and
limited reaction time of 3 minutes. The increase up to 50 pL was a result of the availability of
unreacted reagent in the testing chamber, However, at higher sample volumes, a majority of the
easily available reagent was used up except for some that was deeply trapped in the thread and
slowly diffused resulting in a slight increase at higher sample volumes. As a result, the thread that
was nearly saturated showed an increase from 208° at 50 pL to 221° at 90 pL. As there is little

advantage to using higher sample volumes, a sample volume of 50 pL was chosen for the next test.

Solutions with concentrations of 0, 1, 3 and 5 mg/L were used to test the color change in the range
necessary for testing nitrite quality in water the upper limit of which ranges from 1-3 mg/L around
the world. The threads were prepared by dipping in the nitrite detection reagent and dried for ~2
hours at room temperature before adding 50 ul of the sample solution. Images were then taken as
described in the methods section to obtain Fig. 5(b) which consists of three measurements at each
concentration. The results show that these concentrations can be distinguished from each other
using this method. The limit of detection was found to be 0.35 mg/mL based on the standard

deviation of the blank.
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Figure 27 Color change with associated error bars (+ 1o) obtained with (a) different volumes of
sample with 5mg/L of nitrite in cut thread segments (b) with 50uL of different concentrations of
nitrite solution.

4.3 Dissolution of Solid-State Reagents

Controlling the sample volume in the PDMS-thread device was done by designing a suitable
geometry of the testing chamber in the device. The volume of the testing chamber was designed
to be 48 pL to approximate the saturation volume of 50 pL found above for color change in nitrite
measurement. In addition, the diffusion of stored reagent from the thread into the device was
imaged to show that the reagent-analyte interaction in the testing area at the time of imaging. The
diamond shaped geometry narrows before continuing into the main channel to control the
interaction of the reagent to the volume present in the diamond shaped testing chamber for the
duration of the experiment by reducing convective flow and outward diffusion. This was tested by
following the same protocol as described for nitrite testing in the methods section using a sample
of DI water with the nitrite testing reagent on the thread. However, instead of a single image after
3 minutes, images were taken every 10 sec for 3 minutes in the area shown in Fig. 6(a). Images
were taken with a blue biased white balance and converted to the HSB color space. The hue
channel was used after the contrast was increased to visualize the extent of diffusion of the dye.

This was possible as the green dye was visible as areas of lower intensity (darker) on a light
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background. A sequence of images was taken over 3 minutes after the dye was introduced in the
testing chamber and presented in Fig 6(b). These images show the initial diffusion of dye in the
sample solution close to the thread (hue of 120°) and in the testing chamber initially compared to
a background hue of 180° in the rest of the sample channel. The diffusion of dye into the solution
reduces the hue over time, and the measured hue was used as an indicator of the extent of diffusion.
The hue measured at the exit of the testing chamber remains stable at ~150° while that measured
5 mm from the exit decreases over time from an initial measurement of 176° to164° over 3 minutes
as shown in Fig. 6(c) indicating diffusion of dye from the thread to a distance of 5 mm, which
results in both an introduction of an additional 15 pL of sample solution (improves hue change)

and diffusion of reagent over a larger volume (worsens hue change).

The response time of the device was characterized by measuring the change in hue of samples with
5 mg/mL of nitrite over 5 minutes. Images were taken every 30 seconds using a neutral white
balance. The change in hue measured adjacent to the thread is shown in Fig. 6(d) which shows that
the change in hue stabilizes after 180 s due to a combination of additional sample (slight increase
in hue), reaction time (increase in hue) and diffusion of reagent (decrease in hue). In addition, the
measured hue is noisy before 180 s as localized concentrations are non-uniform within the testing
chamber, resulting in a large variation in measured hue. Although the time needed for the complete
reaction of nitrite and the reagent for the macro-scale protocol was stipulated to be 5 min by the
manufacturer, 3 minutes was found to be ideal for the PDMS-thread device as it was found to
balance between reaction time and diffusive effects. The time for measurement pH is 30 sec as per
the manufacturer’s protocol, which is well within the diffusion limitations of the device. With

these caveats, the design was found to be sufficient for the experiments demonstrated in this paper
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and the ratio of sample to reagent use was controlled by the dimensions of the sample testing

chamber.
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Figure 28 (a) Schematic showing the section of the device that was used for imaging color change
(b) Diffusion of testing reagent over time (i)showing an overlay with the diamond shaped testing
and 2 minutes respectively (iv) Start of diffusion of the reagent into the narrow main channel (c)
Hue measured in two areas of the channel (d) Change in hue over the experimental time with
associated error bars (+ o)
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4.4 Measurement of nitrite in the microfluidic-thread device

The use of an automated system for control of sample volume and reagent during the measurement
of nitrite concentration in water was demonstrated using the microfluidic device. The efficacy of
this method was then compared to the measurement obtained earlier where known sample volumes
were pipetted onto 1cm cut threads. The demonstration was performed using a cotton thread
patterned with 1cm long hydrophilic segments separated by wax barriers which was loaded by
dipping in the reagent (approximate volume of 25 pL) and drying followed by integration into the
microfluidic device through needle insertion. The sample was injected into the testing chamber
(~48 pL) and maintained in position for 3 min. The images of the testing chamber taken after 3
min for concentrations of 0 and 3 mg/L of nitrite concentration is shown in Fig. 7(a). In order to
perform the next test, the device was flushed with a sample and the thread was moved by winding
it through the device to expose a new segment with the reagent to the new sample and the process
repeated. The hue measured at different concentrations was plotted and compared to the results
obtained using cut thread segments in Fig. 7(b). The limit of detection using the standard error of
the regression was found to be 0.11 mg/mL which is significantly better than that using cut threads
(0.61 mg/mL.), potentially due to the use of transmission imaging which eliminates the noise from the reflection of the light source. The use
of transmission imaging also changes the baseline for 0 mg/mL to 105° compared with 139° in reflective imaging while also reducing the peak
from 204° compared to 183° for transmission imaging. In addition, the results with transmission imaging show a more linear change in hue with
concentration showing that the microfluidic device was capable of accurately aliquoting both sample and
reagents injecting and mixing them in the testing chamber in an automated manner for the detection

of nitrite in a range of 1-5 mg/L in the absence of other ions in solution.
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Figure 29 (a) Images obtained for nitrite sensing using the composite PDMS-thread device at 0
and 5 mg/L (b) Graph plotting the hue of the light transmitted through the solution with associated
error bars (£ 1o) when measuring nitrite concentration

4.5 Nitrite measurement on environmental samples in the microfluidic-thread device
The device was then tested with a filtered sample obtained from a local pond (Cootes Paradise,
Hamilton, Canada) to test for the effects of other naturally occurring ions on measurement
accuracy. As nitrite rapidly oxidizes to nitrate, there was no natural nitrite in the sample. As a
result, the experiments were performed using the environmental sample spiked with nitrite by
adding appropriate quantities of sodium nitrite to the sample water to obtain concentrations of
0,1,3 and 5 mg/L. The protocol described in the previous section was followed and the results of
the experiment with the real-world sample were compared with those obtained with DI water as
shown in Fig. 8 which compares the hue obtained with these samples compared to those obtained
with DI water. A 2-sided unpaired t-test comparing the measurements at each concentration shows
that they do not present a statistically significant difference at a 95% confidence interval. This
implies that the device can be used for testing real-world samples without manually dispensing

samples.
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Figure 30 Results with associated error bars (£ 1o) obtained from the test with spiked real-world
samples compared with those obtained from spiked DI water

4.6 Periodic and automated testing of nitrite in the PDMS-thread device

Periodic and automated testing requires repeated testing of a sample solution after fixed periods of
time. This was done using the PDMS-thread device following the previously described procedures.
The device was flushed with a sample solution containing 5 mg/L of nitrite in DI water and a new
thread segment exposed by moving the thread every 3 minutes. Images were taken every 15sec
and plotted to show the change in color over a time of 10 minutes including two sample changes.
The results as shown in Fig.9 demonstrates the repeatability of measurement when using simple
flushing to purge the chamber. The peak hues measured are 177.27+4.23° which is not statistically
different from the 183.3+12.48° measured earlier using DI water with 5 mg/mL of nitrite. This
shows that measurement within 3 minutes using the PDMS-thread device can be done periodically

using an automated system that leverages the aliquoting methods described.
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Figure 31 Plot showing measurement of 3 samples over 10 minutes, each with a concentration of
5mg/mL

4.7 Measurement of pH in the PDMS-thread device

The device can also be used for the measurement of other water quality markers such as pH which
have existing colorimetric testing reagents. Samples at a pH of 6, 6.4, 6.8, 7.2 and 7.6 were
prepared by using a combination of citric acid, and sodium phosphate dibasic. The wax segmented
thread was dipped in the pH sensing reagent to aliquot and dried before being inserted in the device.
Then, the protocol was followed as described in the previous sections with images taken 30 s after
interaction between the sample and reagent. Fig. 10(a) shows the images obtained after 30 seconds
using samples at pH 6.8 and 7.2. Fig. 10(b) shows a plot of the hue measured in the immediate
vicinity of the thread using transmittance imaging. This results in an average change of 7.3° of
hue per 0.4 change in pH. In addition, even at the pH values with the lowest difference between 6
and 6.4, a two tailed t-test shows a confidence of 96.2%, which is sufficient for automated

monitoring of water quality.
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Figure 32(a) Images captured after 30s exposure of the pH sensitive dye to samples at a pH of 6.8
and 7.2 (b) The change in hue with change in pH from 6 to 7.6

5. Conclusion

We report the development of an integrated PDMS-thread device that uses a patterned thread for
the solid-state storage of a reagent and the use of different lengths of thread as an effective method
for controlling reagent volume. We also show the control of exposed sample volume by using the
geometry of the device to expose a fixed volume of the sample to the reagent in the given time.
We then demonstrate the use of the integrated device by measuring nitrite concentration in a range
from 1 to 5 mg/L of nitrite that covers the minimum nitrate recommendations that range from
Img/mL in Canada/US to 3mg/mL by WHO. We also test pH in range of 6 to 7.6 as a pH below
6.5 would corrode plumbing and cause gastrointestinal irritation while a higher pH of upto 8.5 has
been reported in natural raw water and has minimal influence on health. We compare the efficacy
of color change obtained in the integrated device with automated aliquoting to that obtained when
samples are manually measured and deposited on 1cm long threads and obtain a slightly higher

sensitivity due to the better baseline obtained as a result of transmittance-based imaging. We also
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show that the device works with spiked real samples obtained from Cootes paradise, Canada and
demonstrate the sequential processing ability of the device for periodic monitoring. A cost analysis
conducted as shown in supplementary information 2 showed that a portable version of the device
could be fabricated at a cost of $80 without a microfluidic pump $220 with the pump. The
individual cost of each assay could be reduced to less than $0.11 and the power consumed by the
device would be under 1W. The resultant fabricated device is a low cost and portable automated,
periodic colorimetric monitoring system for nitrite and pH. In addition, due to the simplicity of the
device, we believe that the principle can be extended to numerous other analytes with known
reagents capable of exhibiting a color change on exposure. This would enable more robust
monitoring of water reservoirs and wastewater releases into the environment and save on both
fabrication and personnel cost for more extensive monitoring towards the attainment of the

sustainable development goals (SDG 6).
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Supporting information 1 — Sealing of the thread channel using wax patterned thread

The wax barriers used to pattern the thread were used to seal the thread channel and expose a single
section of the thread at a time. This was tested using samples of 0 and 5 mg/mL when images were
taken after 3 minutes of exposure to the sample. The color of the unexposed sections of the thread
remained unchanged while those of the exposed section changed showing that the sample was not
allowed to percolate into the unexposed thread section. The location of the images on the device
is shown in Fig. S1a and the images of the wax barrier in two samples each with 0 and 5 mg/mL
are shown in Fig. S1b. The consistent color of the unexposed section despite three minutes of
exposure in the testing chamber shows and flushing steps shows that the wax barrier based

deformation of silicone is sufficiently watertight for the flow rates used in the experiment.
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Supporting information 2 — Cost and power draw of the device

PDMS device — 20 Kg for USD$2600
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https://krayden.com/buy/sylgard-184-silicone-elastomer-kit-clear-19-9-kg-Kkit-441bs.html

Cotton thread - $6 for a 200+ yard spool (Amazon.ca)

Paraffin wax (Sigma-Aldrich) — 12Kg for CAD592

https://www.sigmaaldrich.com/CA/en/product/aldrich/327204?context=product

Nitrite test kit - CAD$16 for 50mL

PDMS - 50g - CAD$8.2

Cost for a portable package

Raspberry pi zero W - USD$15

https://www.pishop.ca/product/raspberry-pi-zero-w/

Raspberry pi camera - USD$36

https://www.pishop.ca/product/raspberry-pi-8mp-camera-board-v2/

3D printed support - PLA 100g — USD4.8 + Printing cost

https://shop3d.ca/products/dremel-3d-1-75mm-pla-

filament?_pos=3& sid=6863a61e4& ss=r&variant=1996259360778

Stepper motor for thread control - $16

https://www.amazon.ca/Twotrees-Nemal7-Stepper-17HS4401S-

Printer/dp/B08C2KDY6R/ref=sr 1 5?dchild=1&keywords=stepper+motor&qid=1630532858&s

r=8-5

Pump (resolution unimportant) - CAD$244*
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https://www.sigmaaldrich.com/CA/en/product/aldrich/327204?context=product
https://www.pishop.ca/product/raspberry-pi-zero-w/
https://www.pishop.ca/product/raspberry-pi-8mp-camera-board-v2/
https://www.amazon.ca/Twotrees-Nema17-Stepper-17HS4401S-Printer/dp/B08C2KDY6R/ref=sr_1_5?dchild=1&keywords=stepper+motor&qid=1630532858&sr=8-5
https://www.amazon.ca/Twotrees-Nema17-Stepper-17HS4401S-Printer/dp/B08C2KDY6R/ref=sr_1_5?dchild=1&keywords=stepper+motor&qid=1630532858&sr=8-5
https://www.amazon.ca/Twotrees-Nema17-Stepper-17HS4401S-Printer/dp/B08C2KDY6R/ref=sr_1_5?dchild=1&keywords=stepper+motor&qid=1630532858&sr=8-5

https://www.dolomite-microfluidics.com/product/peristaltic-pump/

*Can be replaced with natural flow

Per test cost

Cotton thread - 30cm - CAD$0.001
Paraffin wax -2g - CAD$0.1
Nitrite testing reagent - 25uL — CAD$0.008

Power usage

Raspberry pi camera + Raspberry pi zero - 100mA idle to 170mA@ 5.19V — 0.882W

Pump -0.12 W

Total power use — 1W when taking a picture, 0.639 W on idle.
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Chapter 5: cfDNA measurement using thread microfluidic devices
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Abstract

Sepsis is a “life-threatening organ dysfunction caused by a dysregulated host response to infection”
which affects more than 1.5 million people annually in the U.S alone. However, diagnosis and
prognosis of sepsis is challenging, and numerous biomarkers have been studied to improve this.
One such biomarker is the cell free DNA (cfDNA) in plasma. During sepsis, there is a significant
increase in cellular death resulting in an increase in total plasma cfDNA which could be used as
an in indicator of severity of sepsis. It was found that the cfDNA content in sepsis patients entering
ICUs who were likely to survive had a cfDNA concentration of 1.16+ 0.13 pg/mL compared to
4.65 = 0.48 pg/mL of non survivors. Current methods for measuring cfDNA content in plasma
such as UV absorbance, fluorescent spectrometry, quantitative PCR (qPCR) or digital PCR
(dPCR) were designed to amplify and measure low concentrations of specific DNA making them
unsuitable for the use in measuring total cfDNA content in plasma. Here, we have developed a
POC device that used a thread-silicone device as a medium to store a fluorescent dye eliminates
the need for preparatory steps, external aliquoting and dispensing of reagents, preconcentration
and external mixing while reducing the cost of detection. The device was paired with a portable

imaging system that can be operated with just 100mA current supply. The device was
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demonstrated for use in the quantification of buffered cfDNA samples in a range of 1 — 6 pg/mL
with a sensitivity of 5.43 AU/ug/mL and with cfDNA spiked in plasma with a range of 1 — 3
pg/mL and a sensitivity of 5.7 AU/ug/mL. The results showed that the device could be used as a
low cost, rapid and portable POC device for differentiating between survivors and non survivors

of sepsis within 20 minutes.

1. Introduction

Sepsis is a “life-threatening organ dysfunction caused by a dysregulated host response to infection”
[1]. It affects more than 1.5 million people and killing at least 250,000 each year in the US alone
[2] and is the leading cause of mortality in the U.S with an estimated 35% of all hospital deaths
attributed to sepsis in 2003. The risk of mortality increases by 4 — 9% for every hour that treatment
is delayed[3]. However, diagnosis and prognosis of sepsis is exceptionally challenging due to the
diverse range of conditions could result from it. As a result, numerous biomarkers have been
studied for their use in sepsis diagnosis and prognosis. One of the well studied biomarkers is
circulating free DNA (cfDNA) which was found to show a correlation to the ongoing process of
sepsis [4]. cfDNA molecules are transient fragments of DNA released from neutrophils,
eosinophils and macrophages as a result of necrosis [4][5]. They are also released by neutrophils
when they release extracellular traps (NETS) via a death mechanism, known as NETosis. This
releases extracellular chromatin wrapped around histones and numerous granular proteins and
enzymes. Citrullination of these histones by peptidyl arginine deiminase-4 relaxes and releases
cfDNA into the circulation to engulf invading microbes. They are present in minimal levels in
healthy humans as they are regularly cleared by phagocytosis. However, in septic patients, there

is rapid cellular death and increased apoptosis. As a result, cFDNA concentration was found to be
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a prognostic indicator for overall morbidity and mortality, as cfDNA content in surviving patients
on admission (1.16 + 0.13 pug/mL) was similar to that of healthy volunteers (0.93 = 0.76 pg/mL),
while that of non-survivors (4.65 £ 0.48 pug/mL) was notably higher [6]. It has also been studied
as a part of a panel of biomarkers in addition to protein C, platelet count, creatinine, Glasgow
Coma Scale [GCS] score, and lactate. The panel was shown to have a stronger predictive power
for mortality risk in the 28 days following measurement than SOFA)[7] which is the currently

established standard for sepsis care [1].

Current methods for measuring the concentration of cfDNA, with a size of about 167 bp [8] in
plasma includes the use UV absorbance, fluorescent spectrometry, quantitative PCR (QPCR) and
digital PCR (dPCR). Most of these techniques were not designed with quantification of cfDNA in
mind and have been adapted as they were already available in the laboratory. These factors make
them unsuitable for POC rapid quantification of cfDNA at the bedside. For example, fluorescent
spectrometry which typically has a detection limit of pg/mL has been integrated with
electrophoretic concentration for measuring cfDNA concentration in plasma [6] in a laboratory
setting. RT-gPCR with a fluorophore-based assay has been used for detection with a LOD of 0.02
pg/mL in large sample volumes [9]. Miniaturized RT-PCR with a detection limit of 1 ng/pL was
demonstrated using 20uL samples with automated loading of samples[10]. However, RT-PCR has
found limited use as it is more time-consuming than detection directly with fluorescent dyes [8].
Digital PCR and digital droplet PCR (ddPCR) disperse the sample volume into multiple smaller
testing units to artificially increase concentration and improve the detection limit [11]. This was
used to detect the presence of a mutant cfDNA at a concentration 1000-fold less than was
detectable using RT-PCR. The amplification-based methods are designed for identification of

extremely small amounts of DNA (such as pathogenic DNA) present in the sample and are highly
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sensitive. However, in the case of sepsis, most of the cfDNA is the patients own DNA and the
exact sequence of the DNA is not as important as its quantification [12]. Furthermore, the
concentration of the DNA is in the pg/mL rather than pg/mL or ng/mL making amplification
unnecessary. A device specifically designed for measuring total cfDNA in plasma has previously
been demonstrated that used the difference in electrophoretic mobility between an agarose gel and
a solution to accumulate cfDNA at the agarose gel interface. The resulting cfDNA was quantified
using fluorescence microscopy with 10 minutes of sample preparation time and 5 minutes of
concentration in an electric field [6]. However, the use of a gel in this device required it to be
loaded just prior to use which may not be possible in a point of care setting. Furthermore, it was

an active device requiring external power supply to concentrate the cfDNA.

A simple device that can eliminate the need for preparatory steps, external aliquoting and
dispensing of reagents, preconcentration and external mixing while reducing the cost of detection
and offering sufficient resolution to measure the difference between 1 to 6 pg/mL of cfDNA would
be extremely valuable as a tool to measure cfDNA at the bedside and facilitate its use as a
prognostic biomarker for sepsis. The device should be designed to distinguish between survivors
of sepsis (~1 pg/mL) and non survivors of sepsis (>4 pg/mL). In this paper, we present such a
POC device that meets these requirements by using threads. Thread microfluidic devices were
used due to the low cost, ease of fabrication, wide range of materials to choose from, better wet
strength than paper microfluidic devices, anisotropic wicking, and pre-established chemical
modification toolkit from the fabric industry [13]. The thread-based device was used as a medium
for storing a fluorescent dye eliminating the need for preparatory steps and externally dispensing
reagents. The device uses capillary forces within the thread for aliquoting the sample and

deformation of the thread under pressure to mix the samples. This was paired with a low cost and
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portable imaging system for measuring the fluorescent intensity at a sensitivity required for

measurement in the range of 1 — 6 pg/mL in buffered solutions and spiked in plasma.
2. Device design and working principle

The POC device that was developed consisted of two discrete subsystems. The first consists of a
thread based microfluidic device that was used for storing the dye, aliquoting the sample and
enhancing the mixing between the dye and sample. The second subsystem was composed of a
portable fluorescence imaging system that provided sufficient illumination and filters to detect the

fluorescence dye at the required resolution.

The thread based microfluidic device consisted of a polyester twisted thread that was inserted into
a silicone tube. This composite device has three distinct characteristics that are useful for POC
applications. Firstly, maintaining the number of twists per length is important in thread-based
devices as the gap between the fibers in the twisted thread determine its storage capacity and its
wicking ability. In the composite device, the silicone tube that has an inner diameter that is slightly
smaller than the normal cross-sectional diameter of the twisted thread helps maintain the twists
per centimetre (tpcm) of the thread (Fig. 1a). Briefly, the elastic silicone tube is expanded to insert
the thread. Subsequently, the required tpcm is programmed into the embedded thread by twisting
and untwisting as appropriate. In this case the natural tpcm of the polyester thread is 6. Twisting
further will produce a higher tpcm and untwisting it will produce a lower one which can be used
to modulate fluid transport in the thread. The silicone tube compresses the embedded thread
uniformly and the frictional force of that contact overcomes the torsional spring force in the thread
that has been twisted further which helps maintain the programmed tpcm over long periods of
time.
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Secondly, the capillary action of the hydrophilic thread draws in a fixed sample volume as it is a
function of the length of the thread and the number of twists per unit length of thread (twists per
cm - tpem) both of which are tightly controlled in this device as compared with an unconstrained
thread. The geometry of the thread also increases the wicking rate along the length of the device
in comparison to isotropic porous media. Thirdly, the introduction of the thread into the tube
increases the scattering coefficient of the device. The 3D translucent thread structure can be
approximated by Mie theory by assuming the internal structure of the device as a series of spheres
of different sizes[14]. Using a thread introduces a number of layers over which Mie scattering
could occur in comparison to an empty tube. This increases the number of fluorescent dye
molecules the excitation light could interact with which increases the emitted fluorescence and
hence, the signal measured at the camera This improves the detection limit of the device which
enables the detection of cfDNA without preconcentration. However, a more comprehensive study
is required to identify the parameters of the thread on which this improvement is dependant. A
cross section of the device is shown in Fig. 1b that shows the numerous surfaces over which

scatteri Nng can occur.

(@) . (b)
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Figure 33(a) Schematic of the thread-silicone device used as the substrate for measuring cfDNA
(b) Cross section of the thread-silicone device showing numerous surfaces for Mie scattering

3. Materials and methods
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3.1 Materials

Silicone tube to serve as the sheath for the thread was purchased from Cole-Parmer. Polyester
thread that was at the core of the device was purchased from amazon. Optical filters and dichroic
mirror used to build the imaging setup were purchased from Edmund optics. A 470 nm LED was
purchased from Thorlabs and 3D printing filament (PLA) used to print the housing for the imaging
setup was purchased from Ultimaker. Buffered cfDNA samples were obtained from the
Thrombosis & Atherosclerosis Research Institute (TaARI). Citrated pooled human plasma was
obtained from Innovative research. Picogreen dsDNA asaay kit was obtained from Thermofisher
Scientific. The 20x concentrate of TE buffer from the Picogreen dsDNA assay kit was diluted

using DI water to obtain 1x TE buffer which was used as the control.

3.2 Fabrication

The polyester thread was composed of three intertwined strings with 6 twists per cm (tpcm) of
thread and a free diameter of 1 mm. The thread was inserted into a silicone tube with an inner
diameter of 0.8 mm using a needle compressing the thread to a diameter of 0.8 mm. The friction
between the thread and tubing was used to hold the twists of the thread in place when the tpcm
was changed manually. Sections with a length of 1cm were then cut from the composite and used
as the substrate for measurement. A front end and a tail end for the device were arbitrarily chosen
and 0.5 pL of undiluted picogreen dye was pipetted into the device from the front end of the device.
Typically, the dye loaded device was used within 30 minutes of fabrication although longer

durations between dye loading and experimentation are possible.
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3.3 Imaging setup

The fluorescence imaging system consisted of a 3D printed black box affixed with the required
lenses and cameras. A Raspberry pi camera was installed at the top of the black box, and a Thorlabs
470 LED with a peak wavelength of 470nm was installed at the left side of the black box. An
excitation filter with a wavelength of 472 £ 10nm and a diameter of 12.5 mm was placed in front
of the LED. An emission filter with a wavelength of 520 + 10nm with a diameter of 25 mm was
placed in front of the Raspberry pi camera. A dichroic mirror with a passing wavelength of 490
nm was placed at a 45° angle to reflect the LED light onto the sample and allow passage of the
emitted light to the camera. A schematic of the imaging setup is shown in Fig. 2a. A drawer was
used to introduce the sample to this camera while blocking out external lighting. The drawer was
designed as a fixture to ensure repeatable positioning of the microfluidic device and was lined with

silicone sheet to prevent contamination between samples.

The Raspberry pi camera was connected to a Raspberry pi controller and a python code was used
to capture the image with an ISO of 50, and a white balance ratio of red:green:blue of 0:1:1. A
shutter speed of 1s was used for the buffered samples of cfDNA which was reduced to 0.75 s for
plasma due to a higher background signal. All other automatic filters of the camera were disabled.

A power supply was connected to the LED to obtain an input current of 100 mA.

The resulting images were transferred and analysed using ImagelJ. The images were split into R-
G-B channels and the intensity of the green channel at the end of the device where the dye was

deposited was measured.
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3.4 Experimental protocol

During the experiment, a drop of the sample was placed at the tail end of the device, allowed to
wick-in and excess sample removed by shaking. The time between the addition of the dye and the
sample was found to have no effect on measured intensity within 30 minutes. Longer times were
not tested but should be possible as the dye was dried within 30 min. Since the dye and sample
were loaded from opposites ends, the physical distance separating them prevents any appreciable
mixing of the dye with excess sample. The tube was then squeezed in the middle to deform it
which causes the sample to flow into the dried dye region enabling resuspension of the dye and its
eventual mixing with the sample (Fig 2c). The device was then allowed to incubate for 20 minutes
following which it was placed in the slot in the 3D printed drawer which was then placed in the
imaging setup as shown in Fig. 2b. A current of 100mA was supplied to the LED and a program
written in python was used to capture the image with the raspberry pi camera. The intensity was

measured 1mm from the front end of the device in a centrally located square of side 0.5 mm

Buffered cfDNA samples obtained from TaARI were obtained by purification using DNA blood
mini kit from Qiagen and measured using standard spectrophotometric methods to determine the
amount of cfDNA present. Plasma cfDNA samples were obtained by diluting the buffered cfDNA
samples using citrated pooled human plasma. The resulting samples contained 50% plasma and
50% of the cfDNA concentration in buffer resulting in a lower range for testing plasma samples.
Buffered cfDNA samples with a concentration of 1.6, 3.2 and 5.9 pg/mL were used in the testing

of the device.
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Figure 34(a) Schematic of the 3D printed imaging setup showing the locations of the filters and
dichroic mirror (b) Experimental setup used for measuring cfDNA (c) Process flow to setup the
thread-silicone device for measurement

4. Results and discussion
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4.1 Aliquoting using the thread-tube device

Aliquoting defined sample volumes without extensive or intricate effort by the user is an important
element of any POC device. In this device, the defined length (1 cm) along with an accurate control
of the twists in the thread enabled accurate definition of the aliquot volume of the sample passively.
Various experiments were performed to characterize the effect of the device length and the tpcm
of the embedded thread in the volume aliquoted by simply weighing the device before and after
absorption of water. Three devices each were prepared with lengths of 1 cm, 2 cm, and 3 cm and
an embedded polyester thread with 6 tpcm. DI water samples were placed at the tail end of the
device and allowed to absorb passively. The difference in the weight of the device before and after
absorption was measured and shown in Fig. 3a. Similarly, three additional devices with a length
of 2 cm and containing embedded thread with 5, 6 and 7 twists per cm (tpcm) were fabricated. DI
water absorption in these devices was used to characterize the effect of the twists in the thread on

the capacity to aliquot different volumes as shown in Fig. 3b.

The results show that the volume of fluid absorbed increases with increase in length as the
polyester thread is hydrophilic and draws in fluid by capillary action to saturate the thread. Threads
with longer length have more capacity to absorb. It should be noted that extending the trendline to
zero length produces an intercept of 1.17 uL which is due to the end effects which facilitate
additional absorption capacity. Longer threads also take longer time to fill. Therefore, a device
length of ~ 1 cm is optimal to aliquot ~ 4 pL of sample which is sufficient for the purposes of

cfDNA analysis.

The effect of tpcm on the volume absorbed was different from that of the length. Twists less than

5 tpcm were not feasible in the current format of the device. The volume absorbed remains constant

167



for twists up to 6 tpcm. Further increase in twist leads to a drop in the volume absorbed. This
decrease is due to the fibers of the thread being brought closer together due to the increased twist
which reduces the volume available for the liquid to wick in. This behaviour was predicted based
on a theoretical description of fluid flow in threads [15]. It should be noted that the twist beyond
the range of 5-7 tpcm could not be maintained for long durations without constraint due to restoring
spring forces in the thread. The frictional forces exerted by the silicone tube were not sufficient to
withstand the spring forces and enabled the thread to slowly move back to the allowable range of
tpcm. The variation in absorbed volume due to twisting of the thread was minimized by using
thread with 5 -6 tpcm. The absorbed volume could be reduced by regulating the characterizing and
controlling the twists per cm in the range of 6 -7 tpcm. Controlling both the length and the twists
per cm of the thread enabled the use of threads to aliquot the volume of sample using capillary
forces. While the current devices were prepared by manual twisting with rudimentary control of
thread twisting, automated twisting of the thread would enable more precise control of fluid

aliquoting in threads.
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Figure 35 Dependence of volume absorbed into the thread-composite device on (a) length of the
device (b) twists per cm of the thread (n=3)

4.2 Optimization of excitation light intensity in buffered samples

Since there is considerable background intensity in the device and the measurement setup, various
excitation light intensities were investigated to determine the optimized value for measurement
with highest sensitivity. The raspberry pi camera was setup as previously described with a shutter
speed of 1s. Three samples each with TE buffer and buffered cfDNA at a concentration of 5.9
pg/mL were measured 20 minutes after the application of the sample. The intensity of the
excitation light was modulated by varying the current applied to the LED. The current was set to
three distinct values — 75 mA, 100 mA, 125 mA. The fluorescent intensity was measured in each
of these illuminations and plotted in Fig. 4. The fluorescent intensity obtained with the TE buffer
was considered as the background and the additional intensity due to the cfDNA was plotted in
green. The results show a large increase in the background with each increase in current due to the
increase in diffuse reflection from the thread. However, the added intensity due to cfDNA increases
from 75 mA to 100 mA but decreases when further increased to 125 mA. This is because of

saturation of the image from the background, which reduces the further increase from cfDNA
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concentration. A lower shutter speed would be necessary to operate at a high illumination.
However, this would increase the heat at the LED. As a result, a current of 100 mA was chosen to

operate the LED with a shutter speed of 1s on the raspberry pi.
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Figure 36 Effect of illumination controlled by the LED current on fluorescent intensity

4.3 Use of thread increases sensitivity

The detection of cfDNA using the portable system was first demonstrated by measuring the
concentration of cfDNA in buffered samples. The buffered samples were obtained by isolating
cfDNA from patient samples which were loaded into standard TE buffers. Three samples with
concentrations of 1.6, 3.2 and 5.9 pg/mL of cfDNA were obtained with their concentrations
confirmed by standard spectrophotometric methods as described in section 3.4. These samples
were loaded on to the device and mixed using thread deformation as per protocol following which
the intensity of the fluorescence close to the tail end was measured after 20 min. The results were
then compared to images obtained by following the same protocol using a silicone tube except
without a thread. Fig 5a shows the images obtained with 5.9 pg/mL of cfDNA in comparison to

the control and the location of the imaging area used. The light in the imaging area is uniform at
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the front end of the thread where the measurement is made and non uniform toward the tail end of
the device resulting in a reduced intensity in that part of the image. The intensity was measured
1mm from the front end of the device in a centrally located square of side 0.5 mm. The ends of the
device were avoided when measuring to reduce artifacts from evaporation affecting the

measurement.

The average intensity measured with three samples at each concentration in the thread-based
device were plotted to obtain Fig. 5b that shows the linear change in measured intensity with
cfDNA concentration. The background intensity with and without the thread were measured using
TE buffer by following the same protocol as with the cfDNA samples and resulted in average
intensities of 157.6 AU and 99.67 AU respectively. The increase in background with the thread is
due to the additional nonspecific background fluorescence of the thread. A comparison of the
fluorescence signal obtained due to the variation in cfDNA concentration with and without the
thread is shown if Fig. 5¢ by plotting the average increase in fluorescence intensity above the
background in three samples at each concentration. The results show that the change in intensity
with cfDNA concentration is linear in both formats and is significantly higher in the presence of
the thread due to the increase in scattering of the incident light within the device. The slope
improved from 1.6 AU/ug/mL to 5.43 AU/ug/mL which was more than a three-fold increase in
sensitivity. As a result, the device had a greater than 97% confidence in differentiating between
any two of the measured datapoints without any preconcentration steps compared to the greater
than 50% confidence of the device without threads. As a result, the thread-silicone format device
can be used to easily distinguish each of these concentrations from each other with a high

confidence which is not possible in the format without a thread.
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Figure 37(a) Images obtained with 5.9 pg/mL of cfDNA compared to the background (0 pg/mL)
(b) Intensity of cfDNA measured in the thread-silicone device (c) Comparison of the increase in
intensity due to cfDNA in devices with and without the thread.

4.4 Volume independence of cfDNA measurement

The capability of the device to aliquot a constant volume from a larger sample and prevent the
dispersion of the fluorescent dye into the excess sample volume was tested by measuring the
fluorescent intensity obtained when exposed to different volumes of sample. Three samples each
with volumes of 5, 6 and 7 uL at a concentration of 5.9 pg/mL of cfDNA were placed on the tail
end of the device. The device was then gently shaken within 2- 5 seconds to remove excess sample.
This was enough time for the thread to be fully wetted by the sample. The fluorescence intensity
was then measured using the protocol described in section 3.4 and the intensity plotted to obtain

Fig. 6. The average intensity measured with different volumes have a range of 4 AU and are not
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significantly different from each other. This was expected as the sample was deposited at the
farthest point from the dye at the tail end and the excess was removed before the predeposited dye
could diffuse through from the front end of the thread. As a result, no fluorescent dye was lost
when the excess sample was removed. This shows that using capillary action for aliquoting in a
thread result in a consistent volume of fluorescent dye interacting with a constant sample volume
for a repeatable reaction irrespective of volume deposited making it ideal for point of care

applications.
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Figure 38 Volume invariance of measured intensity tested using 5, 6 and 7 pL of 5.9 pg/mL of
buffered cfDNA

4.5 Determining minimum assay completion time

As the dye gets dissolved and mixed with the sample it interacts with the DNA which then diffuses
over the entire thread section to reach equilibrium concentration everywhere. The time that it takes
to equilibrate depends on the length of the thread device. In order to determine the time for
completion of this process so that reliable and stable measurement can be taken, the change in

fluorescent intensity at the tail end as a function of time was measured. Measurements were

173



conducted every 5 minutes for 20 minutes on three different devices each loaded with a sample
with cfDNA concentration of 5.9 pg/mL. The first measurement was made within 1 minute of
depositing a 5uL sample volume at the tail end of the device. The measured intensity was plotted
with respect to time in Fig. 7. The results show a significant increase in intensity within 1 minute
of deposition from the background (157.6) and a rapid increase in fluorescent intensity within 10
minutes followed by a stable intensity with minimal increase over the rest of the time. The protocol
for picogreen dye identifies 15 minutes as the incubation time for a sample with the dye. The
measured 10 minutes is slightly faster than the protocol, potentially due to the low sample volume
and rapid mixing by deformation of the tube. These experiments indicate that an assay time of 10
mins from the addition of the sample is sufficient to measure intensity in the device. This is much
shorter than any of the PCR based methods and is faster than the comparable fluorescence
measurement technique for total cfDNA content that needs 15 minutes from sample mixing to
measurement [6]. The short assay time enables the use of this device for rapid and frequent

measurement of cfDNA which is necessary for use as a prognostic biomarker.
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Figure 39 Changes in fluorescent intensity at tail end of the device with time and progress of the
assay.
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4.6 cfDNA measurement in plasma

The capability of the device to measure cfDNA in a complex medium was tested by using samples
with cfDNA spiked in plasma. The buffered cfDNA used in previous experiments was mixed in a
1:1 ratio with pooled citrated human plasma which resulted in halving of the concentrations to 0.8,
1.6 and 2.95 pug/mL. The experiments were run by following the protocol described in section 3.4
with a 75 mA current supplied to the LED. The current used is less than with buffered samples due
to the high background from other components in plasma which resulted in a saturated signal at
100mA. Three samples were measured at each of these concentrations and plotted to obtain Fig.
8. A slope of 5.7 AU/ug/mL was obtained which was similar to the 5.43 AU/ug/mL obtained with
buffered cfDNA samples. This showed that the sensitivity of the device was not reduced due to
the additional interfering agents present in plasma. The device had a greater than 95% confidence
in differentiating between 0.8, 1.6 and 2.95 pug/mL samples and a greater than 85% confidence in
differentiating between 0 and 0.8 pg/mL of cfDNA. The lower confidence was due to the higher
noise of the background due to the presence of numerous interfering agents in plasma In
comparison to the previously developed device for the measurement of total cfDNA in plasma, we
obtained a p-value of 94.5e-4 with a of 0.01 to differentiate between 5.9 pg/mL and 1.6 pg/mL
compared to a reported p-value of 3.7e-4 for a difference between 5 pg/mL and 1 pg/mL with the
same a despite the lack of a concentration step. This shows that while the performance of the
proposed device is slightly worse, it is sufficient to differentiate between patients with a high risk

of mortality (>4.65 pg/mL) from survivors (~1 pg/mL) with a high confidence.
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Figure 40 Change in intensity with concentration of cfDNA in 50% diluted plasma samples

5. Conclusion

A low-cost rapid measurement device for the measurement of cfDNA was demonstrated. The
device consisted of a substrate made from thread trapped in a silicone tube and a portable
fluorescence imaging setup for measuring the change in intensity due to the binding of a
fluorescent dye with cfDNA. The samples were aliquoted using capillary flow and it was
demonstrated that the volume of sample did not affect the measured intensity. This was
demonstrated with volumes of 5, 6 and 7 pL of sample. The system was then used to demonstrate
the advantage of additional scattering due to the thread by comparing the intensity obtained with
1.6, 3.2 and 5.9 pg/mL of cfDNA in devices with and without the thread. The results showed an
increase in sensitivity from 1.6 to 5.43 AU/pg/mL which enabled the use of the device for
measuring cfDNA concentration without preconcentration. The change in intensity over time was
measured to show that the intensity is stabilized within 10 minutes of deposition of the sample and
would be the minimum time required for the assay. The device was then demonstrated for use in

plasma samples spiked with cfDNA. Plasma samples consisting of a 1:1 mixture of citrated plasma
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and buffered cfDNA with a resulting concentration of 0.8, 1.6 and 2.95 pg/mL were measured.
The device showed a greater than 95% confidence in distinguishing between the 0.8, 1.6 and 2.95
pg/mL samples and a slope of 5.7 AU/pug/mL which was comparable to that obtained with buffered
cfDNA showing minimal effect due the presence of interfering agents in plasma. The device is a
low cost, portable POC device that could be used for distinguishing patients who are likely to have
a high risk of mortality (cFDNA concentration > 4.65 pg/mL) from those who are likely to survive

(cfDNA concentration ~ 1 pug/mL).
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Conclusion

This thesis was motivated by the need for portable and rapid diagnostic assays to improve the
quality of care for sepsis patients. Sepsis a life-threatening organ dysfunction caused by a
dysregulated host response to infection and is characterized by a wide variety of symptoms making
it challenging to diagnose. The current diagnostic method is a scoring system called SOFA that
requires the measurement of partial pressure of oxygen, platelet count, bilirubin levels, blood
pressure, dopamine/ epinephrine/ norepinephrine dosage, Glasgow coma scale, creatinine, and
urine output. This requires laboratory assays that are time consuming and need to be performed
off site. However, diagnosis is a dichotomous result which does not fully account for disease
severity. Prognosis draws on the full range of relevant and available information to model the
possible outcomes for an individual and is crucial to providing effective treatment based on
individual requirements. Numerous biomarkers such as Procalcitonin (PCT), C-reactive protein
(CRP), TNF-a, cfDNA, protein C and PAI 1 have been found to be useful, either by themselves
or as a panel for improving the quality of prognosis. Currently, the most used technique for
measurement of these biomarkers is an immunoassay using antibodies specific to that biomarker.
However, the production of these antibodies is expensive, resulting in a high cost to run the assay.
In addition, commercially available immunoassays require trained personnel and expensive
equipment. As a result, the use of these biomarkers to improve the quality of patient prognosis has
been limited. A recent study found that a panel of biomarkers that included cfDNA, protein C,
platelet count, creatinine, Glasgow Coma Scale [GCS] score, and lactate had a high accuracy in
predicting patient outcome. Of these, lactate and creatinine have commercially available

techniques for bedside measurement. The development of devices for rapid and portable
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measurement of protein C and cfDNA would enable the use of this panel for improving diagnostic

care and providing a more accurate prognosis of sepsis patients.

The development of a device for low cost and rapid measurement of protein C was done in two
stages. The first was the development of isoelectric trapping using a xurographic chip. Agarose
gel was shown to be an alternative to current polyacrylamide-based gel separation techniques but
with larger pore sizes that enabled faster migration of proteins. Slab gel-based methods are
additionally limited by the total protein load that can be separated and the requirement for high
voltages. Alternative solution-based separations such as clEF and dIEF are faster but also use high
voltages for separation and require complicated fabrication techniques which increases cost and
reduces portability. The utility of a patterned xurographic substrate to shape the sizes of the
reservoirs and gates was demonstrated by the focusing of the electric field in the gates to maintain
an average electric field of 44 VV/cm in the gates with an operating voltage of 15V. This enabled a
reduction in the separation time to under 20 minutes while operating at a voltage that can be
delivered using a portable apparatus. Tunability of the agarose gel by using commonly available
buffers enabled the targeted separation of proteins from a mixture without the need for a
specifically targeted dye that greatly reduces the cost of separation compared to currently available
assays and was demonstrated by targeted separation of ovomucoid from egg white. Targeted
separation is particularly challenging in the case where the components in a mixture span a wide
range of concentrations and the targeted protein is at a significantly lower concentration than
interfering components. Additional processing steps are currently used to reduce the protein load
from the interfering proteins prior to separation which could be avoided using the combination of
isoelectric gates and xurographic patterning developed in this device. This was demonstrated by

separating protein C at a concentration of 1 - 5 pug/mL from a mixture with 5 mg/mL of BSA. The
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development of a targeted separation technique without using a targeted tag would reduce costs
compared to the currently used techniques which is necessary for the use of proteins as prognostic
markers. The reduction in number of preparatory steps due to the elimination of preprocessing to
remove interfering proteins would simplify workflow in testing and enable the use of the device

with minimal training.

While the device presents numerous advantages to currently available techniques in the
applications demonstrated, it is limited by the resolution of the isoelectric gates used and the
complexity of the matrix. The highest resolution gates demonstrated have a pH gap of 0.4 units,
as a result of which a matrix containing multiple proteins with an isoelectric point within 0.4 pH
units of each other could not be separated. This was the case for the separation of protein C from
other components in human plasma such as Alpha 1-proteinase inhibitor which has a similar pl
but is present at a much higher concentration in plasma. This led to the development of a second

stage of separation that used the affinity of protein C for Barium.

Immobilized metal affinity chromatography (IMAC) is a macroscale separation technique used to
separate proteins with affinities to specific metals. It is traditionally used to bind to proteins that
have Histidine groups that bind to copper, nickel, zinc or cobalt and Cysteine groups which show
affinity to iron. Miniaturized IMAC has previously been demonstrated using frits that were
photolithographically made to trap the metal ion selective beads in place. However, the use of
photolithography increases the cost of each device which reduces its applicability for biomarker
assays. A lower cost alternative was demonstrated by fabricating a miniaturized packed bead
column that leverages the layered structure of a xurographic device to use a polyester membrane

to hold the beads which were trapped in an agarose gel in place. The applicability of IMAC was
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then extended from traditional metals such as copper, nickel, zinc or cobalt to Barium. Affinity to
Barium is present only in proteins that contain a y-carboxyglutamate (GLA) group and has
previously been used to separate these proteins from plasma in multi-stepped macroscale
techniques but not for IMAC separations. y-carboxyglutamate group is only present in a few
proteins in plasma - coagulation factors Il (prothrombin), VII, IX, X, proteins C, S and Z in plasma.
A combination of an isoelectric gate at a pH of 5 with Ba-IMAT was shown to be sufficient to
separate protein C from the other proteins in plasma to a degree where the presence of 0 — 5 pg/mL
of protein C spiked in plasma could be differentiated which was sufficient for the prognosis of
sepsis using protein C. The demonstration of a microfluidic process with no preparatory steps to
separate and measure the concentration of a -GLA domain protein in plasma using its affinity to
Barium is a cost-effective method that can greatly aid in the prognosis of sepsis. Further, as the
process can be tuned to target the other -GLA domain proteins by optimizing the characteristics of
the device and the important role of the -GLA domain proteins in the coagulation cascade, the
extension of this technique to the other proteins could prove to be a value source of prognostic

information to understand the status of the coagulation cascade.

While the previously developed device is effective for the separation of -GLA domain protein
biomarkers, the techniques used, and challenges faced in the measurement of DNA based
biomarkers are different. cfDNA is currently measured using PCR UV absorbance, fluorescent
spectrometry, quantitative PCR (gPCR) or digital PCR (dPCR) which are unsuitable for the
prognosis of sepsis as they do not measure the total cfDNA content and are expensive, multi
stepped processes that are designed for measuring cfDNA concentrations in the range of ng/mL or
lower. What is needed for sepsis is the development of a portable device that can measure the total

cfDNA content in the range of pg/mL with minimal cost and preparation.
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The development of this device started with the development of a colorimetric thread based
microfluidic device that could store specified amounts of a testing reagent in a dried form and
aliquot the required volumes of the testing reagent/dye and the test sample in an automated manner.
Storage of the testing reagent in the dried form enables easy transportation compared to liquid
samples and eliminates the need for manual dispensing of the reagent simplifying the end use of
the device. This was done by developing patterning methods that used a hydrophobic solution or
wax to form discrete segments in the thread. The length of each thread segment was controlled and
used to aliquot the volume of reagent exposed to the sample. As the reagent was dried on the
thread, it could be rehydrated at the time of use simplifying and improving the reliability of the
sensing reaction compared to manual dispensing of the reagent with traditional colorimetric tests.
The patterned thread was integrated into an integrated PDMS-thread device that exposed
individual sections of the patterned thread to a known volume of sample using the geometry of the
PDMS device. This eliminated the need for complex external control of the sample volume further
simplifying measurement compared to traditional methods that require external systems to aliquot
specific quantities of sample into comparable devices. An imaging setup was developed that used
a DSLR camera in an opaque acrylic box to control the lighting at the time of imaging. The
resultant setup was prototyped by the measurement of nitrite concentration using the color change
produced because of a controlled reaction between the automated aliquoting of volumes of reagent
and sample. It was shown in a range of 0 — 5 mg/L which covers the maximum amount of allowable
nitrite that ranges from 1mg/mL in the US to 3mg/mL by WHO and Health Canada. A similar

setup was also shown to work for the measurement of pH in a range of 6 to 7.6.

The integrated PDMS-Thread device was then further miniaturized for the detection of cfDNA by

integrating threads in a silicone tube and using the capillary action of the thread to aliquot the
185



sample. The control of volume using thread length that was developed in the previous format was
further developed with control of volume using thread length and tpcm being used to automate
aliquoting of the cfDNA sample. The PDMS device used in the previous device was miniaturized
to a silicone tube and used to control the tpcm of the thread. This eliminated the need for an external
pump and reduced the sample volume. The fluorescent dye (reagent) was pipetted at one end of
the device and sample introduced at the other end was aliquoted by using a 1 cm device with a 6
tpcm thread. A portable fluorescence imaging setup was developed based on the colorimetric
acrylic box that was previously used. The DSLR camera, light source and acrylic box that were
used for the previous format was miniaturized using a raspberry pi camera paired with a 3D printed
PLA box and a 470nm LED. The opaque exterior was 3D printed in two sections and a drawer
used to introduce the sample into the imaging area to replace the opening of the acrylic box.
Fluorescence filters and a dichroic mirror were assembled to form a filter cube. The resulting setup
was then used for the detection of cfDNA in a range of 1 — 5.9 pg/mL in a buffer. The volume
independence of the measured intensities was shown, and the device characterized by finding the
minimum experimental time and lighting conditions. Finally, cfDNA was measured in buffered
samples and in samples spiked in plasma to show that there was a measurable change in

fluorescence intensity between samples with and without cfDNA.

In summary, devices for the detection of protein C and cfDNA in plasma were developed which
could be used to improve the quality of patient prognosis as a part of a panel of biomarkers. In the
process, technologies were developed for the rapid separation of proteins that either have a unique
isoelectric point or specific affinity to metal ions. A combination of both was necessary for the
measurement of protein C. With some modifications, these techniques could be extended for the

measurement of other proteins in plasma as is detailed in the future directions. In the development
186



of a rapid measurement system for cfDNA, the use of a patterned thread for storage and aliquoting
of reagents and samples was shown. Parameters for controlling fluid volume stored in threads were
established. Threads integrated with silicone were shown to be an optimal solution for capillary
driven aliquoting that eliminated the need for preprocessing steps and enabled single stepped
measurement of cfDNA in plasma. Both systems were developed for fluorescence measurement
using nonspecific dyes which enables future integration into a combined system. A portable
fluorescence imaging and measurement setup was demonstrated for the measurement of cfDNA
which could be further extended into an integrated system. These applications are described in

further detail in the future directions.

Future directions

The tools developed in the thesis present low-cost alternatives for the measurement of cfDNA and
protein C using nonspecific dyes through the development of microfluidic isoelectric trapping and
Ba-IMAT for protein separation, the development of thread microfluidic devices for automated
aliquoting and storage and a portable fluorescence imaging setup. However, the usage of these
techniques for the prognosis of sepsis can be improved by integrating the detection of multiple
biomarkers with a diverse range of concentrations and that are both protein and DNA based. This
would improve patient prognosis as the use of a panel consisting of multiple biomarkers has a
higher accuracy in patient prognosis than any individual biomarker. This integration is feasible
despite the differences in currently available detection methods for proteins and DNA as all the
techniques developed in this thesis for the detection of protein C and cfDNA use nonspecific

fluorescence imaging which enables simultaneous labelling of both proteins and DNA. The
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integration could be realized by first developing an integrated system for the measurement of both

protein C and cfDNA by

1. Extending the fluorescence camera setup developed for cfDNA detection to protein
detection. This could be done in a few different ways based on the choices made for the filters and
the optical system. The filters could be used in one of two ways, one possibility is the use of
specific excitation lenses and a dichroic mirror that would allow two different wavelength bands
to pass through. However, the filters and dichroic mirror would be specific to the dyes used and it
would be time consuming to switch to a different dye. However, the cost would be lower than
comparable solutions. The second possibility would use transfer cubes that is an integrated set of
filters that are prepackaged. This would be more expensive but is modular and could be rapidly
changed over for different dyes. Using this, a device without additional optics could be used for
measurement. However, the system would require constant changes of the transfer cube to match
what is being sensed. In addition, the lighting would illuminate a single region of the device and
the device would need to be moved to expose the different regions of the device that are used for
trapping protein C and cfDNA. An alternative that would enable simultaneous detection of both at
the same time in separate areas would use two cameras attached to a multi-cam adapter for
raspberry pi. A beam splitter would be used for splitting a collimated light beam from the LED
and made to interact with the positioned transfer cubes. The resulting device could then be
extended to as many detection windows as necessary. However, this approach would be limited
by the intensity of light emitted by the LED and optimization of the layout would need to be

performed.
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2. The sensing platform used for the detection of protein C and cfDNA would need to be
integrated together. This could be done in two ways. Integrating the currently developed
xurographic protein C measurement device with the thread-silicone device using external
packaging which would be a low-cost and rapid solution. However, the inhomogeneity of the two
methods used would result in a device that loses some of the advantages offered by each method.
The portability of the thread-silicone device is reduced, the 2D plane of the xurographic device
would need to be placed in a package with the cylindrical thread device which causes wasted space
and increases cost of production. The integrated of electrodes for the xurographic device would be
challenging. These issues could be overcome by developing isoelectric gating and IMAT on
threads for protein separation. This would reduce the cost of production of the device due to the
lower cost of production and larger range of materials available, enable the possibility of storing
reagents on the thread and potentially increase the sensitivity of the detection as was found with
cfDNA. Preliminary tests showed that it was possible to pattern agarose gels on thread in a format
similar to wax patterning with a resolution of 2mm. The volume of fluid stored in a length of thread
can be controlled by varying the tpcm and knotting the thread. Optimizing the characteristics
necessary to repeatably obtain reservoirs that hold a volume of fluid separated by patterned agarose
would form the basis for isoelectric trapping and Ba-IMAT. The current layered xurographic
structure could be replaced by a 2-D plane of threads which would simplify integration with
cfDNA detection. However, the complexity of thread geometry would make the electric field less
predictable and would need to be studied in detail. The thread could then be packaged to allow
access to the necessary portions of the device enabling integration with cfDNA detection on the

same chip.
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Although the main objective of the current thesis was to develop techniques for the detection of
cfDNA and protein C to aid sepsis diagnosis, the protein separation techniques, improvements in
thread microfluidic techniques and low cost imaging that were developed can also be used for the

detection of other biomarkers and in other sensing applications. This can be done by

1. Enhancing isoelectric gating and/or miniaturized IMAT to increase the range of proteins
for which the device could be used. This could in a few different ways. One method would be to
increase the resolution of isoelectric gates from the current pH 0.4 resolution. Secondly, using a
closed channel device through which the sample and buffers can be pumped would increase the
pH stability of the gel gates and enable the accumulation of protein over a larger volume,
improving the limit of detection of the device. This would be useful for the detection of biomarkers
that are present in a range of ng/mL. Thirdly, extending the use of Ba-IMAT to other metal ions
which would increase the types of protein biomarkers that could be detected using a miniaturized

IMAT format.

2. The use of isoelectric gates for detection is most suitable for proteins that have a unique
isoelectric point at which few other proteins are present. One such set of proteins that are present
in plasma only under exceptional circumstances are histones. Histones are highly basic proteins
around which DNA winds to create nucleosomes. They are released into the blood stream during
cellular apoptosis and are co-produced alongside cfDNA fragments. Free histones in circulation
mediate cellular damage, hemostatic imbalance, and amplification of the inflammatory response
in sepsis patients. Histone H4 levels in sepsis patients was found to be elevated to 0.35 — 0.4 ng/mL
depending on time since onset of sepsis in comparison to an ICU control with histone concentration

of 0.05 — 0.07 ng/mL [1]. Current detection methods for histones are immunoassays, which are
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expensive. Immobilized pH gradient (IPG) gels were found to react with histones and could not
be used for separations, because of which their isoelectric points are not well established. Histones
H1, H2A, H2B, H3, H4 have been reported to have isoelectric points of around 10.5, 10.5, 11, 11
and 11 respectively [2]. As the pI’s of the histones are not well established, the precise isoelectric
gates that would be used for separation of H4 histones from other histones and high mobility
groups (HMG) needs to be found. Following that, the stability of the gels at a high pH would need
to be studied and a closed channel device fabricated that could allow a constant flow of sample to
enable measurement at the low LOD needed for the detection of histones. The buffering capacities
of the sample, solutions and gating buffers would need to be optimized to ensure stability over the
experimental duration. The electric field and flow rate of the sample and their effects on
concentration would need to be characterized to ensure that a substantial fraction of the histones
are trapped. Once optimized, the ability to characterize and measure histone concentration would
help in the study of the progression of cell death in sepsis and improve the utility of histones as

biomarkers.

3. Extending the use of the integrated isoelectric gating — Ba-IMAT device for the
measurement of other proteins containing a GLA domain. One such protein that has a high utility
in understanding the progression of diseases is Factor X. It is also a part of the coagulation cascade
like protein C and its activated form Factor Xa, plays as essential role in activating prothrombin to
form thrombin. It is a procoagulant biomarker, and the measurement of factor X would be helpful
in measuring the state of the coagulation cascade in the presence of infection. As the affinity of
factor X to barium is similar to protein C, but at a higher isoelectric point of 4.9-5.2, it can be
measured using the proposed two stage device with isoelectric trapping and Ba-IMAT. The

isoelectric gate pH and pH of the buffer used would need to be optimized. In addition, preparatory
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steps may be necessary to minimize albumin content in the sample due to the overlapping pl and
resulting large nonspecific binding. However, as the concentration range is similar, the current

format of the device can be used.

4. Expanding the use of fluid control using tpcm (threads-per-centimetre) for the development of
multi reagent assays with threads of different diameters and tpcm’s to mediate fluid intake from
each thread. This would reduce the cost and improve the portability of traditional assays. Using
thread as a solid-state medium for storage, transport and aliquoting would solve many of the issues
faced by current colorimetric and fluorescence measurement system when transitioning to working

in places with minimal infrastructural support.

The technologies developed in this thesis are aimed at improving the prognosis of sepsis through
the development of low-cost detection methods for protein C and cfDNA. In the course of this, the
techniques developed, and improvements made have a wide range of potential applications which

can be explored over time.
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