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Abstract

Sample preparation is an integral part of bio-medical analysis routines, as
it makes specimens of interest compatible with downstream instrumentation.
Correct and proper sample preparation is of critical importance for reliable
analysis results. However, conventional preparation procedures often entail
numerous manual user interactions, which cause variations in sample quality
and can lead to biased results. Microfluidics is a promising technology to
address these problems since on-chip integration of sample preparation steps,
such as volume metering, liquid handling, and sample fixation, can minimize
critical user interactions. This thesis explores capillary-driven microfluidic
devices for sample preparation of bio-medical specimens in patient-centric
blood analysis workflows and laboratory environments.
Patient-centric blood analysis, where patients take and send samples to a
central laboratory for quality-assured readout, is an emerging field where
capillary-driven microfluidic solutions can enable consistent sample prepara-
tion in remote locations. Blood plasma, the gold standard in blood analysis
routines, is typically extracted by centrifugation, which is not readily avail-
able in remote settings. To address this limitation, we realized a microfluidic
device for capillary-driven blood plasma separation from undiluted human
whole blood. Based on this approach, we developed a device that generates
a volume-defined dried plasma spot ready to be shipped to a laboratory for
mass spectrometry. Using the same plasma separation approach, we devel-
oped a device that performs the critical analyte binding step of a multiplexed
immunoassay at the time of sample collection. Sample drying and shipment
to a laboratory then allow to make use of the unparalleled performance of
highly specialized laboratory equipment. Along the same line of patient-
centric workflows, we showed that specially treated dry blood samples enable
red and white blood cell quantification with good correlation to gold standard
hematology analyzer data.
In addition, this thesis describes microfluidic devices that prepare samples
in laboratory environments. We present microfluidic alternatives to manual
procedures for the preparation of virus particles and proteins for transmis-
sion electron microscopy, and for the preparation of liquid biopsy samples for
cytology investigations.

Keywords: Bio-medical, Sample preparation, Microfluidics, Patient-centric,
Point-of-care, Blood analysis, Filtration, Plasma, DBS, DPS, TEM, FNA,
CBC, Lamination technology, PVA, Time delay, Reagent storage
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Sammanfattning

Provberedning är en kritisk del i biomedicinska analysrutiner för att göra
prover kompatibla med instrument i analysens senare moment. Korrekt prov-
beredning är kritiskt för att få pålitliga analysresultat. Konventionell prov-
beredning innehåller dock ofta flera manuella steg, vilket orsakar variation
i provkvalitet och kan leda till felaktiga resultat. Mikrofluidik är en lovande
teknologi för att hantera dessa problem. Genom att integrera provberednings-
steg som exempelvis volymmätning, vätskehantering och provfixering på ett
mikrofluidiskt chip, kan manuell interaktion med provet minimeras. Den här
avhandlingen utforskar kapillärdrivna mikrofluidiska chip för provberedning
av biomedicinska prover för analys i både patientcentrerade arbetsflöden och
labbmiljöer.
Patientcentrerad blodanalys, där patienterna själva tar och skickar provet
till ett centralt labb för kvalitetssäkrad avläsning, är ett framväxande fält
där kapillärdrivna mikrofluidiska lösningar kan möjliggöra pålitlig provbe-
redning även utanför labbet. Blodplasma är guldstandard i blodanalysrutiner
och extraheras vanligtvis med centrifugering – en utrustning som sällan finns
tillgängligt utanför en labbmiljö. För att adressera denna begränsning så ut-
vecklade vi ett mikrofluidiskt chip för kapillärdriven blodplasma-separation
från outspädda helblodsprover från människa. Baserat på denna teknik för
blodplasma-separation utvecklade vi två olika chip. Det ena extraherar en
specifik volym blodplasma som torkar in, och är därefter redo att transporte-
ras till ett labb för masspektrometri. Det andra utför den kritiska analytbind-
ningen i multiplexa immunanalyser under tiden som provet tas. Intorkning av
vätskeprovet och efterföljande transport till ett labb möjliggör användandet
av högspecialiserad labbutrustning. Vi visar även att en speciell behandling av
torkade blodprover gör det möjligt att kvantifiera röda och vita blodkroppar
med god korrelation till guldstandard inom hematologi.
Utöver detta beskriver den här avhandlingen mikrofluidiska chip som förbere-
der prover i labbmiljöer. Vi presenterar mikrofluidiska alternativ till manuella
procedurer för beredning av viruspartiklar och proteiner för transmissionse-
lektronmikroskopi och för beredningen av biopsiprover i vätskeform för cyto-
logiska utvärderingar.

Janosch Hauser
Avdelningen för Mikro- och Nanosystem,
KTH Kungliga Tekniska Högskolan, 10044 Stockholm, Sverige.
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Thesis Structure

This doctoral thesis examines the use of capillary-driven microfluidic devices for
sample preparation of bio-medical specimens. The two main application areas are:
1) patient-centric blood sample preparation in locations where extra equipment is
not readily available, and 2) sample preparation in laboratory environments where
the sample preparation quality depends on the skill of the operator due to manual
preparation protocols.

Chapter 1 introduces bio-medical samples with a focus on the impact of pre-
analytical variables, including sample preparation, on the quality and reliability
of analysis results. Further, the chapter presents healthcare routines, including
the patient-centric home-sampling test, the underlying concept behind the work
discussed in Chapter 3. The chapter is concluded by the Thesis Objectives.

Chapter 2 introduces the basics of capillary action and its use in microfluidic de-
vices. Further, it details lamination technology, the fabrication technique employed
to fabricate microfluidic devices, and presents key enabling elements for liquid ma-
nipulation in capillary-driven microfluidic devices.

Chapter 3 discusses the contributed work in the field of patient-centric blood
analysis: capillary-driven blood plasma filtration, dry plasma spot (DPS) sam-
pling, immunoassay target capturing at the time of sample collection, and cell
quantification on dry blood samples (Papers I-IV ).

Chapter 4 presents and discusses the contributed work in the field of sample prepa-
ration in laboratory environments: sample preparation for transmission electron
microscopy (TEM) investigations, and sample preparation of fine-needle aspiration
(FNA) samples for rapid on-site evaluation (ROSE) (Papers V-VI ).

Chapter 5 concludes the thesis by reviewing the Thesis Objectives. Further, the
chapter gives a summary of the presented work (Papers I-VI ) and a future per-
spective with possible next steps.
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Chapter 1

Introduction

This chapter gives an overview of bio-medical specimens and explains the impor-
tance of appropriate sample preparation for analysis procedures. The chapter also
describes different healthcare routines, with a focus on the patient-centric home-
sampling test, where patients perform self-sampling in a home setting and send the
sample to a laboratory for analysis. Further, blood analysis routines are introduced,
motivating a trend towards patient-centric workflows.

1.1 Analysis of Bio-Medical Specimens

Analysis of bio-medical specimens is a key element of medical procedures, performed
for screening, diagnostic, or monitoring purposes. Human body fluids suitable for
analysis are, amongst others, blood, saliva, or urine [1]. Any such body fluid con-
tains a plethora of biomarkers, such as proteins, DNA, or electrolytes. Figure 1.1
summarizes some of the most common human body fluids used for medical diag-
nostics, typical analytes, and possible corresponding readout techniques. In the
following, a typical analytical workflow is introduced with a focus on pre-analytical
variables and especially sample preparation.

1.1.1 The Analytical Workflow

A typical analytical workflow consists of three sequential phases: the pre-analytical,
the analytical, and the post-analytical phase. The pre-analytical phase contains the
sample collection, preparation, handling, and shipment steps prior to the analytical
phase. The analytical phase comprises the analytical processes that allow testing
of the sample and collecting information for processing and interpretation. During
the post-analytical phase, analytical results are interpreted, often as a basis for
medical diagnostics. All three phases of the analytical workflow are essential to
obtain a reliable result, while all can contribute to the overall diagnostic uncertainty.
However, errors that occur during the pre-analytical phase are especially critical,

1



2 CHAPTER 1. INTRODUCTION

as they can negatively affect all downstream processes and compromise the results
[2]. This thesis focuses on the pre-analytical phase of the analytical workflow, with
the aim of using microfluidic devices to minimize errors due to sample preparation.

Blood

CSF
Cerebrospinal

fluid

Inters��al
fluid

Urine

Saliva

Cells

ISF

Proteins

Cells

DNA
RNA

Electrolytes

Nutrients

Analyte

Immunoassay

Microscopy

Polymerase Chain
Reac�on

Electrochemical

Mass
Spectrometry

Readout

Figure 1.1: Commonly analyzed human body fluids, analytes, and typically correspond-
ing readout techniques.

1.1.2 Pre-Analytical Variables
Pre-analytical variables include all steps before the analysis and are known to ac-
count for up to 70-75% of laboratory errors [3, 4]. However, this depends heavily on
the chosen biofluid, target analyte, and readout technique, as the analysis of spe-
cific specimens poses different requirements on the pre-analytical phase. Ideally,
pre-analytical variables arising from sample collection, preparation, and shipment,
are minimized as much as possible [2].

Sample collection is the process of obtaining a body fluid that contains the
analyte of interest. Depending on the body fluid, such a sampling procedure can
involve the use of needles (e.g. for blood) or simple collection containers (e.g. for
urine or saliva). Incorrectly performed sample collection can directly contribute to
the variability of the sample quality. Hence, this is a critical step affecting the pre-
analytical variables. For example, to detect a urinary tract infection from urine, the
sample collection must be performed in a specific way, called mid-stream collection,
to reduce unreliable results [5].

Sample preparation is the procedure of rendering the collected body fluid com-
patible with downstream processes and bringing the sample into an analyzable
format [6]. Depending on the complexity of the specimen and analysis method,
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sample preparation can entail simple dilution steps or a sophisticated multistep
sample handling routine, for example to enrich or extract target analytes from the
original sample [6, 7]. While the complexity of sample preparation can vary sig-
nificantly depending on the specimen and readout technique, nearly every analysis
requires sample preparation [7].

Sample transport is the logistical part of the process, necessary because sample
collection, preparation, and analysis rarely take place at the same location. One
major concern associated with sample transport is the stability of the sample during
this process, as biological specimens are often sensitive to ex-vivo degradation pro-
cesses. This is why such specimens, e.g. liquid whole blood, are usually transported
at controlled, low temperatures.

An example of how different pre-analytical variables can affect the analytical re-
sult is showcased by hemolysis, the lysis of red blood cells, which can be affected by
sample collection, preparation, transport, and storage [2, 8]. Incorrectly performed
sample collection can exert exceeding shear stress on the blood cells, potentially
inducing hemolysis. As ex-vivo hemolysis starts at the time of sample collection
and is temperature-dependent, all downstream processes can be affected by hemol-
ysis, especially when transport or storage conditions are uncontrolled. Overall,
hemolysis is the most common pre-analytical contributor (40–70%) to false results
in blood analysis [2]. The main reasons for this are analytical interferences caused
by intercellular substances, such as hemoglobin [8].

1.1.3 Challenges Associated with Sample Preparation
While many sample preparation procedures are well proven and documented [9, 10],
proper execution is critical to the accuracy and reliability of the downstream analy-
sis. Non-robust procedures or incomplete execution are the main reasons for out-of-
specification results [6]. Additionally, sample preparation can be time-consuming
and create a bottleneck in analysis routines [7, 11]. Furthermore, historically grown
bio-medical analysis routines are typically based on manual sample preparation
steps [12]. While readout technologies have advanced to highly sensitive analy-
sis methods, these sample preparation steps often remain manual. Such manual
workflows create a dependency on the operator’s skill and can lead to variations
in sample quality, eventually causing unreliable results [7]. Hence, developments
toward automation and high-throughput sample processing are aimed at reducing
the challenges associated with sample preparation [11].

1.2 Healthcare Routines

Healthcare routines for the collection and analysis of body fluids vary depending
on the complexity of the sample and test result requirements. Overall, such rou-
tines can be classified depending on where the sample collection and readout take
place. As summarized in Figure 1.2, this results in four scenarios: Clinical test,
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point of care (POC) test in a hospital setting, POC test in a home setting, and
home-sampling test. For the clinical test, both the sample collection and readout
take place in a hospital setting. The POC test in a hospital setting still requires
sample collection in a hospital-like setting but aims to provide on-site results. The
POC test in a home setting is designed to allow sample collection and test readout
in a home setting. Finally, the home-sampling test combines the convenience of
sample collection in a home setting with the powerful readout capabilities of cen-
tral laboratories. In the following, these four approaches are introduced, starting
from clinical tests, discussing the trend towards patient-centric medicine, mention-
ing advantages and disadvantages of POC testing, and motivating the use of the
home-sampling test.

Pa�ent-centric

Conven�onalSa
m

pl
in

g L
oc

a�
on POC Test

Home

POC Test
Hospital

Clinical
Test

Hospital

Home

Lab On-site

Home-
sampling

Test

Readout Loca�on
Figure 1.2: Four different approaches to healthcare, classified by where the sampling
takes place (Home or Hospital) and where the readout is performed (On-site or Labora-
tory). The resulting testing strategies are: Clinical test, POC test at home, POC test in
hospital, and home-sampling test.

1.2.1 Clinical Test

The clinical test is the conventional and most common way of testing for medical
diagnostics, well known from blood analysis routines. This approach typically re-
quires the patient to travel to a healthcare facility for sample collection. The sample
is then processed and analyzed in central laboratories, and the patient is informed
when the result or diagnosis is available. The main advantage of this approach
is that all process steps are carried out by professionals and in quality-controlled
facilities that provide state-of-the-art sensitivity, selectivity, and reliability. The
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disadvantages of clinical testing are the long time to result (TTR) and the lack of
accessibility for the patient to the test [13].

1.2.2 Trend Towards Patient-Centric Healthcare

In 2003, the World Health Organization (WHO) defined criteria for an ideal test
that could bring healthcare closer to patients [13]. These so-called ASSURED
criteria stand for: affordable, sensitive, specific, user-friendly, rapid, equipment-
free, deliverable. In this context, affordability is related to the overall cost and is
linked to broad access to testing. Sensitivity and specificity are characteristics of
the test itself. To avoid false-negative results, the test should have a high sensitivity
to the target analyte. On the other hand, the test should have a high specificity to
the target analyte to avoid false-positive results. The test should be user-friendly,
ideally requiring few non-critical user interactions. Also, the test should be rapid,
with a short TTR, and not require external equipment, otherwise complicating the
applicability to remote settings. The last criterion for the test to be deliverable
relates to logistics, that the test remains reliable during and after transport.

In other words, patient-centric medicine puts the patient’s needs first [14]. This in-
cludes improved physical comfort, convenience, and potential time savings through
reduced travel [14]. Some of the key advantages of patient-centric medicine over
clinical testing are the improved accessibility to remote locations, availability to
vulnerable patients in home settings (e.g. children, sick, or elderly), the shorter
TTR, and potential cost-savings [14].

While the ASSURED criteria were laid out to target sexually transmitted and
infectious diseases in the developing world [15], they can very well be applied to
Central-European healthcare issues. One example scenario could be a 90-year old
grandma that lives in a rural area in southern Germany, with a high dependency
on cars for transportation, who needs weekly monitoring of her medication levels.
The weekly monitoring requires her to travel to the next bigger city for a venous
blood draw. In case she stopped driving a car herself, she is dependent on relatives
or alternative means of transport. As such, she would very much benefit from a
patient-centric healthcare approach.

1.2.3 Point-Of-Care Testing

The coined term for medical tests fulfilling the ASSURED criteria is the POC test.
It allows testing at any place where needed. Depending on the testing strategy,
such tests can be carried out in a home setting or a hospital setting, such as a
doctor´s office. As mentioned in the ASSURED criteria, the potential advantages
of such a test are the short TTR, their affordability, and accessibility. “Same Day
Testing and Treatment” is a term that highlights the advantage of this strategy
over conventional workflows [16].
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a) Lateral-flow pregnancy test b) Glucose test kit

c) Handheld hemoglobin reader d) Bench-top cell counter

10 mm

30 mm

10 mm

Binary readout

Cartridge20 mm

Reader Lancet

Test strip

Reader Cartridge

Figure 1.3: Four examples of POC tests with intended use in a home setting (a-b), or
in a doctor´s office (c-d).

Commercial POC tests are available, for example for pregnancy testing from urine
(Figure 1.3a), testing for infectious diseases (SARS-CoV-2) from saliva, glucose
monitoring (Figure 1.3b), or hemoglobin measurement from capillary blood (Fig-
ure 1.3c). In these examples, the readout requirement of the POC test (qualitative
or quantitative) determines the complexity of the test procedure and required in-
strumentation. The qualitative tests (pregnancy or SARS-CoV-2) can be realized
as lateral flow assays (LFA). The advantage of such LFAs is their simplicity requir-
ing the user only to add the sample. On the other hand, for quantitative results,
the readout is typically realized with additional readout equipment [17]. Depend-
ing on the setting, such equipment can be a battery-driven handheld reader, for
example for glucose monitoring (e.g. Freestyle Optimum, Abbott), or the measure-
ment of coagulation markers (e.g. CoaguChek XS Plus, Roche) in a home setting.
In other cases, handheld readers are targeted for POC use in hospital settings or
primary care units, such as hemoglobin measurement (e.g. Hb 201+, HemoCue)
in a doctor´s office, or assessments of blood gases (i-STAT, Abbott) in emergency
departments [18].

Besides handheld readers, bench-top devices can be used for POC readout in pri-
mary care units or satellite laboratories [19]. Here, the advantages are again the
short TTR which allows an interpretation of the results while the patient is present.
Commercially available examples for such devices are the analysis of hematology pa-
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rameters (Swelab Alfa Plus, Boule), analysis of blood gases and electrolytes (GEM
premier 4000, Instrumentation Laboratory), and assessments of cell counts (Count-
ess 2 FL, Thermo Fisher Scientific) (Figure 1.3d).

1.2.4 Limitations of Point-Of-Care Testing in Home Settings
POC home tests are a powerful tool for a convenient and fast assessment of cer-
tain biomarkers. This works well for simple qualitative LFA-type tests and selected
quantitative tests, although the latter typically require readout equipment. How-
ever, such equipment typically cannot compete with the analytical sensitivity, selec-
tivity, affordability, and reliability of fully automated and specialized laboratories
[20]. Further, POC readers, including benchtop devices for use in hospital settings,
can be costly and are often designed to be used by professionals [18, 21].

POC testing at home enables patients to assess certain body parameters by them-
selves. This can be beneficial if the patients can interpret the results and draw
the correct conclusions. However, medical diagnostics that bypasses healthcare
professionals can be problematic from a regulatory perspective, as patients might
not have the skills and experience needed. In such cases, healthcare professionals
are required for result interpretation and medical diagnostics, making home-testing
impractical [19]. And even if patients could interpret specific results, some sam-
ples or biomarkers are currently too complex to be analyzed in home settings [19].
Therefore, POC testing strategies in home settings have to be critically assessed for
each intended application and target biomarker. In some cases, the situation might
necessitate a traditional clinical test, a POC test in a doctor´s office, or a hybrid
solution that combines the benefits of sample collection in a home setting with the
powerful readout capabilities of centralized laboratories: the Home-Sampling Test.

1.2.5 The Home-Sampling Test
For cases where POC testing is questionable, the home-sampling test (Figure 1.2)
can be a suitable alternative. The home-sampling test is a hybrid combination
of patient-centric sample collection and readout in a central laboratory. Such an
approach enables the inclusion of medical professionals for result interpretation,
provides the convenience of POC tests, and makes use of the quality-assured read-
out capabilities of central laboratories, without the need for special POC readout
technology [19].

Compared to conventional clinical testing, home-sampling testing offers some of the
benefits known from POC testing. Among other benefits, home-sampling tests can
be advantageous for patients in remote areas or in need of regular monitoring ser-
vices [21, 22, 23]. The Covid-19 pandemic promoted the use of home-sampling tests,
as some countries adopted strategies of sending out SARS-CoV-2 home-sampling
kits for PCR analysis with subsequent shipping to a central laboratory for analysis
(Figure 1.4a). Especially when travel should be avoided, such an approach has clear
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Figure 1.4: (a) PCR home-sampling kit as used during the Covid-19 pandemic in Stock-
holm, Sweden. (b) Manual steps to collect the sample as performed by the patient in a
home setting. [Adapted from the instruction leaflet (Version 3.5, 21-05-19, Region Stock-
holm)]

benefits over the traditional clinical workflow. As a result, the Covid-19 pandemic
has highlighted the advantages of such home-sampling approaches [14, 24]. On
the other hand, the major criticism for home-sampling testing is that the critical
sample collection element is carried out by non-professionals, which can potentially
lead to user-biased sample qualities. Figure 1.4b exemplifies such a home-sampling
procedure for collecting nasal, pharyngeal samples, and saliva. Even though the
procedure seems relatively simple, the quality of the collected sample can be user-
biased due to the multiple manual steps involved. Therefore, the Covid-19 pandemic
also highlighted the need for home-sampling techniques that are safe, reliable, and
ideally user-independent [14].

1.3 Blood Analysis

The following sub-chapter picks up the introduced healthcare routines and describes
advantages and disadvantages of patient-centric blood analysis, with a focus on the
home-sampling test workflow.

1.3.1 Blood as a Sample
Blood is a treasure trove of biomarkers, making it one of the most commonly used
biofluids in disease diagnostics with an estimated global market size of $55B (2017)
[18]. The constituents of human blood are depicted in Figure 1.5. The cellular frac-
tion of human blood contains erythrocytes - red blood cells (RBC), thrombocytes
(platelets), and leukocytes - white blood cells (WBC). The erythrocytes, mainly
responsible for oxygen transport in the human body, have a biconcave shape with a
typical diameter of 7-8 micrometers and a thickness of 2-3 micrometers [25]. With
a concentration on the order of 106 per microliter, the RBCs make up a large part
of the volumetric fraction of human blood. This fraction is called hematocrit (Hct)
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and can range between 35-47% (women) or 41-54% (men) [26]. Deviations from
typical ranges can indicate a medical condition, e.g. anemia. Platelets and WBCs,
make up around 1% of the whole blood volume [27]. The primary functions of
platelets, the smallest type of blood cells with a typical diameter of 2-3 microm-
eters, are hemostasis and thrombosis [28]. WBCs, with a concentration on the
order of 103 per microliter, can be differentiated into five cell types. Ordered by
their relative abundance and giving their typical diameter, these are neutrophils
(62%, 9-15 micrometers), lymphocytes (30%, 7-18 micrometers), monocytes (5.3%,
12-20 micrometers), eosinophils (2.3%, 9-15 micrometers), and basophils (0.4%,
10-16 micrometers) [29]. Among other vital functions of WBCs, they are part of
the immune system, defending the human body against infections and diseases.
Together with RBCs, blood plasma makes up the largest part of the whole blood
volume, with a volumetric fraction of around 45-65%. Plasma, the extracellular
matrix of whole blood, is a yellowish fluid that consists of ca. 95% water and con-
tains a plethora of biomarkers, such as proteins, DNA, electrolytes, and nutrients
[30]. Serum is blood plasma without clotting factors, i.e., fibrinogens [31].

Plasma

Erythrocytes

Leukocytes

7 - 8 µm

DNA

Nutrients

Electrolytes

Proteins

2 - 3 µm

7 - 20 µm

Thrombocytes

Figure 1.5: Constituents of human whole blood with the cellular fraction consisting
of erythrocytes, leukocytes, and thrombocytes, dispersed in water-based blood plasma
containing biomarkers, such as proteins, DNA, electrolytes, and nutrients.

1.3.2 Conventional Blood Analysis Workflow
Blood is typically analyzed following a routine where the patient needs to go to a
hospital-like place for a venous blood draw. Venous blood, with volumes on the
order of milliliters, is typically drawn by a phlebotomist using a hypodermic needle
[18, 32]. Blood plasma or serum, historically evolved as the gold standard for blood
analysis, is separated from whole blood by centrifugation. Subsequent analysis in
highly specialized laboratories can give reliable results as a basis for an accurate
diagnosis [18].
While typically reliable and accurate, the conventional blood analysis routine is
considered costly and time-consuming, mainly because of the need for healthcare
professionals to perform the venous blood draw and due to logistical requirements
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[18, 33]. The TTR of the conventional blood analysis routine ranges between hours
to days, which can critically delay a timely treatment [18, 34]. Furthermore, liquid
blood samples are considered biohazardous and require cooling during handling,
transport, and storage, due to in-vitro degradation processes that start after sample
collection [33].

1.3.3 Patient-Centric Workflows
As introduced in Section 1.2, patient-centric medicine is an alternative approach
to conventional routines, where the sample collection and even the readout can
take place at a location convenient for the patient, e.g., in a home setting or a local
healthcare facility. The sampling can be performed by the patient (self-sampling), a
caregiver, or healthcare professional. Capillary blood sampling, typically obtained
from a fingertip, earlobe, arm, or heel, can be an enabling element for patient-centric
approaches [35].

Such patient-centric approaches can overcome the shortcomings of the conventional
blood analysis workflow and meet the demand for a cheap, personal, fast, and
convenient way to obtain blood test results [18]. As introduced in Section 1.2.3, a
prominent example of patient-centric blood analysis with readout at the point of
care is the glucometer. Typically used by diabetic patients, the glucometer enables
regular monitoring of blood glucose levels. The patients perform minimally invasive
self-sampling using a lancet to obtain blood from a fingertip which is then analyzed
in a small handheld reader.

While POC blood analysis works well for monitoring blood glucose levels, such
POC devices cannot offer a one-fits-all solution, as discussed in Section 1.2.4. The
suitability of workflows that involve POC devices have to be carefully assessed, de-
pending on the specific requirements of each individual application. Especially from
a regulatory perspective, it is essential to understand that patients cannot always
correctly interpret and act upon a blood analysis result [19]. Therefore, alternative
patient-centric approaches have been developed that include medical professionals
in the analysis workflow to interpret blood analysis results. The following sub-
chapters focus on the Home-Sampling Testing approach where capillary blood is
collected in a home setting and sent to a central laboratory for quality-assured
readout.

1.3.4 Home-Sampling Blood Testing
This hybrid approach between home-sampling and readout in a central laboratory
aims to combine minimally invasive blood sampling (microsampling) and quality-
assured blood analysis in specialized laboratories. For example, dry blood spot
(DBS) sampling, initially developed for neonatal screening in the 1960s [18], is a
blood sampling technique that enables a blood home-sampling workflow. For DBS
sampling, blood from a finger prick or heel prick is spotted onto a specialized paper
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matrix where the blood sample is allowed to dry [36]. Figure 1.6 shows a comparison
of the conventional blood analysis routine, where the blood sampling takes place
in a hospital-like setting, and the patient-centric DBS approach, where finger prick
sampling in a home-setting and dry sample shipment allows to make use of the
advanced analytics of central laboratories. Such home-sampling approaches have
gained interest in multiple application areas, because they offer a simple, cost-
efficient alternative with the possibility to sample blood at various time-points.
Therefore, patient-centric blood sampling can be of interest, e.g. for therapeutic
drug monitoring [37, 38], or drug development studies [36, 39]. The key enabling
features that make DBS sampling applicable to home-sampling routines are blood
microsampling and sample drying, combined with microfluidic devices.

Venous
Sampling

Hospital

Home

Blood
Transport

Plasma
Separa�on

Blood
Analysis

&
Feedback

Finger prick
Sampling

Dry Sample
Shipment

DBS

DPS
Pa�ent-centric

Sample Prepara�on

Lab

Figure 1.6: Comparison of conventional (“Hospital”) and alternative (“Home”) blood
analysis routines. The latter is based on finger prick sampling and sample drying to obtain
dry blood spots (DBS) or dry plasma spots (DPS), ready for biohazard-free shipment to
a central lab for quality-assured analysis.

1.3.5 Enabling Elements for Home-Sampling Blood Tests
Blood microsampling is a minimally invasive procedure to collect capillary blood,
e.g. from a fingertip. For decades, microsampling was an enabling element for POC
glucose monitoring, where diabetic persons can get a blood sugar measurement from
a drop of blood obtained by a finger prick. Hence, microsampling is simple enough
that the sample collection can be performed at a location convenient for the patient.
The possibility for sampling at convenient locations, for example self-sampling at
home or with help at a local pharmacy, is one of the most crucial elements for a
patient-centric blood analysis workflow. Advancements in modern blood analysis
techniques, such as mass spectrometry, enable a reliable blood analysis from the
minute amounts of blood (typically below 100 µl) collected by microsampling [18].
In comparison to the pain and anxiety associated with venipuncture [18], microsam-
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pling can improve the patient comfort by significantly reducing the invasiveness of
the sampling procedure. Therefore, microsampling can be especially well suited
for patients that require special care, such as neonates, children, or chronically ill
persons [40]. Further, it can be an alternative for patients with difficult access
to venous blood [35], or if frequent blood collection is required. Also, minimally
invasive blood sampling has obvious ethical benefits for studies involving animals,
such as small rodents.

Sample drying is the key sample preservation technique in DBS sampling. Once
dry, DBS has been shown to preserve multiple biomarkers for later analysis [36].
Dry blood samples, as opposed to liquid blood, offer the benefit of biohazard-free
sample shipment without the need for maintaining a cold chain [41]. An attention-
grabbing action by the Austrian journal Vangardist highlights that drying blood
can render it biohazard-free. In 2015, they printed magazines with ink mixed with
HIV-positive blood to raise awareness of AIDS [42]. Therefore, dry blood samples
significantly minimize regulatory and technical limitations and facilitate sample
handling, shipment, and storage processes. As such, dry samples are suitable for
patient-centric blood analysis routines, enabling simple shipment of home-sampled
blood to a central laboratory by regular mail. This simple shipment facilitates
health monitoring with multiple endpoints in home settings, gives access to vulner-
able patients, and brings healthcare closer to remote geographical areas [14, 40].
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Figure 1.7: Three DBS sampling cards: (a) Non-volumetric FTA classic card, Whatman;
(b) Volumetric DBS sampling card, DBS System; (c) Volumetric DBS sampling card,
Capitainer.

Microfluidic devices can play a key role in the development towards patient-
centric blood sampling, especially for quantitative blood analysis. A problem as-
sociated with early DBS sampling approaches was that the blood volume of the
DBS was unknown, complicating the assessment of biomarker concentrations [43].
An example of a non-volumetric DBS card is shown in Figure 1.7a. Taking partial
punches from the DBS with known size was an attempt to overcome this problem.
However, an effect known as hematocrit bias, where blood hematocrit influences
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the spot size of DBS, complicated even that approach [43]. Solutions to the issue
are typically based on microfluidic blood volume metering, which enables blood
analysis of a defined volume. Such volume metering can be achieved in different
ways. The qDBS card by Capitainer and the HemaXis DB card by DBS System
solve volume metering by aspirating a known blood volume into a microfluidic
channel and transferring the defined volume to DBS paper (Figure 1.7bc). Another
approach to volume metering is VAMS® (Volumetric Absorptive Micro-sampling),
which is based on an absorbent paper material with a limited volume that defines
the amount of blood sampled (e.g. Mitra®, Neoteryx). Therefore, in the devel-
opment of patient-centric sampling approaches, microfluidics can play a key role,
for example by ensuring the quality of the home-sampled specimen during sample
handling, shipment, and storage.

1.3.6 Challenges with Home-Sampling Blood Tests

As an example of a patient-centric sampling technique, DBS unites the benefits of
microsampling, sample drying, and microfluidic solutions. As such, DBS can com-
bine the best of two worlds: convenient and minimally invasive self-sampling in a
home setting and reliable and highly sensitive analysis by fully automated analytics
in specialized laboratories. However, some problems associated with microsam-
pling and sample drying remain to be addressed.

Microsampling is associated with an increased variability of test results, both
between successive drops of finger prick blood [44] and when compared to blood
obtained by venipuncture [45, 46]. One major cause for sample quality variations
is incorrectly performed finger prick blood sampling [34]. Squeezing the pricked
finger can cause hemolysis and the release of interstitial fluid, which dilutes the
blood sample at an unknown ratio [44, 46]. Such dilution directly affects the blood
analysis result, as an incorrect blood volume is assumed to calculate biomarker con-
centrations. Therefore, self-sampling, the blood sample collection by the patients
themselves, can create a user-dependency that can affect the quality and integrity of
the blood sample. Possible solutions could be based on training users or employing
healthcare professionals to perform microsampling in a home setting. Alterna-
tively, user-independent capillary blood collection devices could alleviate some of
the problems associated with microsampling. For this purpose, fully integrated
sample collection devices have been developed, typically based on microneedles
[47, 48, 49, 50].

Additional factors that affect the reliability of blood biomarker quantifications are
the accuracy and precision of the volume metering. Slight variations in volume
metering can result in significant differences in the analysis of biomarker concen-
trations. Microfluidics is a promising technology to address the need for reliable
and accurate liquid volume metering, as demonstrated for volumetric DBS sampling
[43, 51].
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Further concerns associated with microsampling arise from whether small blood
volumes can allow an accurate and statistically relevant analysis of blood biomark-
ers [18, 44]. Statistical relevance is influenced by the collected blood volume and the
abundance of the biomarker of interest. As such, biomarkers with low abundance
require larger blood volumes and vice versa. Consequently, microsampling, the
sampling of minute amounts of blood, is not applicable to all biomarkers. In such
cases, conventional venipuncture with milliliter-sized blood volumes can allow ac-
curate and statistically relevant blood analysis. Therefore, applying microsampling
and making use of its advantages requires a thorough evaluation of the suitability
of the biomarkers of interest.

Sample drying has multiple benefits, such as exemption from biohazardous sample
handling regulations and the possibility to circumvent cold-chain sample handling.
However, the stability of such dry samples is critical for a reliable assessment of
biomarker concentrations. Variables of sample drying that influence the stability of
a specific biomarker include temperature, humidity, drying time, storage time, and
sample substrate material [46]. The stability in a dry state of biomarkers has been
shown to depend highly on the individual analyte. While for some biomarkers, the
analytical sensitivity for dry samples was inferior to liquid blood samples [46], other
biomarkers could be stored without degradation [52, 53] and showed no significant
difference to liquid blood [54]. When stored in a freezer, dry blood samples were
shown to be stable for > 20 years [55, 56]. Therefore, dry blood samples are a viable
option for certain analytes with significant advantages over liquid blood samples.
However, it is essential to evaluate each biomarker of interest for its applicability
to patient-centric blood sampling routines that include a drying step.

1.3.7 The Need for Blood Plasma
While the simplicity of DBS sampling offers clear advantages over conventional
blood sampling routines, there are some limiting factors to the use of whole blood
as a sample. Historically, liquid blood plasma was the gold standard for blood
analysis due to analysis interferences caused by blood cells (e.g. obstructing optical
readout). Therefore, concentrations of biomarkers have been measured in blood
plasma (or serum) and expressed per plasma (or serum) volume. Among healthcare
providers, this historically grown reference data and experience likely lead to an
inclination towards plasma samples rather than whole blood. Also, established
analysis workflows and expensive equipment might add to the inertia of conservative
blood analysis routines based on blood plasma and serum.

Furthermore, drying whole blood is associated with blood cell lysis. Especially
erythrocytes, when lysed, are known to interfere with a reliable measurement of
certain analytes, such as lactate dehydrogenase, potassium, aspartate aminotrans-
ferase, creatine kinase, magnesium, certain proteins, or total cholesterol [57, 58].
Erythrocytes have also been shown to contain high concentrations of cytokines with
>4-fold cytokine levels compared to plasma [59]. Therefore, RBC lysis can falsely
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elevate the concentration of cytokines, regularly used as biomarkers, e.g. for sep-
sis [60], and lead to unreliable results. In-vitro blood cell degradation starts after
sample collection, making blood plasma and serum considerably simpler to handle
and transport without affecting the sample quality due to intercellular material.
Also, blood cells lyse upon freezing which complicates long-term storage, compared
to blood plasma and serum. In addition to simplifying handling, transport, and
transportation, blood plasma and serum might reduce regulatory concerns associ-
ated with whole blood [36]. Hence, for some applications DPS can be favorable
over DBS sampling.

1.4 Thesis Objectives

The aim of this thesis was to develop novel capillary-driven microfluidic devices for
sample preparation of bio-medical specimens. The two main application areas were:
Patient-Centric Blood Analysis, where microfluidic devices can enable alternative
healthcare routines with the patient´s needs at the center of the procedure, and
Sample Preparation in Lab Environments, where microfluidic devices can be used
to minimize a potential user-bias of historically grown sample preparation routines
by reducing critical user interactions.

Patient-Centric Blood Analysis

The Need: As stated above, the home-sampling testing strategy, a patient-centric
blood analysis routine where patients perform home-sampling and ship the sample
to a central laboratory for readout, has great potential to improve or even revolu-
tionize healthcare. However, as detailed in Section 1.3.6, several enabling elements
of such a workflow need further development to provide the robustness, reliability,
and feasibility needed for a general adaptation of home-sampling tests. A major
need was identified in the field of equipment-free blood plasma separation that
could allow a home-sampling testing strategy for blood plasma, the gold standard
sample in blood analysis routines.
Objectives: In the field of patient-centric blood analysis the first objective was to
develop a microfluidic blood plasma separation method that enables equipment-free
access to plasma when centrifugation is not available. Then, using this plasma sep-
aration method, the next objective was to realize a capillary-driven microfluidic
volume metering mechanism to generate volume-defined dry plasma spots (DPS)
for quantitative analysis. Further objectives were to explore possibilities of ap-
plying the home-sampling concept, including a drying step for sample fixation, to
two main application areas: multiplexed immunoassays and blood cell counting.

Sample Preparation in Lab Environments

The Need: As introduced in Section 1.1.3, a major error source in sample prepa-
ration routines is the user. While analysis technologies have advanced signifi-
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cantly, sample preparation routines often remain manual, potentially causing a
user-dependent bias on the result. Therefore, there is a need for making sample
preparation routines less user-dependent.

Objectives: In the field of sample preparation in lab environments, two specific ap-
plications were identified: sample preparation for transmission electron microscopy
(TEM) investigations, and sample preparation of fine-needle aspiration (FNA) sam-
ples for rapid on-site evaluation (ROSE), an immediate quality control measure
during needle biopsies. In both cases, the main objective was to use microfluidics
to facilitate the existing manual sample preparation routines and to reduce critical
user-interactions as much as possible.



Chapter 2

Technical Background

This chapter introduces the field of microfluidics and explains the basics of capillary
action, the underlying principle behind all microfluidic sample preparation devices
presented in this thesis. Further, this chapter describes the rapid prototyping plat-
form used to design and fabricate the presented microfluidic devices.

2.1 Microfluidics

Microfluidics is an interdisciplinary field involving physics, chemistry, bio-, and nan-
otechnology, which describes and utilizes the behavior of liquids at sub-millimeter
scales with liquid volumes on the order of microliters to femtoliters. This miniatur-
ization with respect to macrosystems is the main cause for distinct characteristics
of microfluidic systems. The surface to volume (S/V) [m−1] ratio, which increases
upon miniaturization of liquid containers, is an indicator for the level of miniatur-
ization [61, 62]. While for a bioreactor with 30’000 liters, the S/V ratio is roughly
1:1, the S/V ratio increases to around 1000:1 for a microfluidic well in a well plate
with 200 microliters. Therefore, surface effects (e.g. surface tension) dominate
volumetric effects (e.g. gravitational force) at small scales. Some advantages of
microfluidics over macroscopic systems that arise from the S/V ratio are the speed
and efficiency of biochemical reactions and a reduced sample and reagent consump-
tion [63]. Typical application areas of microfluidics include fabrication techniques
(e.g. inkjet printing) and bio-medical applications (e.g. lateral flow pregnancy test).

Liquid handling and manipulation in microfluidic systems can be based on different
approaches, such as pressure-driven, centrifugal, or capillary-driven microfluidics.
In pressure-driven systems, the liquid is manipulated by external pressure (e.g. by
a pump). In centrifugal microfluidics (e.g. Lab-on-a-disc), the liquid is handled
using centrifugal forces resulting from a rotational movement. Capillary-driven mi-
crofluidics exploits the capillary forces, resulting from dominating surface effects
at small scales. While pressure-driven and centrifugal microfluidics are considered
active microfluidics that require external actuation, capillary-driven systems enable

17
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purely passive fluid handling without external equipment. As such, capillary-driven
microfluidics opens up possibilities for applications in remote areas where special-
ized equipment is not readily available.

2.2 Capillary-Driven Microfluidics

This thesis explores capillary-driven microfluidics for sample preparation applica-
tions of bio-medical specimens with the aim of reducing critical user interactions
and enabling patient-centric analysis workflows. The following section introduces
the basics of capillary-driven microfluidics, and underlying phenomena such as wet-
tability and capillary action.

2.2.1 Wettability
The wettability of water, or water-based solutions, on a solid material surface can
be characterized by the equilibrium contact angle θ, as shown in Figure 2.1a [64].
The wettability of a flat surface is mainly influenced by its polarity, affecting the
adhesion forces between the polar water molecules and the surface of the solid
material. Surfaces are considered hydrophilic if the surface attracts water molecules
more than water molecules each other, as in Figure 2.1a(i-ii). This leads to water
wetting the surface (θ < 90°). On the other hand, if water molecules are more
attracted by each other than by the surface, this surface is considered hydrophobic,
as in Figure 2.1a(iv-v). This results in a repelling behavior of the substrate surface
(θ > 90°). Figure 2.1a(iii) shows the border between hydrophilic and hydrophobic
behavior (θ = 90°). Both hydrophilic and hydrophobic surfaces are of interest for
designing capillary-driven microfluidics, for example to direct the flow of liquids in
microchannels.
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Figure 2.1: (a) Surface wetting conditions with different contact angles θ, depending
on the interactions between water and the surface properties of a solid substrate (in air).
Capillary-driven flow in the (b) wet-out and (c) fully wetted regime.
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2.2.2 Capillary Action
Capillary action is the phenomenon in which a liquid (e.g. water) spontaneously fills
a small cavity or a porous structure [65]. The phenomenon is based on the cohesive
and adhesive forces of a liquid interacting with a cavity with hydrophilic surfaces,
such as a glass capillary. The hydrophilic character of such a glass capillary provides
the wetting condition for water to fill the capillary, while the cohesive forces of the
liquid allow its molecules to stick together, which works well in the (sub-)millimeter
regime where the S/V ratio is large [64]. For small enough diameters of the glass
capillary, this allows water to rise against gravity. Examples from daily life where
this phenomenon can be observed are known from cleaning up spills with a paper
towel or sponge. Capillary action also plays a vital role in nature, for example for
plants to provide nutrients to their leaves against gravity.

2.2.3 Capillary Action in Microfluidics
Capillary action can be utilized to design microfluidic systems that do not require
external forces to manipulate liquids. If a hydrophilic microfluidic channel or cavity
is oriented perpendicular to the gravitational force vector, gravity is not counter-
acting capillary action, so that capillary flow could continue until the cavity is
filled or the liquid reservoir is depleted [64]. This inherent capability of propelling
liquids is the enabling foundation for capillary-driven microfluidics. The force pro-
pelling liquids in microfluidic systems results from a pressure drop ∆P across a
liquid meniscus [N/m2], which can be described by the Young-Laplace equation
(for rectangular microchannels) [66, 67]:

∆P = γ cosθ

(
1
h∗ + 1

w∗

)
(2.1)

where γ is the surface tension of the liquid [N/m], θ is the contact angle between
the liquid and the channel surface [°], h∗ and w∗ are the half-height and half-width
of a rectangular microfluidic channel, respectively [m]. This equation shows that
for a given liquid (γ) and channel material (θ), the cross-sectional dimensions of
the channel can be used to influence the capillary forces of the system.

The main advantage of such capillary-driven systems is their independence of ac-
tive flow control elements. The resulting autonomy enables applications at locations
where extra instrumentation, such as pressure pumps, are not readily available or
impractical. For example, the simplicity and autonomy of lateral flow pregnancy
tests make them very suitable for use in a home setting or at the point of care.
A typical capillary-driven microfluidic device, that allows making use of capillary
action, has an inlet or liquid reservoir in conjunction with a hydrophilic capil-
lary channel, i.e., a microchannel or a paper matrix (Figure 2.1b). When describ-
ing capillary-driven liquid flow, two flow regimes are differentiated depending on
whether the capillary channel is dry (wet-out flow) or wet (fully wetted flow)
[68].
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Wet-out flow (Figure 2.1b) is a flow regime where a liquid front is wicking along
a previously dry channel [68]. An approximation for describing the progression of
a proceeding meniscus position along a horizontal capillary with a uniform cross-
section is given by the Lucas-Washburn equation [69]:

L(t) =

√
γrtcosθ

2η
(2.2)

where L(t) [m] is the meniscus position at time t [s], γ is the surface tension of the
liquid [N/m], r is the radius of the capillary [m], θ is the contact angle between
the liquid and the material surface [°], and η is the dynamic viscosity of the liq-
uid [Pa·s]. Among others, affects from gravity and inertial forces are neglected
[68]. The equation reveals the characteristic proportionality between the meniscus
position and the square root of time. It also shows that the progressing meniscus
position is affected by liquid properties (γ, η) and the properties of the capillary
channel (r, θ).

With limitations, this equation is also applicable to porous media, assuming that the
porous media is a bundle of parallel capillaries with equal porosity [65]. For porous
media, r, the radius of the capillary in the above equation 2.2, is substituted by re,
the effective pore radius of the material [69]. Typical average pore sizes of cotton
or cellulose papers are on the order of 5-20 micrometers. The contact angle θ of
water on porous materials, for example made from cellulose, is typically < 30° [70].
Among others, the main limitations of employing the Lucas-Washburn equation for
porous media are that pore size variations are not considered, and interconnections
of pores are neglected [69]. Even though limited, the Lucas-Washburn equation is
a powerful tool for understanding basic capillary-driven flow.

Fully wetted flow (Figure 2.1c) is the flow regime that is characterized by fluid
transport in a wet porous matrix [68]. In a pre-wetted matrix with a constant
cross-sectional area, the fluid flow can be described by Darcy’s law [68]:

Q = κwh

ηl
∆P (2.3)

where Q is the volumetric flow rate [m3/s], κ is the fluid permeability [m2], η
is the dynamic viscosity of the liquid [Pa·s], and ∆P is the effective capillary
pressure [Pa]. w, h, and l are the width, height, and length of the porous media,
respectively [m]. While this representation of Darcy´s law is limited to constant
cross-sectional areas, it is well suited to describe the flow in a paper matrix with a
wetted flow constriction designed to control the flow rate of liquids (Figure 2.1c).
If this flow constriction dominates the overall flow resistance, equation 2.3 can be
used to estimate the liquid flow rate [71]. In this thesis, this concept is utilized
to realize a capillary-driven flow rate control with an average flow rate of ca. one
microliter per minute (Paper III ).
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2.2.4 Limitations of Capillary-Driven Flow
Liquid Mixing

While capillary-driven microfluidics enable liquid manipulations without the need
for active pumping mechanisms, the flow profile in sub-millimeter microchannels is
not ideal for liquid mixing applications. In contrast to macrosystems, liquid flow in
such microchannels is typically laminar. Laminar flow, as opposed to turbulent flow,
does not provide the conditions for turbulent mixing, so that mixing processes are
diffusion-driven [72]. However, diffusion can be time-consuming, as the process is
based on molecular motion along concentration gradients with a nonlinear relation
between distance and diffusion time (distance2 ∝ time) [72]. Even though there are
significant efforts to optimize liquid mixing in laminar flow regimes, for example by
increasing the interfacial liquid contact areas [72], capillary-driven systems remain
non-ideal for mixing applications.

Material and Fabrication Dependency

As capillary-driven flow of aqueous solutions requires hydrophilic material surfaces,
this puts constraints on the materials that can be used. For example, PDMS
casting is a common technique to fabricate microfluidic devices [73]. However, as
PDMS is inherently hydrophobic, further steps like oxygen plasma treatment are
necessary to create a hydrophilic surface and thus enable capillary-driven flow [74].
However, the effects of oxygen plasma treatment can be unstable over time [74],
which complicates the storage or shipping of such capillary-driven devices. Alter-
natively, hydrophilic surface coatings have been shown to enable capillary-driven
flow [75]. Especially when stable over time, such coatings could allow for storage
and shipping applications. In general, capillary-driven flow is directly affected by
the materials and material surfaces that are used to provide capillary action, which
creates a dependency on the material quality. For example, local defects in surface
coatings, fabrication-dependent pore size variabilities in porous matrices, or batch-
to-batch variations can directly affect liquid flow rates and create unwanted device
performance variabilities. Finally, capillary-driven systems are often designed for
single-use and are disposed of after use, raising environmental concerns over plastic
waste.

2.3 Prototyping Platform – Lamination Technology

The following section introduces the rapid prototyping platform used to design
and fabricate the presented microfluidic sample preparation devices: lamination
technology. Lamination technology is a versatile technique that can be used to
fabricate capillary-driven microfluidic devices for different application areas. The
devices are fabricated by assembling different layers of structured materials that are
bonded together by adhesives. The layers are structured according to individual
layouts, created in CAD software. The simplicity of adjusting layout files and the
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short fabrication time make lamination technology a versatile prototyping platform
with fast turnaround times.

2.3.1 Fabrication Workflow

Figure 2.2a summarizes the workflow for fabricating microfluidic devices using lam-
ination technology. The device materials, such as hydrophilic sheets, double-sided
tapes, water-soluble films, and blotting paper, are structured individually either
by blade- or laser-cutting (i). Once all layers are prepared, they are assembled.
Alignment pins and corresponding alignment holes in the material layers enable a
correct positioning of the layers to each other. Lamination, the process of compress-
ing multiple sheets of material, allows to firmly attach the layers (ii). Depending on
the purpose and material combination, lamination may be carried out at different
temperatures. Typical features of a capillary-driven microfluidic device are an inlet
for receiving liquid, a microfluidic channel to contain the liquid, a vent at the end of
the channel to allow trapped air to escape, and a blotting unit (e.g. porous paper)
to manipulate the liquid by capillary-forces (iii).
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Figure 2.2: (a) Cross-sectional perspective on the workflow to fabricate microfluidic
devices in lamination technology: Structure material layers by blade- or laser-cutting,
align and laminate the layers to obtain the device. (b) Key steps for the fabrication of
water-soluble thin films and two applications in microfluidics: temporary fluidic barrier
and dry reagent storage.
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2.3.2 Microfluidic Channels for Capillary-Driven Flows
The microfluidic channel systems are fabricated from double-sided tapes and hy-
drophilic sheets. The purpose of the former is to hold the materials together by
adhesion forces, while the latter provides the wettability needed for a capillary-
driven flow. Walsh et al. provide a list of commercially available materials, such
as plastics and double-sided adhesive tapes [76]. The dimensions of microfluidic
channels are defined by the lateral dimensions of the design used for structuring
the layer and the thickness of the intermediary layers between the bottom layer
and the lid. Typically, such a microchannel is 0.1-0.3 millimeters high (h), 1-2
millimeters wide (w), and 5-20 millimeters long (l). With h much smaller than
w, the filling behavior of such a microchannel with a given liquid is determined
by the hydrophilicity of the enclosing materials and the capillary height h of the
microchannel (see equation 2.1).

Figure 2.3a shows how the the capillary height h of a microchannel (h≪w) can
be utilized to generate capillary force gradients Fcap, by implementing different
cavity heights. For a given hydrophilic material surface, a water-based liquid would
flow towards positions with smaller cavity heights hx. This can be an important
design parameter for microfluidic devices to direct and control the flow of liquids.
Figures 2.3bc show examples for capillary force gradients Fcap opposing (b) or
promoting (c) a reliable liquid connection to the blotting unit, attached to the
bottom surface of the device.

a) b) c)

h1

Fcap Fcap Fcap Fcap

h2 h3 h1 h2 h1 h2

Figure 2.3: Cross-sectional perspective on microfluidic cavities, (a) indicating capillary
force gradients Fcap depending on the cavity heights hx, and showing cases where the
capillary force gradient is (b) opposing or (c) in favor of creating a liquid connection
between cavity and blotting paper.

2.3.3 Blotting Unit
The purpose of a blotting unit is to aspirate the liquid from the microfluidic channel
in a controlled way. Such a blotting unit typically contains a hydrophilic porous
matrix with pore sizes on the order of a few micrometers (e.g. porous paper). Liquid
aspiration is enabled by the capillary force of the porous matrix, which is typically
higher than that of the microchannel. Hence, the liquid can be transferred from
the microchannel to the porous matrix. Key properties of the porous matrix that
affect the liquid flow rate are pore size, material type, and dimensions. The shape
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of a porous matrix in the blotting unit is a design parameter for controlling the
liquid aspiration process (see equation 2.3). Further, water-soluble thin films may
be integrated into the blotting unit to increase the system versatility and enable
capillary-driven liquid manipulations that require time delays.

2.3.4 Water-Soluble Thin Films

Water-soluble thin films can be fabricated from water-soluble polymers, such as
polyvinyl alcohol (PVA) or polyethylene glycol (PEG). Figure 2.2b shows the essen-
tial steps for fabricating water-soluble polymer films. First, a water-based polymer
solution is created. This solution is spread out on a carrier material and left to
dry under controlled conditions. The thickness of the films is mainly determined
by the polymer concentration of the solution and the thickness of the liquid film
on the carrier. For example, a liquid film with 100 micrometers thickness of an
aqueous 20% (w/w) polymer solution results in a dry film with a thickness of ap-
proximately 20 micrometers. Practical steps to ensure reproducible quality of such
water-soluble films include filtration of the polymer solution and substrate cleaning
before thin-film application. Further, adding a color dye enables a visual inspection
of the dry film for artifacts or irregularities, which is more difficult with optically
transparent polymer films.

For integrating the fabricated dry polymer films into microfluidic devices, the films
are transferred from the carrier substrate to device materials. Such device mate-
rials can be adhesives, plastic layers, or porous matrices. A transfer to adhesive
layers can be achieved at room temperature with the help of alignment pins. To
transfer to plastic layers or porous matrices, the polymer film is laminated at ele-
vated temperatures (ca. 80°C for PVA) in a laminator after removing the carrier
substrate.

Water-soluble thin films can be used as passive elements to create time delays in
microfluidic systems, where the dissolving time of the film corresponds to the time
delay (Figure 2.2b), as utilized in Papers II, V, VI. The dissolving time of the
film depends on multiple parameters, such as the molecular weight of the poly-
mer, the thickness of the film, ambient temperature, and relative humidity. Dry
reagent storage is another use-case of water-soluble polymer films (Figure 2.2b), as
demonstrated in Paper VI. Especially reagents that are not negatively affected by
dry storage, such as certain cell stains, are suitable for integration in water-soluble
polymer films [77]. The advantage of such films is the simplified reagent handling
and the possibility for controlled reagent release upon dry film dissolution in an
aqueous liquid. As such, dry reagent storage in dissolvable films can facilitate sam-
ple preparation applications in remote locations and in laboratory environments by
reducing handling steps of liquid reagents.
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2.3.5 Limitations of Lamination Technology

Layer Alignment

Lamination technology can be a suitable fabrication technology for capillary-driven
microfluidic devices with multiple application areas. However, as the fabrication
workflow typically involves multiple manual steps, the reproducibility depends on
the skill and experience of the operator. Layer-to-layer alignment tolerances are
the major issue for reproducibility, especially for more complex devices with mul-
tiple material layers. In some cases, critical tolerances can be avoided by design
and suitable positions of alignment holes. Further, the layer-by-layer approach lim-
its the design freedom to effectively 2.5D, as material thicknesses determine the
capillary height of microchannels and chambers. Also, the layer-by-layer nature of
the technique complicates out-of-plane integrations of materials, especially when
automation of the fabrication process is of interest.

Fabrication-Induced Material Defects

Device failures mostly result from material impurities, unclean surfaces, and arti-
facts induced by structuring the layers. Laser- and blade-cutting both have advan-
tages and disadvantages. Laser-cutting provides a fast and precise way of cutting
different materials with a dimensional accuracy as low as 25 micrometers [62]. How-
ever, laser-cutting is based on vaporizing materials to create a cut. The vaporized
material can adhere to the material surface and potentially affect the surface prop-
erties. On the other hand, blade-cutting does not contaminate material surfaces
and is considered significantly cheaper than laser-cutting [62]. However, blade cut-
ting can create irregularities at the cut edge, for example at the position of first
penetration [78], and has a limited resolution on the order of several hundreds of
micrometers [62].

Water-Soluble Polymer Films

While water-soluble polymer films are an enabling element for applications, there
are limitations to using such elements. First, slight variations in film thickness can
translate to a significant variation in dissolving time. Also, impurities and artifacts
in the film negatively affect the consistency of the film-controlled timing. Therefore,
a well-controlled fabrication process is essential for the reliably of such passive
timing elements. Still, a certain degree of dissolving time variability remains, if only
due to temperature and humidity influences. Further, achievable dissolving times
for a single film are limited, due to high dissolving time variations for thicker films.
Saturation effects at the solid-liquid interface and artifacts, cracks, or impurities
in the polymer film are likely the main reasons for this limitation. Despite the
limitations, water-soluble polymer films can be an enabling element, especially for
selected POC applications that would otherwise need external or active flow control
elements.
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2.3.6 Alternative Fabrication Techniques
Early channel-based microfluidic devices were fabricated from silicon using micro-
machining processes known from MEMS processing, such as photolithography and
etching [63]. A transition to polymer materials allowed faster, more cost-efficient,
and versatile fabrication of microfluidic devices [63]. Since then, many different
techniques have been developed to fabricate microfluidic devices. Replica mold-
ing is a commonly used technique that is typically based on a mold, the negative
structure of the desired structure. Such molds can be obtained in different ways,
for example by soft lithography, precision milling, or laser ablation, providing de-
sign freedom in three dimensions [62, 72, 79]. The replication process from these
molds can be based on, e.g., casting [73], injection molding [62], or hot embossing
[63]. Overall, the advantages of these molding techniques are the small attainable
feature size and the possibility for upscaling fabrication. The achievable feature
size depends on the technique used for generating the mold, the material, and the
replication method. Using replica molding, feature sizes on the order of hundreds of
nanometers have been shown [62]. Further, the scalability of processes like injection
molding enables cost-efficient mass production of microfluidic devices. However, as
fabricating molds can be costly and time-consuming, such molding techniques are
not ideal for fast prototyping that require design iterations.

Alternatively, microfluidic devices can be directly fabricated by 3D printing [62].
A major advantage of 3D printing is its fast turnaround time from idea to device,
without the need for molds. Within limits, 3D printing provides design freedom in
three dimensions, and ongoing advancements in the field have reduced attainable
feature sizes to the nanometer scale [80]. However, due to its sequential nature, 3D
printing has some drawbacks regarding scalability, making it less suitable for mass
fabrication.

In comparison, lamination technology, the layer-by-layer fabrication of microflu-
idic devices, has advantages and disadvantages. Together with 3D printing, it offers
the shortest turnaround time from idea to fabricated device [62]. While 3D printing
lacks simple and cost-efficient scalability, lamination technology has the potential
to be integrated into a roll-to-roll fabrication process where individual steps are
parallelized and automated [62]. In such a scenario, punching can parallelize the
sequential blade- and laser-cutting steps, providing a scalable alternative. Fur-
ther, simple stacking of multiple materials, such as water-soluble films and papers,
makes lamination technology a versatile platform, especially for capillary-driven
microfluidic applications. On the other hand, the attainable feature size of devices
fabricated in lamination technology is limited due to the resolution of the layer
structuring and alignment procedure. Typically obtainable feature sizes are on the
order of hundreds of micrometers [62], which is orders of magnitude worse than
for the alternatives mentioned above. In summary, lamination technology can be
a versatile and fast fabrication technology with the potential of scalability when a
limited resolution is acceptable.



Chapter 3

Patient-Centric Blood Analysis

This chapter discusses the contributed work in the field of patient-centric home-
sampling tests: Capillary-driven blood plasma filtration, dry plasma spot sampling,
immunoassay target capturing at the time of sample collection, and cell quantifica-
tion on dry blood samples (Papers I-IV).

3.1 Patient-Centric Blood Plasma Sampling

3.1.1 Capillary-Driven Blood Plasma Separation

Various microfluidic plasma separation concepts were developed to address the need
for blood plasma in settings where benchtop centrifuges are not available. Depend-
ing on the intended use case, such concepts can be based on active and passive
actuation. Approaches that seem most suitable for a patient-centric blood analysis
routine in remote locations are typically actuated passively or actuated by the user.
Examples of passively actuated blood plasma separation approaches are based on
stored underpressure [81, 82, 83] or capillary forces [84, 85, 86, 87]. Experimen-
tal approaches that include the user to actuate the plasma separation are based
on rotation-based devices, employing centrifugal forces of, for example, the pa-
perfuge [88] or egg-beaters [89].

To enable a patient-centric blood plasma collection at remote locations with min-
imal user interactions, we developed a capillary-driven passive blood plasma sep-
aration concept. As demonstrated in Paper I [90], the concept is based on a
size-exclusion blood filter membrane. Size-exclusion blood filters can coarsely be
classified as lateral flow filters and through-flow filters, based on the flow direc-
tion of blood plasma relative to the filter material (Figures 3.1ab). We chose a
through-flow filter due to its high filtration capacities of around 50 microliters of
undiluted whole blood per square centimeter. To enable purely passive actuation,
we interfaced the blood filter with a hydrophilic microfluidic channel that provides
the capillary forces needed to extract blood plasma from a drop of whole blood

27
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Figure 3.1: Blood filters suitable for capillary-driven blood plasma separation based on
size exclusion in a (a) lateral flow or (b) through-flow configuration. (c) Cross-section of
the presented passive blood plasma extraction concept, with a blood filter and hydrophilic
materials forming a microchannel for capillary-driven plasma flow. (d) Passively extracted
blood plasma volume over time from 50 microliters of undiluted whole blood with different
hematocrit values.

(Figure 3.1c). A key design element is the acute angle φ between the blood filter
and hydrophilic bottom surface of the microfluidic channel, which reliably enables
the spreading of plasma, initiating capillary-driven blood plasma filtration. Blood
plasma, filling the microchannel, is freely available for downstream liquid handling
or analysis procedures.

A detailed characterization of the presented blood plasma separation concept is
given in Paper I [90]. In comparison with another blood filter integration strat-
egy, we show the importance of the acute angle φ between the blood filter and hy-
drophilic material of the microchannel for a reliable plasma filtration process. Also,
we demonstrate that blood plasma obtained in the proposed way exhibits a low
degree of hemolysis, as observed visually and measured using a clinical chemistry
analyzer. A low degree of hemolysis is essential to minimize the risk of measurement
interferences or false results caused by intercellular components. An assessment of
protein recovery from finger prick blood of 10 healthy donors showed that both
the microchannel materials and the blood filter decrease protein levels relative to
centrifuged blood plasma. Relative to centrifuged plasma, 73 ± 8% of total pro-
tein content was recovered from the device. This result suggests that a significant
amount of proteins can be recovered. However, more detailed characterizations
would be needed for applications with specific target proteins. The experimental
results also showed Hct dependent filtration kinetics, which can be explained by
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clogging effects in the filter material, influencing the speed of the plasma separa-
tion process (Figure 3.1d). As expected, these clogging effects are more prominent
for blood with higher Hct values. Within six minutes, the plasma separation unit
extracted ca. 20 µl, 15 µl, and 10 µl of freely available plasma in the microchannel
from whole blood with 35%, 45%, and 55% Hct, respectively. This Hct dependency
shows that high Hct blood is limiting the available plasma volume, implying that
downstream processes, that require a known plasma volume, need to be designed
for high Hct blood.

A major advancement, compared to state-of-the-art passive blood plasma sep-
aration approaches, was the high plasma extraction efficiency, which is the ratio
between extracted and theoretical plasma volumes. With our approach we achieved
65% of available plasma from an undiluted whole blood sample (Hct 45%) within
less than 10 minutes. Table 3.1 compares state-of-the-art passive blood plasma sep-
aration approaches, and puts our work into perspective. Important parameters for
point of care (POC) blood plasma sampling are the input blood volume (attainable
from a fingertip), the separated plasma volume, the extraction efficiency, and the
extraction time. The data is ordered by the achieved plasma extraction efficiency,
as it is a key performance parameter for obtaining sufficient plasma volumes from
limited blood input volumes. Compared to other work, we achieved a high ex-
ctraction efficiency with an average extraction time and a conservative blood input
volume. In this table, only the work by Gao et al. exceeds our extraction efficiency.
In 2020, they published a paper where they optimized our proposed concept (Pa-
per I ) for extraction efficiency and time by reducing the void volume below the
filter membrane [91].
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Table 3.1: Comparison of state-of-the-art passive blood plasma separation approaches.
Data is ordered by plasma extraction efficiency, the ratio between extracted and theoretical
plasma volumes. († Published after our work; * Hct not provided, assuming 45%.)

Driving
Force Separation Blood

In [µl]
Plasma
Out [µl]

Efficiency
[%] ▼

Time
[min] Ref.

Capillary Membrane 60
(Hct 45) 23.5 72 6 [91]†

Capillary Membrane 50
(Hct 45) 18 65 10

Our
Work
[90]

Pipette Membrane 200
(Hct 45∗) 65 59 10 [92]

Capillary Membrane 250
(Hct 50) 60 48 10 [87]†

Capillary Sedimen-
tation

9
(Hct 44) 2 40 15 [93]

Pipette
Membrane

& Sedi-
mentation

1800
(Hct 45∗) 275 28 7 [94]

Capillary Hydrophobic
patch

4
(Hct 50) 0.5 23 15 [95]

Under-
pressure

Membrane
& Sedi-

mentation

20
(Hct 40) 2.4 20 20 [83]

Capillary Bead plug 10
(Hct 45∗) 0.5 9 8 [96]

Capillary Hydrophobic
patch

3
(Hct 50) 0.1 7 10 [97]

Capillary Pillars 5
(Hct 50) 0.1 4 5 [66]

Capillary Pillars 20
(Hct 50) 0.2 2 3 [98]
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3.1.2 Capillary-Driven Dried Plasma Spot Sampling
Similar to DBS sampling, as introduced in Section 1.3.4, dry plasma spot (DPS)
sampling has excellent potential for patient-centric blood analysis routines, where
the patient performs self-sampling in a home setting and sends the sample to a cen-
tral laboratory for readout. To meet the need for blood plasma as a sample instead
of whole blood and to enable analyte quantification, we developed a microfluidic
sample preparation device that generates volume-controlled DPS (Paper II ) [99].
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Figure 3.2: (a) Cross-section of a microfluidic device for capillary-driven blood plasma
metering to create a DPS with known plasma volume. (b) Comparison of caffeine con-
centrations between plasma obtained by filtration and centrifugation. Both sample types
were dried on DPS paper.

The device is based on the microfluidic plasma separation concept, as described in
the previous Section (3.1.1). Figure 3.2a shows a cross-section of the device for
obtaining volumetric DPS. The device consists of a blood filter in conjunction with
a microfluidic metering channel with well-defined geometries and a DPS paper at
the end of this channel for plasma absorption. When blood plasma has filled the
entire metering channel and gets in contact with the DPS paper, two counteracting
forces act on the liquid in the device. The adhesion force below the filter membrane
retains blood plasma, whereas the blotting force exerted by the DPS paper pulls the
sample liquid towards the paper (Figure 3.2a). A key feature for volume definition
is the air vent below the blood filter, positioned at the entrance of the metering
channel. This vent allows a controlled influx of air which separates the plasma
volume below the blood filter from the plasma in the metering channel. Therefore,
volume definition is achieved by the well-defined geometry of the metering channel,
in combination with the controlled air influx at the entrance of the metering channel.
To characterize the performance of this volume metering concept, we tested the
device with blood from 10 donors with different Hct values, different input volumes
between 40-80 µl, and different blood types (capillary and venous). Overall, the
resulting DPS volume was 11.6 µl ± 0.3 µl, corresponding to a CV of 3% (n = 24).
This low CV, comparable to CVs obtained by pipetting, indicated that the volume
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definition can be sufficient for blood analysis investigations. As a proof-of-principle,
we performed an LC-MS/MS (liquid chromatography-tandem mass spectrometry)
measurement with caffeine as a model blood biomarker. The results from the
filtered DPS samples, compared to centrifuged DPS, are shown in Figure 3.2b. A
linear regression resulted in a coefficient of determination R2=0.99 and a slope of
0.64. While the coefficient of determination shows a strong correlation, the slope
indicates that caffeine concentrations in DPS are lower than in centrifuged plasma.
We concluded that adsorption of caffeine-binding proteins to device materials, such
as the blood filter, might account for a significant part of the decreased caffeine
levels.

3.1.3 Discussion and Outlook
The assessments of total protein content (Paper I ) and caffeine concentrations (Pa-
per II ) showed that filtered plasma is not equivalent to centrifuged plasma. The
most likely explanation and major difference between the two plasma separation
techniques is the blood filter material. Plasma contains many proteins, such as al-
bumin, globulins, and fibrinogen [30], that tend to adhere to some surfaces. A blood
filter with tiny pores to retain blood cells presents a large surface area for proteins
to adhere to, likely explaining decreased protein contents in filtered plasma samples.
Furthermore, it is known that some molecules are bound to blood proteins, with
varying binding levels. Caffeine, for example, is typically bound to plasma proteins
at a ratio of 35% [100]. Therefore, the adhesion of plasma proteins to the blood filter
material could significantly decrease caffeine levels in filtered plasma. Depending
on the individual target specimen and specimen type (e.g. protein, small molecule,
etc.), different recovery rates were reported, some with good concordance between
filtered and centrifuged plasma [83, 101]. Therefore, it is essential to evaluate the
effect of specific and non-specific binding to the filter membrane for each biomarker
of interest. For biomarkers that exhibit a strong linear correlation between filtered
and centrifuged plasma, but with different analyte levels, a calibration factor could
allow an assessment of biomarker levels on DPS. In the case of non-quantitative
evaluations, i.e., a binary readout on the presence of a particular analyte, the com-
parison to centrifuged blood plasma is less critical, as long as biomarker levels are
sufficient for a reliable readout.

3.2 Patient-Centric Multiplexed Assay

3.2.1 Modern Multiplexed Assay Technologies
Multiplexed assays are an advanced version of immunoassays that allow for a si-
multaneous assessment of multiple biomarkers [102]. Compared to individual tests,
multiplexed assays require fewer materials and reagents, decrease the analysis time,
and enhance the result reliability [102]. Further, multiplexed assays enable an as-
sessment of clinical biomarker panels, which can significantly facilitate and improve
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medical diagnostics [103, 104]. State-of-the-art instrumentation enables multiplex-
ing capabilities to simultaneously assess thousands of biomarkers and allows de-
tection limits as low as fg/ml [105]. Depending on the technology, the critical
biomarker capturing step of such multiplexed assays is performed in solution, on
planar surfaces [105], in paper [106], or the surface of magnetic microbeads [105].
Typically, blood plasma is the standard sample matrix, mostly to avoid potential
interferences caused by the cellular blood fraction. One drawback of multiplexing
is that the cross-reactivity of analytes and antibodies can affect the results. There-
fore, each protein panel requires a verification that unwanted cross-reactions are
insignificant [107].

Notable efforts have been made to bring the advantages of multiplexed analysis
closer to patients. Recent developments show a trend towards solutions for POC
multiplexing, the on-site readout of multiple biomarkers. Such approaches require
a means for readout, either integrated into a device or using an external reader.
Among others, proposed readout technologies are based on surface plasmon reso-
nance, microscopy (e.g. fluorescence, luminescence), colorimetric analysis, or elec-
trochemical sensing [102]. However, such readout technologies implemented at the
POC often lack the readout sensitivity, affordability, and robustness needed for
reliable results.

On the other hand, interfacing patient-centric blood sampling approaches with the
multiplexing capacities, readout sensitivity, affordability, and robustness of spe-
cialized laboratories could enable simple, convenient, and accessible assessments
of clinical biomarker panels. An example of a successful implementation of such
a workflow was enabled by recent advancements in volumetric DBS sampling and
accelerated by the Covid-19 pandemic [108]. In 2020, 878 home-sampled DBS were
collected from random volunteers from the Stockholm population and assessed for
an immune response against SARS-CoV-2 [108]. This example shows that a key
enabling factor for translational efforts is simple interfacing with existing, often
highly automated analysis routines in central laboratories.

3.2.2 Home-Sampling for Multiplexed Assays
To enable patient-centric multiplexed assays with readout in centralized laborato-
ries, we developed a microfluidic device designed to perform the critical biomarker
capturing step in a home setting (Paper III ). The device contains a blood filter in
conjunction with a microchannel for capillary-driven plasma filtration, dry magnetic
microbeads for target protein capturing, magnetic tape to capture the microbeads,
and blotting paper to absorb the plasma sample in a controlled way (Figure 3.3a).
The magnetic microbeads, conjugated with antibodies for target protein capturing
(Figure 3.3b), have several advantages for a patient-centric sampling routine. In-
cluding microbeads, carrying antibodies targeting different analytes, can be used
for multiplexing purposes (Figure 3.3a). Storing dry microbeads inside the device
enables simple shipment to patients. A drying step after target analyte capturing
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allows dry and simple shipment to a laboratory. In the laboratory, the microbeads
carrying the target analyte can be extracted for further analysis. Therefore, mi-
crobeads facilitate a simple integration into existing and well-characterized analy-
sis routines, using technologies such as Multi-Analyte Profiling (xMAP, Luminex).
Figure 3.3c shows a top view of the blotting paper with a connector piece to inter-
face with the microchannel, a flow restriction to control the liquid flow rate, and
an absorbent part large enough to contain the liquid from the microchannel. The
incubation time, the time the beads are exposed to plasma, is controlled by the
plasma volume and the flow rate.
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Figure 3.3: (a) Cross-section of a microfluidic device for patient-centric multiplexed
assays, containing a blood filter, dry magnetic beads incorporated in a microchannel,
magnetic tapes to collect the beads, and blotting paper to control the incubation time of
blood plasma with the beads. (b) Close-up of a single microbead carrying antibodies and
antibody-bound targets. (c) Top-view of the blotting paper showing a connector piece,
a flow restriction, and an absorbent part. (d) Comparison between plate- and device-
incubated beads for IL-6 in blood plasma (no blood filter). (e) Multiplexed on-chip assay
with five biomarkers in reagent diluent. (MFI: Mean fluorescent intensity)

First, we verified that drying the bead-antibody complexes before and after sample
incubation does not negatively affect the performance of selected bioassays. This
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finding is crucial for the device applicability in patient-centric workflows where dry
shipping offers the needed simplicity. Also, the fact that blotting paper can be used
to control the incubation time (for controlled plasma volumes) by capillary means
is an enabling element for patient-centric workflows. Based on xMAP technology,
we demonstrated biomarker capturing from blood plasma (Figure 3.3d), and the
multiplexing capacity of the device with five different biomarkers, measured in
reagent diluent (Figure 3.3e).

3.2.3 Discussion and Outlook

The presented results show multiple key enabling elements for the applicability of
the microfluidic device to a patient-centric workflow. However, a necessary fur-
ther step towards patient-centric applicability is a fully device-controlled incuba-
tion time. While the blotting paper was shown to provide sufficient control over
the liquid flow rate, on-chip volume metering is needed to define the plasma volume
incubating the microbeads. It is conceivable that such volume metering could be
realized similar to the concept presented in Section 3.1.2.

Comparisons between device- and plate-incubated microbeads showed a discrep-
ancy in readout signal (Figure 3.3d). Therefore, calibrators are needed to quantify
protein levels from an unknown sample, using the presented microfluidic device.
For cases where signals from the device- and plate-incubated microbeads exhibit a
significant correlation, it is conceivable to apply a correction factor or function to
obtain the absolute protein concentrations. This approach would require bridging
studies between the device and plate for each protein of interest. Alternatively,
internal calibrators, realized by on-chip storage of proteins with known concentra-
tions, could minimize the need for laborious bridging studies.

Compared to DBS sampling, the presented approach has some advantages that
might justify its use in blood analysis routines. First and foremost, the proposed
approach allows protein capturing at the time of blood sampling. As such, the blood
sample is fresh with minimal effects of ex-vivo degradation processes, as compared
to DBS [109]. The freshness of the blood sample at the time of target isolation
might open opportunities for an analysis of labile biomarkers. Furthermore, DBS is
associated with a timely extraction procedure needed to elute the target analytes
from the DBS samples [110, 111]. This elution step also dilutes the sample and
can result in a lower detection limit compared to undiluted samples [111]. In
comparison, the microbead extraction from the presented device can be simple,
with a direct transition to downstream analysis routines, and allow an analysis of
undiluted target analytes.
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3.3 Sample Preparation for Cell Counting

3.3.1 The Complete Blood Count
The complete blood count (CBC) is one of today’s most performed blood tests
[112]. The CBC is typically performed to overview a patient´s health status, for
example through pre-, or post-operative assessments [112]. Traditionally, the CBC
provides cell concentrations [cells/microliter] for all blood cell types (RBC, WBC,
platelet), including differentiation of WBC types, and an assessment of juvenile
RBCs (reticulocytes). Further, the CBC contains hemoglobin (Hb [g/dl]), hemat-
ocrit (Hct [%]), and RBC indices: the mean corpuscular volume (MCV [µm3]), the
mean corpuscular Hb amount (MCH [pg]), and the mean corpuscular Hb concen-
tration (MCHC [g/dl]). These parameters can be indicative for further and more
specialized investigations (e.g. allergies, certain cancers) or directly allow diagnostic
assessments (e.g. anemia, infections) [112]. Therefore, the CBC provides valuable
data as a basis for medical diagnostics or further investigations.

Implementing a CBC into a patient-centric blood analysis workflow could transform
healthcare by lowering the threshold for performing such a test. State-of-the-art
handheld devices exist to assess individual parameters, such as WBC count with
differential (WBC DIFF, HemoCue®) and Hb (Hb 201+, HemoCue®). However,
performing a CBC or even the sample preparation for a CBC in non-hospital envi-
ronments remains a challenge. While research-type approaches targeting a (partial)
CBC assessment at the POC show promising results, they typically require special-
ized instrumentation, complicating POC applicability [113, 114]. Therefore, POC
sample preparation of self-sampled blood, combined with a CBC assessment in a
specialized laboratory, could alleviate the problems associated with POC applica-
bility. As introduced in Section 1.3.4, DBS sampling in home settings is suitable
for molecular profiling. However, due to cell lysis upon drying in the DBS matrix,
DBS sampling is not applicable for assessing cell concentrations.

3.3.2 Method for Blood Cell Counting on Dry Blood Samples
Even though DBS sampling on filter paper is unsuitable for cell concentration as-
sessments, sample drying is an enabling element for patient-centric blood analysis
workflows that involve sample shipment to a central laboratory for readout. To
investigate the possibility of obtaining cell concentrations from dry blood samples,
we developed and optimized a sample preparation method for staining and fixating
RBCs and WBCs in a dry state for image-based cell counting (Paper IV ). The
sample preparation procedure consists of six steps (Figure 3.4a). After metering a
known volume of blood in a microcapillary, the blood sample is added to a dilu-
ent. This diluent is specifically tailored to the cell type of interest, i.e. different
for RBCs and WBCs. In-tube mixing assures sufficient exposure of the cells to
the reagents in the diluent and homogeneously distributes the blood cells. After a
short, approximately two-minute incubation time, the cells are stained and ready
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for aliquoting. Drying the diluted and stained blood cells on a hydrophilic substrate
material fixates the cells in preparation for image-based assessments.

Following this method, we obtained dry RBC and WBC samples ready for high-
throughput imaging on a microscopy slide scanner (Figures 3.4bc). RBCs and
WBCs are visible as bright green and blue spots on a darker background, respec-
tively. We obtained cell counts from these microscopy images using simple image
processing algorithms. Comparing these cell counts to gold-standard hematology
analyzer data revealed positive correlations for RBCs and WBCs with R2 > 0.8
and average CVs < 6.5% between samples with identical cell concentrations. Fur-
thermore, we found that dry WBC samples retain the basic morphology of WBC
nuclei which opens up possibilities for image-based WBC differentiation.
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Figure 3.4: (a) Key sample preparation steps to obtain a dry blood sample ready for
image-based cell counting. Microscopy images of dry blood samples revealing (b) RBCs
and (c) WBC nuclei.

3.3.3 Discussion and Outlook

While the presented method shows promising results with good correlations to
gold-standard data for RBCs and WBCs, more work is needed to realize a patient-
centric CBC routine. First, for the method to be useful, more parameters of the
CBC might be needed, such as the platelet count. Further, we expect advanced
image processing algorithms to improve cell counting accuracies and open up further
possibilities, such as assessing cell shapes and sizes. Such morphological information
could be an enabling factor to determine further CBC parameters, such as MCV,
and help to differentiate WBCs automatically. On the other hand, a partial blood
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count may be interesting in special cases. For example, for a patient recovering
from sepsis, the WBC count might be the most informative CBC parameter [115].
In the same way, RBC counts are most meaningful for anemic patients [115].

The potential risks associated with self-sampling of capillary blood (Section 1.3.6)
are a major uncertainty in a potential patient-centric CBC workflow. Compared
to venous blood, average CVs for Hb concentrations and WBC counts were shown
to be elevated in capillary blood [35]. However, other studies revealed clinically
insignificant differences between capillary and venous blood for the assessment of
WBC counts, Hb, and platelet counts [116, 117]. Also, for the detection of leuko-
cytosis, CBCs from capillary blood were reliable [118]. Therefore, if drop to drop
variations [44] in blood self-sampling can be avoided, for example by advanced
blood microsampling devices, or training of the patients, capillary blood might be
sufficient for CBC assessments.

It is conceivable that a patient could perform the presented sample preparation steps
to obtain dry blood samples for cell counting (Figure 3.4a). However, microfluidic
means to reduce potential error-prone user interactions seem desirable, at least
for the most critical steps. Therefore, further developments of the method could
involve an on-chip integration of metering, dilution, mixing, and time-controlled
staining, for example by capillary means.



Chapter 4

Sample Preparation in Lab
Environments

This chapter discusses the use of capillary-driven microfluidic devices in lab en-
vironments and presents the contributed work in the field of electron microscopy
(Paper V) and needle biopsy (Paper VI).

4.1 Capillary-Driven Microfluidics as a Niche?

Historically grown bio-medical analysis routines are often based on manual sample
preparation steps. While readout technologies have advanced to highly sensitive
analysis methods, these sample preparation steps often remain manual. Such man-
ual workflows create a dependency on the operator and can lead to variations in
sample quality and affect the precision and accuracy of the preparations, potentially
causing unreliable results.

While patient-centric sample preparation routines benefit from the fact that no ex-
tra equipment is required, laboratory environments typically do not restrain sam-
ple preparation in that regard. Therefore, active microfluidic solutions, based on
pressure pumps or centrifugal actuation, could be used to minimize critical user in-
teractions during sample handling and preparation. However, there are some cases
in which passive capillary-driven microfluidics have an advantage over active mi-
crofluidic approaches. Capillary-driven microfluidic devices with passive flow con-
trol elements such as paper or dissolvable films are typically designed for single-use.
As such, they can be well suited as disposable devices for preparing bio-hazardous
samples, where proper disposal of the sample is essential. Also, capillary-driven mi-
crofluidic devices are typically fabricated from plastic and paper materials, resulting
in cost-efficient solutions.

39
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4.2 On-Chip TEM Sample Preparation

Transmission electron microscopy (TEM) is a powerful imaging technique intro-
duced in the early 1930s that is based on the interaction of electrons with the target
material [119, 120]. With application areas ranging from life sciences to material
sciences, TEM allows to visually characterize the size, morphology, composition,
and structure of a wide variety of different sample types [121].

4.2.1 Negative Stain TEM Investigations
Negative staining (nsTEM) is a sample preparation technique for TEM investiga-
tions. The working principle is based on a water-soluble stain, typically containing a
heavy-metal salt (e.g. Methylamine Vanadate (Nanovan®), Uranyl Acetate, Uranyl
Formate), that forms an embedding envelope around the specimens upon drying
(Figure 4.1a) [122, 123]. This stain envelope has several advantages. It protects
the biological specimens from damage by vacuum or radiation within the electron
microscope [124]. The image contrast is achieved because the stain scatters the
electrons differently from the biological matter [122, 125]. This results in images
where biological specimens appear bright on a dark background (hence the name
“negative staining”) (Figure 4.1a) [126]. The perimeter of the specimens is defined
by the stain envelope, resulting in a slightly larger appearance of the sample [125].
Still, negative staining enables morphological investigations of biological specimens,
e.g. viruses, with resolutions on the order of nanometers [127, 128, 129]. In life
sciences, typical application fields of negative stain TEM are virology, protein and
lipid biochemistry, pharmacy, and drug development, with bio-medical specimens
being, e.g., viruses, proteins, or synthetic DNA [122, 125].

Vitrification, i.e., the rapid freezing of a specimen, is a sample preparation technique
for Cryo-TEM investigations. The vitrification process is realized by plunging the
substrate, carrying an aqueous sample, into a cryogenic liquid such as liquid ethane
[130]. The rapid freezing embeds the sample in amorphous ice, which has several
advantages, the main one being to keep the sample in a near-native state [123].
This technique supersedes nsTEM, as close-to-atomic resolutions can be reached
[122, 123, 131]. However, Cryo-TEM investigations of vitrified specimens can be
compromised by radiation damage caused by the electron beam, potentially affect-
ing the particle morphology [132]. Moreover, beam-induced heat can result in the
formation of ice crystals, hindering an unobstructed specimen observation. There-
fore, to ensure a proper and objective observation of the specimen, the exposure to
the electron beam needs to be reduced, which in turn limits the resolution [133].

While Cryo-TEM can achieve better resolutions, nsTEM has some benefits that
justify its practice. The simplicity of the negative staining procedure that allows
sample and reagent handling at room temperature makes it a time-efficient and
affordable alternative to Cryo-TEM [122]. Also, nsTEM samples are less sensitive
to radiation damage, allowing more robust and efficient screening and imaging of
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the prepared specimens. Even though limited in resolution, nsTEM can be useful
for coarse morphological assessments of bio-medical specimens, such as identifying
a virus family [124]. As such, nsTEM can be used for screening purposes before
more time-consuming and elaborate Cryo-TEM assessments [122].
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Figure 4.1: (a) Working principle of negative stain TEM where differential scattering of
electrons by the biological specimen, e.g. a virus, and the surrounding stain leads to an
image where sample particles appear bright on a dark background. (b) Manual negative
staining steps on a sample support held by tweezers.

4.2.2 Manual Negative Staining Procedure
Conventionally, negative staining involves a sequence of manual pipetting, timing,
blotting, and drying steps. Different types of specimen support can be used as
a sample carrier. Such support structures can have different conformations and
material combinations but always aim at supporting the sample while minimizing
obstructions to the electron beam. One typical example of such a support consists
of a 20 µm thick copper disc (3 mm diameter), carrying a 5-6 nm thick carbon
layer. The copper has multiple etched openings, which creates free-standing carbon
membranes (“TEM grid”). One of the most used types consists of an array of 400
squares per inch, corresponding to square windows of 37 x 37 µm. The minimal
thickness and good electrical conductivity of such carbon membranes make them
suitable as sample support for TEM investigations.

In preparation for the negative staining procedure, the TEM grids are typically
rendered hydrophilic by glow discharging. This promotes the adhesion of biological
matter and facilitates the spreading of the aqueous sample and stain on the TEM
grid. Figure 4.1b depicts the most common manual preparation steps. In a first
step, an aqueous solution of the sample (ca. 5 µl) is added to the hydrophilic carbon
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side of the TEM grid (Step 1). An incubation time, depending on the specimen
on the order of 10-60 seconds, allows the sample to adsorb to the carbon surface
(Step 2) [134, 135]. Depending on the sample-stain combination, a washing step
with deionized water is needed to remove artifacts (not shown in Figure 4.1) [123].
After the incubation time (or the washing step), excess sample liquid is removed
by manual blotting, leaving adhered samples on the TEM grid (Step 3). Before the
sample dehydrates, the stain solution (ca. 5 µl) is added to the TEM grid (Step 4)
[135]. Subsequently, excessive stain liquid is manually blotted off, ideally leaving
a thin stain film on the TEM grid, which embeds the biological sample (Step 5).
Drying the thin stain film under ambient conditions creates a protective envelope of
amorphous stain around the specimen, now ready for TEM investigations (Step 6)
[123, 126].

While advancements in instrumentation and image processing have turned TEM
into high-performance technology, the manual sample preparation routine lacks con-
sistency with an inherent user-dependency. Such a user-dependency can influence
the sample preparation quality and, worst-case, cause unreliable results [136, 137].
Common causes for an insufficient sample preparation quality are inconsistent tim-
ings of the sample handling steps and non-uniform or wrong removal of liquid by
manual blotting. Wrong blotting can either leave too much or too little stain sur-
rounding the sample on the TEM grid, causing an electron-opaque stain layer or
dehydration of samples, respectively.

4.2.3 Capillary-Driven TEM Sample Preparation

As described in Paper V, we developed a capillary-driven device to address the
need for a more consistent and less user-dependent nsTEM preparation routine.
The device was developed by turning the critical user interactions of the manual
preparation procedure into device-controlled microfluidic operations. The device
was fabricated using lamination technology, as detailed in Chapter 2. Figure 4.2a
shows the key elements of the microfluidic device, with a sample inlet, a stain inlet,
a TEM grid, a soluble film, and blotting paper. Figures 4.2b-f depict the device-
based negative staining workflow. As a preparatory step, aqueous stain is loaded
into a dedicated reservoir on the device (Figure 4.2b). To start the device-controlled
sample preparation procedure, the user adds the sample liquid to the sample inlet
located directly above the TEM grid (Figure 4.2c). The sample liquid connects with
the staining liquid and the blotting unit. The defined dissolving time of a water-
soluble film inside the blotting unit controls the time the biological specimens in the
sample liquid adsorb to the carbon surface of the TEM grid (Figure 4.2d). Once
the dissolvable film is dissolved, the liquids are blotted in the following order. First,
the sample liquid is removed from the grid location, pulling the staining liquid over
the grid (Figure 4.2e). Most of the stain is removed in a continuous blotting action,
leaving a thin stain film covering the adhered samples. The thin stain film is left to
dry under ambient conditions in preparation for TEM investigations (Figure 4.2f).
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Figures 4.2g-i show three representative TEM images of samples prepared using
the microfluidic device, a more detailed device characterization is given in Paper V.
We prepared adeno-associated virus (AAV) samples, 26S proteasomes, and whey
protein fibrils as representative specimens for viruses, small proteins, and protein
filaments, respectively. Overall, the sample preparation quality enabled an assess-
ment of the specimens of interest. AAV samples exhibit the desired stain envelope
around the particles, visible as a radially fading gradient (Figure 4.2g). For 26S
proteasomes (Figure 4.2h), structural features are visible, and it is possible to distin-
guish between the side-view and the top view, appearing rectangular and circular,
respectively [138]. The TEM image of the whey protein fibrils allows identifying
fibrils of varying lengths (Figure 4.2i).
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Figure 4.2: (a) Capillary-driven microfluidic device for negative stain TEM sample
preparation. (b)-(f) Manual and device-controlled liquid handling steps, performed to
prepare a TEM grid, ready for TEM investigations. Three representative TEM images
of (g) adeno-associated virus, (h) proteasomes, and (i) whey protein fibrils, that were
prepared for imaging using the microfluidic device.
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4.2.4 Discussion and Outlook
Generally, microfluidics can be suitable to provide sample preparation consistency
and minimize the user-dependency of the nsTEM preparation routine. As negative
staining is typically performed in a laboratory environment, the employment of
external equipment is not a limiting factor. Alternative approaches employ pressure
pumps [137] or liquid dispensing robots [134, 135, 139, 140] for liquid handling,
minimizing critical user-interactions. These approaches achieve good results with
further benefits, such as the possibility of dispensing an array of different specimens
onto the same TEM grid [141]. However, unless integrated into existing TEM
investigation procedures, such approaches might be too complex or time-consuming
for daily routine use [135]. Furthermore, due to void space in tubing, pump systems
may likely require large sample and stain liquid volumes compared to the manual
procedure.

Capillary-driven systems might not achieve the volumetric precision of pipetting
robots. Also, pump-actuated systems might be more precise at controlling times
than a system that depends on the dissolving time of a water-soluble film. Nev-
ertheless, the simplicity of a capillary-driven solution that does not require any
extra equipment for liquid handling (other than a pipette for liquid addition) could
justify its application even in a laboratory environment. The next steps to improve
the presented capillary-driven device for daily nsTEM routines could involve:

▶ A possibility to render the TEM grid hydrophilic inside the device would
allow fabrication and storage of devices, that already include TEM grids.

▶ A washing liquid, separating sample from stain, could open up possibilities
for sample-stain combinations that require a washing step.

▶ A system for on-chip stain reagent storage and release could turn the device
into a fully integrated solution, where the user only needs to add the sample
of interest.

4.3 Sample Preparation During Needle Biopsies

4.3.1 The Need for Quality Controls
A needle biopsy is a technique to collect a biological sample (e.g. cells or biofluids)
from an organ or another area in the human body that requires a thorough inves-
tigation, e.g. for the presence of malignant cells. Endoscopic ultrasound-guided
fine-needle aspiration (EUS-FNA) is a type of needle biopsy where the sample is
collected using a thin hollow needle (22-gauge, 120 mm long [142]) together with an
extension tube and a syringe (20 ml [142]). Endoscopic ultrasound is a minimally
invasive procedure that enables precise navigation to regions in the human body
that are otherwise not easily accessible. EUS-FNA is routinely used for sample
collection from, e.g., the pancreas [143], lymph nodes, liver, and kidney [144], but
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requires patients to be sedated [143]. While EUS-FNA can help to successfully
collect a sample from challenging locations in the human body, it cannot guarantee
that the sample is of sufficient quality and quantity for a comprehensive diagnosis
[145].

Rapid on-site evaluation (ROSE) is an immediate assessment of the collected EUS-
FNA sample that can confirm a correct collection of sufficient sample [146], per-
formed in the operating room while the patient is sedated [147]. ROSE can reduce
the number of needle passes and help avoid cases where patients need to undergo
a second intervention due to an insufficient sample [142]. Therefore, ROSE can
reduce the valuable time to adequate treatment [147]. To perform ROSE, a part
of the biopsy sample is smeared out on a microscopy glass slide, stained following
a manual staining procedure, and then assessed under a microscope to classify the
sample [148]. Depending on the sample origin from within the human body and
the condition of the individual patient, the sample composition and consistency can
vary significantly [149], e.g. spanning a large range of different viscosities. Due to
the complexity of the procedure, ROSE is typically performed by experts, i.e., cy-
topathologists. However, due to the limited time of cytopathologists, ROSE is not
always performed, even though beneficial in several ways [146]. While the sample
assessment could be carried out remotely [150], the sample preparation steps require
a person trained in cytological sample preparation to be present in the operating
room [142].
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Figure 4.3: Typical manual preparation procedure of FNA samples for ROSE, including
sample smearing, air fixation, staining, and assessment.

4.3.2 Manual Sample Preparation Procedure
As ROSE is a real-time assessment of the sampled specimen while patients are
sedated, the sample preparation procedure, including cell staining, should be fast.
Several rapid staining methods exist that are based on different types of stains
[142, 151, 152]. Figure 4.3 depicts a typical manual workflow for the on-site sample
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preparation of FNA samples for ROSE. After FNA sample collection from a cyst
(step 1), an aliquot of the sample is transferred to a glass slide (step 2). Using an
auxiliary glass slide, the FNA sample is manually smeared out (step 3) [147]. To
obtain a thin sample layer with well-dispersed cells, the operator must maintain a
defined angle β between the sample glass slide and the auxiliary glass slide during
smearing. Then, the sample is air-dried (step 4), preparing the cells for the staining
procedure. For staining, the glass slide, carrying the dry cells, is immersed in a stain
solution (step 5). Subsequent washing of the stained cells removes excessive stain
(step 6), otherwise potentially causing imaging artifacts. (Optional: Depending on
the staining method and individual requirements, more staining and washing steps
can be carried out.) Finally, the stained and washed cells are air-dried (step 7)
in preparation for a morphological assessment to classify the quality and quantity
of the FNA sample (step 8) [148]. The duration of the whole procedure between
transferring the FNA sample to the glass slide and visually inspecting the prepared
sample is on the order of a few minutes [142, 151].

4.3.3 Handheld Sample Preparation Device

Even though cytopathologists can be replaced by trained personnel to carry out the
FNA sample preparation for ROSE [153], the sample preparation workflow contains
several critical manual steps that can affect the reliability of the ROSE assessment.
To address the need for a simple, fast, and consistent FNA sample preparation
method for ROSE, we developed a handheld device, as detailed in Paper VI. The
key elements of the device are a smearing tool and a microfluidic staining chamber
(Figure 4.4a). The smearing tool is designed to spread out the FNA sample on
a glass slide. The staining chamber, attached to the smearing tool by a hinge,
contains a dry stain film for cell staining and a blotting unit containing a water-
soluble film that acts as a passive valve for controlling the staining time. We chose
Giemsa as stain, as it allows for staining cells in a single step within 30 seconds.
The water-soluble film was engineered accordingly to dissolve and start the blotting
after ca. 30 seconds.

Figures 4.4b-g show the essential steps of the sample preparation process using the
device (cross-sectional view). After adding the FNA sample to a glass slide, the
smearing tool is brought in contact with the sample and moved along the glass slide,
resulting in a thinly spread sample on the glass slide (Figure 4.4b). Subsequent air
drying fixates the cells (Figure 4.4c). The staining chamber is attached to the
glass slide, so that fixated cells are within the chamber, and filled with water. The
water fills by capillary action and releases the stain from the dry film, starting the
cell staining (Figure 4.4d). The cell staining time is controlled by the dissolving
time of a water-soluble valve in the blotting unit (Figure 4.4e). Once the valve has
dissolved, the liquid within the chamber is blotted, exposing the stained cells to air
(Figure 4.4f). Removing the staining chamber from the glass slide allows complete
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air drying of the stained cells, now ready for inspection (Figure 4.4g). The total
time of the presented procedure is comparable to the manual procedure.

A detailed characterization of the smearing tool and the microfluidic staining cham-
ber is given in Paper VI. Figures 4.4h-j show example images of three different cell
types (human pancreatic cancer cell line PANC-1, ex-vivo porcine liver, and lymph
node) prepared using the device. Cells are visible as blue dots on a bright back-
ground. Single cells can clearly be distinguished and appear well dispersed, enabling
morphological investigations and an assessment of the FNA sample quality.
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Figure 4.4: (a) Handheld sample preparation device for ROSE of FNA samples with a
smearing tool and a staining chamber. (b)-(g) Key sample preparation steps as performed
with and by the device (cross-sectional view). (h)-(j) Example images of three cell types
prepared using the device.
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4.3.4 Discussion and Outlook
The presented device consists of two modular subunits, the smearing tool, and a
microfluidic staining chamber. Some advantages of the device over the conven-
tional sample preparation procedure could justify its use in ROSE procedures. For
smearing out the FNA sample, both the conventional method and the procedure
with the device require the user to manually perform the smearing at a controlled
speed. Therefore, in both cases, the outcome of the preparation sequence depends
on the operator. However, the critical angle between the sample glass slide and
the auxiliary glass slide might make the conventional procedure more dependent on
the skill of the operator. The microfluidic staining chamber with a dry stain film
and a device-controlled staining time is significantly less dependent on the operator
than the conventional procedure. Even though the conventional procedure is more
versatile and flexible, allowing multiple staining steps, the presented device could
be well suited for the specific case of fast and consistent FNA sample preparation
for ROSE. The next steps to improve the presented device could involve tests with
a broader spectrum of FNA sample models, e.g., including different contaminants
such as blood cells. A further step towards real-life application could be taken by
preparing actual FNA samples and asking volunteers to perform sample prepara-
tions of FNA models using the device.



Chapter 5

Concluding Summary

This chapter concludes the thesis by briefly summarizing the presented work and
reviewing the initially stated thesis objectives. In a future perspective, it further
provides a relative comparison between the presented sample preparation devices
and lays out potential next steps to advance the presented work.

Overall, this thesis made several contributions to the field of bio-medical sample
preparation. Novel capillary-driven microfluidic devices were used to reduce critical
user interactions and to enable alternative analysis workflows. Such devices were
realized by developing or customizing key enabling microfluidic elements, involv-
ing capillary-driven volume metering, passive time control based on water-soluble
polymer films, and dry on-chip reagent storage. The microfluidic devices were de-
veloped and fabricated in a layer-by-layer fabrication technology, enabling rapid
prototyping. A brief summary of the contributed work:

▶ Paper I: A capillary-driven blood plasma separation concept was developed
that allows high-yield plasma filtration of undiluted human whole blood. The
enabling design element is the specific arrangement of a blood filter and a
hydrophilic microchannel.

▶ Paper II: A capillary-driven microfluidic device for generating volume-defined
dry plasma spots (DPS) was developed based on a novel volume metering
concept that enables quantitative blood plasma analysis routines. Volume
metering is realized by exploiting adhesive, cohesive, and capillary forces. In
a volunteer study, we demonstrated the applicability of the device to blood
with different hematocrit levels and input volumes, and the possibility to
quantitatively analyze caffeine as a model blood biomarker.

▶ Paper III: We developed a capillary-driven microfluidic device designed to
perform the critical analyte binding step of a multiplexed immunoassay at
the time of sample collection. Key enabling elements for this device and its
application in patient-centric blood analysis routines are the plasma filtration
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method (Paper I ), dry on-chip storage of capture antibodies, and a consistent
sample incubation time enabled by a device-controlled blotting rate.

▶ Paper IV: A method was developed to prepare dry blood samples for image-
based quantification of red and white blood cells. Preliminary results show
that dry blood samples can be suitable for such applications, opening up
possibilities for patient-centric workflows targeting blood counts.

▶ Paper V: A capillary-driven microfluidic device was developed to facilitate
sample preparation of specimens for transmission electron microscopy (TEM)
investigations by reducing the number of user interactions. In-house devel-
opment and fabrication of thin water-soluble polymer films enable passive
microfluidic timing, used to control the time the specimens can adhere to the
sample support.

▶ Paper VI: A handheld device, consisting of a smearing tool and a microfluidic
cell staining chamber, was developed to help facilitate the preparation of fine-
needle aspiration (FNA) samples for rapid on-site evaluation (ROSE). A key
enabling element of the microfluidic staining chamber is the capillary force
gradient, achieved by device geometry, that allows for a consistent filling and
emptying of the chamber. Further, custom-made water-soluble polymer films
are used for two purposes: On the one hand, they allow on-chip dry reagent
storage for cell staining. On the other hand, they enable passive control of
the cell staining time.

In general, capillary-driven microfluidic devices were developed that can facilitate
bio-medical sample preparation routines. The advantage of such devices is that
they do not require external equipment, making them especially useful for appli-
cations where an affordable and portable solution is desired. Economic viability is
further increased by low material costs of polymer materials, that are the primary
device materials in use with a layer-by-layer fabrication technology. The fabrication
technology has the potential for upscaling by transitioning to a roll-to-roll fabri-
cation, enabling cost-efficient mass production of microfluidic devices. Relating to
the thesis objectives and identified needs (Section 1.4), Table 5.1 summarizes the
achievements and limitations of the presented work (Papers I-VI ).
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Table 5.1: A conclusive summary of the presented work (Papers I-VI ) with respect to
the identified need, the achievements, and limitations.

Application The Need Achievements Limitations

Patient-centric Blood Analysis
Capillary-driven

plasma
separation
(Paper I )

Equipment-free
plasma

separation

Microfluidic device
with 65% plasma
extraction yield

Analyte loss in
filter material

DPS sampling
(Paper II )

Equipment-free
DPS sampling

method

Microfluidic DPS
sampling (11.6 µl),

with 3% CV

Analyte loss in
filter material

Patient-centric
immunoassay
(Paper III )

Home-sampling
multiplexed

assay

Microfluidic
multiplexed

analyte capturing

Volume-
metering to be
implemented

Blood cell count
(Paper IV )

Home-sampling
routine for CBCs

Method for cell
counting on dry
blood samples
(RBC, WBC)

User-dependent
workflow, several
CBC parameters

missing

Sample Preparation in Lab Environments

TEM sample
preparation
(Paper V )

Less user-
dependent
workflow

Microlfuidic device
for consistent TEM

grid preparation

Limited to
samples that do

not require
washing step

FNA sample
preparation
(Paper VI )

Less user-
dependent
workflow

Handheld device
for preparation of

FNA samples

Only tested with
model samples
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Future Perspective and Next Steps

As mentioned in the discussion section of the presented technologies, further char-
acterization and development steps are necessary for a transitional step towards
real-life applicability. Table 5.2 gives a relative comparison of the sample prepa-
ration applications, as developed in the scope of this thesis, depending on their
estimated technology readiness and potential impact. Technology readiness is as-
sessed based on how complete the technology is from the point of view of a research
laboratory. For example, a technology that has been shown to work in a volunteer
study, where another person than the engineer successfully uses the technology,
would score high on the technology readiness. The potential impact is estimated
based on the amount of assumed global use cases per year. According to the score,
the DPS sampling, multiplexed assay sampling, and blood cell counting applications
have the potential to be extensively adopted. On the other hand, DPS sampling,
sample preparation of TEM samples, and sample preparation of FNA samples score
highest on the technology readiness scale. Further, Table 5.2 provides an immediate
next step for each application that could be reasonable to pursue.

Table 5.2: Comparison of the presented work with respect to technology readiness and
their respective potential impact on a scale from ( r) to ( r r r r r), indicating low and high
scores, respectively. Scores are estimates and relative to each other. For each application,
an immediate next step is proposed.

Device Application Technology
Readiness

Potential
Impact

Immediate
Next Step

DPS sampling (Paper II ) r r r r r r r r Adjust design files
to allow upscaling

fabrication
Patient-centric multiplexed
assay (Paper III )

r r r r r r Include volume
metering concept

Blood cell count (Paper IV ) r r r r r r Extend scope to
include platelets

TEM sample preparation
(Paper V )

r r r r r r Adjust design files
to allow upscaling

fabrication
FNA sample preparation
(Paper VI )

r r r r r Test with actual
FNA samples

In general, applications belonging to the field of patient-centric blood analysis have
a higher potential impact score than the applications concerning TEM and FNA
samples, because these two are niche applications compared to blood analysis. In
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the field of blood analysis, patient-centric blood analysis has the potential to
transform the market and impact the lives of billions, at least for selected and well-
characterized applications. Some important future developments in this field could
entail the following steps:

▶ For each target analyte, study the difference between centrifuged blood plasma
(gold-standard) and plasma obtained by on-chip filtration, concerning the loss
of analytes.

▶ Further development in the field of microsampling might be needed for reliable
blood sampling in home settings, ideally eliminating a potential user bias on
sample quality.

▶ Alternatively, thorough and targeted education of users could help reduce
analytical errors due to false self-sampling of capillary blood.

▶ To eliminate the doubts that have been raised by the Theranos scandal [154],
it is essential to thoroughly evaluate, characterize, and prove the feasibility
of patient-centric blood analysis routines.

While intuitively capillary-driven microfluidic devices might not be the first choice
for sample preparation applications in laboratory environments, some mer-
its can justify their use in such an environment. As capillary-driven devices are often
designed for single-use, they can be especially suitable for work with biohazardous
samples or liquids. Simple and appropriate disposal of used devices can thereby cir-
cumvent labor- and reagent-intense instrument cleaning procedures. Even though
laboratory space is often not the limiting factor for sample preparation applica-
tions, a small footprint without the need for external equipment, such as pressure
pumps, can be beneficial. For the two presented cases, some important next steps
could entail the following:

▶ Start including testers other than the engineers involved in the device design
to understand potential user dependencies.

▶ Evaluate the device performance under conditions as close as possible to the
target application.

▶ Broaden the scope of sample models and actual samples.

In conclusion, capillary-driven microfluidic devices can provide viable solutions for
sample preparation applications in patient-centric blood analysis routines and lab-
oratory environments.
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