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Abstract
Separation of plasma from blood is the first sample processing step in numerous medical
diagnostics, including a novel class of tests that target cell-free nucleic acids (cfNAs), such
as the non-invasive prenatal tests (NIPT). Conventionally, blood plasma separation (BPS)
is achieved by centrifugation and followed by a number of labour-intensive bench-top
procedures. Thus, developing an alternative BPS technology based on microfluidics would
open the way for integration of the entire sample processing route in a single automated
device, increasing sample processing throughput and robustness. Rapid extraction of
cfNAs would also improve their stability facilitating further analysis.
Plasma samples in cfNA-based diagnostics need to meet strict quality criteria. Currently,
all the industrial and academic operators require over 1 ml of plasma for the cfNA-based
tests.

However, microfluidic systems typically enable miniaturisation and smaller

footprints via the extraction of much lower volumes (0.1-100 µl). Thus, combining high
sample quality and large output volume was the main challenge for the development of a
suitable microfluidic solution here.
This thesis presents a novel coupling of hydrodynamic and sedimentation-based
microfluidic cell removal in a single “hybrid” BPS system. The device output was
characterised in relation to several parameters: (1) blood dilution, (2) chip geometry, (3)
extraction yield, (4) cell removal, (5) haemolysis and (6) cell-free DNA (cfDNA)
concentration. The quality of separated plasma was shown to be compatible with advanced
cfDNA analysis methods used in NIPT (digital PCR and sequencing). Its fetal and maternal
cfDNA content was demonstrated to be the same as in the control samples obtained via
NIPT gold standard protocol.
The design of the BPS system, most importantly its hydrodynamic module, enables the use
of cost-effective mass production methods as well as the coupling of additional sample
processing modules. The industrialisation of the prototype, together with the validation of
its use in cfDNA workflows, will enable the future implementation of the developed system
as a component of an integrated sample processing tool in cfNA-based diagnostics.
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Chapter 1 Introduction
Cell-free nucleic acids (cfNAs) present in blood, also known as circulating NAs, are a novel
biomarker class with a wide scope of medical applications [1,2]. Circulating tumour DNA
(ctDNA) emerges as a highly promising target for personalised cancer therapy, while
abnormal plasma miRNA levels have been linked to a range of disease from cancer to
conditions inducing organ failure. Yet to date, the most extensively used cfNA procedure
is the non-invasive prenatal testing, which is based on the analysis of cell-free fetal DNA
(cffDNA) present in maternal blood during pregnancy [3]. This route enables earlier and
safer detection of fetal genetic disorders compared to the invasive procedures
(amniocentesis and chorionic villus sampling, CVS).

According to the information

supplied by the four largest NIPT providers, since the introduction of the first
commercially-available NIPT in 2011, around 3 million tests have been carried out
worldwide.
The main technological challenge in NIPT is the low abundance of fetal cfDNA in maternal
plasma. As most of the tests are based on cffDNA quantification, samples with particularly
low fetal DNA fraction (FF) are rejected, due to the risk of a false negative result. Thus,
the sample processing route was optimised to preserve FF by avoiding cffDNA degradation
and preventing the release of additional maternal DNA. The procedure involves several
time-consuming steps that require a specialised laboratory environment and not always can
be performed in one unit. The first step is the separation of plasma from blood, which is
conventionally done by centrifugation. However, developing a microfluidic blood plasma
separation (BPS) method meeting the strict NIPT sample quality criteria would open the
route for integration of all sample processing procedures, including cfDNA isolation, in a
single automated system. Moreover, a study carried out in our group earlier showed that a
hydrodynamic BPS chip was capable of improving FF [4]. This highly promising result
indicated that using microfluidics could facilitate the decrease of false negative NIPT
outcomes. However, the extraction of large plasma volumes (>1 ml) at quality compatible
with high-end cfDNA analysis methods (DNA sequencing) has not been achieved in a
microfluidic BPS system yet [5]. Thus, the concept of implementing microfluidic BPS into
NIPT sample processing route poses a challenge in terms of system design and operation.
The work presented here shows the development of an integrated hybrid microfluidic
device for blood plasma separation in NIPT and other cfDNA-based diagnostics, and it can
be divided into three main parts. (1) Improvement of the Microfluidic BPS system, which
included the design of new hydrodynamic BPS chips as well as the development of fluidic
components for removal of residual cells from plasma and their integration with the BPS
1

chip. (2) The hybrid BPS system was adapted for use in cfDNA-based diagnostics and
tested accordingly. (3) A study on the effects of microfluidic BPS on fetal and maternal
cfDNA in plasma was carried out in NIPT setting. Figure 1 presents a flow chart visualising
the work flow.

Figure 1 Flow chart visualising the flow of the work described within the thesis.
The initial part of the thesis puts the work presented further into the wider context of cfNAsbased diagnostics focusing on NIPT and its sample preparation requirements on one hand
and the literature on microfluidic blood plasma separation on the other (Chapter 2). In the
next two chapters, details of the fabrication (Chapter 3) and measurement (Chapter 4)
methods are gathered. Chapters 5 to 9 constitute the results section of the thesis, presenting
the data and discussing its significance. The work presented in each of those chapters
focuses on answering a research question:


Chapter 5: What is the performance of the BPS chips with geometry adapted for
inexpensive mass production?



Chapter 6: Can cell removal be boosted by coupling the BPS chip with additional
2

simple cell-elimination approaches?


Chapter 7: What are the pros and cons of different combinations of BPS chips and
sedimentation modules for residual cell removal in the context of their use in NIPT
setting?



Chapter 8: What is the cfDNA content of plasma separated by different BPS devices
and by centrifugation?



Chapter 9: Is there any difference in fetal fractions and cfDNA integrity in plasma
extracted by microfluidic BPS devices and through the NIPT gold standard?

The final chapter (Chapter 10) summarises the body of work presented herein and discusses
some possible directions for future research.
Answering the first of the research questions stated above, Chapter 5 describes the design
of several new microfluidic BPS chips that exploited a geometry-induced hydrodynamic
cell focussing leading to plasma skimming, which allows its extraction. The chips were
made compatible with cheap mass production methods such as microinjection moulding by
setting the minimum radius of channel wall curvature at 25 µm. This was a novel approach
in hydrodynamic BPS, which usually relies on PDMS made designs with fine geometry
features.

However, translation of PDMS to large-volume manufacturing is very

problematic and has been identified as a major obstacle to commercialisation of
microfluidics [6,7]. The introduced design change implied a geometry less favourable for
cell focussing than the one used in the original Nov09 design developed earlier in our group
[8]. This disadvantage was compensated by implementing a much longer inlet channel that
stabilised the flow and by adjusting the geometry to optimise the plasma extraction yield.
The chip design development work was continued in Chapter 7 and eventually, a chip
whose overall performance rivalled that of Nov09 design was developed. This was
achieved at the expense of lower plasma yield (10% compared to 19% for Nov09). The
use of a more compact design reduced the price of a single chip by three, leading to
significant cost saving for research development as well as in a future commercial product.
In order to achieve extraction of millilitre volumes of plasma compatible with cfDNAbased analysis, ways for minimising the inlet blood dilution were explored. The cell
removal efficiency of hydrodynamic BPS devices is known to decrease drastically at high
cell concentrations (generally for dilutions lower than 1:10) [8–14]. Thus, apart from
optimising the chip performance, fluidic modules for retention of residual cells present in
the plasma separated on-chip were developed, which is described in Chapter 6. The module
was contained within the fluidic platform providing the “world-to-chip” interface. The
platforms were designed and fabricated using the fast prototyping method developed in our
3

lab, which was based on ethanol-assisted thermal bonding of laser-cut PMMA sheets. This
way, designing and producing a new version of the fluidic platform was a matter of minutes,
largely improving the efficiency of the system development process. This, combined with
a failure rate below 10% and a material cost in the range of £0.1, made the fabrication
method robust and highly efficient.
Eventually, as presented in Chapter 7, by integrating the hydrodynamic BPS chip with the
post-separation sedimentation module, it was possible to achieve high throughput
extraction of plasma with minimal cell content. Crucially for its application in cfNA-based
diagnostics, the device was capable of providing millilitre-range volumes of lightly diluted
plasma (plasma separated from 1:1 diluted blood) , which is out of reach for virtually all
microfluidic BPS methods described in literature [5]. The system incorporating the Aug15
C1 chip was applied in several studies on cfNA isolation from plasma: the NIPT study
described in Chapter 9, a study on ctDNA (Chief Scientist Office, grant number ETM/433)
and a study of miRNA (Carnegie Trust for Universities of Scotland, grant number 50258).
Overall, the Aug15 C1 chips and new hybrid BPS platforms developed in this work were
used in over 170 successful blood plasma separations.
The successful coupling of hydrodynamic BPS with additional inexpensive cell removal
module presented in Chapter 7 has another fundamental advantage. It was achieved with
the focus on fulfilling the sample quality and quantity requirements of a particular type of
diagnostics and at the same time on the device qualities important for its translation to
market such as ease of use, fabrication cost and possibility for integration of additional
functions, e.g. cfDNA extraction module, which is currently under development in our
group. Such an approach is still uncommon in the field of microfluidic BPS, despite its
importance for commercial success has been well established [6,7].
The vast majority of plasma samples extracted with my hybrid BPS system had
haemoglobin concentrations below the level that causes interference with diagnostic assays
(described in Chapter 7). Most importantly, cfDNA analysis presented in Chapter 8 showed
that plasma haemoglobin content did not alter cfDNA level. The system was observed not
to induce white blood cell lysis, which would be a major concern in NIPT leading to
elevated maternal background cfDNA. Other parameters such as cell removal or plasma
yield did not affect cfDNA level either. This characterisation demonstrates the high
robustness of the BPS method. Yet, the separated plasma still contained a small amount of
residual cells that required elimination with a short spin in a centrifuge before further
plasma processing. Trials to develop an additional membrane-based filtering module for
complete elimination of cells, presented in Chapter 6, allowed successful extraction of up
4

to 400 µl of undiluted plasma.

However, due to fast membrane saturation further

improvement of the module’s design would be needed to achieve the crucial compatibility
with separation of millilitre plasma volumes.
Finally, Chapter 9 describes the fetal cfDNA characterisation in NIPT setting, which
showed that plasma separated from 1:1 diluted blood using the hybrid BPS system, had
fetal and maternal cfDNA content equivalent to that obtained by the gold standard double
centrifugation from undiluted blood. Although this study did not reproduce the fetal
fraction enrichment observed by our group earlier [4], it established, using more advanced
DNA analysis methods than those used previously, that the microfluidic treatment
conserves the fetal material and prevents elevation of background genetic DNA. Such a
performance, together with the robustness and continuous flow processing technology,
demonstrates that the hybrid BPS system has the potential to be implemented in integrated
sample preparation tools.

5

Chapter 2 Background
2.1. Non-Invasive Prenatal Testing and Other Circulating Nucleic Acid-Based
Diagnostic Methods
2.1.1. Introduction
The discovery of fetal DNA in maternal circulation in 1997 [3], enabled a new pathway for
antenatal diagnostics. The method, known as non-invasive prenatal testing (NIPT), allows
detection of genetic disorders in the fetus and can be carried out risk-free and at an earlier
stage of pregnancy than the conventional invasive methods such as chorionic villus
sampling (CVS) and amniocentesis (0.5-1% risk of miscarriage [15]), see Figure 2 [16–
19].
NIPT started with fetal sex and rhesus D [20–24] status determination but its main scope is
the detection of aneuploidies, i.e. the presence of an additional chromosome copy [17–19].
With trisomy 21 (Down syndrome), trisomy 18 (Edward syndrome) and trisomy 13 (Patau
syndrome) affecting around 1 out of 800, 6000 and 10000 new-borns, respectively, these
are the most commonly occurring genetic abnormalities [25]. Accuracy above 99% has
been reported for trisomy 21 tests, while >97% and 90% for trisomies 18 and 13,
respectively. The false positive rates are at 0.1-1% giving NIPT the status of a testing
method instead of a diagnostic one [26], which means that currently a positive outcome
should be verified with an invasive procedure [27]. Importantly, it has been demonstrated
that the whole fetal genome is represented by the fetal cfDNA fragments present in
maternal circulation, which potentially enables testing for more complex genetic disease
[16], including single gene disorders [28,29].
Another NIPT strategy besides using cffDNA is through the isolation of circulating fetal
cells from maternal blood. The advantage is that the obtained genetic material is entirely
of fetal origin and is unfragmented, making advanced prenatal testing, e.g. detection of
single gene disorders or microdeletions, easier and less prone to errors [30]. Yet, the
efficient isolation of fetal cells is extremely challenging due to their low concentration in
maternal circulation (1-25 cells per ml of blood in the 1st trimester) and difficulties in
differentiating them from the maternal cells. Thus successful cell-based NIPT has only
been performed in a limited number of research studies [30,31] but continues to be a
possible route, complementary to cffDNA analysis.
The challenges in circulating DNA-based NIPT have been addressed mainly by the
progress in cfDNA analysis methodology (sequencing methods, data analysis algorithms)
[16,17,29,32,33]. However, sample processing (handling of blood and plasma, cfDNA
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extraction) has also been identified as a crucial factor. The percentage of fetal DNA can
decrease during blood sample storage [34,35], which affects the predictive value of
aneuploidy test [36]. To decrease costs and increase standardisation, sample preparation
and handling would also benefit from automation, which could decrease the risk of sample
degradation and improve fetal fraction recovery. This is an opportunity for microfluidics
to transform the pre-analytical phase of NIPT.

Figure 2 The applicability of different prenatal testing methods during pregnancy. Figure
adapted from reference [37].
With constant progress in the field, the use of NIPT has been growing over the years, with
the tests becoming widely available through companies that created a well-established
global market [38]. The tests have been offered in private clinics, including in the UK,
often requiring the collected maternal blood samples to be shipped to the USA or China,
where the analysis labs have been based. In the UK, the current cost of these tests is within
£320-750, depending on the provider and the spectrum of tested abnormalities [26,39].
Some tests not only check for the trisomies 21, 18 and 13 but also for sex chromosome
aberrations, rare trisomies (chromosomes 9, 16 and 22) and microdeletions (deletion of a
chromosome region smaller than 5 million base pairs) [39,40].
Over the last few years, NIPT has also been available in several NHS hospitals across the
UK. It was offered within scientific studies as an alternative to invasive procedures to
women at high risk of fetal trisomy [41–44]. Most recently, studies have been running on
possible consequences of implementing routine NHS-funded NIPT screening and its
optimal structure [26,45,46], which is expected to be rolled out in 2018-2019 [47].
2.1.2. The nature of cell-free DNA
Traces of extracellular DNA, known as cell-free DNA (cfDNA) or circulating DNA, can
be found in the circulation of healthy individuals. In plasma, whose separation from whole
blood is typically required before cfDNA isolation, its level varies from <1 to around 100
ng/ml (mean of 30 ng/ml) [48]. Its elevated concentration is associated with a variety of
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physiological conditions from certain types of cancer [49] to trauma [50], from sepsis [51]
to organ transplant rejection (donor-derived cfDNA) [52], while a temporary increase has
also been observed after physical exercise [53].
The cfDNA in plasma of healthy subjects is associated to normal cell turnover and
haematopoietic cells are its main source [54]. It exists in the form of short double stranded
fragments, the majority of which are in the range of 100 to 200 bp suggesting apoptotic
origin of cfDNA. Apoptosis is a process of self-induced cell death, which occurs normally
in healthy tissue. It involves enzymatic fragmentation of the DNA stored in the form of
chromatin in cell nucleus. The result is the release of nucleosomal units, i.e. short DNA
strands wrapped around histone cores, which determines the 166 bp peak and 10 bp
periodicity (matching the pitch of the DNA alpha helix) observed in the cfDNA fragment
size distribution (see Figure 3) [16,54].

Figure 3 Size distributions of fetal and maternal cell free DNA. a, Massively parallel
sequencing of cfDNA of 7 plasma samples from women having male fetuses, chromosome
Y reads (red) represent fetal DNA, autosome (black) and chromosome X (blue) the total
cfDNA. Adapted from reference [55]. b, Genome-wide sequencing of DNA from one
maternal blood sample.

Maternal cfDNA distribution in red, fetal in blue and

mitochondrial DNA in green. Sketches explain the nucleosomal DNA characteristics of the
distributions (discussed in section 2.1.2).

The distributions are normalised to make

comparison easier. Adapted from reference [16].
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2.1.3. Maternal and fetal cfDNA in pregnancy
During pregnancy, some additional cfDNA is present in maternal circulation, which
originates from the fetus. It is this cell-free fetal DNA (cffDNA) that allows an insight into
fetal genetics without having to sample fetal cells from the amniotic fluid. The amount of
cffDNA in maternal blood increases during pregnancy [56–59], and is cleared within a few
hours after delivery [60], eliminating the risk that the detected cffDNA originates from a
past pregnancy.
At the end of the first trimester of pregnancy, when the applicability of NIPT is most
desirable, the percentage of cfDNA originating from the fetus, known as fetal fraction (FF),
amounts to around 10-15% of total cfDNA present in maternal blood [59,61–63]. FF is
affected by environmental and physiological factors, e.g. it has been found to decrease
significantly with increasing maternal weight [17,63].
Size distribution of fetal cfDNA fragments has been observed to be slightly shifted towards
shorter lengths (peak at 143 bp) compared to that of maternal ones (Figure 3). It displays
similar periodicity indicating that it is also released from apoptotic cells of the placenta
[64–67]. Also, differences in DNA methylation patterns were observed between fetal and
maternal cfDNA. DNA methylation is used by cells to “silence” certain genes (repress
gene transcription), thus its patterns (epigenetic signature) vary between different cell types
or tissues and the cffDNA hypermethylation reflects its placental origin [68,69].
2.1.4. Sample preparation in NIPT
Due to the very low concentration of cfDNA in plasma and the importance of preserving
fetal cfDNA, optimising sample handling and processing (pre-analytical phase) has been a
pivotal and well-studied issue in NIPT [34,35,70–73].
So far, selective isolation of cffDNA directly from maternal blood or plasma has not been
achieved and it is extracted along with the maternal cfDNA. Thus, minimising the release
of any additional maternal DNA is a crucial aspect of sample preparation in NIPT.
The extremely low abundance of cffDNA means that typically 10 ml of maternal blood is
required and therefore venepuncture is used for its sampling (see Figure 4). cfDNA level
has been reported to be stable for up to 8h of the draw in blood collected into K2- or K3EDTA tubes [35]. However, if prolonged storage or transportation of maternal blood is
required, using more expensive cell stabilising tubes (~$9 Streck BCT blood collection
tubes) is recommended, which should be kept at room temperature [71,74,75]. The use of
other anticoagulants such heparin is not recommended as they can elevate background
DNA [76].
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The next step, which is the separation of plasma from blood, is done by centrifugation, a
routine procedure extensively used in medical diagnostics (see Figure 4). The gold
standard NIPT protocol comprises two centrifugation steps; a slow spin (typically 1,5002,000g), followed by a fast one (typically 16,000-20,000g) [34,35].

After the first

centrifugation, the plasma is carefully aspired from the top of the tube by a pipette until its
level is around 0.5-1 cm above the cell pellet, to prevent contamination by leukocytes. The
second additional centrifugation step has been shown to improve the fetal fraction by
removing cell debris, which contains maternal background DNA [34].

After each

centrifugation, the plasma is transferred to a fresh microcentrifuge tube, commonly made
of plastic with low DNA-binding affinity. All the sample handling should be done in sterile
conditions, e.g. technical personnel wearing surgical masks, to prevent cross contamination
with foreign DNA. Plasma samples are kept frozen at -80°C until further processing.
Thawing and refreezing the samples is not recommended as it is known to accelerate DNA
degradation.

Figure 4

Sample preparation and analysis route in NIPT: (1) blood is taken by

venepuncture, (2) plasma is separated by centrifugation, (3) cfDNA is extracted from
plasma, (4) cfDNA is analysed by sequencing or PCR for presence of genetic disorders.
Image of genome sequencing reads adapted from Lo et al. [16].
Although venepuncture and centrifugation-based plasma separation seem uncomplicated
and routine procedures, errors and complications due to human handling can occur, and
have severe effects on FF and thus diagnostic suitability of the sample. Cell damage or
inaccurate removal of cellular components from plasma leads to the release of additional
maternal genomic DNA, which decreases the FF. As the normal cfDNA content in a
millilitre of plasma corresponds to the DNA amount contained in 1,000-10,000 cells and
fetal cfDNA comprises around 10-15% of it, a release of DNA from as little as a thousand
of maternal cells (approximately the number of leukocytes in 0.25-0.5 μl of blood) would
substantially decrease the FF.
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The isolation of cfDNA from separated plasma is conventionally performed using column
extraction with commercially available kits, of which the most extensively used is
QIAGEN Circulating Nucleic Acid Kit (see Figure 4). The method relies on freeing the
cfDNA from macromolecular complexes it is bound to and capturing it on a silica
membrane, to which it binds in the presence of chaotropic agents. The purified DNA is
subsequently released into elution buffer, in which it can be stored frozen until further
analysis [77]. Although column cfDNA extraction is routinely used, the method is sensitive
to small variations such as buffer composition, which can change over time. Different
extraction yields have been reported for different kits [35,73,78]. These factors could all
contribute to the variability of cfDNA levels and FFs reported by different groups.
Recently, cfDNA isolation using magnetic DNA-capturing beads is becoming increasingly
popular [79]. The method relies on similar protocol to the column method and the beads
bind DNA also through silica surface chemistry. The advantages of the bead method are
(1) the possibility to integrate in a robotic fluidic handling platform and (2) the reported
low binding affinity for long genomic fragments [80].
2.1.5. PCR-based cfDNA analysis in NIPT
NIPT has first been proposed for fetal sexing and rhesus D status determination, which
involves targeting Y chromosome- or rhesus D-specific genes normally absent in maternal
genome. Thus, their successful amplification means that an adequate response can follow
such as application of anti-D treatment in the case of fetomaternal Rh incompatibility. Fetal
sexing is important in families with history of Y chromosome-linked diseases as it prevents
unnecessary invasive diagnostics in pregnancies with female fetuses.
Fetal sexing of Rhesus D status determination can be achieved using quantitative PCR
(qPCR). Numerous improvements in the amplification strategy, e.g. targeting of repeated
sequences [81] and using shorter amplicons [82], have also allowed robust cffDNA
quantification. Due to its relatively high throughput and low cost, qPCR-based cfDNA
amplification has been extensively used by researchers for measuring fetal fractions
through targeting Y chromosome sequences. Yet, this approach can only be applied to
pregnancies with male fetuses and thus is not universal.
Currently, among the PCR technologies the highest cffDNA quantification accuracy is
achieved by droplet digital PCR (ddPCR), which operates in a microchip format [58,83,84].
ddPCR has also been shown to allow NIPT of fetal single gene disorders [85,86].
2.1.6. Sequencing-based cfDNA analysis in NIPT
In 2008, next generation sequencing was first successfully used for detection of fetal
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aneuploidy [87,88]. Now known as massively parallel sequencing (MPS), the methods
allowed for high throughput genome deciphering [29].

This largely increased the

diagnostic capability of NIPT by allowing faster, more detailed and very accurate cfDNA
analysis [29], thus currently most of the commercially available NIPTs are based on MPS
methods [39].
The first step of the sequencing procedure is the selection of the genome segments that will
be analysed, for example a section within chromosome 21. Then, the library preparation
step involves all the cfDNA fragments originating from those genome sections to be
amplified through PCR. Tags are attached to the ends of DNA strands to allow their sorting
and identification downstream. During sequencing, nucleotides are hybridised one by one
to the single strand of target DNA fragment. This produces a signal that carries the
information about the DNA sequence in the form of fluorescence or ion current. Later, the
reads representing different DNA fragments are assigned to the area of the genome they
originate from. Abnormal number of reads from a chromosome indicates an aneuploidy
[87–90] or other genetic abnormality such as microdeletion [91,92], while the presence of
certain reads can reveal single gene disorders [28,93].
2.1.7. The significance of accurate fetal fraction measurement in NIPT for aneuploidies
Accurate FF measurement is important as a basic indicator of sample quality in tests for
aneuploidies, as well as a mean to study the biology of cfDNA. NIPTs for trisomies 21, 18
and 13 as well as the sex chromosome aneuploidies rely on cfDNA quantification. When
an additional copy of a fetal chromosome is present, an abnormally elevated number of
cfDNA fragments originating from that chromosome will appear in the pool of maternal
and fetal cfDNA present in maternal circulation. In the case of chromosome 21, which
makes up for 1.5% of the genome in a diploid individual, fetal trisomy will result in the
number of 21 chromosome-linked fragments increasing from 1.5% of the total cfDNA to
1.575% (assuming fetal fraction of 10%) [36]. Such a small concentration change is
difficult to detect and samples with FF below 1.2-4% (as of 2017, depending on the test
provider) are rejected to avoid false negative cases [39].
2.2. Microfluidics – Towards Better Non-Invasive Prenatal Testing
2.2.1. Microfluidics in NIPT
Since its advent in the early 1990s, the science and technology of handling and precisely
manipulating liquids at the microscale, called microfluidics, has opened new horizons for
a variety of fields [94,95]. From chemical reactors [96] to tissue engineering [97], from
single cell manipulation and analysis [98,99] to environmental monitoring [100], from fuel
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cells [101] to medical diagnostics [6,102], both research and industry have progressed with
the automation, multiplexing, high throughput operation, lowered cost, integration,
decreased waste production and portability offered by microfluidics. Most notably, the
development of point-of-care medical diagnostics has intensified with the emergence of
lab-on-a-chip (LoC) technology, which is the integration of multiple laboratory functions
(sample preparation, analysis and results output) in a single miniaturised device (Figure
5a).

The technology is gradually transforming healthcare systems towards more

personalised medicine [6,102,103].

Figure 5 Bio-medical applications of microfluidics. a, An example of lab-on-a-chip
technology for medical diagnostics (prototype of a cartridge device integrating
microfluidics and microelectronic sensing). Adapted from reference [104]. b, Microfluidic
chip for digital PCR (Fluidigm®), where sample and reagents are microactuated into
>9000 individual reaction chambers. Image by Fluidigm® [105]. c, Workflow of a droplet
digital PCR (Bio-Rad), where the mixture of DNA sample and PCR reagents is divided into
1-10 million droplets, which are subsequently thermocycled and finally put through an
optical readout system that detects fluorescently-labelled PCR products in a flow
cytometry-like fashion. Image by Bio-Rad [106].
Microchip technology is also the foundation of the advanced cfDNA analysis methods such
as digital PCR (Figure 5b and c) and next generation sequencing, which have been key in
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the success of NIPT. High throughput, integration, low reagent consumption and short
operation time of these cfDNA analysis methods have all been achieved through the
implementation of microfluidics.
Microfluidics also offers opportunities for improvements in the preanalytical phase of
NIPT. Automated on-chip sample processing applicable immediately, or within 1-2h of
blood draw, could lower the operational cost, eliminate human handling errors, introduce
standardisation, minimise contamination risk and integrate multiple operational steps in a
single device. cfDNA extraction from plasma can already be performed on an automated
platform, e.g. QIAcube platform from QIAGEN. However, these fluid handling robots
have a significant footprint and perform only a part of the cfDNA extraction procedures.
Robotic platforms need to be operated by trained technicians and plasma separation needs
to be performed manually, thus further lab space and equipment is needed to perform this
first step.
2.2.2. Microfluidic blood plasma separation in NIPT
Blood is a very dense cell suspension with typically 4-6 million cells per microlitre. The
most abundant are the erythrocytes (red blood cells or RBCs), which deliver haemoglobinbound oxygen to all the tissues in the body. RBCs do not contain nuclei and have a discoid
shape. Other major blood cell types are thrombocytes (platelets) and leukocytes (white
blood cells or WBCs), the first ones are responsible for blood clotting and the latter for
immunological response.

RBCs, WBCs and platelets will be referred to by these

abbreviations/common names throughout the thesis. The cells constitute around 35-45%
of blood volume (this value is known as haematocrit, Hct) and are suspended in plasma, a
clear straw-coloured liquid. Plasma is composed of over 90% water but it also contains a
plethora of biomolecules (mostly proteins but also other such as hormones, metabolites and
amino acids) and electrolytes, thus providing an important diagnostic platform. Cellular
blood components can be separated by centrifugation in a few minutes. RBCs with their
highest density sink to the bottom of the tube, while the lightest plasma occupies the top.
The two layers are separated by a cloudy “buffy coat” composed of WBCs and some
platelets.
As described in section 2.1.4, the centrifugation-based separation of plasma from blood is
the first sample processing step in NIPT and its importance is well documented [34,35].
Although centrifugation is routinely used in biomedical analysis lab, the NIPT gold
standard two-step procedure still requires to be carried out with care and by trained
personnel due to the risk of cellular lysis or contamination leading to fetal fraction
degradation. Moreover, conventional bench-top centrifugation is not compatible with
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miniaturised on-chip integration.
Our group explored the applicability of microfluidic BPS in NIPT. First, a study showed
the feasibility of cfDNA extraction from plasma separated on a continuous flow chip [8].
The device operation was based on hydrodynamic separation of plasma from cells. The
blood was pumped through a microchannel containing a series of narrower and wider
sections (constrictions and expansions) occurring one after the other (Figure 6a). Each of
the constrictions focused the flow of the blood cells so that upon entering the expansion
region it was confined to the centre of the channel leaving cell-depleted areas on the sides
(Figure 6b). The phenomenon occurred due to the laminarity of the flow at the microscale
and the geometry of the channel was designed to increase the size of the cell-free regions,
where the plasma was harvested through narrow side channels. The blood flow was
supplied by a syringe pump and it reached the chip through the capillary tubing and a plastic
interface platform the chip was mounted on, which also provided outlets for the separated
plasma and the cell waste (Figure 6c).

Figure 6 BPS chip developed in our group and later used in a non-invasive fetal sexdetermination study [4,8]. a, Chip design contains a series of 8 constriction-expansion
regions for cell focussing and plasma extraction. Plasma is collected through 15 μm-wide
boustrophedonic (serpentine) channels on both sides of the main channel. b, Blood flow
through the constriction-expansion region shows cell focusing after the constriction and
the cell-free zones where plasma is channelled out. c, The setup with BPS chip fixed onto
a PMMA fluidic platform, syringe with blood mounted on a pump, inlet and outlet tubing,
collection tubes for the extracted plasma and cell waste.
The chips were fabricated in a cleanroom by our industrial collaborator Epigem Ltd. The
microchannels were formed through photolithography in SU-8 (a negative photoresist), a
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standard production process in microfluidics. The channel layer was sandwiched between
two poly(methyl methacrylate) (PMMA) slabs. This process allowed robust small volume
production of disposable chips but it was expensive, with the cost of one chip being £37.5.
Later, our group studied the impact of using the device for separation of plasma from
maternal blood on cfDNA-based fetal sex determination [4]. Blood samples were collected
from 18 women in 3rd trimester of pregnancy and the plasma was separated on chip and
through centrifugation right after the draw (Figure 7). Sex of the fetus was determined by
qPCR measurement of the Y-chromosome cfDNA level (DYS14 sequence) and was later
confirmed at birth. Based on 7 samples in which male DNA was detected, the results
showed 3.5-fold higher fetal fraction (FF) in plasma separated on chip compared to the
matched centrifugation controls (mean levels of 38% and 11%, respectively). The FF
enrichment was hypothesised to be the effect of on-chip cfDNA size fractionation that
favours the retrieval of fetal over the maternal cfDNA with the separated plasma. The
approach offered a great opportunity for making non-invasive detection of fetal genetic
disorders easier and less prone to inconclusive results due to insufficient FF or errors [4].

Figure 7 Sample processing route in the non-invasive fetal sex-determination study carried
out by our group [4]. Figure courtesy of M. Kersaudy-Kerhoas.
The development of a successful microfluidic BPS tool for NIPT needs to be focused on
the requirement of high sample quality. The main challenges are: (1) extracting large
plasma volumes (>1.5-2 ml), (2) minimising maternal cell lysis, (3) minimising
contamination with foreign NAs, (4) minimising dilution and (5) maximising FF. FF
fraction enrichment has been achieved in our group at low dilution (2:1, blood to PBS
volume), which also indicated low maternal cell lysis and low contamination with foreign
NAs. The main challenge of the present study is to increase the extracted plasma volume,
which is required for sequencing-based NIPT, while keeping the plasma quality high.
Microfluidic extraction of >1 ml of plasma has not been achieved yet [5]. In terms of the
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engineering, the device has to be compatible with inexpensive mass production methods
and have the possibility of integration with downstream sample processing (cfDNA
isolation) to be able to rival the conventional bench-top methods.
2.2.3. Overview of microfluidic blood plasma separation
There are a number of publications comparing different microfluidic BPS methods, which
has typically been done based on their underlying separation mechanism [107–112]. The
devices differ in terms of their complexity and integration with other sample processing
functions is not always feasible. The approaches can be divided into active, where BPS
occurs in the presence of external force field such as electric or acoustic, and passive, where
the separation results from the device geometry and/or created flow pattern, e.g.
sedimentation or hydrodynamic separation. However, it is the volume of the separated
plasma and accordingly the starting blood volume that need to match the requirements of a
particular diagnostic procedure and thus is more useful. This argument was the basis of the
review published as Mielczarek et al. [5] and this section as well as sections 2.2.4 and 2.2.5
are in large extracted from there.
Many diagnostic tests such as blood gas, electrolytes and metabolites (BGEM) tests can be
carried out on plasma from a drop of blood [113]. This allows blood sampling from a finger
prick instead of venepuncture, which is an important asset in a POC setting. Filtration and
paper-based technologies are common when working with microlitre-range blood volumes,
due to their simplicity, low footprint and high sample purity. Yet, the limitation here is the
saturation of the separation unit over time.
Other tests require larger plasma volumes, e.g. for monitoring chronic hepatitis B patients
6 to 8 tests are typically performed for which at least 200 µL of plasma is needed in total
[114]. In NIPT and other CNA-based tests, the measurements can require as much as
several millilitres of plasma [61].
The extraction capacity of a BPS system is characterised by the extraction yield, which is
the ratio of the separated plasma volume Vpl to the input blood volume Vin expressed as
percentage:
𝑌𝑖𝑒𝑙𝑑 =

𝑉
∙ 100%
𝑉

Maximum yield depends on the inlet haematocrit, however, even in a regular bench-top
centrifugation, which is a very efficient plasma separation technique, some plasma is left
in the tube above the cell layer to minimise the risk of cellular contamination. This brings
the yield of a centrifugation-based plasma separation down to around 40-50%. In a number
of microfluidic BPS publications, the yield is given as a purely theoretical value calculated
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as the ratio of flow rates in the plasma outlet and blood inlet channels [12,14,115]. This
number can be significantly different from the actual plasma extraction capability as it does
not consider the dead volume of the system and possible flow rate fluctuations, making a
comparison between different devices difficult.
The extracted plasma also needs to be of sufficient quality, which most importantly regards
the presence of residual cells. Thus, cell removal efficiency or cell purity is a crucial
parameter characterising a BPS system and it is defined as:
%𝑅 = 1 −

𝑐
𝑐

∙ 100%

where cpl and cin are cell concentrations in plasma and input blood sample, respectively.
Cells present in plasma release their content over time, which can interfere with
downstream sample processing and analyte measurements. The same can occur due to
haemolysis, i.e. rupture of RBCs, which leads to haemoglobin release into plasma.
Haemoglobin is a well-known PCR inhibitor but haemolysis can also alter the levels of
other analytes, e.g. potassium [116] and some microRNAs [117]. Damage to RBCs is
likely to be a sign of general cellular damage and as described in section 2.1.4, lysis of
WBCs is a major issue in NIPT, as it elevates the concentration of maternal background
DNA. Thus, haemolysed samples are rejected in NIPT analysis labs [118,119].
Separation of large plasma samples (from several hundred microlitres to a few millilitres)
also requires a high inlet flow rate. This parameter together with the extraction yield
determine the operation time, which is an important factor in terms of the device usefulness.
2.2.4. A review of microfluidic separation of millilitre plasma volumes
It is relatively easy to extract plasma volumes up to a few microlitres of very high purity
and it has been achieved by a wide range of techniques, most notably by different variations
of filtration-based approaches [120–122] and on centrifugal disks (CD microfluidics) [123–
125]. In contrast, sustaining high sample purity without cell lysis over long time periods
and high extraction yield allowing the separation of hundreds of microlitres to millilitres of
plasma is extremely challenging.
When processing large blood volumes, avoiding the saturation issues encountered in
filtration is crucial, and this has been traditionally achieved by hydrodynamic plasma
separation. The method was first employed in the seminal work of Yang et al., who showed
that when blood pumped through a microchannel reaches a bifurcation the blood cells tend
to flow into the channel with higher flow rate leaving plasma with only a few cells in the
low flow rate channel [126]. The same behaviour of RBCs is observed in microvessels of
the human body and it is known as the bifurcation law or the Zweifach-Fung law [127], yet
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the underlying physical mechanism is not fully understood. Since the original paper was
published, a wide range of bifurcation geometries has been explored with most works
focusing on different configurations of the constriction-expansion geometry, which was
observed to amplify plasma separation (see section 2.2.2) [8–12,14,128]. The approach
requires external pumping equipment, which can be cumbersome but typically allows high
throughputs. The usual trade-off is high blood dilution (typically 1:1 to 1:50, equivalent to
Hct = 1-4%), which in such a case limits the applicability to the diagnostics of more
abundant analytes.

Figure 8 Hydrodynamic BPS systems based on constriction-expansion geometry. a, First
separation unit in the chip developed by Marchalot et al., blood diluted 1:20 [12]. Plasma
extraction channels present on both sides of the main channel. b, Device with a bent
constriction developed by Prabhakar et al., separation from blood diluted ~1:2 [13].
c, Chip with an additional obstacle at the end of the constriction, blood diluted 1:20 [115].
d, Chip with gradual expansion for separation of plasma from undiluted blood developed
by Shatova et al. [128]. Figures adapted from the referenced publications.
Faivre et al. were the first ones to report on the enhancement of plasma skimming in a
constriction-expansion channel geometry [9]. The authors extracted plasma at 24% yield
from reconstituted model RBC solution with Hct = 16%. Yet, the experiments were not
validated on diluted whole blood and the cell removal efficiency was not quantified. The
implementation of additional design features such as cavities on the side of the channel
resulted in 3-fold improvement in extraction yield (18%) and higher plasma purity [10].
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The inlet flow rate was 6 ml/h but the blood required 1:20 dilution. Rodriguez-Villareal et
al. observed a significant increase of the cell-free layer thickness upon increasing ambient
temperature to 37°C and beyond, which correlated with improved cell removal [11].
Raising the inlet flow rate from 6 to 12 ml/h also improved the cell removal up to 97% at
inlet Hct = 20% (around 1:1 dilution). The group reported the yield (3.5%) in terms of the
collected plasma volume (separated from 1 ml of blood) rather than the relative plasma
flow rate, which provided a more realistic characterisation of the device.
A platform with two constriction-expansion units placed in series was developed by
Marchalot et al. (Figure 8a) [12]. The group studied the effect of the geometry on the
development of cell free layer and cell-focussing at high dilutions (1:10-1:20). Numerical
calculations of their network’s hydraulic resistance helped to reach a 25% volumetric
extraction yield of highly diluted plasma with a purity of 99% or higher. Agarwal and coworkers published several papers exploring the impact of different bifurcation geometries,
e.g. varying constriction length and bend (Figure 8b), on plasma extraction
[13,14,129,130]. In the most recent work, the chips were tested at a wide range of
haematocrits (7-62%) achieving separation efficiency close to 100% and plasma quality
was validated by measuring levels of glucose and human chorionic gonadotropin (hCG)
hormone [14]. Although the plasma yield was rather low (1-6%), the devices could
potentially produce a few hundreds of microlitres of plasma due to relatively high
throughputs (0.3-0.5 ml/min) with reported reduced clogging. Others have tried to enhance
the formation of a microvortex after the constriction by implementing an additional
obstacle (Figure 8c) [115]. This was thought to improve cell removal, which reached 90%
but only with blood diluted 1:20.
Most recently, a successful variation of the constriction-expansion system was developed
by Shatova et al., who showed a benefit of using a gradual expansion after the constriction
instead of the usual abrupt one (Figure 8d) [128]. The system extracted plasma of close to
100% purity from undiluted blood at 9% yield, which makes it the most successful
hydrodynamic BPS device to date. The authors also developed a paper-based malaria test
and achieved high sensitivity using plasma separated on-chip.
Inertial microfluidics, developed for high throughput particle and cell sorting by inertial lift
forces that depend on the geometry and physical properties of the particles/cells [131], has
also been proposed as a high throughput BPS method. The devices involved secondary
flow-assisted inertial focusing in a constriction-expansion array [132] and boustrophedonic
(serpentine) channel [133,134]. The last system, comprised of 16 multiplexed slanted spiral
channels, achieved a particularly high separation efficiency of 100% at yield close to 50%
20

and massive throughput of 24 ml/min [134]. However, the device operates only on highly
diluted blood (Hct = 0.5-1%). The limiting factor is the interaction between cells, that was
found to prevent cell focussing at Hct higher than several percent [133].
Commercially available plasma separating membranes, although predominantly aimed at
microlitre blood volumes, have also been used for large sample volumes. Liu et al.
developed a hybrid sedimentation-filtration based system, in which plasma is extracted on
two sides of a vertical sample loading chamber (Figure 9a) [135]. Filter clogging was
largely reduced through gravitational sedimentation of cells and the device was capable of
extracting 275 µl of plasma from 1.8 ml undiluted blood (yield 15%). The authors used
HIV-spiked blood to evaluate device’s utility in diagnostics. In another sedimentationfiltration device, blood is drawn through a cell sedimentation chamber with an additional
microporous membrane at the end, producing plasma of ~99% purity [136].

The

sedimentation chamber requires priming with isotonic buffer that leads to some plasma
dilution (generally lower than 1:1). Gong et al. developed a simple cartridge PMMA based
device capable of filtering plasma out of millilitre volumes of blood through a membrane
(Figure 9b) [114]. Sample flow was improved by hydrophilic coating of the channels. In
~5 min the device produced over 100-200 µl of plasma from 0.8-1 ml of blood achieving
remarkable separation efficiency of 99.9% and 96.9% for RBCs and WBCs, respectively.
The group tested the device in POC setting, performing a number of hepatitis B related
tests on clinical samples, achieving results similar to those based on control plasma
obtained by centrifugation.

Figure 9

Efficient filtration-based devices for extraction of larger plasma volumes

developed by a, Liu et al. [135] and b, Gong et al. [114]. In both cases the separated
plasma is collected with a pipette.
2.2.5. Key concepts in the development of microfluidic BPS for separation of millilitre
plasma volumes
The existing microfluidic BPS systems differ in terms of the quality of separated plasma,
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extraction capacity, blood dilution as well as the complexity of the design, fabrication and
operation. There are a number of technological considerations and potential challenges
that need to be addressed during device development and testing.
The BPS system design is aimed at maximising the two most important parameters, i.e. the
extraction yield and the plasma purity. However, the two are coupled through a negative
feedback relationship; increasing the yield causes the purity to drop. This is very apparent
in hydrodynamic BPS, where achieving decent purity usually requires using more diluted
blood.
Methods where high blood dilution is needed can still be useful in a range of medical
diagnostics. In some cases, the abundance of the analyte requires plasma to be highly
diluted (even below 0.01%), e.g. in bench-top [137–139] and microfluidic [140] ELISAbased diagnostic tests where specific proteins are targeted.
On the contrary, in diagnostics where rare analytes are targeted, e.g. cfNA-based
diagnostics, sample dilution is highly disadvantageous, hindering the detection process.
Thus, in this field, the applicability of BPS methods requiring significant blood dilution is
limited. A hypothetical efficient pump-operated device (25% plasma yield, 30 ml/h inlet
flow rate) separating plasma from blood diluted 1:10 requires 30 min to extract a sample
volume containing only 200 µl of undiluted plasma. Based on a 45% Hct the dilution of
such plasma sample is approximately 1:18, which can make the detection of rare analytes
difficult or impossible. Furthermore, considering major progress in effective self-driven
low-impact solutions for extracting the same volumes of undiluted plasma, the
development of high throughput systems should demonstrate production of plasma samples
suitable for diagnostics purposes.
Medical diagnostics could potentially benefit from stand-alone microfluidic plasma
extraction at the point of blood draw, as it has the potential to prevent unwanted changes in
biomarker levels during blood transport, storage and delayed processing. For example, our
group demonstrated the use of stand-alone plasma separation in NIPT [4]. However, in the
context of microfluidics being used in PoC systems, the ease of integrating a BPS module
with downstream sample processing and/or analyte detection (e.g. in a LoC system) is a
crucial asset that is likely to decide the success of that BPS solution.
Separation of plasma volumes in the millilitre range has been demonstrated with a number
of approaches and it is evident that there is no single best microfluidic BPS technology,
with each one having its advantages and limitations. Therefore, a hybrid approach, in
which advantages of different BPS mechanisms are combined in one device, has a large
potential in diagnostics requiring larger plasma volumes. Indeed, the hybrid devices
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presented here achieved higher yield and sample purity than those employing a single
separation mechanism [135,136].
An inherent issue of all microfluidic technologies relates to clogging. It is most apparent
in filter-based devices as they have finite lifetime limiting the processed sample volume. It
is also a well-known problem of the hydrodynamic systems, where channels get blocked
from cell aggregation, coagulation or presence of debris. This becomes an issue especially
with long operation times required for separating larger samples. Assessing the efficacy of
a BPS method, which is not only the product of plasma quality but also of the device
reliability, is often difficult as failure rates are rarely reported.
Furthermore, the practicality of a particular solution strongly depends on the fabrication
method. Complex designs and fabrication procedures as well as the use of external
equipment for device operation should be justified by improvements in performance.
Additionally, compatibility with mass fabrication methods is crucial for translation to
market, which has been shown to be a problem with PDMS-made chips [6,7].
The majority of papers presenting BPS do not include a comprehensive study of plasma
quality such as the remaining cell content and haemolysis measurements. For instance, a
number of methods can be used for measuring residual cell content in plasma, e.g. flow
cytometry, automated haemocytometry or manual cell counting, but their precision is
different, and a comparison of the results obtained with different methods is not always
informative. Furthermore, a demonstration of successful biomarker detection enables an
evaluation of the device for a specific diagnostic purpose. Yet, it does not guarantee the
system is applicable to other diagnostics.
Finally, continuous flow BPS, including hydrodynamic separation, enables a sequential
execution of several sample processing steps using the same flow actuation mechanism.
Therefore, it is the most promising approach for integrated sample preparation solutions.
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Chapter 3 Design and Fabrication Methods
3.1. Design and Fabrication of PMMA-Made Fluidic Interface Platforms
Due their small size (from 11 mm × 18 mm to 20 mm × 25 mm), the BPS chips used in our
lab require a platform to interface them with the inlet and outlet tubing connectors.
Originally, the platforms were produced externally by Epigem Ltd. 0.5 mm deep channels
were machined by micromilling of SU-8 layer sandwiched between 25 mm × 75 mm
PMMA slabs. Additionally to their prohibitive cost (£80 per item which is meant to be
single-use and disposable), the constraints regarding the production time and lack of
flexibility led to the need to develop an in-house solution. The development of methods
for in-house fluidic components fabrication opened an avenue for fast prototyping of new
platform designs and even more importantly, the possibility to integrate additional
functions. The platform devices were made of PMMA slabs cut and engraved using a laser
cutter and bonded to produce three-dimensional channels. An assembly of a BPS chip and
an interface platform is shown on Figure 10.

Figure 10 One of the fluidic interface platforms developed in this study with a BPS chip
mounted on top and fluidic ports and connectors attached (more details in Chapter 4). The
platforms were made by binding of laser-cut PMMA layers.
All designs were prepared in AutoCAD (Autodesk) software and saved as .dwg files. As
the laser cutter uses CorelDRAW interface, the .dwg files were converted in AutoCAD to
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.dxf, which can be opened by Corel. A 2D geometry was used, in which the top view of
each layer was designed separately.
3.2. Laser-Cutting of PMMA Layers
3.2.1. General procedure
For laser cutting and engraving of PMMA layers, an Epilog 18 Mini laser cutter (Epilog
Laser) was used.

Two lenses were available; the 1.5-inch lens was used for

cutting/engraving of 2mm-thick layers, while the longer 2-inch lens for all the thinner
layers (0.8 mm, 0.5 mm and 0.2 mm). The following procedure was applied:
1. The Epilog laser cutter and the fume extraction pump were turned on.
2. The safety status of the fume absorber was checked.
3. The CAD file containing drawing of the device layers was opened in CorelDRAW.
4. In the drawing, the paper sheet dimensions were set to 457.2 mm × 304.8 mm to
match the size of the Epilog tray.
5. The first layer was fitted into the top left corner of the paper sheet (1-2 mm away
from the edges). To increase the throughput up to four 25 mm × 75 mm pieces can
be copy-pasted next to each other and cut at once. As the Epilog tray is not perfectly
level, cutting more pieces at once usually resulted in low precision of the feature
sizes, e.g. ferrule holes being too tight.
6. The layers to be cut were selected and the desired cut parameters were set in the
Epilog printer interface dialog (see below for typical parameters). Confirming the
selection sent the job to the Epilog cutter.
7. The PMMA sheet of the correct thickness (without the protective film) was placed
onto the Epilog tray and pushed to fit into the top left corner (the whole sheet needs
to fit into the tray to achieve even laser focusing needed for precise operation).
8. Lens corresponding to the layer thickness was mounted.
9. The focus was set as described by the manufacturer. To achieve best precision, the
focus was set at a spot approximately in the middle of the working area (the area of
the PMMA sheet where the layer would be cut).
10. The reference position (“Home”, which corresponds to the top left corner of the
drawing) was set in the top left corner of the working area.
11. The lid of the laser cutter was closed.
12. The correct job was selected and the cutting/engraving process was started.
13. The lid of the laser cutter was opened after at least 4 s after the cutting was finished
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to make sure all the fumes were extracted.
14. The cut layers were removed and cleaned with ethanol using cleanroom wipes.
3.2.2. Laser cutting parameters
Laser cutting parameters determine the quality of the cut and need to be matched to the
thickness of the PMMA sheet. The two most important parameters are the speed, which
determines how fast the laser head moves during the cutting, and the power (the percentage
of maximum laser power applied). Too much laser power delivered on the plastic surface
can lead to features much larger than desired. Additionally, bending or “wrinkling” of the
PMMA layer can disrupt the cutting process.
Other parameters include the resolution and laser pulse frequency, which were always set
at 1200 DPI (maximum) and 2500 Hz, respectively. For engraving “Standard” function
was used (changing this option gives different surface finishes).
Typical speed and power settings used for cutting through different surfaces:
1. 2 mm PMMA: 2 times at Speed 30% × Power 63%.
2. 0.8 mm PMMA: Speed 30% × Power 45%.
3. 0.5 mm PMMA: Speed 30% × Power 35%
4. 0.2 mm PMMA: Speed 25% × Power 17%
5. Double-sided adhesive: 2 times Speed 30% × Power 9%
6. Vivid membrane: 3 times at Speed 30% × Power 7%
7. Engraving approximately 1 mm deep in 2 mm PMMA: Speed 60% × Power 100%
3.2.3. Laser-cutting/engraving a layer on both sides
The following procedure was developed for the PMMA layer requiring laser patterning on
both sides:
1. Before starting to cut the layer, the PMMA sheet was carefully fitted exactly into
the top left corner of the cutting tray. This increases fabrication precision by
ensuring the plastic does not move when it is flipped on the other side.
2. The laser was focused and the same focal spot (“Home” point) was used throughout
the process.
3. One side of the layer was patterned.
4. The layer was flipped upside down the following way: (1) the PMMA sheet was
immobilised by pushing it against the corner of the tray and holding it (important
for keeping the correct alignment), (2) a scalpel was used to gently lift the cut layer
and remove it from the slot, (3) the layer was flipped upside down and placed back
26

into the cut slot (there would be some room between the edge of the layer and the
edge of the slot so the layer should be placed roughly in the middle of the slot).
5. In the Corel drawing, all the elements of the drawing cut in step 3 were removed
apart from the outline of the cut layer. The drawing of the other side of the layer
was copied and dragged over the outline of the layer cut in step 3 (this ensured a
good overlap of the two sides).
6. The other side of the layer was patterned.
3.2.4. Ferrule holes
The fluidic connection between the platform and the BPS chip as well as the platform and
the fluidic ports (made of PEEK) for inlet and outlet tubing connection is established with
a set of 3 mm-long PTFE ferrules (OD 1/16”, ID 0.25 mm) provided by Epigem Ltd. The
ferrule fits into an inlet or outlet hole in the BPS chip that ends with a conical shape
providing a leak-free connection. To accommodate for the length of the ferrules the holes
in the platform where the ferrules were fitted were made in a 2 mm-thick layer. The holes
with nominal diameter 1.3 mm were laser cut in two cuts at Speed 30% × Power 63%,
which resulted in a tapered shape (the cut is wider at the top where more laser power is
delivered) providing a leak-free connection, Figure 11). The tapered shape develops
because the laser power delivered to the material is highest at its top and decreases towards
the bottom (when laser light is applied from the top).

Figure 11 Ferrule connection between the BPS chip and the PMMA-made platform. The
ferrule holes laser-cut in the 2 mm top layer of the platform have a tapered shape, which
allows a leak-free connection. The ferrule has a cylindrical shape but since it is made of
soft PTFE it adopts the shape of the holes.
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3.2.5. Fabrication of sample inlet channel
Sample inlet channel (as well as the cell waste outlet) in all of the discussed devices was
cut through in 0.5 mm layer. Engraving was not used because the engraved bed of the inlet
channel was found to promote extensive cell/protein aggregation (Figure 12), which
disrupted the flow and lead to clogging of the BPS chip. No analysis of the aggregate
composition was performed but similar aggregates were described in literature to form due
to platelet activation leading to clotting [14,141,142].

Figure 12 a, Extensive aggregation (most likely platelet activation/clotting [14,141,142])
in a blood inlet channel with engraved channel bed. b, A close-up on an aggregate. Apart
from largely increased hydraulic resistance (channel cross-section significantly reduced)
and disrupted flow, bits of cell aggregates shed into the chip caused clogging.
3.3. Standard Bonding of PMMA Layers
3.3.1. Bonding procedure
A 2-minute bonding process for assembling a fluidic device from the laser-cut PMMA
layers was developed in our group by Antonio Liga. The bonding is facilitated by ethanol,
temperature and pressure. The following adapted procedure was used:
1. After laser cutting the layers were cleaned with 99% ethanol and cleanroom wipes.
2. Layers were stacked in the right order and 99% ethanol was introduced between
them using a lab wash bottle.
3. The layers were rubbed against each other to evenly spread the ethanol.
4. Excess of ethanol was wiped off using a cleanroom wipe. Ethanol left on the top
or bottom surface resulted in the surface becoming opaque, which can compromise
flow monitoring possibilities.
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5. The stack of layers held in hand was repositioned to ensure good layer alignment.
6. The stack was placed onto the bottom heated plate with the layers kept in place by
the aligning pins.
7. The plates have two sets of aligning pins so to speed up the production process and
to ensure even spreading of the applied pressure another layer stack was placed into
the other set of pins.
8. The top plate was fitted. The temperature of both plates is set to 67°C.
9. Pressure of 2600-2800 psi was applied for 2-3 min.
10. The platforms were removed from the press and layer alignment was checked
(significantly misaligned devices were discarded).
11. The success of bonding was assessed (around 80% success, unbonded areas show
signs of colourful interference fringes when the platform is placed in a direct light).
If the bonding seemed unsatisfactory, 100-150 µl ethanol was dispensed onto the
platform sides adjacent to the unbonded areas. Ethanol gets into the gaps by
capillary action and the device can be put back into the press for second bonding.
The bonding process is robust; its duration and temperature changes of ±5°C were not
found to affect the bonding quality. This procedure allowed fast fabrication: two devices
per 7-12 min, depending on design complexity at low failure rate (no more than 10%). For
the preparation of platforms for the pilot study performed at the Chinese University of
Hong-Kong (described in Chapter 9) at least 60 platforms could be produced per day by
two operators working together.
3.3.2. Preventing channel clogging during fabrication
After bonding, excess of the mixture of ethanol and dissolved or molten PMMA can clog
the channels after it solidifies. This posed a problem particularly in the engraved channels,
which were always left with large amount of PMMA dust. To prevent channel clogging,
air was blown through the device using a hand-held 10 ml syringe with the tip tightly
pressed against the channel inlet or outlet hole, which removed excess ethanol.
3.4. Laser-Cutting Fluidic Interface Platforms
3.4.1. Platform with planar trenches
Platform with planar trenches was made of three PMMA layers:


2 mm top layer with holes for ferrules interfacing the platform with the BPS chip
(cut twice at Speed 30% × Power 63%)



0.5 mm middle layer with blood inlet and cell waste outlet channels (cut at Speed
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30% × Power 35%)


2 mm bottom layer with plasma outlet channel containing trenches engraved on one
side (engraved in three separate steps, each at Speed 10% × Power 15%). Ferrule
and bolt holes (cut twice at Speed 30% × Power 63%) as well as slots for hexagonal
nuts (engraved at Speed 60% × Power 100%) were fabricated on the other side.

3.4.2. Platform with vertical trenches
Platform with vertical trenches was made of four PMMA layers:


2 mm top layer with holes for ferrules interfacing the platform with the BPS chip
(cut twice at Speed 30% × Power 63%)



0.8 mm middle layer with the part of the plasma outlet channel containing the
trenches (cut at Speed 30% × Power 45%)



0.5 mm middle layer with blood inlet and cell waste outlet channels and the initial
part of the plasma outlet channel (cut at Speed 30% × Power 35%)



2 mm bottom layer with ferrule and bolt holes (cut twice at Speed 30% × Power
63%) and slots for hexagonal nuts (engraved at Speed 60% × Power 100%).

3.5. Design and Fabrication of the Filtering Module
3.5.1. Early design with membrane sealed with adhesive rings
The device consisted of five laser-cut PMMA layers (Figure 13), and it was fabricated the
following way:
1. The three layers on the inlet side of the membrane were bonded together using the
procedure described above. The assembly contained (1) membrane-housing slot,
(2) the membrane inlet chamber where plasma wets the membrane and (3) the
ferrule holes interfacing the device with the inlet and outlet tubing connectors.
2. The two layers on the outlet side were bonded. They contained (1) the plasma
collection chamber on the outlet side of the membrane, (2) blood inlet and cell waste
outlet channels (0.7 mm wide) as well as the beginning of the channel where plasma
is fed into from the BPS chip and (3) ferrule holes for interfacing the device with
the BPS chip.
3. A 2 mm-wide double sided adhesive ring was fitted using a tweezer into the
membrane slot (diameter 9 mm) in the membrane-housing layer and pressed against
the surface of the slot to promote adhesion.
4. A circular piece of membrane (diameter 8.7 mm, laser-cut two times at Speed 10%
× Power 7%) was fitted into the slot on top of the adhesive ring and gently pressed
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on the sides (using a tweezer), care was taken not to damage the membrane.
5. The second adhesive ring was fitted onto the membrane and pressed gently.
6. The top layers (bonded together) were added on top, aligned with the bottom part
and everything was pressed firmly around the membrane area to promote good
adhesion.
7. 150 µl of ethanol was pipetted between the bottom and top layers, care was taken
to promote spreading of the ethanol between the layers.
8. The assembly was bonded in the heated press (as described before, temperature of
both plates set to 67°C, pressure of 2,600-2,800 psi applied for 2-3 min).
9. The device was left overnight for ethanol residues to evaporate.

Figure 13 The early design of the platform with integrated cell filtering membrane. Five
PMMA layers of various thickness were used to provide all the necessary functions.
Vivid™ membrane (diameter 8.7 mm) was sealed in the slot (diameter 9 mm) using two 2
mm-wide double-sided adhesive rings.
3.5.2. Membrane integration using the pressure and ethanol-assisted thermal bonding
The double-sided adhesive rings turned out to be inefficient in sealing the membrane. In
the next series of devices, the depth of the membrane slot was decreased and the sealing of
the Vivid™ membrane relied solely on the pressure of PMMA layers it was placed
between.

Some aspects of the overall geometry were also modified and the layers

composing the new device are shown in Figure 14. The fabrication process was the same
as described above, except that to reduce the amount of ethanol absorbed by the membrane
(which is difficult to remove and can lead to cell lysis) it was immersed in 70 µl of PBS
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buffer for the bonding process.

Figure 14 a, The design of filtering device with rectangular-shaped membrane integrated
using the standard pressure and ethanol-assisted thermal bonding (without adhesive
rings). Seven PMMA layers of various thickness were used. Vivid™ membrane (active
area 1 mm2) was fitted into a “step” slot (slot with a deeper region on the inside and a
shallower one on the outside). b, Close-up on the membrane in a fabricated device.
3.5.3. Membrane integration without the pressure and ethanol-assisted thermal bonding
To fully eliminate the risk of trapping ethanol in the membrane during fabrication, the
membrane was integrated without the pressure and ethanol-assisted thermal bonding.
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Instead, a layer of double-sided adhesive was used between the membrane-housing layer
(this time on the output side of the membrane) and the layer containing the inlet chamber.
New design features were also implemented to construct the inlet chamber with 4 inlet
holes and an array of diamond-shaped pillars (obtained by engraving) to improve
wettability. To accommodate for a larger membrane size (active area 2 cm2), the footprint
of the device was increased to 35 mm × 75 mm (from 25 mm × 75 mm). The resulting
device consisted of nine PMMA layers and to avoid unnecessary increase of the thickness
and dead volume, thinner layers were used where possible (Figure 15). The modified
fabrication procedure was as follows:
1. All the PMMA layers from above and below the membrane were bonded using the
standard pressure and ethanol-assisted thermal bonding.
2. Oxygen plasma treatment was used (see section 3.5.4).

Figure 15 The design of filtering device with oval-shaped membrane integrated using a
double-sided adhesive layer and without the pressure and ethanol-assisted thermal
bonding. Nine PMMA layers of various thickness were used. A layer of double-sided
adhesive was placed together with the Vivid™ membrane (active area 2 mm2) between the
membrane slot layer and the inlet chamber layer.
3. Laser-cut double-sided adhesive layer was placed on the membrane-housing layer
(now part of the assembly of layers from above the membrane). The protective
layer was kept on the outer side of the adhesive.
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4. The assembly of layers with the adhesive was placed into the aligning pins in the
bottom plate of the press, covered with the top plate and pressed (at room
temperature) to achieve good adhesion.
5. The protective layer was removed from the adhesive.
6. 70 µl of PBS buffer was applied to the membrane. This eliminated the static
interaction between the membrane and PMMA surfaces, which can lead to
membrane misalignment.
7. The membrane was inserted into the housing slot.
8. The assembly of layers from below the membrane was fitted above into the aligning
pins.
9. The pressure was applied (2600-2800 psi for 5 min at room temperature).
10. After the fabrication, the small PBS volume trapped in the membrane was removed
by pumping air through the device a few times using a hand-held 10 ml syringe.
3.5.4. Oxygen Plasma Treatment of PMMA Surfaces
Oxygen plasma treatment was used to increase the hydrophilicity of the PMMA surfaces
adjacent to the plasma separating membrane (described in Chapter 6). All the PMMA
layers on the outlet and inlet side of the membrane were first bound using the pressure and
ethanol-assisted thermal bonding. Then the surfaces adjacent to the membrane were
exposed to oxygen plasma at 0.5 mBar for 10 min, the plasma oven (Pico, Diener
Electronic) was set to 100% power.
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Chapter 4 Setup and Measurement Methods
4.1. Standard BPS Fluidic Setup
The fluidic setup used in most of the BPS experiments consisted of (1) a BPS device
immobilised on (2) a custom-designed holder and connected through (3) capillary tubing
to (4) a syringe pump (NE-1000 or NE-1010, New Era Pump Systems Inc.) and to (5)
plasma and cell waste collection Eppendorf tubes. (6) A portable microscope (DinoLite,
AnMo Electronics Corporation), total magnification up to 250× (magnification of the
objective times the magnification of the eyepiece), connected to a laptop, was used to
monitor the flow and check for disruptions such as clogging. The BPS setup is shown in
Figure 16, a later version of the setup, including a custom-made holder for two BPS systems
is presented in Chapter 7.
The BPS device consisted of a BPS chip, placed on a poly(methyl methacrylate) (PMMA)made fluidic platform. The fluidic connection between the chip and the platform was
created by 3 mm-long pieces of tubing (ferrules). To prevent leakages at the ferrules the
chip was attached to the platform with four bolts. The chips were designed in house and
then fabricated externally at Epigem Ltd. through photolithography of SU-8 photoresist.
SU-8 is an epoxy-based polymer commonly used for microfluidic applications. The SU-8
structure was sandwiched between two PMMA slabs for support.
The platform provided a fluidic interface for the chip enabling its connection to the inlet
and outlet tubing through two custom-made ports made of polyether ether ketone (PEEK)
where the tubing was attached through threaded plastic connectors. A connecting ferrule
was placed at the end of the piece of tubing fitted inside the connector to provide a leakfree connection between the tubing and the PEEK port. Within the platform there was a
system of trenches and/or a filter for the removal of residual cells from plasma. I designed
all the platforms, while some of them were fabricated with the help of other lab members.
All the used syringes had a Luer lock (a threaded tip), which allowed them to be connected
to the blood inlet tubing through two PEEK-made fittings. The tubing was made of
polytetrafluoroethylene (PTFE) and had a standard outside diameter (OD) of 1/16”. The
internal diameter (ID) of the blood inlet and cell waste outlet tubing was either 0.75 or 0.8
mm in all the experiments. ID 0.25 or 0.75 mm tubing was used for the plasma outlet. The
lengths of the tubing pieces were 15-25 cm for the inlet and 8-10 cm for the outlets.
Two custom-made holders were used for immobilising the BPS device during the
experiments. The holders were made of interlocking laser-cut PMMA pieces. The first
one was attached to a movable microscope stage with a source of light (diode array) below
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the BPS chip for easier monitoring of the flow (Figure 16). The second holder, could
accommodate two BPS systems together with the collection tubes and was used without
the microscope stage (a version of this holder is shown in Chapter 7).

During the

experiment, the setup was kept in a transparent enclosure (not shown) to prevent any
spillage and contamination of other lab equipment.

Figure 16 The central part of an early version of the BPS setup with the BPS device (BPS
chip + fluidic platform with inlet/outlet ports) placed on a plastic holder attached to a
microscope stage.

Inlet and outlet tubing is attached to the ports through fluidic

connectors. Microscope was used to monitor sample flow.
All the chips and fluidic platforms were discarded after a single use. The tubing, fluidic
connectors and fittings were rinsed thoroughly with distilled water and autoclaved after
every use.
4.2. Measurement of the Size of the Cell-Free Zone
The size of the cell-free zone was measured using an open-source imaging software
(ImageJ, version Fiji) on micrographs captured using a USB microscope (DinoLite, AnMo
Electronics Corporation).

The images were taken at magnifications 180-230× (total

magnification, i.e. the magnification of the objective times the magnification of the
eyepiece). For all experiments, the images of each bifurcation were taken between 2 to 7
min after the arrival of sample in the chip to ensure that the images represent a steady state
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separation (fully developed flow pattern and would not be affected by cell sedimentation
in the syringe. To document cell-free zone widths, only the images from separations that
were not disturbed by clogging or flow instabilities were used.
The width of the cell free zone was measured as the distance from the wall between the end
of the channel constriction and the beginning of the plasma extraction channel to the edge
of the cell stream, as depicted in Figure 17.

Figure 17 Measurement of the width of the cell-free zone (W). Mar15 chip Design 1, blood
diluted 1:1, inlet flow rate 20 ml/h.
As the exact magnification was unknown, to measure the width in micrometres first the
scale of the image was calibrated based on the mean of six measurements of a feature of
known size (constriction width, 35 µm in Mar15 D3, 37.5 µm in Mar15 D1 and Nov09
chips). Then the width of the cell free zone was measured six times and the mean was
calculated. The measurements for cell free zones were taken at bifurcations 1, 3 and 5 and
1, 3, 5, 7 for Mar15 and Nov09 designs, respectively. The measurements were performed
on three independent separations (done with the same experimental conditions but using
different blood samples) for a given flow rate. Only separations done at 10-20 ml/h were
taken into account because of flow instabilities at higher flow rates (25-30 ml/h).
4.3. Haemolysis Measurement
4.3.1. Introduction
Plasma extraction methods need to be evaluated in the context of medical diagnostics
requirements. As discussed in Chapter 2, haemolysis (erythrocyte rupture and release of
haemoglobin into plasma) can be a major source of interference in biomedical assays [143–
145]. Therefore, developing a reliable method for measuring haemoglobin content in
plasma samples was a basic need of the study.
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Haemoglobin content can be measured using our haemoanalyser (ACT diff 2™ Analyzer,
Coulter), which is designed for measurements on whole blood samples (normal Hgb range
12-17.5 g/dL) with precision of 0.1 g/dL. However, plasma has a normal free haemoglobin
level below 0.1 g/dL (with values >0.05 g/dL reported to interfere with a number of
diagnostic assays).

Indeed, plasma samples of clearly different visual appearance

commonly yielded same measurement value of 0.1 g/dL. Therefore, direct measurements
on the haemoanalyser were not suitable for assessment of haemolysis in plasma and a
different approach was required.
4.3.2. Cripps method for measuring haemolysis
The extent of haemolysis in a plasma sample can be determined through a light absorption
measurement. In microfluidic blood plasma separation systems literature, Cripps method
has frequently been used, which makes use of the free haemoglobin absorbance peak
between around 560 nm and 600 nm [10,12,128,146]. Cripps number or the haemolysis
factor H, representing the height of the peak, is calculated according to the formula:
𝐻 = 𝐴

.

–

(𝐴

+ 𝐴
2

)

(1)

where A560, A576.5 and A593 are the absorbance values at 560nm, 576.5nm and 593nm,
respectively (Figure 18) [147,148]. H and A are dimensionless.

Figure 18 Absorption spectrum of free haemoglobin showing prominent peak between
560 nm and 600nm. The principles of three haemolysis measurement methods are shown.
Extracted from work by Malinauskas [148].
All the haemolysis measurements were performed on plasma samples devoid of cells to
ensure only free haemoglobin present in the sample is measured. To do that, each plasma
sample was centrifuged for 10 min at 1,600g to ensure all cells and cell debris are removed.
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After the centrifugation, the supernatant was transferred to a fresh Eppendorf and 70-100 µl
of it was transferred to a plastic cuvette for absorbance measurement. Absorbance was
measured using Jenway 7315 Spectrophotometer in 500-630 nm wavelength range at 2 nm
interval.
4.3.3. Relative haemolysis measurement for the evaluation of plasma extraction method
The main goal of free haemoglobin measurements was to compare the extent of RBC lysis
in different microfluidic plasma separation devices and methods. Therefore, haemolysis
due to sample treatment Hcorrected was calculated relative to an appropriate control:
𝐻

=𝐻

−𝐻

(2)

where Hµflu and Hcontrol are Cripps haemolysis values measured as described above directly
on microfluidics-extracted and control plasma samples, respectively. Plasma extracted
from input sample (whole blood, diluted blood or plasma mixed with blood cells) via
centrifugation was used as control. When whole blood was used for input sample, the
control plasma was obtained using the two-step centrifugation protocol (10 min at 1,600g,
followed by 10 min at 13,400g). When diluted blood or plasma mixed with concentrated
blood cells, which occasionally display compromised cell integrity, were used as the input
sample, plasma was separated in one centrifugation step (10 min at 1,600g) to avoid
unnecessary cell damage.
In this method, the reported haemolysis values reflect only the cell damage resulting from
the microfluidic sample processing since the evaluation of separation devices or methods
is offset by any haemolysis that might have occurred before microfluidic sample
processing, e.g. during venepuncture, sample transport or storage.
4.3.4. Haemolysis assessment for NIPT setting
The next step in haemolysis assessment was to develop a classification system that
indicated whether a plasma sample would pass a haemolysis check in an NIPT setting. It
is a common precaution in NIPT analytical laboratories to discard samples with a visual
sign of haemolysis [118,119]. Not only can free haemoglobin interfere with cfDNA assays,
but rupture of RBCs can also be accompanied by damage to other cell types, which could
alter the background maternal DNA content. These two arguments are the main reason
behind rejection of samples with visual signs of haemolysis despite one study having shown
haemolysis in plasma caused no interference with fetal fraction measurements [17].
Therefore, it is important to discriminate between samples that are not haemolysed, those
where haemolysis can be detected by spectroscopic method but not through visual
inspection and the heavily haemolysed samples.
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Figure 19 Cripps haemolysis values for 19 plasma samples whose free haemoglobin
content was measured to be 0 or 0.1 g/dL on ACT diff 2™ Analyzer. Mean Cripps values
are 0.0083 (SD 0.0053, n = 4) and 0.0189 (SD 0.0069, n = 14) for 0 or 0.1 g/dL of
haemoglobin, respectively. All samples were devoid of cells and were obtained either
solely by centrifugation (10 min at 1,600g followed by 10 min at 13,400g) or by microfluidic
separation followed by centrifugation (10 min at 1,600g).
To provide such a qualitative method for sample quality assessment, it was necessary to
relate Cripps haemolysis values to free haemoglobin concentrations. This was done based
on Cripps values for 15 plasma samples that had 0.1 g/dL of haemoglobin according to
measurements on the haemoanalyser and 4 having 0 g/dL. Samples were extracted either
solely by centrifugation (10 min at 1,600g followed by 10 min at 13,400g) or by
microfluidic separation followed by centrifugation (10 min at 1,600g). All samples were
devoid of blood cells.
As shown on Figure 19, Hmean is 0.0189 (SD 0.0069) and 0.0083 (SD 0.0053) for samples
having 0.1 g/dL and 0 g/dL of free haemoglobin, respectively. As discussed in section
4.3.1, interference with diagnostic assays is considered to occur for plasma/serum samples
with >0.05 g/dL (>500 mg/L) of free haemoglobin. Based on Figure 19, 0.05 g/dL would
correspond to Cripps value H = Hmean/2 = 0.0189/2 = 0.0095 and samples with Cripps value
up to 0.0095 are regarded as non-haemolysed.
The 0.0095 cut-off is supported by the analysis of plasma absorption spectra resulting in
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different Cripps haemolysis values. Haemolysis value calculated according to Equation (1)
is a measure of the height of one of haemoglobin absorption peaks. However, even for
samples for which no peak is observed in the 560-600 nm range, the value is almost never
0, due to small absorbance fluctuations. A peak (or at least some absorption increase) was
observed for spectra with H ≥ 0.0095 (based on analysis of 8 absorption spectra and the
associated H values, Figure 20).

Figure 20 Absorption spectra of 8 plasma samples with different Cripps haemolysis values
H. Cripps method is based on measuring the height of the haemoglobin absorbance peak
between 560 nm and 593 nm, with maximum around 593 nm (wavelengths marked by dotted
lines for clarity). H value is non-zero even when no peak can be observed (0.001 < H <
0.008). H = 0.0095 is the lowest Cripps value for which a faint peak can be seen. All
samples were devoid of cells and were obtained either solely by centrifugation (10 min at
1,600g followed by 10 min at 13,400g) or by microfluidic separation followed by
centrifugation (10 min at 13,400g).
In general, samples with 0.1 g/dL haemoglobin (as measured by the haemoanalyser) do not
display signs of haemolysis upon visual inspection. Therefore, the quality of these samples
can be considered sufficient for analysis in NIPT setting. Based on Figure 19, samples with
H values above 0.0095 and below 0.0258 (Hmean + SD) have up to 0.1 g/dL of free
haemoglobin and are categorised as slightly haemolysed. All samples with H > 0.0258 are
considered as significantly haemolysed, which is usually evident in visual inspection. The
system of plasma sample quality assessment with respect to the haemoglobin content in
plasma is summed up in Table 1.
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Table 1 Classification system developed in this study for assessing plasma haemoglobin content
with the corresponding Cripps H values based on absorbance measurement and the approximate
haemoglobin concentration ranges.
Plasma haemoglobin
content grade

Cripps H value

Approximate
haemoglobin
concentration [g/dL]

Plasma accepted for
NIPT measurement

None

0-0.0095

0-0.05

Yes

Slight

0.0095-0.0258

0.05-0.1

Yes

Significant

>0.0258

>0.1

No

4.3.5. Translating the residual RBC content to plasma haemoglobin content
The methodology described above allowed comparing the extent of haemolysis that
occurred during different microfluidic blood plasma separation routes. Furthermore, it
provided a way of assessing whether plasma haemoglobin content rendered the sample
unfit for analysis in an NIPT setting. This required any residual cells present in plasma
after separation to be removed via centrifugation prior to the spectroscopic haemolysis
measurement.
In some cases, however, it is important to determine whether the separated plasma can be
used in a diagnostic assay directly after the extraction, despite still containing some residual
cells. The haemoglobin contained in the residual erythrocytes would be released into free
haemoglobin form during further sample processing, e.g. cfDNA isolation. Thus, the level
of residual RBCs, up to which the release of their haemoglobin cargo does not interfere
with downstream analyte capture and detection was assessed.
To achieve this, photos of 7 representative plasma samples were taken before and after
residual cell removal via centrifugation (10 min at 1,600g) and the visual appearance of the
plasma was compared. Five samples had RBC count of 0.01×106 cells/µl (the smallest
detectable cell number higher than 0) and two had 0.02×106 cells/µl, measured on the
haemoanalyser (Figure 21).
In general, the samples containing 0.01×106 RBCs per microlitre did not appear clearly
reddish/pinkish in colour and thus their plasma haemoglobin content grade was assessed as
Slight (see Table 1). On the other hand, plasma with 0.02×106 RBCs per microlitre had
already a clearly red appearance, revealing Hgb content not acceptable in NIPT setting
(Hgb content graded Significant).
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Figure 21 Comparison of the appearance of plasma samples with a, 0.01×106 RBCs/µl
and b, 0.02×106 RBCs/µl, before and after centrifugation (10 min at 1,600g). The visual
appearance of plasma with 0.01×106 RBCs/µl suggests, that with respect to its
haemoglobin content, the sample is acceptable for analysis in NIPT setting without further
removal of residual RBCs. On the other hand, plasma with 0.02×106 RBCs/µl would not
pass the visual quality inspection.
4.4. Statistical Analysis
For all the statistical analysis of the data, GraphPad Prism software version 7 (GraphPad
Software Inc.) was used.

The software allowed calculation of means and standard

deviations as well as performing Student’s t-test.
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Chapter 5 Design of Hydrodynamic Blood Plasma Separation
Devices Compatible with High Volume Production
5.1. Introduction
The starting point of the design process was the Nov09 chip developed and characterised
in our group earlier [8]. The Nov09 chip has a single main channel with a series of eight
bifurcations (see Figure 6a in Chapter 2). Each consists of a narrow stretch of the main
channel (constriction), where the flow of blood cells is focused, followed by a wider region
(expansion), where a cell-free zone is created, and plasma is extracted through a serpentine
channel of high hydraulic resistance. There are four extraction channels on each side of
the main channel and thus the plasma is directed to two independent outlets. The chip has
also a single sample inlet and a cell waste outlet. The channels have a uniform depth of 20
µm, the width of the main channel change from 37.5 µm at the constriction to 100 µm in
expansion, inlet and outlet regions, the serpentine plasma extraction channels have a
smaller width of 15 µm.
The extraction channels in Nov09 design have the same lengths and widths and thus the
same hydraulic resistances, meaning that the amount of plasma extracted through each of
them decreases from the first two to the last two compromising the overall plasma yield.
Also, with the channels present on both sides of the main channel, the direction of cell flow
focusing changes after each bifurcation. This was thought to provide a possible disruption
to cell focusing and formation of cell-free zones, compared to the situation where the
extraction channels are present only on one side of the main channel and thus the cell flow
focusing has a constant direction and should improve after each bifurcation.
In the context of medical diagnostic application, a design compatible with microinjection
moulding would be highly desirable. However, the bifurcation geometry in Nov09 chip
involves an abrupt width change between the constriction and the expansion, with a sharp
90° corner at the edge (Figure 22a). Such an abrupt geometry change is known to improve
cell focussing and thus plasma purity [10,149], yet it is not compatible with inexpensive
mass production methods as 25 μm is the lowest curvature radius achievable by
microinjection moulding tooling.
To sum up, the objectives in design of the new chips were (1) adapting the design to mass
production methods (compatibility with microinjection tooling, Figure 22b), (2) decreasing
the chip footprint, which determines the unit price, (3) increasing the separation throughput,
(4) adjusting the hydraulic resistances of the plasma extraction channels to obtain similar
extraction yields at the individual bifurcations.
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To increase the separation throughput, a design consisting of two symmetric separation
units was developed. The requirement for reduced footprint led to the design a heart-like
shape with two symmetric inlet channels originating at the same inlet hole and encircling
the central plasma extraction zone. The long inlet channels were expected to improve flow
stability and facilitate the development of efficient cell focusing. This configuration was
compatible with having the plasma extraction channels only on one side of each of the
daughter main channels and directing them to a common single plasma outlet, which also
simplifies the operation. Sufficient extraction yield was expected to be achieved by
implementing a series of five bifurcations.

Figure 22 The bifurcation zone geometries in a, the original Nov09 chip and b, one of the
new Mar15 line chips (Mar15 D1). The bifurcation zone is indicated by green dashed
circle and has a sharp 90° corner in Nov09 design. The round (R = 25 µm) ending of the
constriction in Mar15 designs makes them compatible with cheap mass production
methods. Blood and plasma flow directions are indicated for clarity.
To guide the chip design process, flow simulations in COMSOL Multiphysics™ were used.
Blood flow at the microscale is vastly complex because blood is a non-Newtonian and shear
thinning fluid. This behaviour results from blood being a very concentrated cell suspension
instead of a pure liquid. In whole undiluted blood cells make up for nearly half of the
volume, the rest being plasma, which on its own is a Newtonian fluid composed in 95% of
water. Additionally, the haemocytes are largely inhomogeneous with platelets and WBCs
being spherical with diameters of 1-2 µl and 10-20 µl, respectively, while the RBCs, that
constitute 98% of all blood cells, have discoid shape (6-8 µm diameter, 2 µm thickness).
Thus, modelling the blood cell flow at the microscale is very complex and in the context of
the hydrodynamic BPS has only been used for studying fluid with cells considered to be
spherical particles at concentrations corresponding to highly diluted blood (1:10-100)
[150–152]. This approach assumes the interactions between cells to be unimportant, which
is certainly not the case at higher haematocrits where blood cells constitute a large part of
the fluid volume. Inertial focusing was found to be disrupted at cell concentrations over
9% [133]. It is expected that this kind of methodology has a limited application in
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predicting cell dynamics in a microfluidic BPS system. Thus, this method was not used to
estimate the efficiency of blood cell removal. Instead, through a number of assumptions
and approximations, a method for simulating flow distribution in the device was developed.
The goal was to use a simple Newtonian fluid model with spatially homogeneous viscosity
to optimise the plasma extraction yield in terms of its total value as well as the flows
extracted through individual plasma channels at each bifurcation.
With the new chip designs, the effect of new geometry features, in particular the round
ending of constrictions required for mass chip manufacturing and the long blood inlet
channel, on BPS performance were explored.

All the new chips had a lower failure rate

than the original Nov09 design. Overall, they were observed to clog less (including
temporary clogs not resulting in chip failure). This was attributed to the long inlet channel
in Mar15 chips preceding the central series of constrictions, the only region where
blockages occur. Cell aggregates, which are a predominant source of blockages, are
typically broken up by shear forces and it is more likely to occur in a long inlet channel of
Mar15 design than in Nov09.
5.2. Materials and Methods
5.2.1. Flow simulation-aided design of BPS chips
Simulations of diluted blood flow in the chip network were done in COMSOL
Multiphysics™. The model used an incompressible Newtonian fluid approximation with
spatially homogeneous viscosity in a quasi-3D geometry know as shallow channel
approximation (the height of the channels is considered to be much smaller than their
width).
The dynamic viscosities of undiluted blood, plasma and PBS were set to μBlood = 3-4×10-3,
μPl = 1.3-1.7×10-3 and μPBS = 0.9×10-3 Pa·s, respectively. To model the flow of blood
diluted 1:1 with PBS, a model fluid with viscosity of μ = 2/3×μBlood = 2.33×10-3 Pa·s and
density of plasma ρPl = 1.025 g/ml was used. Similar models were described in literature
and used to predict blood cell removal in highly diluted blood, based on a visualisation of
streamlines in the bifurcation region [115].
The microchannel network geometries were imported as CAD drawings developed in
AutoCAD (Autodesk). To increase the efficiency of the simulations only half of the
symmetric designs was used in the model (one out of two symmetric BPS units). The
outlets were set to laminar outflow at atmospheric pressure. Inlet flow rate was set to 8
ml/h.
To verify the accuracy of the model a simulation of a chip developed and characterised in
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our group earlier (Nov09 model) was run first. As the simulation gave an abnormally high
extraction yield, constrains were put on the outlets to achieve a yield similar to the
experimentally observed one. This was done by adding virtual loads at the outlets to change
their hydraulic resistance by assigning outlet lengths, meaning that a chip outlet was
considered to be connected to a channel that had the same cross section as the outlet and
the assigned length.
As expected, the simulations showed a gradual decrease of the flow rate through the
consecutive plasma extraction channels in the original Nov09 design (Figure 23). The
simulations guided the design process in terms of adjusting the lengths of the serpentine
plasma extraction channels to obtain a more even flow rate distribution through those
channels than in the Nov09 design (Figure 23 shows it for two out of three new designs).
In the case of Mar15 D2, it was possible to obtain an even extraction rate

Figure 23 Flow rate ratios between the main channel and the plasma extraction channel
at each bifurcation obtained from the COMSOL simulations. Flows are more evenly
distributed in the new Mar15 designs than in the original Nov09, except the last channel in
Mar15 D1 extracts very little flow. The new Mar15 designs have five bifurcations in the
main channel, while Nov09 design has eight.

For clarity Nov09 bifurcations were

numbered 1, 1.5, 2, 2.5, etc.
The total simulated extraction yield of the original Nov09 design was higher than the
experimentally observed one (34% instead of around 20%). It was not possible to adjust
the outlet loads to lower the yield further without creating a backflow pattern through the
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last two plasma extraction channels. Therefore, the simulated yields of the new Mar15
chips were also expected to be higher than the actual ones.
The simulations were also used to visualise the streamlines in the bifurcation region. This
allowed checking whether a vortex occurs at the region of the cell-free zone formation.
This is known to disrupt the cell free zones as some of the blood cells are dragged by the
vortex and recirculated towards the beginning of the extraction channel ultimately entering
it and contaminating the plasma. Vortices were not observed at the tested inlet flow rates
(4 to 16 ml/h).
The main features of Nov09 and Mar15 chips are summarised in Table 2.
Table 2 Comparison of the main chip design features of the original Nov09 (described in [8]) and
the new Mar15 line chips.
Nov09 (original) [8]

Mar15 (new)

Number of separation units

1

2

Number of plasma

8 (4 on each side of the main

5 (all on one side of the main

extraction channels per unit

channel)

channel)

sharp 90°, not compatible with

round (R = 25µm), compatible

microinjection moulding

with microinjection moulding

2.4 mm

15 mm

100 µm (37.5 µm)

100-150 µm (35-37.5 µm)

Bifurcation corners
Main channel length before
1st bifurcation
Main channel width
(constriction width)
Lengths of plasma
extraction channels

same for all

decreasing from first to last
channel

Number of plasma outlets

2

1

Chip footprint

420 mm2

210 mm2

Price per chip

£37.5

£12.5

Number of chip designs

1

3

5.2.2. Experimental methods
A standard fluidic setup (described in Chapter 4) was used. Three new chip designs: Mar15
D1, Mar15 D2 and Mar15 D3 were tested and compared their performance to Nov09
design, developed in our group earlier [8]. Simple interface platforms were used (fabricated
as described in Chapter 3), the Mar15 chips had the same positions of ferrule and bolt holes
so the same platform design was used for all the experiments. For the experiments with
Nov09 chips, analogous platforms adapted for the different chip layout were used. 0.8 mm
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ID, 7-8 cm long tubing was used for cell waste and plasma outlets throughout the
experiments.
Blood used in the experiments came from the Scottish National Blood Transfusion Service
(SNBTS), where it was kept refrigerated in EDTA tubes for three to five days since the
blood draw. The experiments were carried out within one day from sample collection from
SNBTS. Although the volume of the EDTA tubes was 7 ml, they usually contained only
5-5.5 ml of blood. The quality of blood samples was inferior to that of fresh blood; signs
of mild haemolysis were regularly observed and blood plasma separation failure due to
clogging and flow instability occurred more often than when fresh blood was used. Shelf
life of SNBTS blood samples is 28-35 days [153] but some cellular damage can occur in
those samples after a few days of storage or due to suboptimal transportation conditions
(from SNBTS to our lab at DIPM). This regards especially platelets given that the shelf
life of platelet concentrates is only five days when the sample is constantly agitated [153],
which is not the case for blood samples received from SNBTS. Without agitation, platelet
damage in concentrates was found to occur after two days [154].
Input samples were prepared by diluting blood at 1:1 to 1:10 (blood-to-buffer volume) with
microfiltered DPBS (HyClone™, GE Healthcare), a formulation of PBS buffer.
The microfluidic blood plasma separation experiments were performed at inlet flow rates
from 10 to 30 ml/h with a 5 ml/h increment. As the Mar15 designs have two symmetric
separation branches, the flow rate in one branch was 5 to 15 ml/h (branch flow rate). Three
to four measurements were done for each chip design at flow rates from 10 to 20 ml/h
(except five measurements for Design 1 at 20 ml/h and two for Design 2 at 10 ml/h). High
chip failure rate and frequent problems of the syringe pump with maintaining a constant
flow rate did not allow collecting sufficient data at 25 and 30 ml/h.
Haemolysis in extracted plasma was measured via Cripps method (detailed in Chapter 4)
on samples devoid of cells following 2 min centrifugation at 1,600g. The reported values
(Hcorr) were corrected with respect to the haemolysis level of the control plasma obtained
by centrifugation:
Hcorr = Hµflu - d×Hcentr
where Hµflu and Hcentr are the Cripps values for the microfluidics-extracted and control
plasma samples, respectively, d is a correction factor reflecting the dilution of the plasma
extracted on chip and is equal to the fraction of pure plasma in the diluted plasma extracted
on chip assuming undiluted blood had haematocrit of 50%, e.g. for plasma extracted from
1:1 diluted blood d = 0.33. Such a conversion allows comparison of plasma samples
extracted from different input blood samples without the need of knowing their absolute
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haemoglobin content in g/dL.
Cell content of the extracted plasma samples was compared by visual inspection and based
on photographs of plasma collection Eppendorf tubes, which provided a way of qualitative
separation efficiency assessment. At the time, precise cell counting was not available.
During the blood plasma separation, images of bifurcations were taken using a USB
microscope (DinoLite, AnMo Electronics Corporation).

The images were used for

measurement of the size of cell free zones, which is described in Chapter 4 section 4.2.
5.3. Results and Discussion
5.3.1. Cell free zones, extraction yield and haemolysis
Initial experiments with the new Mar15 BPS chips were focused on determining the
maximum input blood dilution that still allowed to observe plasma skimming effect in the
chip. Of three chips designed, Design 1 (Mar15 D1) and Design 3 (Mar15 D3) at 1:1
dilution showed formation of large cell free zones, which feed the plasma collection
channels.

Figure 24 The size of the cell-free zone at the bifurcation increases with flow rate. Its
width was measured for Mar15 a, Design 1 and b, Design 3 with blood diluted 1:1.
Indicated on each image is the flow rate in a single branch of the chip, the total inlet flow
rate is two times higher.
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The size of the cell free zones in Mar15 chips changed markedly with the flow rate Figure
24, as documented previously for Nov09 [8]. The cell free layer width increased from 19.4
µm (SD 1.9 µm) in Mar5 D1 and 15.5 µm (SD 2.4 µm) in Mar15 D3 at 5 ml/h to 30.8 µm
(SD 1.6 µm) and 22.8 µm (SD 2.0 µm) at 10 ml/h (Figure 25a and b), respectively.

Figure 25 The effect of input flow rate on the width of the cell-free zone at constrictions 15/7 for Mar15 Designs a, 1 & b, 3 and c, Nov09 chips (blood diluted 1:1). Insets show the
first bifurcation of each of the designs at 10 ml/h. Error bars denote SD, n = 3, except
single data points for Nov09 at 5 ml/h. For Mar15 chips the indicated flow rate values
denote branch flow rates, inlet flow rates are two times higher.
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The width of the cell-free zone indicates how well the cell stream is focused after the
constriction. At a given cell concentration and inlet flow rate, the focusing is determined
by the geometry of the bifurcation. It improves for longer and narrower constrictions but
also for an abrupt channel width change at the constriction-expansion interface [10,149],
like the sharp 90° corner of the Nov09 bifurcation. However, such a geometry is not
compatible with cheap mass production methods (microinjection moulding) and in Mar15
chips a round (R = 25 µm) constriction corner was implemented instead. This gradual
geometry change between the constriction and expansion proved to impair cell focusing
strongly. The widths of the cell free zones were around 1.5-2 times larger in the Nov09
chip at same flow rate (Figure 25c) despite shorter constriction in Nov09 (37.5 µm wide
and 240 µm long) than in Mar15 D1 (37.5 µm × 300 µm) and D3 (35 µm × 360 µm).

Figure 26 Comparison of cell pellets (indicated by arrows) in plasma separated on Mar15
D1 chip at two inlet flow rates (10 and 15 ml/h), for reference also presented is cell-free
plasma separated in two-step centrifugation. More residual cells were typically seen in
plasma separated on-chip at higher inlet flow rate (15 ml/h). However, the outcome of this
qualitative comparison should be taken with care as for precise cell content assessment
cell counting is required, which was unavailable at the time of the experiments. The photo
was taken a day after plasma was collected, showing all residual cells settled at the bottom
of collection Eppendorfs. Plasma was separated using Mar15 Design 1 chips at inlet flow
rate 10 ml/h and 15 ml/h from same blood sample diluted 1:1. The centrifugation control
sample was obtained from undiluted blood.
As cell focusing in a channel constriction enhances the plasma skimming effect, the size of
the cell-free zones should be a predictor of plasma purity. The number of residual cells
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found in plasma is expected to reduce with the increase of inlet flow rate. Interestingly, the
photographs of plasma collection tubes showed the contrary. A larger or comparable cell
amount was observed at the bottom of plasma collection tube for separations at higher flow
rates (Figure 26). This qualitative observation however requires confirmation with cell
counting methodology, which is much more precise and not affected by collected plasma
volume but was not available when the experiments were conducted.

Figure 27 Extraction yields for the three Mar15 line chips and the old Nov09 chip based
on n = 17, 11, 13 and 8 experiments for Mar15 D1, D2, D3 and Nov09, respectively. The
measurements were taken at inlet flow rates from 10 to 20 ml/h (branch flow rates 5 to 10
ml/h). Error bars denote standard deviation.
In a comparable BPS system, Tripathi et al. also observed that plasma purity did not
increase with flow rate at haematocrits equivalent to 1:1 blood dilution [14]. This could
result from creation of small vortices in the expansion region that recirculate the cells,
which end up coming close enough to the cell-free zone to get dragged into the plasma
collection channel. This phenomenon was previously described in BPS literature [8,12–
14], however no vortices on the micrographs were observed in the tested flow rate range in
this set-up. A possible explanation would be that in the hydrodynamic BPS system when
the haematocrit is sufficiently high there are always cells that avoid focusing in the
constriction. This is because due to a very high cell concentration in the constriction some
cells will be pushed out of the centre towards the channel walls. These cells will then
follow streamlines leading into the cell-free region and further into the plasma collection
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channel. It is possible that at higher flow rates the flow stability decreases, e.g. due to
fluctuations in pumping force as the pump operates close to its maximum pressure,
increasing the chance of cell defocusing.
Cell focusing at the bifurcation is also affected by the flow rate of the plasma extraction
channel. The higher the flow rate, the more strongly the cells will be dragged towards the
extraction channel decreasing the size of the cell-free zone. Therefore, the much higher
extraction yield of Nov09 (18.5%, SD 2.0%) than that of Mar15 D1 and Mar15 D3 (6.2%,
SD 1.0% and 8.0%, SD 0.7%, respectively, Figure 27) is another indication of the
superiority of the Nov09 “sharp corner” bifurcation geometry over that of the Mar15 line
in terms of cell focusing.

Figure 28 Visual comparison of the cell content in plasma separated using Mar15 Design
2 chip from blood diluted 1:1, 1:3 and 1:10 (black arrow indicates the cell pellet for
clarity). Blood dilution 1:10 was required to obtain plasma without visible presence of
cells, at this dilution the separated plasma is composed in around 95% of PBS buffer and
appears completely transparent. The centrifugation control samples were obtained from
undiluted blood.
Unlike Mar15 Designs 1 and 3 that separated plasma from blood diluted 1:1, Design 2
(Mar15 D2) required 1:10 dilution in order to produce plasma of low cell content (as
assessed by visual inspection, see Figure 28). The major difference between Mar15 D2
and the two other designs were its much shorter plasma extraction channels. Such a
decrease of plasma channels hydraulic resistance resulted in a high 17.0% (SD 0.6%)
extraction yield of the Mar15 D2 chip (Figure 27). However, the higher plasma flow rate
in D2 chip increased the number of cells getting into the collection, which reflects the wellknown relation between the plasma purity and yield, that increasing one decreases the other
[8,10,128,151]. Also, plasma separated using the Nov09 design (high 18% yield) was
observed to contain more cells than plasma extracted with Mar15 D1 and D3 chips (cell
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content quantification was not available at the time of experiments). The yield was not
found to be affected by the inlet flow rate in the studied range.
The haemolysis data (Figure 29, measured as Cripps haemolysis value, see Chapter 4) for
all the Mar15 designs does not display statistically significant change of the RBC damage
with increasing flow rate; F(2,9) = 2.47, p = 0.1396, F(2,5) = 0.4073, p = 0.6857 and F(2,7)
= 1.069, p = 0.3935 for Mar15 D1, D2 and D3, respectively, tested by one-way ANOVA.
Since the cells are expected to be damaged more easily at higher flow rates due to the
increased shear rate, the effect of the statistical analysis may be due to the insufficient
number of data points and large standard deviations, which increase significantly with the
flow rate. This indicates that low flow rate improves experimental reproducibility, which
is of high importance for applications. Yet, the variations in the degree of hemolysis stem
also from the fact that the blood samples used in the experiments were not fresh and the
time from the draw to microfluidic processing varied from three to five days, which
certainly resulted in inconsistent cell integrity.

Figure 29 Comparison of haemolysis values for the three chip designs of the Mar15 line
at chip inlet flow rates from 10 to 20 ml/h (branch flow rates 5 to 10 ml/h). Although
haemolysis appears to increase with the flow rate, the changes are not statistically
significant (one-way ANOVA, F(2,9) = 2.47, p = 0.1396, F(2,5) = 0.4073, p = 0.6857 and
F(2,7) = 1.069, p = 0.3935 for Mar15 D1, D2 and D3, respectively). Blood diluted 1:1
with PBS was the inlet sample for Designs 1 and 3, while dilutions from 1:3 to 1:10 were
used with Design 2. Error bars denote standard deviation.
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Figure 30 The initial development of cell focusing at the first bifurcation in a, Design 1
and b, Design 3. The cell-free zone (marked by a white dashed rectangle) increases in size
until a steady state is achieved after 70-80s. Blood diluted 1:1 is flown at 10 ml/h (inlet
flow rate 20 ml/h). The time is noted from the arrival of blood in the chip. c Time needed
for the development of the steady state does not change within the tested inlet flow rate
range (no statistically significant difference). Data for both designs was plotted together.
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5.3.2. Initial settling of the flow pattern at the constriction-expansion region
At the beginning of the separation, after the sample enters the chip, there is an initial phase
of flow pattern development when cell focusing is poor and an elevated number of cells get
into the plasma collection channels. Cell focusing gradually improves until a stable flow
pattern is reached. In Mar15 Designs 1 and 3 at 1:1 blood dilution this takes 70-80 s (Figure
30) with cells invading the plasma channels during the first 10-30 s. In the old Nov09
design the stabilisation of cell free zones as well as cell invasion take twice as long (100150 s and 50-70 s, respectively). The time needed for the flow rate to develop was not
observed to be affected by the inlet flow rate (Figure 30c), however the length of the input
channel is thought to be the reason for the increased flow stability in Mar15 designs.
This behaviour highlights an intrinsic problem of the hydrodynamic plasma separation:
without priming with buffer, even for an efficient separation some cells will inevitably enter
the plasma collection channel at the very beginning of the chip operation. In a functional
device, this issue needs to be addressed by implementation of a strategy to eliminate either
the residual cells or the initially separated plasma altogether.
5.3.3. Chip failure rate
Disruptions in chip operation can sometimes lead to chip failure, which is defined as
inability to provide plasma either due to an abnormal reduction of plasma yield (usually
because of clogging/blockages inside the chip) or a significant decrease of plasma quality
(due to haemolysis or abnormally elevated cell content). Device failure rate is largely
underreported in the microfluidic literature, despite channel clogging being a notorious
problem in most systems, including cell sorting devices, especially as they often need to
operate over long periods and at high throughputs [110].
The Mar15 line chips had a much lower failure rate (due to blockages/clogging or other
flow disruptions) than the Nov09 design (Figure 31), which was attributed partially to a
much longer blood inlet channel preceding the series of constrictions (24 mm in Nov09 and
156-162 mm in Mar15 chips). A long inlet channel helps the development of a stable flow
pattern. Additionally, as shear forces acting in the inlet channel are known to disrupt cell
aggregates [155,156], the risk of constriction getting clogged is lower for a longer inlet
channel.
Blockages were observed to occur more frequently in the constrictions of Nov09 chip than
Mar15 chips. This was attributed to the sharp 90° corner at the constrictions in Nov09,
compared to the round (R = 25 µm) constriction corner in Mar15 designs. Mar15 D3 chip
had the highest failure rate of all Mar15 designs, which can be linked to its slightly narrower
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constriction (35 µm instead of 37.5 µm). The failure rate was also observed to increase at
higher inlet flow rates (25-30 ml/h), which can be linked to flow instabilities due to the
pumping force fluctuations. Therefore, to achieve a representative failure rate comparison,
only separations performed at inlet flow rates of 10 to 20 ml/h were included in the
assessment in Figure 31.

Figure 31 Compiled failure rate of the Mar15 chip line and the Nov09 chip. Number of
failed separations (because of blockages/clogging or other flow disruptions) to all
separations is denoted above columns. Compiled data from various experiments; blood
diluted 1:1 was used with Mar15 D1 & D3 and Nov09, while dilutions from 1:3 to 1:10
were used with Mar15 D2. Inlet flow rates ranged from 10 to 20 ml/h.
5.4. Conclusion
In the new Mar15 chips, an improvement over the original Nov09 design was mainly
provided by a long inlet channel and a round constriction corner that lowered the failure
rate as well as by using two symmetric separation units that increased the throughput.
Two out of the three newly designed chips (Mar15 D1 and D3) were capable of separating
plasma with low residual cell content from 1:1 diluted blood (visual inspection). This is a
high inlet haematocrit comparing to other hydrodynamic BPS methods, which usually
require blood dilution of 1:10-20 [9,10,12,115]. Visual comparison of separated plasma
samples indicated that plasma purity was higher for separations with Mar15 D1 and D3
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chips than the Nov09 design, which indicates that sufficient cell focussing can be achieved
in a bifurcation with geometry compatible with cheap mass production methods offering
lower resolution than photolithography, e.g. microinjection moulding. Yet, precise cell
counting methods are required for a quantitative performance analysis. In this work,
photographs of cell pellets in extracted plasma allowed a degree of comparison between
samples extracted from the same input blood sample.

However, an in-depth chip

performance evaluation should take into account the precise haematocrit value of the inlet
sample as blood diluted 1:1 has a haematocrit ranging from 19% to 24% (considering in
normal undiluted blood Hct ranges from 38% to 47%), which will affect the separation.
Precise cell content analysis was performed in Chapters 6 and 7.
The observation that at 1:1 blood dilution, raising the inlet flow rate did not lower the
apparent cell content of extracted plasma, despite increasing the size of the cell-free zones,
also requires precise cell content measurement for verification.
The data also pointed out that the cell focusing at a bifurcation might be on its own
insufficient to eliminate all the cells from the extracted plasma. Especially so, if an
extraction yield compatible with the requirements of diagnostic methods targeting less
abundant analytes is an objective (high quality and large volume of plasma required).
Therefore, the next chapter describes how strategies for cell depletion downstream of the
hydrodynamic BPS chip were explored to increase plasma purity at low blood dilution.
The COMSOL flow simulations used during the design of the new chips did not provide
substantial insight into the plasma extraction capabilities of these devices. As discussed in
the introduction, simulations of blood flow required a number of approximations, such as
assuming spatially homogeneous viscosity, an approach whose validity is questionable.
Also, modelling the geometry using the shallow channel approximation (quasi-2D
geometry) was a gross approximation invalid in some regions of the chip including in the
crucial constriction-expansion zone as well as in serpentine plasma extracting channels.
Using the same set of outlet loads for Nov09 and Mar15 designs did not lead to a correct
prediction of the total yield. This approach may be invalid as there are two plasma outlets
in the Nov09 design while only one in the Mar15 line. The simulations correctly predicted
the absence of cell flow-defocussing vortices at the bifurcation, which was verified by
microscopic monitoring of the flow. Improvement could be provided to the design by using
a true 3D modelling geometry and feeding more experimental data into the simulation,
which was done in Chapter 7.
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Chapter 6 Complementary Solutions to Hydrodynamic Plasma
Extraction. Towards Plasma Separation from Undiluted Blood
6.1. Introduction
When detecting low-concentration plasma analytes like circulating nucleic acids, blood
dilution is unwanted for the following reasons: (1) it is an extra step in sample processing
that increases process complexity, (2) it decreases the concentration of analytes, which
complicates their detection and (3) it makes processing longer by largely increasing the
input sample volume. Therefore, an ideal blood plasma separation system should operate
on undiluted whole blood.
On-chip hydrodynamic plasma separation from undiluted whole blood has been reported
but to date remains largely impractical for two reasons. (1) High plasma purity has only
been achieved at the expense of hugely decreased extraction yield (down to around 1%)
[14]. An exception is a recent study that explored a novel bifurcation geometry (gradual
expansion), where 9% yield was achieved [128]. (2) The reported separated plasma has
very high cell content (cell removal up to 30-60% which translates to plasma Hct = 1832%) meaning that these systems performed rather “cell depletion” than plasma separation
[8,130]. On the other hand, hydrodynamic separation devices can have excellent plasma
purity (over 95%) and decent yield (10% or more) when used with diluted blood, such as
the chips developed in our group [8].
At high haematocrit (undiluted blood), cell focusing after the constriction is poor due to
cell-cell interaction [130]. In the expansion region, an increased number of cells travel
very close to the entrance of the plasma extraction channel (manifested by small cell-free
zone of only a few micrometres). In systems with a decent extraction yield, a high number
of these cells end up dragged into the extraction channel lowering the separation efficiency
to <70% [8,130].
An additional difficulty is that the viscosity of undiluted whole blood is much larger than
that of a diluted sample (decreases by around 50% for 1:1 dilution [157]), increasing the
force needed to pump the sample at a given flow rate. In small dimension systems like ours
(constriction of 37.5 µm x 20 µm) hydraulic resistance with undiluted blood can be high
enough for a syringe pump to be unable to deliver the set flow rate. On average, the
delivered flow rate was observed to be around 40% lower than the flow rate set on the pump
with the NE-1010 High Pressure Syringe Pump (New Era Pump Systems Inc.) used in our
lab.
Instead of trying to optimise the hydrodynamic BPS, an alternative approach to achieving
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better plasma quality could be by coupling the hydrodynamic separation with pre- and postseparation sample processing modules for cell depletion (Figure 32). This chapter focuses
on this approach and describes the development of units based on sedimentation (both postand pre-separation) and membrane filtration (post-separation). Both sedimentation and
filtration have been previously used in BPS systems but either for small sample volume
processing (typically several microlitres in capillary-driven or paper-based devices) or at
high blood dilutions, and never in conjunction with a hydrodynamic-based cell separation
unit [5,110].

Therefore, the optimisation of cell exclusion units for larger volume,

continuous-flow microfluidic system was needed. It was achieved with the fast PMMA
prototyping technology developed in our group that combines design flexibility and costeffective fabrication.

Figure 32 Illustration of the pre- and post-separation concept. Before undiluted whole
blood enters the hydrodynamic BPS chip, some of the cells are removed in a pre-separation
module. Similarly, after the plasma is separated the residual cells are removed in a postseparation module and the output product of the system is plasma of high purity ready for
use in diagnostics. The system could also be coupled with further downstream sample
processing units, such as nucleic acid purification or analyte capture.
6.2. Upstream Solution. Attempt to Reduce the Haematocrit of Undiluted Blood
6.2.1. Introduction
As described in the introduction to this chapter, lowering the cell content of a blood sample
other than through dilution would significantly improve plasma separation in a
hydrodynamic BPS chip without compounding analyte detection. A sedimentation-based
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fluidic module was developed, which was aimed at retaining some of the cells before the
sample reaches the BPS chip (Figure 32, a pre-separation module). The objective was to
decrease the haematocrit of undiluted whole blood upstream of the BPS chip down to a
level that would allow an efficient hydrodynamic plasma separation on chip.
6.2.2. Experimental methods
To simplify the experiments and results analysis the module was tested in isolation without
BPS chip being connected downstream. However, inlet flow rate of 8 ml/h was chosen as
it lies within the range of optimum performance hydrodynamic BPS chips and at the same
time it was a trade-off between device throughput and the need for slower cell movement
to promote their settling. This way, the same flow conditions in the device were provided
as if a BPS chip was connected downstream. Three versions of the module were developed
and tested in triplicates using undiluted whole blood with haematocrit ranging from 39%
to 47%.
The goal of the experiments was to measure the cell content of a blood sample, in particular
the haematocrit, before and after it passed through the device. This was done using the
Ac*T diff 2 (Coulter) haemoanalyser.
In the experiments, a standard fluidic setup described in Chapter 4 was used.
6.2.3. Design and fabrication
The module consisted of a single channel having uniform depth except narrow barriers or
weirs with only a shallow flow passage above, which were meant to promote cell
sedimentation. To settle down, cells need to reach the region of low flow velocity within
the channel. This only occurs if their transversal velocity is low enough for gravitational
sedimentation to bring them down close to the bottom of the channel and to the barriers.
Therefore, to decrease flow velocity a large channel width was chosen. In addition, the
barriers were arch-shaped to improve flow guiding, which decreased the chance of air
trapping in the channel.
The devices were fabricated according to the standard procedure used in our group, out of
laser-cut or engraved PMMA layers bonded via the thermal ethanol-assisted procedure.
Details of the fabrication are described in Chapter 3.
6.2.4. Results and discussion
The shape of the cell trapping barriers in Version 1 of the device (v1) allowed for efficient
gradual channel filling so that virtually no air stayed trapped in the channel (Figure 33a)
and was used in the next two versions. Version 1 had the largest channel width (10 mm),
however the experiments revealed cell deposition only in the centre of the channel, which
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left profound dead zones (zero or insignificant flow) on its sides. Large channel volume
not participating in cell retention unnecessarily elevated the time needed for the sample to
fill the channel (~20 min), which is a major issue in terms of device practicality. These
issues were eliminated in Version 2 (v2) with optimised channel shape (varying width of
up to 5 mm) and decreased dimensions. The channel bed was fabricated through engraving
resulting in a rough surface improving cell settling (as observed for post-separation
trenches, Section 6.3). This time channel depth was much lower resulting in a fast flow,
which was assumed to prevent efficient cell sedimentation. Version 3 (v3) had the same
geometry in xy-plane but the channel depth was increased to lower flow velocity and
increase cell retention volume.
Cell settling, even if occurred to some extent, was not sufficient to deplete blood cells
appreciably. Haematocrit of whole blood stayed unchanged as the detected changes were
within the haematocrit measurement error (±1%, Figure 33d).
Failure to deplete cells from undiluted blood using gravitational sedimentation contrasts
with its successful application in removal of the residual cells from plasma downstream of
the chip described further in Section 6.3. The two main differences between these cases
are the cell concentration and sample viscosity. Cell sedimentation rate is inversely
proportional to plasma viscosity and therefore settling is significantly slower in whole
blood compared to diluted blood, where PBS or other buffer considerably decrease plasma
viscosity. As diluted blood was mainly used when testing the downstream trenches, it is
not surprising that the cell settling was much more efficient than in the pre-separation
module.

Cell settling rate also strongly decreases with increasing haematocrit.

Sedimentation in whole blood occurs in three phases: very slow phase 1 when red blood
cells aggregate in the form of rouleaux, a fast phase 2 when cells settle packed in spheres
formed from joint rouleaux (characterised by a constant rate) and final phase 3 when the
rate gradually falls to zero. At higher haematocrits phase 1 is longer and the rate in phase
2 decreases. Fabry recorded that phase 1 takes ~10 min at Hct = 34% and ~20-30 min at
Hct = 45% (samples of identical plasma composition) [158].
In the pre-separation modules cells took 10-20 min to pass through the device. According
to the evidence discussed above, sedimentation is unlikely to be significant over such a
period. Furthermore, rouleaux formation is disrupted by shear forces [155,156].
The implementation of the pre-separation module was aimed at eliminating the need for
blood dilution, at the expense of a modest increase in input sample volume, operation time
and device footprint. These costs meant the module would not be advantageous for BPS
from diluted blood and therefore it was not tested with diluted blood.
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Figure 33 Blood pre-separation attempt in a cell sedimentation-based device. a, Version
1 (v1) of the device with a wide channel and depth of 1.3 mm. b, Version 2 (v2) with
engraved channel bed and depth decreased to ~0.5 mm. c, Version 3 (v3) having same
channel shape but with increased depth of 1 mm (0.8 mm-high barriers). d, e, f, Schematic
cross sections of devices v1, v2, and v3, respectively. Green field shows depth achieved by
engraving, black and white arrows denote largest channel height and barrier depth,
respectively. g, Haematocrit difference between the inlet and outlet of the device for
undiluted whole blood pumped at flow rate of 8 ml/h, measured in triplicates for three
versions of the device shown above. All means are within 1% from 0, which is within the
level of measurement error (1%). This indicates that none of the devices was capable of
lowering the haematocrit of undiluted whole blood (haematocrit range 39-47%).
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6.2.5. Conclusion
Gravitational sedimentation was not capable of reducing the haematocrit of whole blood in
a high throughput fluidic module. Therefore, its implementation in an integrated BPS
system upstream of the chip will not improve separation of plasma from undiluted whole
blood.
6.3. Downstream Solution. Sedimentation-Based Removal of Residual Cells from
Plasma
6.3.1. Introduction
Cell removal efficiency in hydrodynamic plasma separation systems is drastically
compromised when the objective is a plasma yield allowing for large volume separation (at
least 10%) at high inlet haematocrit (undiluted blood in particular) [8,130].

The

optimisation of hydrodynamic separation is important yet it may turn out impossible
beyond a certain point due to the imperfect cell focusing at high cell concentrations.
Therefore, the implementation of a cell removal strategy downstream of the BPS chip may
provide a better solution. Here, cell sedimentation module for removal of residual cells
from plasma was explored. Cell sedimentation has been used in a number of BPS devices
[136,159–161]. However, because it is slow (0.27 to 3.8 µm/s for RBCs [110]), in
continuous flow systems with high extraction yield, it has been successfully implemented
only for improving cell focusing [162] but not as a separate cell-retaining module. The
objective was to improve plasma quality without a significant decrease of the extraction
yield.
6.3.2. Experimental methods
The weir systems were tested on plasma separated on Nov09 chip. Undiluted or 1:1 diluted
blood was supplied at 9 ml/h using a syringe pump (NE-1000 or NE-1010, New Era Pump
Systems Inc.). The flow rate value was chosen to allow comparison with other chip
designs, as 9 ml/h lies within the range of optimum BPS performance of all the chips and
at the same time, higher flow rates were observed to cause operational problems in some
chip designs. Microfiltered DPBS (HyClone™, GE Healthcare) was used for blood
dilution. The syringe (Plastipak, 3 or 5 ml) was connected to the BPS system through
standard PTFE capillary tubing (15 cm long, ID 0.75 mm, VICI). Separated plasma
containing residual cells flowed into the channel with trenches in the PMMA-made
platform, where cell sedimentation occurred. Plasma left the system via 10 cm long tubing
(ID 0.25 mm, VICI) and was collected into a microcentrifuge tube. Cell waste left the
system via 10 cm long tubing (ID 0.75 mm, VICI) and was collected into a
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microcentrifugation tube for control.
Cell content of the input samples (diluted or undiluted blood), separated plasma and control
plasma was measured on the Ac*T diff 2 haemoanalyser (Coulter). Control plasma was
obtained by centrifugation of the inlet sample at 1,600g for 10 min.
Microscopy images were taken using DinoLite USB Microscope (AnMo Electronics
Corporation) with magnification up to 250×. Other images were taken with a digital
camera.

Figure 34 Settling of residual cells present in plasma separated on chip into trenches
engraved in the channel bed. a, Little sedimentation is observed when plasma flows
perpendicular to the engraving direction compared to b, when the flow occurs along the
engraving direction. Areas of high cell deposition are marked with red arrows. Images
show the same stage of the separation and were taken with back-light illumination making
areas of high cell concentration appear black rather than red.
6.3.3. Design and fabrication
The design of the PMMA fluidic platform, on which the BPS chip is mounted, was
modified in such a way that areas of larger depth (trenches) were introduced to the plasma
66

outlet channel.

The platforms were designed in AutoCAD software and fabricated

according to the standard procedure involving laser cutting and engraving (using Epilog
Laser Cutter) PMMA slabs and their subsequent bonding, detailed in Chapter 3.
An early design contained a channel (90 mm × 1.1 mm × 500 µm) with nine engraved
trenches (depth 300 µm). The cell settling was observed to be significantly more efficient
when the flow occurred along the direction of laser engraving (Figure 34). Yet, the flow
velocity in the channel was found to be too high for efficient and irreversible cell trapping.
To improve cell retention, flow velocity in the plasma outlet channel was reduced by
expanding its cross-section area. I decided not to achieve it by a large increase of the
channel depth, to avoid significant increase of the dead volume and the distance cells need
to sink before they reach the channel bed. At the same time, simply widening the channel
can result in most of the cell flow occurring in the middle of the channel where the flow
velocity is the highest.
Therefore, a 250 µm deep channel with three trenches was designed that had a deeper
(850 µm) section in the middle and lower depth (550 µm) close to the walls, where the flow
velocity is lower. This way a more homogeneous velocity profile can be created, increasing
the chance of settling for cells flowing in the high velocity region. A new channel shape
was used to avoid increasing the footprint of the device and to keep a low dead volume.
This trench structure is further referred to as “planar” configuration (Figure 35a and b).
In the final trench design, a vertical channel configuration was explored, which required
vertical orientation of the whole platform (Figure 35c). The channel cross section area was
significantly increased by using much deeper trenches (increased cell trapping capacity),
cut in a 0.8 mm PMMA layer (uniform trench width). To prevent air bubble trapping, the
channel had a positive inclination (23°) and an oval outline. The dead volume was
modestly increased (from 50 µl to 55 µl).
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Figure 35 a, Construction of the planar weirs platform with plasma outlet channel
containing trenches engraved in the bottom 2 mm PMMA layer, which also interfaced the
platform with the inlet and outlet tubing. Inlet and cell outlet channels were cut through
in the middle 0.5 mm layer and the top 2 mm layer providing interface with the BPS chip.
b, Close-up at the plasma outlet channel showing the areas of different depths, direction of
plasma outflow indicated by arrow. c, Construction of the vertical weirs platform out of
four PMMA layers with all channels cut through. Two middle layers: the 0.8 mm layer
containing plasma channel with trenches and the 0.5 mm inlet and outlet channels layer
are sandwiched between two 2 mm outer layers: top interfacing with the BPS chip and
bottom for inlet and outlet tubing connection.
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Figure 36 Removal of residual cells from plasma using trench systems downstream of the
BPS chip. Diluted or undiluted blood was pumped at 8 ml/h through the Nov09 chip.
Tested in triplicates (except for vertical trenches with 1:1 diluted blood – one data point
and planar trenches with undiluted blood – two data points).
6.3.4. Results and discussion
Comparison of the trench systems (Figure 36) showed that for 1:1 blood dilution the planar
trenches improved residual cell removal from 99.1% (SD = 0.6%) to 99.5% (SD = 0.2%).
This translates to lowering cell content by almost half. The vertical system did not provide
any further improvement but due to clogging issues only one data point was collected. In
experiments on undiluted whole blood, cell sedimentation was 4-fold better in the vertical
trench system (94.9%, SD = 2.6% of RBCs removed) than in the planar configuration
(80.4%, SD = 0.8%). The systems had very similar theoretical dead volumes but as the
vertical system was more efficient at retaining cells its actual dead volume, i.e. the lost
volume of plasma, was lower.
When operating on diluted blood, the planar trenches allowed efficient removal of residual
cells in plasma downstream of the BPS chip and it was implemented in the microfluidic
blood plasma separation system that was used in a collaborative study at the Chinese
University of Hong Kong. The details of this work are described in Chapter 9.
At the same time, the planar system was not capable of significant improvement of plasma
quality when operating on undiluted whole blood due to several downsides.

(1)

Microscopy imaging of the flow revealed inability to trap cells flowing fast or close to the
top of the channel. (2) Robustness of the system was compromised by low hydrophilicity
of the engraved channel surfaces, which often lead to decreased cell-retaining capacity
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caused by air bubbles trapped in the trenches (Figure 37b). (3) Cell retaining capacity was
insufficient at higher cell concentrations. Moreover, the device required a time consuming
and fairly complex fabrication process involving four separate engraving steps (details in
Chapter 3). These issues were largely reduced by adopting the vertical trench architecture.
Figure 37 provides a visual comparison of cell sedimentation in the two trench systems.

Figure 37 Visual comparison of the two trench systems. Blue arrow indicates the direction
of plasma outflow, also the direction of cell sedimentation is indicated for clarity. Planar
trenches tested with a, blood diluted with PBS (1:1, Hct = 22%) and b, undiluted blood
(Hct = 37%) pumped through Nov09 BPS chip at 9 ml/h. Air bubbles trapped in the 1st
and 3rd trenches decreasing cell retaining capacity are visible in b. Vertical trench system
tested with c, blood diluted with PBS (1:1, Hct = 21%) and d, undiluted blood (Hct = 39%)
pumped through Nov09 BPS chip at 9 ml/h.
70

6.3.5. Conclusion
Using cell sedimentation, it was possible to significantly improve the quality of plasma
separated on chip by depleting residual cells. Especially, the vertical trench system
facilitated a large improvement in plasma separation from undiluted whole blood,
decreasing the number of residual cells four times. However, cell sedimentation is slow
and it is not capable of removing all the cells in a high throughput BPS system with a decent
extraction yield, i.e. plasma flow rate of at least 1 ml/h. Thus, further cell capturing
methodology is required, which is described in the following section.
6.4. Downstream Solution. Towards Further Removal of Residual Cells from Plasma
Through Membrane Filtering
6.4.1. Introduction
Due to rapid saturation filters have a limited lifetime. Therefore, filtering systems are
typically used for the separation of up to several microlitres of plasma from either diluted
or undiluted blood. Consequently, they are often applied in Point-of-Care systems for
finger prick-based diagnostics in both paper [121,163] and capillary-driven chip formats
[120,164,165]. Recent improvements in membrane technologies allowed filtering much
larger plasma volumes, achieving extraction of a few tens of microlitres [122,140,166] up
to 275 µl [135]. The largest plasma volumes were extracted using Vivid™ GR (Pall Life
Sciences) membrane [135], which was developed to separate plasma from up to 40-50 µl
of whole blood per cm2 of the membrane [167], making it the most promising choice in this
study.
Vivid™ membrane is made of polysulfone and its structure is asymmetric with pore size
decreasing towards the outlet side, which ensures efficient trapping of different cell types.
The manufacturer’s specifications are provided for a conventional membrane use where
blood is applied directly onto the membrane surface and spreads through capillary action
without additional pressure being applied. This scenario allows even flow of plasma
through the membrane, ensuring that the cell load is spread across the whole of the
membrane. In turn, membrane saturation is slowed down, typically allowing extraction of
several microlitres of plasma.
In the filtering systems developed here, the input sample is pumped continuously leading
to a gradual wetting of the membrane. Also, using typical small dimensions of a capillarydriven system would result in very high hydraulic resistance when the flow is externally
pumped. This would lead to decreased plasma yield as well as increased pressure applied
to the cells that could damage them. Therefore, a different device geometry was needed to
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operate in a high throughput continuous flow system.
6.4.2. Experimental methods
To simplify membrane testing (mainly by decreasing experimental complexity and
variability), the device was tested as a separate module without the hydrodynamic BPS chip
connected upstream. In these experiments, undiluted plasma containing residual cells at
haematocrit (Hct) ranging from 2% to 4% was pumped at 2 ml/h through the device. This
cell concentration and flow rate were equivalent to the output of a BPS chip separating
plasma from undiluted whole blood (see Chapter 5). The sample flow would come into
contact with a dry blood plasma separation membrane, as priming of the membrane with
buffer prior to the experiment to improve its operation has not been explicitly recommended
by the manufacturer [167] nor has it been mentioned in other works describing the use of
same type of membranes [135,140,163,164].
A syringe pump (NE-1000 or NE-1010, New Era Pump Systems Inc.) supplied the inlet
flow connecting a syringe (Plastipak, 3 or 5 ml) to the device through standard PTFE
capillary tubing (15 cm long, ID 0.75 mm, VICI). 10 cm long, ID 0.25 mm tubing was
connected to the outlet. Interfacing the tubing with the fluidic device is described in
Chapter 4. Aliquots of extracted plasma were collected into 1.5 ml Eppendorf tubes at
different time points. High resolution photos of the device were taken with a digital camera
throughout the experiment to provide evidence on membrane performance.
Cell content of the inlet and outlet samples was measured in triplicates on automatic
haemoanalyser (Ac*T diff 2, Coulter). After the experiment inlet and outlet samples were
centrifuged at 1,600g for 10 min and photos of cell pellets were taken for comparison and
control. Cell-free plasma was extracted from the Eppendorf tubes and haemolysis was
measured using Cripps method [147] and reported as Cripps haemolysis value H and using
the three-grade scheme for assessment of plasma diagnostic suitability (none and slight
haemoglobin content indicates sample suitable for diagnostics, while significant means the
sample is degraded). The methods are detailed in Chapter 4.
6.4.3. Design and fabrication
The devices were made from PMMA and the details of the fabrication methods are given
in Chapter 3.
In all the devices, Vivid™ GR (Pall Life Sciences) plasma separation membrane was used.
The fundamental issue in filtering device fabrication is accommodating the membrane in
such a way that the flow would not bypass the membrane. The first versions of the device
had membrane edges sealed with 2 mm-wide double-sided adhesive tape rings (detailed in
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Chapter 3).

However, ethanol used during thermal bonding partially dissolved the

adhesive, which resulted in cells leaking through small gaps between the membrane and
the tape. Replacing the tape rings with cyanoacrylate glue resulted in membrane damage.
Instead, an adhesive-free membrane integration strategy was developed. Membrane edges
were introduced into a slot engraved in the PMMA layer adjacent to the inlet side of the
membrane and squeezed by the layer on its outlet side (see Chapter 3). This way the
membrane was functional for a longer time but eventually cells would diffuse to the
membrane edges and leak to the outlet side. To further prolong efficient cell removal, three
membrane slot architectures were explored: “regular”, “step” and “wall”.
Membrane slot was engraved in a 0.8 mm PMMA layer at the outer edge of the cut through
inlet chamber. In all the devices, the total slot width was 2 mm. The “regular” architecture
had a slot of uniform depth of around 200-250 µm (Figure 38a). “Step” slot consisted of a
1 mm wide shallower region on the outside (around 150 µm deep) and a deeper one on the
inside (around 200-250 µm deep, Figure 38b). “Wall” slot had a narrow shallower 0.4 mm
wide wall-like region in the centre (around 150 µm deep) separating two regions of uniform
200-250 µm depth (Figure 38c). The edge of the 330 µm-thick Vivid ™ GR membrane was
covered with a 0.5 mm PMMA sheet containing a rectangular cut through outlet chamber.
Experimental comparison of the three slot architectures is described in the next section.
Plasma sample degradation occurred earlier than expected in all the filtering devices
described above. The devices were fabricated by thermal bonding, which could result in
membrane contamination with ethanol. Traces of ethanol present in the membrane were
suspected to contribute to sample degradation by lysing cells and blocking the membrane
pores with denatured proteins. Therefore, the assembly procedure was modified to fully
eliminate the risk of ethanol contamination in the membrane, which is described in Chapter
3. Performance of the device fabricated this way is discussed in Section 6.4.7.
Vertical orientation of the membrane was adopted in all the devices, as the initial
experiments revealed that a horizontal orientation resulted in air bubbles being trapped in
the inlet and outlet chambers decreasing working area of the membrane. In the tested
devices, the membranes had either rectangular (with round corners) or oval shape.
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Figure 38 Influence of membrane slot architecture on cell penetration into the membrane
edges accommodated in the slot. a, “Regular”, b, “step”, c, “wall” slot with architectures
depicted schaematically. Images of inlet and outlet membrane sides taken at different times
show the progression of cell penetration into the membrane edges (marked with blue
arrows). Red arrows indicate sites of membrane failure (dark red regions on the outlet
side of the membrane). It occurred after around 10-12 min for each of the devices and by
this time 300 µl of unhaemolysed plasma could be collected. After the membrane failure,
plasma quality deteriorated immediately. Haemolysis status of the collected plasma
samples (together with Cripps haemolysis value H) is shown relative to the membrane
operation time it was produced in. The devices were tested with plasma containing residual
cells (Hct = 2.7%) flown at 2 ml/h, membrane oriented vertically, active area 1 cm2.
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6.4.4. Investigation into the influence of membrane slot architecture on membrane failure
Three membrane slot architectures were tested: “regular”, “step” and “wall” (Figure 38).
Plasma containing residual cells (Hct = 2.7%) was flown at 2 ml/h through a membrane
with 1 cm2 active area.
In each of the devices membrane failure occurred very rapidly after around 10-12 min of
operation (Figure 38, dark red regions on the outlet side of the membrane marked by red
arrows). Haemolysis status of collected plasma samples (shown on Figure 38 together with
Cripps haemolysis value H, which are explained in Chapter 4) changed from none straight
to significant. Significant haemolysis means H > 0.0258, which yields plasma of no use in
diagnostic setting, e.g. NIPT, as explained in Chapter 4. Before the membrane failure, 300
µl of unhaemolysed plasma was be collected. The difference between “step” and “wall”
significantly haemolysed samples’ H value, H = 0.26 and H = 0.07, respectively, was due
to small difference in the collection time resulting in more cells reaching the collection
Eppendorf in the “step” slot experiment. Cell penetration into the edges of the membrane
contained in the slot (Figure 38, marked by blue arrows) was the slowest in the “step”
design and mostly confined to the inner “step”. This slot architecture was adopted in further
designs as the best candidate for preventing cells from bypassing the membrane.
6.4.5. Investigation into the influence of membrane size on plasma quality
Vivid™ GR membrane saturates over time with cells clogging its pores and operation
beyond that point leads to cell lysis. The manufacturer recommends applying 40-50 µl of
whole blood per cm2 of the membrane [167], which is equivalent to at least 600 µl of plasma
with residual haematocrit of 3% (40 µl × (45% ÷ 3%) = 600 µl). Theoretically, larger
membrane size should allow separating larger plasma volumes. The effect of membrane
size on plasma quality (RBC removal, haemolysis) was studied for 3 different membrane
active areas of 1 cm2, 2 cm2 and 2.5 cm2.
Separated plasma was collected in aliquots at different time points. Plasma quality in terms
of the RBC removal efficiency and haemoglobin content was measured straight after the
experiment (details in Chapter 4). The haemoglobin content was assessed using the grading
scheme (Figure 39b, before spin), however here it quantifies the total haemoglobin content
of the sample, i.e. Hgb released due to haemolysis plus Hgb contained inside residual cells.
This indicates if the samples are suitable for use in diagnostic setting (NIPT, as discussed
in Chapter 4) without further processing, e.g. residual cell removal by centrifugation, so it
is a direct measure of the usefulness of the device. To further elaborate on the cell filtration,
haemolysis induced by the membrane was measured through Cripps method after
centrifuging the samples for 10 min at 1,600g and is also shown in Figure 39b (after spin).
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Figure 39 The quality of extracted plasma for three different membrane active areas (1
cm2, 2 cm2 and 2.5 cm2).

a, RBC removal efficiency for aliquots collected at different

times. No cells were detected in plasma separated on 1 cm2 membrane after 10 min of
separation. Cell removal was 100% for the first aliquot of plasma separated on 2 cm2
membrane but it decreased subsequently. Cell removal efficiency was the lowest for the
2.5 cm2 membrane. b, The quality of extracted plasma with respect to the haemoglobin
content was assessed in two ways. First, straight after the extraction when plasma could
still contain residual cells (before spin), which indicates if the sample would be suited for
diagnostics before further purification, e.g. cell removal. This was not measured by Cripps
method but through the Hgb concentration assessment based on the measurement of
residual RBC content (as described in section 4.3.5). The second measurement was done
via Cripps method (as described in Chapter 4) after the cells have been removed in a 10min spin at 1,600g (after spin) and these values reflect solely the cell lysis in the device.
The systems were tested with plasma containing residual cells (Hct = 2.8-3.6%) flown at 2
ml/h, extracted plasma was collected in aliquots at different time points. The extracted
aliquot volumes were 270 µl + 110 µl, 200 µl + 190 µl + 190 µl and 180 µl + 230 µl +
140 µl for 1 cm2, 2 cm2 and 2.5 cm2 membranes, respectively.
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The 1 cm2 membrane captured all the cells during 10-min operation (100% RBC removal
efficiency, Figure 39a), however substantial cell lysis occurred after 7 min (Figure 39b)
yielding the second sample significantly haemolysed. Apart from no cells being detected
by the haemoanalyser, also no cell debris was visible after the samples were spun. This
indicates no membrane damage and its cell leakage-free integration in the device.
Therefore, the lysis occurred due to the membrane saturation.
For 2 cm2 and 2.5 cm2 membranes, a very low cell concentration was detected by the
haemoanalyser but after the spin the cells settled down revealing unhaemolysed plasma.
This either indicates a very limited membrane damage or the presence of a route allowing
cells to bypass the membrane. In both cases the separated plasma was devoid of platelets
and WBCs to the same extent as the centrifugation-extracted control, however this may be
because of a much lower abundance of these cellular components compared to erythrocytes.
The largest volume of plasma suitable for diagnostic assay was extracted with the 2 cm2
membrane (390 µl in two aliquots, one unhaemolysed and one slightly haemolysed). The
volume of useful plasma that can be extracted is not proportional to the membrane size. At
the same time, this volume is substantially lower than 1200 µl (600 µl/cm 2) as expected
based on the membrane manufacturer’s specifications (as described in Introduction 6.4.1).
This indicates that the membrane loading in the devices developed here occurs in a
significantly different fashion than in the tests carried out by the manufacturer (lateral flow
configuration).
6.4.6. Investigation into the influence of the inlet flow delivery at the membrane on
haemolysis and saturation time
As described in the introduction to this chapter, in capillary driven systems traditionally
proposed for PoC plasma separation, a direct delivery of the entire sample volume at once
leads to sample spreading over the whole membrane surface. However, in the filtering
devices developed here, the input sample is pumped and flows at much higher flow rate.
The sample arrives at the membrane gradually but it only comes into contact with the
membrane at the same confined area (delivery site) throughout the experiment (Figure 40a).
The result is a local overloading of the membrane with cells (local saturation) and its
subsequent failure, while the cell capturing potential of a vast area of the membrane stays
largely underused (Figure 40b and c).

77

Figure 40

Sample delivery onto the membrane and spreading through it.

Plasma

containing residual cells (Hct = 3%) flown at 2 ml/h, membrane kept in a vertical position
to prevent air trapping. a, Inlet side of the membrane containing an engraved network of
trenches. The structure does not prevent the sample inlet flow from reaching the membrane
at the same confined spot (delivery site, marked with blue arrow) throughout the
experiment. On this side, the membrane surface looks as if over time the cell load spreads
evenly over almost the entire surface. b, Outlet side of the membrane with the outlet
channel at the top. Yellow-tinted area marked by yellow dashed circle shows the extent of
plasma diffusion. Clear plasma starts filling the outlet chamber only after the sample has
fully occupied the membrane liquid-retaining capacity. Over time, the membrane saturates
at the area corresponding to the delivery site (marked with a blue arrow) and cell lysis or
tears allowing the cells/cell debris to pass through the membrane occur. c, An extreme
case of membrane failure. Cells/cell debris flow across the membrane and towards the
outlet (red “smears” marked with red arrows).
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Originally, the membrane inlet consisted of a single opening of the sample delivery
channel, e.g. as shown in Figure 38. However, the inlet design was changed to improve
the membrane operation time before saturation. The new membrane inlet contained an
engraved network of trenches (that would be filled with sample through several small holes)
allowing the sample to spread over a larger area of the membrane.
However, as shown in Figure 40a, despite the inlet flow filling the trench network, the
sample still arrives at the membrane at a single spot (delivery site, marked with a blue arrow
in Figure 40a).
After sample reaches the membrane it first spreads laterally by diffusion, with plasma
diffusing faster than cells (Figure 40b, yellow-tinted area marked by yellow dashed circle).
Only after the membrane porous structure is entirely filled, will the plasma start a
transversal flow into the outlet chamber (which happens at the sites where adhesion forces
are the highest).

Figure 41 Percentage of cells removed by a damaged membrane for two experiments with
high inlet platelet counts (540 and 570×103/µl) and WBC counts (6.3 and 9.1×103/µl).
Plasma containing residual cells (Hct = 3% and 3.9%) flown at 2 ml/h through membrane
with active area of 2.5 cm2. Cell counts measured on the haemoanalyser for 6 collected
plasma aliquots (in black) and for two control plasma samples obtained by centrifugation
of the inlet samples at 1,600g for 10 min (in grey). As expected no RBCs and small numbers
of platelets (<100×103/µl) were detected in the controls. Since no WBCs are expected to
be found in the control, the recorded small number (0.2×103/µl) is attributed to
measurement error.
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The sample continues to reach the membrane at the same confined place throughout the
experiment (Figure 40a and b). Over time, the area corresponding to the delivery site
(Figure 40b, marked with blue arrow) becomes increasingly red compared to the rest of the
membrane. This indicates that the pressure in the device is sufficient to gradually force a
transversal cell movement through the membrane pores, eventually leading to haemolysis
and/or membrane damage and release of cells/cell debris to the outlet.
Plasma samples collected after membrane failure were mostly found to be red because of
cell content not haemolysis.

This suggests that the pressure induces tearing of the

membrane rather than forcing cell shearing at small membrane pores. It can be explained
by pressure build-up at a confined area around the delivery site rather than over its whole
surface.
Interestingly, compared to RBCs, WBCs and platelets were found to be much less likely to
cross a damaged membrane, even for high inlet WBC and platelet counts (Figure 41).

Figure 42 Increasing hydrophilicity of PMMA surfaces adjacent to the membrane by
oxygen plasma treatment. Water droplet on PMMA surface a, after ethanol-assisted
thermal bonding (contact angle 65°) and b, on the same surface after oxygen plasma
treatment (contact angle 15°). c, Increased hydrophilicity of the PMMA surfaces did not
improve the inlet flow delivery at the membrane, there was no overall performance
improvement. Membrane with 2 cm2 active area, plasma containing residual cells (Hct =
3.3%) flown at 2 ml/h
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6.4.7. Investigation into the influence of hydrophilicity of the membrane inlet and outlet
channels on sample flow
Ethanol-assisted thermal bonding of PMMA layers renders PMMA surfaces having poor
hydrophilicity (contact angle 65°, Figure 42a), which was suspected to contribute to the
inlet flow not spreading well over the membrane surface. To improve the hydrophilicity
of the device, oxygen plasma treatment of the PMMA surfaces adjacent to the membrane
was used (described in Chapter 3), which decreased the contact angle to 15° (Figure 42b).
The fabrication process was then modified such that the thermal bonding in the membrane
integration step was replaced by using double sided adhesive tape. Details of the modified
fabrication process can be found in Chapter 3.
Double sided adhesive tape facilitated a leak-free membrane integration. It also fully
eliminated the risk of ethanol residues being trapped inside the membrane during the
bonding process. Ethanol lyses cells so even a small amount present in the membrane could
lead to sample degradation.
Despite substantially increased hydrophilicity of the channels at the membrane inlet and
outlet, no effect was observed on membrane wetting by the inlet flow. The sample still
came into contact with the membrane at a confined delivery site (Figure 42c).
6.4.8. Filtering module – conclusion
Implementing Vivid™ GR plasma separating membrane for residual cell removal in a
continuous flow system allowed completely unperturbed operation for 7-8 min at inlet Hct
= 3% and flow rate of 1-2 ml/h. Within this time, the device could produce 300 µl of
unhaemolysed plasma. Extending the operation time to around 10 min allowed collection
of up to 400 µl of slightly haemolysed plasma that would be acceptable in most diagnostic
settings (as discussed in Chapter 4). Rapidly advancing membrane failure is caused by
high cell loading at a confined section of the membrane area resulting in local tearing and
cell leakage.
6.5. Conclusion
Cell sedimentation was shown not to be capable of depleting cells from undiluted whole
blood upstream of the BPS chip. The flow rate required for optimal hydrodynamic
separation and high throughput (8 ml/h) was high enough to disrupt cell aggregation
required for efficient settling.
However, this work presents the first successful integration of a high throughput (9 ml/h
inlet flow rate, 20% plasma yield) hydrodynamic BPS chip with a downstream
sedimentation unit for the removal of residual cells present in plasma separated on chip.
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The sedimentation module facilitated a significant improvement in final plasma quality,
especially when the system operated on undiluted whole blood (95% RBCs removed, while
<80% for the chip alone).
Due to the high flow rate of plasma flowing out of the BPS chip (> 1 ml/h), the downstream
sedimentation system failed to retain all the outflowing residual cells (95% RBCs removed)
and the addition of another cell-removing unit was required for the system to provide
plasma devoid of cells. For this reason, a filtering module was developed that allowed
efficient removal of residual cells from undiluted plasma with residual Hct = 2-4%, which
is equivalent to the output of the hydrodynamic BPS chip separating plasma from undiluted
whole blood. The membrane has a limited lifetime allowing extraction of up to 300 µl of
unhaemolysed plasma (in 7-8 min). Up to 400 µl of plasma acceptable for medical
diagnostics could be collected (plasma of Slight haemoglobin content according to the Hgb
content assessment scheme described in Chapter 4). To the best of my knowledge, the
largest plasma sample volume extracted by a PoC device from undiluted blood was around
275 µl, achieved with a sedimentation-assisted filtering device (also using Vivid™ GR
membrane) [135].

Therefore, my filtering module would present a substantial

improvement in the large-volume microfluidic blood plasma separation technology. The
result however comes from the tests of the filtering module alone and thus should be
validated in a system with the hydrodynamic BPS chip included.
In terms of the requirements of non-invasive prenatal testing and other cfDNA-based
diagnostic methods, the extracted plasma volume is sufficient for carrying out cfDNA
fragment quantification through PCR technology. A minimum for current sequencing
technologies used in NIPT for in-depth cfDNA analysis is 1 ml of plasma and the ambitious
goal of extracting this amount was not achieved here.
Flow delivery at a single point of the membrane was the main problem leading to fast
membrane saturation, which limited the extraction volume of high quality plasma. Despite
the changes to the membrane inlet architecture and the improvement of surface
hydrophilicity, spreading of the inlet flow over a larger membrane surface was not
achieved. Possibly, an architecture in which the whole membrane area stays within a fixed
distance from the inlet and outlet layers could provide some improvement. This would
introduce symmetry with all the membrane areas being equally suited for flow transfer. A
starting point could be using arrays of pillars patterned by engraving on the surfaces
adjacent to both sides of the membrane (as was used for the inlet side, e.g. see Figure 42).
The architecture would need such a modification that the patterned surfaces could be in
contact with the membrane. This poses a fabrication challenge as laser-cutting and
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especially engraving larger surfaces results in surface being bent or uneven due to the
excess of heat melting the polymer even a few millimetres away from the processed area.
Another modification that could improve the system would be covering the inlet chamber
with air-permeable membrane to improve its filling with the sample inlet flow.
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Chapter 7 Experimental Characterisation of a Hybrid BPS
System
7.1. Introduction
In this chapter, the performance of integrated hybrid blood plasma separation systems was
studied using undiluted and 1:1 diluted whole blood. The term “hybrid” refers to the
integration of both hydrodynamic separation (presented in Chapter 5) and a downstream
sedimentation approach (presented in Chapter 6) in the same device. With the objective of
developing a BPS system useful in the context of diagnostics based on rare plasma analytes,
such as circulating nucleic acids, blood dilutions higher than 1:1 were not used. Each
device comprised a hydrodynamic BPS chip and a trench system for removal of residual
cells from plasma downstream of the chip. Four BPS chip designs with different operation
parameters (yield, cell removal efficiency) and geometry features were tested (Nov09,
previously developed in the group, Mar15 D2, presented in Chapter 5, and two new designs
Aug15 C1 and Feb16 B1) in conjunction with two trench systems (planar and vertical,
described in Chapter 6).
The work presented here was focused on optimising the output of the microfluidic BPS
system to enable extraction of plasma with purity and volume sufficient for carrying out
in-depth cfDNA/RNA-based analysis. To achieve this, the objectives were set on (1)
minimising residual cell content, (2) minimising haemolysis and (3) maximising extracted
volume.
Some cfDNA analysis in NIPT, e.g. fetal fraction measurement in pregnancy with a male
fetus, can be performed using high-end qPCR technology (typically digital PCR) on DNA
from only around 500 µl of maternal plasma. However, currently (as of 2017), a minimum
of 1-1.5 ml of plasma is needed for cfDNA sequencing in research-based NIPT to achieve
sufficient results confidence. In commercially available tests the volume requirements are
higher (2-4 ml is the gold standarfd but often >5 ml is used) to ensure that a meaningful
result is obtained for every sample that passed the quality control [168]. Therefore, to
compete with the gold standard centrifugation, an alternative plasma separation method
should balance high plasma quality and extraction capabilities, i.e. yield, throughput and
input blood dilution. In addition to optimising the separation parameters, one needs to
develop a design that lowers the failure rate and allows sufficient sample volume to be
collected. As microfluidic separation is known to be affected by clogging issues, extracting
hundreds of microlitres of plasma (volume still lower than required in NIPT) is challenging
[110].

The blockages either completely terminate the separation or temporarily
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compromise the chip operation, which often involves sample degradation due to cell lysis.
Therefore, to meet the requirements of NIPT regarding sample quality and volume, the goal
of the work presented in this chapter was to enable extraction of at least 1 ml of plasma
from undiluted blood within an hour. To begin with, separation conditions enabling robust
extraction of millilitres of plasma at >99% purity and >10% yield from 1:1 diluted blood
were accomplished. The achievements of the integrated hybrid BPS system in terms of the
extraction yield and plasma purity are presented alongside its current limitations. New BPS
chips were designed based on experimental observations and a refined 3D flow model. The
modelling was focused on optimising the lengths of the serpentine plasma extraction
channels to balance the extraction yield and plasma purity.
7.2. Materials and Methods
7.2.1. Design of Aug15 C1 chip based on experimental data
The design process of Aug15 C1 chip did not involve any flow simulations due to the
limited success of the simulations in predicting the performance of the three preceding
Mar15 chips (as described in Chapter 5). Instead, the design process was based on the
analysis of the performance of Mar15 designs. Achieving a balance between plasma purity
and the extraction yield was expected by combining the bifurcation geometry of Mar15 D3
(highest plasma purity but low yield) with the extraction channel lengths of Mar15 D2
(highest yield but low purity). The same chip footprint (chip size and positions of inlet,
outlet and bolt holes) as in Mar15 line was used (Figure 43).
The initial tests revealed excellent (~99%) plasma purity but only slightly increased yield
(10-11%, up from 8% for Mar15 D3 whose bifurcation geometry was used). The Aug15
C1 chip, together with the planar trench system, was the core of the microfluidic blood
plasma separation system that was used in a collaborative study at the Chinese University
of Hong Kong (described in Chapter 9). Aug15 C1 chips were also used by our group in a
study on circulating tumour DNA (ctDNA) detection. A downside of this chip was its
hydraulic resistance, which turned out to be high enough to cause operational issues (high
pumping force required that was achievable only by some pumping systems and caused
occasional interruptions in the sample flow). However, the performance was reliable when
using a high pressure pump at flow rates below 10 ml/h.
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Figure 43 Overlaid designs of Mar15 D2 chip (dark grey) and the subsequent Aug15 C1
(pink). Same device footprint was used (same size and positions of the inlet and outlets)
and the only geometry difference between the chips is in the design of the central part
containing the series of cell-focussing bifurcations. In Aug15 C1 bifurcation geometry is
the same as in another Mar15 D3 chip (high plasma purity but low yield), thus shifting the
positions of the plasma extracting channels.

Yet, the corresponding serpentine channels

(that extract plasma) have the same lengths in both presented designs. This was expected
to result in the new Aug15 C1 chip having similarly high extraction yield to that of Mar15
D2 (17-18%). The direction of blood and plasma flows are indicated for clarity by red and
yellow arrows, respectively.
7.2.2. Visualisation of flow patterns in BPS chip using milk flow
Flow patterns in Mar15 D2 and Aug15 C1 chips were studied by flowing cow’s milk
through these chips. Whole milk has a similar viscosity to the viscosity of 1:1 diluted blood
and it undergoes a skimming effect when flown through a BPS chip. Fatty acids in the
form of micelles separate from the water creating areas of varying transparency. This
allowed visualisation of the flows through the individual serpentine plasma extraction
channels by taking images of the flow in the collective plasma channel downstream of the
last plasma extraction channel where transparent fat-depleted regions form at the interface
between the streams (Figure 44). High resolution images of the flow were obtained through
a high magnification optical system (Zeiss). The images were captured using high speed
camera (ProgRes® CF cool, Jenoptik®). Whole cow’s milk was flown through Mar15 D2
and Aug15 C1 chips at 8 ml/h (inlet flow rate). A standard fluidic setup (described in
Chapter 4) with the fluidic interface platform containing the planar trench system was used.
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Figure 44 Micrograph of cow’s milk flowing through the plasma extraction channels of
Mar15 D2 chip (flow direction marked by white arrow). Due to a skimming effect, the milk
flowing through each of the individual plasma extraction channels forms a distinct streak
in the collective plasma channel (the streaks are separated by transparent fat-depleted
layers). The flow profile in the collective plasma channel is parabolic, thus the ratios of
the widths of the individual streams are not directly proportional to the ratios of their flow
rates.
The images were used to adjust the Comsol simulation parameters as described in the next
section. Due to the parabolic flow velocity profile in the channel, the widths of the streams
coming from different plasma channels are not proportional to the relative flow rates in
those channels (stream in the middle originating from the third extraction channel has the
highest velocity). Therefore, the link between the experimentally observed flow and the
simulated one was established semi-quantitatively by comparing the images of the milk
streams in the plasma channel with the images generated in the simulation.
7.2.3. Establishing a flow simulation methodology
The design process of the next chip (Feb16 B1) was based on flow dynamics simulations.
A similar modelling methodology was used to that described in Chapter 5, with an
incompressible Newtonian fluid approximation (spatially homogeneous viscosity μ =
2.33×10-3 Pa·s and density of plasma ρPl = 1.025 g/ml). Also, to make the simulation more
efficient only one half of the symmetric chip geometry was used (imported as a CAD
drawing) and the “symmetry” setting was put at the relevant geometry boundaries. The
major difference to modelling in Chapter 5 was using an actual 3D geometry instead of the
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shallow channel approximation. The approximation assumed the depth of the chip was
much smaller than its width, which was not valid in our chip design, particularly in the
constrictions and plasma extraction channels, thus using a true 3D simulation was expected
to be more accurate. Yet, 3D geometry required larger computational power, therefore to
balance the simulation accuracy and the computation time, the geometry was divided into
subdomains with different mesh element sizes. The mesh was coarser in the regions of low
significance (inlet and outlet regions, long blood inlet channel), fine in the transitional areas
(e.g. plasma extraction channels) and very fine in the most critical bifurcation region. The
resulting meshes consisted of 0.9-1.2M tetrahedral elements.
In the simulations, a laminar inflow of 4 ml/h (equivalent to an inlet flow rate of 8 ml/h in
the actual chip that has two symmetric separation units) was set. Both outlets were set to
laminar outflow at atmospheric pressure.
To develop an accurate modelling methodology, first, the simulation conditions were
established that reproduced the extraction yields observed experimentally in Mar15 D2 and
Aug15 C1 chips. Achieving these extraction yields required putting some constraints on
the chip outlets. This was done by adding virtual loads at the outlets (outlet lengths,
described in Chapter 5), adjusting which gave the correct yields (Table 3). At the same
time, these parameters resulted in the plasma flow not being distributed correctly between
the individual serpentine plasma extraction channels, including plasma backflow through
the last of the channels in Aug15 C1 chip (plasma loss).
Table 3 Simulation parameters (outlet lengths) used to model the flow in the two experimentally
characterised chips (Mar15 D2 and Aug15 C1) and to predict the performance of the new Feb16
B1 design. Setting virtual lengths at the cell waste (Cout) and plasma (Plout) outlets was used to
obtain the correct (experimentally observed) flow pattern in the simulation, one set of the lengths
was used to model the absolute plasma yield, while the other resulted in the correct flow distribution
across the individual plasma extraction channels.
Mar15 D2

Aug15 C1

Feb16 B1

18%

11%

N.A.

Total yield (in
experiment)
Cell waste outlet
length (Cout)

0m

1m

0m

1m

0m

1m

Plasma outlet
length (Plout)

4m

3m

4m

3m

4m

3m

Absolute yield
(in simulation)

17.8%

26.0%

11.4%

18.3%

14.0%

21.8%

Flow
distribution

incorrect

correct

incorrect

correct

N.A.

N.A.
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To improve the accuracy of the simulations in terms of the flow distribution, which was
needed for optimisation of the new chip design, the flow in Mar15 D2 and Aug15 C1 chips
was visualised using milk (description of the experimental method in the previous section).
This experimental flow pattern characterisation allowed determining the second set of
outlet lengths, which enabled the simulation to reproduce the flow pattern of extracted
plasma observed experimentally.
In Aug15 C1 chip the last (fifth) plasma extraction channel does not transfer any flow, both
when flowing blood and milk, but in simulation it was not possible to find the outlet lengths
giving a flow close to zero in that channel and at the same time the correct total yield or
flows in the other channels. Therefore, a version of the chip geometry with the last plasma
extraction channel removed was used in the simulations.
7.2.4. Flow simulation-aided design of Feb16 B1 chip
The simulation parameters (two sets of outlet lengths) obtained through flow modelling in
Mar15 D2 and Aug15 C1 chips (described in the previous section) were used to optimise
the geometry of the new Feb16 B1 design. The objective was to improve the extraction
yield of the previous Aug15 C1 chip, without compromising its efficient cell removal.

Figure 45 The comparison of the new Feb16 B1 geometry (pink) with the previous Aug15
C1 (dark grey). Red and yellow arrows indicate the direction of blood and plasma flows,
respectively. The two designs share the same geometry of the central cell-focussing region.
Plasma volumes extracted through each of the serpentine channels were adjusted by
changing the lengths of these channels and increasing the hydraulic resistance of the main
channel after the last bifurcation (the narrow section before the cell waste outlet). This was
meant to enable the flow through the last plasma extraction channel. To avoid operational
difficulties, this increase of hydraulic resistance was compensated by shortening the blood
inlet channel.
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Therefore, the same bifurcation geometry and constriction length as in Aug15 C1 were
applied but the lengths of the plasma extraction channels needed adjusting. Also, the
hydraulic resistance of the main channel after the last bifurcation had to increase to enable
plasma flow through the last extraction channel, which was redundant in Aug15 C1. As
the high hydraulic resistance of Aug15 C1 caused difficulties to pumping systems, the
additional outlet resistance introduced in Feb16 B1 needed compensating by shortening the
blood inlet channel. The two designs are presented in Figure 45.

Figure 46 Modelling-based optimisation of plasma extraction in new chip design, Feb16
B1, using simulations of experimentally characterised Mar15 D2 and Aug15 C1 chips.
Simulated plasma flows through each of the five extraction channels expressed as the
percentage of total extracted plasma flow. Two sets of outlet lengths were used 0 & 4 m
and 1 m & 3 m for cell waste and plasma outlets (Cout and Plout), respectively. The first set
(Cout = 0, Plout = 4 m) resulted in the absolute yield equal to the experimentally observed.
The second one (Cout = 1 m, Plout = 3 m) lead to flow distribution across the individual
extraction channels similar to the one observed in Mar15 D2 and Aug15 C1 experiments
with milk. According to the flow simulations, the new Feb16 B1 design had an optimised
flow distribution, which was meant to increase the yield without compromising cell
removal.
The simulated flows through the individual plasma channels, expressed as the percentage
of the main channel flow extracted at each bifurcation, are presented in Figure 46. Ideally,
this percentage is not constant but decreases slowly from the first to the last extraction
channel, to compensate for the increase of cell concentration in the main channel after every
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bifurcation. Data for both sets of outlet lengths is reported to illustrate that both were
needed to optimise the design (see also Table 3). According to the simulation of the new
Feb16 B1 design, the percentage of the main channel flow extracted through each of the
channels decreases steadily for the first three and stays roughly unchanged for the last two
channels. At the same time, for the first bifurcation it is only 15% higher than in Aug15
C1, which was supposed not to impair the cell removal. Together with the simulated total
yield of 14%, the design was expected to have an improved performance over the earlier
chips. The experimental characterisation of Feb16 B1 is presented further in the Results
and Discussion section of this chapter.
7.2.5. Fabrication of fluidic components in PMMA
Fluidic interface platforms with trench systems were fabricated according to the process
described in Chapter 6 (additional details in Chapter 3).
7.2.6. Experimental set-up for blood plasma separation experiments
The objective of the experiments was to evaluate the performance of the developed BPS
systems. Fresh blood from healthy donors collected into EDTA tubes was used either
undiluted or after 1:1 dilution (volume-to-volume) with microfiltered phosphate buffered
saline (DPBS, HyClone™, GE Healthcare). Blood was handled according to the local
health and safety regulations and the whole sample volume was used on the day of blood
draw. A standard fluidic setup (see Figure 47, details in Chapter 4) was used containing a
hydrodynamic BPS chip connected to a fluidic interface platform with plasma outlet
channel incorporating a trench system for post-separation capture of residual cells. Four
chip designs (Nov09, Mar15 D2, Aug15 C1 and Feb16 B1) and two trench systems (planar
and vertical trenches, described in Chapter 6) were tested. Blood inlet and the cell waste
outlet were connected to 0.75 mm ID ETFE tubing, while the plasma outlet to 0.2 mm ID
tubing. Plasma and cell waste were collected into microcentrifuge tubes. All the chips and
trench-bearing fluidic platforms were single use, while the tubing and fluidic connectors
and fittings were rinsed thoroughly with distilled water and autoclaved after every use.
Occasionally, these fluidic components were reused without autoclaving if an experiment
with the same blood sample was carried out on the same day. In this case, the components
were rinsed with PBS after the distilled water rinse to eliminate the possibility of cell lysis
by dH2O. Then the inside of the tubing pieces was thoroughly dried by briskly pumping
air through it several times.
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Figure 47 Experimental setup used for testing blood plasma separation system. The
version for vertical trench system is shown, undiluted blood is pumped from vertically
positioned syringes.

In experiments with diluted blood syringes were positioned

horizontally. Two devices are placed on a plastic holder allowing two separations to be
carried out in parallel. Extracted plasma is collected into two separate Eppendorf tubes.
A detailed description of the setup can be found in Chapter 4.
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Blood flow was provided by a syringe pump (NE-1010 High Pressure Syringe Pump, New
Era Pump Systems Inc. or GenieTouch™ Syringe Pump, Kent Scientific Corporation). For
all the separations from undiluted whole blood, the syringe (10 ml BD Luer-Lok™ tip
syringes, Becton, Dickson and Company) was mounted onto the pump and kept in a vertical
position (with the tip pointing upwards, Figure 47) for 20 min prior to the start of the
experiment and throughout the separation to decrease the inlet haematocrit by allowing
some cell settling, inlet flow rates of 5-9 ml/h were used. Cell settling in undiluted blood
is slow and only up to a few tens of microlitres of clear plasma would be visibly separated
at the top of the syringe when the pumping started. The syringe was kept in a horizontal
position in all the experiments with diluted blood, 9 ml/h inlet flow rate was used.
The inlet sample volume that left the syringe (Vin) and the volume of collected plasma (Vpl)
were recorded and used to calculate the extraction yield (Yield = Vpl/Vin). A DinoLite USB
Microscope (AnMo Electronics Corporation), magnification up to 250×, was used to
monitor the flow and check for disruptions, such as clogging. When noticed early,
blockages can sometimes be removed by a temporary increase of the flow rate. In these
cases, if the blockage did not cause a major increase of cell content in the collected plasma,
the experiment was continued. Otherwise the separation was stopped and the collected
plasma was discarded.
Cell content of undiluted blood, inlet samples, plasma and cell waste collected during
microfluidic separation as well as that of control plasma obtained by centrifugation (10 min
at 1,600g followed by 10 min at 13,400g) were analysed using an automated
haemocytometer (ACT Diff 2™ Analyzer, Coulter). Cell content of some samples, e.g.
separated plasma, was below 1% of whole blood cell count but according to manufacturer’s
information this was still in the operating range and linearity range of the instrument
(although close to their limits) [169]. However, for samples with low cell count such as
plasma, the measurement error stated by the manufacturer was similar to the measured
values. Thus, to increase precision, for each sample (regardless of the cell content) an
average from three measurements was used. The sample was mixed by gentle rocking or
pipetting up and down before each measurement. The measured cell concentrations were
used to calculate cell removal efficiency (%R):
%𝑅 = 1 −

𝑐
𝑐

× 100%

where cpl and cin are cell concentrations in plasma and inlet sample, respectively.
Haemoglobin content of the plasma samples was measured using Cripps method and
compared against the control plasma extracted through centrifugation (see Chapter 4). To
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make sure only the free haemoglobin was measured, samples extracted on-chip were
centrifuged for 10 min at 1,600g and 75-100 µl of plasma devoid of cells was removed
from the top of the microcentrifuge tube and used for the spectroscopic analysis.
7.3. Results and Discussion
7.3.1. Comparison of four chip designs implemented in the hybrid BPS system
1:1 diluted blood. Cell removal efficiency is a basic parameter evaluating the performance
of a BPS device. With blood diluted 1:1 (Hct = 21-23%), three chips (Nov09, Aug15 C1
and Feb16 B1) achieved excellent over 99% mean red blood cell removal efficiency (Figure
48b). The best RBC removal from diluted blood was achieved by Aug15 C1 chip (mean
99.8%, SD 0.2%, n = 5), which translates to an average of only around two out of 1,000
cells reaching the plasma collection Eppendorf. The mean cell removal in Nov09 was
lower (three times); 99.4% (SD 0.3%, n = 4), which was statistically significant; t(7) =
2.902, p = 0.023. The mean for Feb16 B1 was four times lower; 99.1% (SD 0.9%, n = 3),
which was in agreement with the visual observations. However, the difference in RBC
removal between Feb16 and the two other chips (Nov09 and Aug16 C1) could not be
confirmed through a statistical analysis (t-test) due to a large SD and small sample size
(n = 3). As expected (see Chapter 5), the fourth tested chip, Mar15 D2, with its highest
extraction yield among the two-unit designs, reached 90% mean removal efficiency.
Although significantly lower than in the case of the other chips studied here, it still offers
an improvement compared to the hydrodynamic BPS devices described in literature
operating at similar extraction yields and inlet haematocrits (Table 4). Additionally, Nov09
design was also tested without any trench system to provide control (see Chapter 6).
Undiluted blood. For the original Nov09 chip operating on undiluted blood and without a
post-separation sedimentation module, the RBC removal efficiency is 80% (see Chapter 6).
Implementing the vertical trench configuration elevated the removal efficiency up to
between 91.0% and 97.7% (Figure 48, means for Nov09 and Aug15 C1 were 94.9%, SD
2.6%, n = 3 and 93.7%, SD 2.0%, n = 4 respectively, with no statistically significant
difference between the two chips; t(5) = 0.709, p = 0.510), which is a promising
improvement. Yet, the haematocrit of extracted plasma was still 1-3.5% (the sample
appeared completely red), and its further decrease in the sedimentation module would
require additional trenches. However, implementing them would increase the dead volume,
thus compromising the volume of extracted plasma. This demonstrates that for operation
on undiluted blood, the system needs to be upgraded by an addition of a further cell
removing solution, e.g. filtering, to be applicable in a diagnostic procedure involving large
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(>1 ml) plasma volume.

Figure 48 Red blood cell (RBC) removal by different integrated BPS devices at a range of
haematocrits (1:1 diluted and undiluted blood). Each device integrated a hydrodynamic
BPS chip; Nov09 (blue), Mar15 D2 (orange), Aug15 C1 (green), Feb16 B1 (purple) and a
trench system for residual cell retention; no trenches (triangle), planar trenches (circles),
vertical trenches (diamonds). a, Whole tested Hct range, the region of highest achieved
RBC removal marked by a rectangle is shown in b. Most measurements done in triplicates,
error bars denote standard deviation (SD). Inlet flow rate was 9 ml/h in all separations
with 1:1 diluted blood, this flow rate was usually not achievable by the pump in the
experiments with undiluted blood, therefore flow rates from 5 to 9 ml/h were used.
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Table 4 Comparison of the performance of the BPS systems presented in this study and the different
hydrodynamic constriction-expansion devices described in the literature.
Study

Inlet Hct

Inlet flow
rate

Extraction
yield

Cell removal
efficiency

Faivre 2006 [9]

16%

0.2 ml/h

*24%

N.A.

Kersaudy-Kerhoas
2009 [8]

22% (1:1 diluted
blood)

2-10 ml/h
2 ml/h

30%
5%

60%
>99%

Sollier 2010 [10]

1.5-2% (1:20
dilution)

6 ml/h

*18%

N.A.

RodriguezVillareal 2010 [11]

20%

12 ml/h

3.5%

97%

Marchalot 2014
[12]

1.5-4% (1:101:20 dilution)

6-24 ml/h

*25%

99%

Haller 2015 [115]

1.5-2% (1:20
dilution)

12 ml/h

*7.5%

90%

Tripathi 2016 [14]

undiluted blood

18-30 ml/h

*1-6%

99%

Shatova 2016 [128]

undiluted blood

3 ml/h

9%

100.0%

9 ml/h

This study

21-23% (1:1
diluted blood)
38-42%
(undiluted blood)

10%
19%

99.8%
99.4%

5-9 ml/h

14%

94.9%

* denotes yield values calculated as the ratio of flow rates in the plasma and inlet channels. The
value does not necessarily reflect the actual extraction capabilities by excluding the dead volume
of the system and operation stability over time.

The separation of plasma from undiluted blood is also more challenging in terms of
operation stability. High blood viscosity and intensified cell aggregation make stable flow
delivery difficult and increase the risk of clogging. These issues can cause temporary or
permanent disruptions of the separation leading to sample degradation or collection of
insufficient sample volume. As much as these issues are inherent to the hydrodynamic cell
sorting microfluidics, they can be minimised by additional sample or channel surface
treatment, e.g. additional anticoagulant, increasing channel hydrophilicity or prefilling with
buffer [110].

Additionally, an improvement could also be brought by keeping the

separation system at physiological temperature (37°C) [11], which would significantly
decrease blood viscosity but should not cause changes to the analyte levels. However, the
focus of this study was on developing a system that could potentially rival the wellestablished and routinely used sample preparation methods and therefore it was crucial to
work towards increasing its simplicity and elimination rather than inclusion of additional
sample processing or device preparation steps.
The plasma volume loss in the BPS system developed here was minimised by focusing the
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design of the trench system not only on the cell retention capacity but also on lowering the
dead volume. Tubing with small internal diameter (0.2 mm ID) was chosen for the plasma
outlet due to its minimal dead volume (3 µl for a 10 cm-long piece, as opposed to 50 µl for
0.8 mm ID tubing of same length used earlier).

Another advantage for potential

applications is that no channel surface treatment nor priming with buffer prior to the
experiments were used, which simplifies device handling and saves time.

Figure 49

Red blood cell removal data plotted against plasma extraction yield.

Separations for four chip designs: Nov09 (circles), Mar15 D2 (triangles pointing
downward), Aug15 C1 (triangles pointing upward) and Feb16 (diamonds). One of the two
trench systems was connected downstream of the chip: planar (open symbols) or vertical
(filled symbols). Nov09 was also tested without trench system (crosses). Data points for
plasma extracted from 1:1 diluted blood in pink and from undiluted blood in red.
7.3.2. Plasma extraction yield in the hybrid BPS system
It is important to note that the extraction yield in this study was measured as the volume of
plasma actually extracted by the device, i.e. the collected plasma, divided by the volume of
the inlet sample pumped into the system (Yield = Vpl/Vin). This way the measurements
allowed evaluating the BPS solutions in the engineering context, providing information on
their applicability in a sample processing or diagnostic system. This approach should be
distinguished from the one commonly used in the BPS literature (including some examples
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given in Table 4), where yield is calculated as the ratio of flow rates of the extracted plasma
and the inlet sample. Through not considering the dead volumes of the device components
as well as the flow disruption issues, e.g. channel clogging, the approach provides purely
theoretical values and the plasma volume achievable by the system remains unknown,
making it difficult to evaluate its diagnostic usefulness [5].
Figure 49 shows the RBC removal plotted against the extraction yield for different chips
and trench system combinations. Among the designs offering the best cell removal
efficiency, Nov09 achieved the highest extraction yield (mean of 19%). Aug15 C1 and
Feb16 B1 had significantly lower yields (around 10%), revealing an important difference
between the two design concepts. Nov09 has a single main channel with a series of 8
constrictions on both sides. However, plasma flows only through the first six of them,
while the high hydraulic resistance makes the last two redundant. The two-unit designs
(Mar15 D2, Aug15 C1 and Feb16 B1) have two main channels, which increases the
theoretical total throughput twice by doubling the sample volume that can be processed in
a given time period. However, there are only five extraction channels per unit (all on one
side of the main channel), thus the plasma extraction capacity of the system is lower. To
reach 19% extraction yield in a design with a single main channel and six functional plasma
extraction channels (like Nov09), 3.45% of the inlet flow needs to be extracted per plasma
channel (hypothetically assuming the same extraction fraction at each channel, Table 5).
For designs with four (Aug15 C1) and five (Mar15 D2 and Feb16 B1) working plasma
channels, achieving 19% yield would require the extraction fraction of 5.1% and 4.1%,
respectively. Such a high increase in the separation volume per channel would need to
come at the cost of cell removal efficiency as it was indeed observed for Mar15 D2 chip
(high 18% yield but only 90% RBC removal). Aug15 C1, with its highest 99.8% RBC
removal efficiency and 10% yield (at 1:1 blood dilution), separates on average only 2.6%
of the inlet flow per channel, which explains such a low residual cell content of plasma
(Table 5).
For a constant inlet flow rate fraction extracted at each bifurcation the flows through the
plasma channels would gradually decrease (as the flow rate in the main channel decreases
after each bifurcation) but the difference between the first and the last plasma channel
would be small (10-20%, depending on the number of channels). However, experimentally
observed flow rates through each of the extraction channels differ more significantly. In
Nov09, the channels have the same lengths and thus the hydraulic resistances, so the flow
rate is the largest for the first extraction channel and the lowest for the sixth, while the
seventh and eighth channels do not transfer any flow. This shows that the decrease of the
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extraction flows is much steeper than expected for a constant extraction fraction. The flows
through the individual plasma channels can be visualised when the number of cells in the
extracted plasma is sufficiently high to leave dark streaks in the flowing plasma (e.g. in
experiments with undiluted blood).
Table 5 Theoretical fraction of the inlet flow left in the main channel (%Vin) after each bifurcation
and the corresponding total extracted fraction of the inlet volume (%Vextr = 100% - %Vin), calculated
for four chip designs. The calculations assume that the same percentage of the inlet flow is extracted
at each bifurcation (denoted in the first row), the value results in the total extraction yield equal to
the one observed experimentally. Experimentally observed flows through individual plasma
extraction channels are not equal. The values are calculated only for the functional plasma
extraction channels (6 in Nov09, 5 in Mar15 D2 and Feb16 B1, 4 in Aug15 C1).

Bifurcation
number

Nov09: yield 19%,
3.45% per channel

Mar15 D2: yield
18%,
3.9% per channel

Aug15 C1: yield
10%,
2.6% per channel

Feb16 B1: yield
11%,
2.3% per channel

%Vin

%Vextr

%Vin

%Vextr

%Vin

%Vextr

%Vin

%Vextr

1

96.6

3.5

96.1

3.9

97.4

2.6

97.7

2.3

2

93.2

6.8

92.4

7.6

94.9

5.1

95.5

4.5

3

90.0

10.0

88.8

11.2

92.4

7.6

93.3

6.7

4

86.9

13.1

85.3

14.7

90.0

10.0

91.1

8.9

5

83.9

16.1

82.0

18.0

N.A.

N.A.

89.0

11.0

6

81.0

19.0

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

As discussed in sections 7.1 and 7.2, flow simulations were used to optimise the amount of
inlet flow extracted at each bifurcation in Feb16 B1 design. However, the experiments
revealed that the yield of only 11% instead of the expected 14% was achieved, a marginal
increase over the 10% of the previous chip generation, Aug15 C1. At the same time, the
cell removal was less efficient than in the predecessor, meaning inferior cell focusing,
despite the same bifurcation zone geometry and virtually the same extraction yield. This
could be the result of a less favourable flow distribution through the five extraction
channels, e.g. much more plasma extracted through the first channel than the further four.
However, this is unlikely given the simulation-based optimisation of the flow distribution
was performed for this design.

Also, the micrographs captured during the plasma

separation did not provide evidence for such a disadvantageous flow distribution.
Therefore, it is likely that the impairment of the cell focusing in Feb16 B1 was caused by
adopting a much shorter blood inlet channel geometry, which was done to reduce the
overall hydraulic resistance of the chip (the main operational issue in the Aug15 C1). This
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explanation is supported by evidence in other studies where the development of a stable
cell free layer close to the channel wall before the bifurcation region was found to be crucial
in decreasing the number of residual cells in plasma [12,128,130,162].
7.3.3. Haemolysis induced by the hybrid BPS system
The extent of cell damage occurring during BPS system operation, which is another factor
determining diagnostic suitability of the device, was measured via Cripps method.
Measuring haemolysis values and using the graded haemoglobin content assessment
scheme (see Chapter 4) revealed that plasma separation by the hybrid hydrodynamicsedimentation systems causes no extra haemolysis in comparison with the standard double
centrifugation protocol widely used for BPS in the cell-free NA-based diagnostics (Figure
50). The only exception is a single data point for Aug15 C1 chip combined with vertical
trenches at a high 41.5% Hct, Hcorrected = 0.0105 which falls into the low range of “Slightly
haemolysed” level, which is however very close to the “no haemolysis” cut off at 0.0095.
At the same time, for a number of experiments the haemolysis caused by the microfluidic
system was lower than that caused by centrifugation (negative haemolysis values in Figure
50).
In general, vertical configuration of trenches is more favourable for cell integrity than the
planar one. This could be linked to lower shearing experienced by the cells in the vertical
trench system with its smoother channel surfaces (no engraving used during fabrication)
and larger channel cross section resulting in decreased flow velocity.
The mean haemolysis for the configuration without any trenches (Hcorrected = -0.003,
measured only with Nov09 chip) is either the same or only slightly lower than in the case
of the two trench systems. This shows that the small extent of haemolysis caused by the
integrated system, is mostly linked to the hydrodynamic separation chip, not the sample
passage through the trenches. Due to much smaller channel dimensions in the chip
compared to the trench system, the flow velocity and thus the shearing rate are substantially
higher so the haemolysis is indeed expected to be more extensive in the chip. It is at the
same time surprising that even at high inlet haematocrits (undiluted blood) the extent of
haemolysis in the hydrodynamic blood plasma separation chips developed in our group is
very small. This indicates that a further improvement in removal of residual cells from
plasma could allow high-throughput zero-dilution separation of plasma readily suitable for
diagnostics.
Otherwise, in the case of separation from 1:1 diluted blood, the residual RBCs in plasma
extracted using Aug15 C1 chip (<0.01×106 cells/µL) would on average elevate the
haemoglobin level of plasma up to values within the slightly haemolysed level. This means
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that in terms of haemoglobin content, plasma separated from 1:1 diluted blood would still
be acceptable for use in diagnostics without the need of residual cell removal. The effect
of the small residual cell content on detection of cfNAs remains to be characterised.

Figure 50 Haemolysis level in plasma separated from 1:1 diluted and undiluted blood
using BPS devices integrating a hydrodynamic BPS chip (Nov09 – blue, Mar15 D2 –
orange, Aug15 C1 – green, Feb16 B1 – purple) and a trench system for residual cell
retention (no trenches – triangle, planar trenches – circles, vertical trenches – diamonds).
Haemolysis values (Hcorrected) are relative to control plasma samples prepared by
centrifugation. The levels according to the graded haemoglobin content assessment
scheme are marked (haemolysis lower than that of control sample for Hcorrected < 0, no
haemolysis caused by microfluidic extraction for 0 ≤ Hcorrected < 0.0095, slight haemolysis
for 0.0095 < Hcorrected ≤ 0.0258). Haemolysis measurements are explained in detail in
Chapter 4. Experimental data in triplicates or duplicates except where single data points
are visible, error bars denote standard deviation (SD). Inlet flow rate was 9 ml/h in all
separations with 1:1 diluted blood, while flow rates from 5 to 9 ml/h were used with
undiluted blood.
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7.3.4. Evaluation of the simulation-guided chip design
For some of the new BPS chips that I developed (Mar15 and Feb16 lines), the design
process was guided by simple flow dynamics simulations.

The experimental

characterisation revealed that the model, which assumed spatially homogeneous viscosity
in a quasi-3D (Mar15 designs, Chapter 5) and 3D (Feb16 design, this chapter) was not an
efficient tool for predicting the behaviour of the flow of lightly diluted blood (1:1 dilution).
This observation confirms the complex nature of microscale blood flows and contrasts with
the successful application of flow simulations in the design of BPS devices operating on
highly diluted blood (1:10-1:100, equivalent to Hct = 0.4-4%) [115,149,151,152]. A
fundamental difference between modelling the flow of highly diluted (1:10-1:100) and
lightly diluted (~1:1) blood inside a BPS device is the large cell concentration difference
that impacts the hydrodynamic properties of the fluid. In the former case, the cell content
is so low that the hydrodynamic properties of the fluid in the main channel (highly diluted
blood) are virtually the same and in the plasma extraction channels (highly diluted plasma).
These properties are approximately equal to those of the diluent, which is a Newtonian fluid
whose flow can be easily predicted. In the case of lightly diluted blood though, due to the
high cell content of the inlet sample, the main channel of the device and the plasma
extraction channels are filled with fluids of substantially different hydrodynamic properties
(blood, unlike plasma, is a shear-thinning fluid). Thus, here the spatially homogeneous
Newtonian fluid approximation is fundamentally invalid, which explains the limited
success of my flow simulations in predicting the plasma extraction yield.
7.4. Conclusion
A novel combination of hydrodynamic blood plasma separation with downstream residual
cell removal through sedimentation was presented here. BPS chips of varying performance
characteristics were implemented allowing to evaluate their geometries in relation to the
properties of plasma output. The sedimentation modules were fabricated from acrylic
(PMMA) sheets using a robust and efficient process, making them cheap and fully
customisable sub-units. The integrated systems removed >99% of blood cells from 1:1
diluted blood, extracting plasma at high 10-18% yield. Residual cell content in the device
with highest cell removal (99.8% removal, 10% yield for Aug15 C1 chip with planar
trenches) was low enough to make plasma suitable for use in further analytical procedures,
e.g. nucleic acid extraction, without the need for additional cell elimination.
Owing to their high throughput, the devices allowed extracting large plasma volumes
needed for rare analyte detection, e.g. in NIPT. Within an hour of operation 0.8-1.4 ml of
diluted plasma can be extracted.
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For undiluted blood, a substantial improvement in plasma purity was demonstrated by
integrating the vertical sedimentation module; around 95% of RBCs were removed
compared to 80% for the planar trench system. Facing the limit of a sedimentation-based
cell removal in a system with a strong focus on extraction yield, highlighted the need for a
further plasma purification sub-unit, such as a filtering module, whose development was
described in Chapter 6.
Cell damage in the integrated hydrodynamic-sedimentation system is generally not higher
than the one induced by centrifugation, which is routinely used in clinical labs to obtain
plasma for diagnostics. This makes our microfluidic method a promising tool for integrated
sample preparation systems.
The new Mar15 D2 and Aug15 C1 chips, together with the planar trench system, were used
in a collaborative study at the Chinese University of Hong Kong (described in Chapter 9).
Aug15 C1 with sedimentation module was also used by our group in a study on circulating
tumour DNA (ctDNA) detection and is continuously used in other studies.
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Chapter 8 Characterisation of cfDNA Derived from Plasma
Obtained Through Microfluidic Procedure and Centrifugation
8.1. Introduction
In the previous chapters, plasma extraction capabilities in terms of sample quality (cell
removal efficiency and cell lysis) and separation throughput were presented.

The

improvements were achieved through the combination of the hydrodynamic microfluidics
with sedimentation-based approach in an integrated design. The next step was to identify
whether using these BPS tools affected the cfDNA composition of the extracted plasma.
Cross-contamination, degradation by enzymes, prolonged storage or sample processing
route can all alter circulating NA levels in plasma [35,170,171]. Therefore, cfDNA-based
diagnostics requires high standards of plasma processing to ensure that sample quality is
sufficient for time-consuming and costly analysis methods such as DNA sequencing. In a
previous study, our group found that maternal plasma extracted on-chip had elevated fetal
DNA fraction (FF) compared to the centrifugation control [4], which could potentially
improve quantification-based NIPTs, e.g. tests for trisomies 13, 18 and 21. Therefore,
elucidating the effects our method had on cfDNA was central for the future applicability of
our technology in circulating NA-based diagnostics such as NIPT or cancer diagnostics
using ctDNA.
In this chapter, cfDNA from plasma samples extracted on-chip is quantified and compared
to plasma obtained through centrifugation. The effect of separation parameters such as
chip design and plasma characteristics such as haemoglobin content on cfDNA level is
studied. Finally, the quality of cfDNA samples is analysed using procedures employed in
commercially available NIPT and other cfDNA-based diagnostics.
8.2. Materials and Methods
8.2.1. Plasma extraction
The details of plasma separation methods are described in Chapter 7 Section 7.2.6. In short,
venous blood from 6 healthy donors was collected to K2EDTA tubes. Plasma samples were
extracted on-chip from 1:1 diluted and undiluted blood. Control plasma was obtained from
undiluted blood through two-step centrifugation protocol or from 1:1 diluted blood used as
the inlet sample in microfluidic separations (single step centrifugation: 10 min at 1,600g).
In the two-step centrifugation, after spinning the blood for 10 min at 1,600g the supernatant
was transferred to a fresh tube and centrifuged for 10 min at 13,400g (highest available
speed, the exact NIPT gold standard is 16,000g). All plasma samples separated on-chip
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were subjected to low speed centrifugation (10 min at 1,600g) to ensure consistent removal
of all residual cells. To avoid cfDNA degradation all the dilutions were done with
microfiltered DNase-free PBS (DPBS, HyClone™, GE Healthcare). To reduce the risk of
cross contamination the chips and in-house-fabricated PMMA fluidic platforms were
discarded after use, while all the reusable fluidic equipment was washed thoroughly and
autoclaved. Extracted plasma samples were kept frozen at -80°C until further cfDNA
analysis.
8.2.2. cfDNA extraction
cfDNA extraction was done in our lab using QIAamp® Circulating Nucleic Acid Kit
(QIAGEN) according to the instructions provided by the manufacturer. I performed 11
extractions, while the rest were done by a fellow PhD student, Ieva Keraite, giving a total
of 51 plasma samples processed. The volumes of plasma samples were between 100 and
600 µl and microfiltered DNase-free PBS (DPBS, HyClone™, GE Healthcare) was added
to bring the volume up to 1 ml required for optimal DNA extraction. To ensure high DNA
yield, the DNA was eluted from the column in a two-step procedure. First, 20 µl of the
elution buffer supplied in the kit was applied to the column and the eluate was collected
after centrifugation. Then an extra 5 µl of the elution buffer was added to the eluate and
the eluate was applied to the column once again. Such a two-step elution has been widely
used in our lab to increase cfDNA extraction yields, yet it is not a standard procedure
recommended by and it requires further investigation to prove its effect.
8.2.3. cfDNA quantification with qPCR
The extracted DNA samples were divided into two batches for cfDNA quantification. The
qPCR amplification on the first batch of 14 DNA samples was performed by Virginia
Alvarez-Garcia, a research associate in our lab. The rest of the samples were processed by
a PhD student in our group, Ieva Keraite. Both qPCR assays targeted amplicons within the
GAPDH gene and genomic DNA was used for the construction of standard curve, which
allowed calculating the total DNA concentration in plasma in ng/µl. The reactions were
done in duplicates and the total of 5 µl was used per DNA sample.
8.2.4. Fragment size analysis
The remainder of the DNA samples were shipped to the labs of our industrial partner
Multiplicom in Niel, Belgium, where the analysis was performed by Ieva Keraite. First,
the quality of cfDNA sample was assessed using Multiplicom’s QC Plex assay. 2 µl of
cfDNA sample was put through a multiplex PCR where six DNA fragments of different
lengths (100, 200, 300, 400, 600 and 700 bp) were amplified. Additionally, a 150 bp-long
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DNA plasmid was amplified, serving as a control for presence of PCR inhibitors in the
sample. The PCR products were run through a capillary electrophoresis, which separated
them based on fragment size. As cfDNA exists in short up to ~300 bp-long fragments, the
presence of bands above 300 bp indicates genomic contamination from degraded WBCs or
cells damaged during blood draw and the sample is not considered suitable for cfDNAbased diagnostics.
Next, the DNA fragment size was analysed more in-depth through the initial part of the
workflow of the Clarigo™ assay. Clarigo™ is an NIPT for trisomies 13, 18 and 21. The
workflow starts with a multiplex PCR step where 4000 amplicons are targeted to cover the
regions of interest. The purified PCR products are prepared for sequencing, which involves
another PCR reaction to tag the DNA and a quality control check using gel electrophoresis.
Finally, the amplified genetic material is sequenced using one of Illumina’s next generation
sequencing platforms to reveal if abnormally high content of cfDNA originating from the
3 targeted chromosomes is observed, which is linked to trisomy. This last step was omitted
in the present study as no maternal samples were used.
8.2.5. Exclusions
Significantly haemolysed samples (Cripps H value >0.0258, see graded haemoglobin
content assessment scheme in Chapter 4) were only used in the study of effect of
haemolysis on cfDNA level in plasma but they were excluded from all other cfDNA
analysis due to the fact that quantification of cfDNA in those samples may be flawed due
to the high haemoglobin concentration, which is known to interfere with PCR.
8.3. Results and Discussion
8.3.1. cfDNA stability in undiluted and 1:1 diluted blood within 8 hours after the draw
Conventionally in NIPT setting, blood samples are processed within 8h from venepuncture,
which was found not to affect the levels of cfDNA [35]. A qPCR analysis of the cfDNA
content in plasma samples extracted through two-step centrifugation (10 min at 1,600g
followed by 10 min at 13,400g) revealed that the cfDNA was stable in the fresh blood
samples kept in K2EDTA tubes at room temperature over a period of several hours needed
to conduct a series of microfluidic blood plasma separation experiments (Figure 51a).
In the experimental set-up, the microfluidic extraction requires that the blood is diluted 1:1
in PBS to achieve highest efficiency of cell removal. An elevation and increased variability
of cfDNA concentration was observed in plasma separated through single-step
centrifugation (10 min at 1,600g) from 1:1 diluted blood used as the inlet sample for
microfluidic separation (measured for plasma separated from a single blood sample, Figure
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51b). The observed increase of cfDNA content suggests a higher level of the background
DNA released from damaged leukocytes. This could be explained by assuming either
compromised WBC stability in diluted blood or by insufficient removal of DNA-bearing
cell debris in a single step centrifugation protocol.

Figure 51 qPCR measurement of cfDNA levels in control plasma samples separated
through centrifugation. a, DNA concentration is the same in two samples separated
through double centrifugation (10 min at 1,600g followed by 10 min at 13,400g) of the
same undiluted blood sample (no statistically significant difference, t(2) = 1.485, p = 0.28,
paired Student’s t-test, n = 3) even with several hours delay between the separations. b,
cfDNA levels are elevated and show significant variability when measured in plasma
extracted through one-step centrifugation (10 min at 1,600g) from 1:1 diluted blood used
as the input sample (data for 5 plasma samples originating from the same blood sample).
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8.3.2. Total amount of DNA extracted from the samples vs volume of undiluted plasma in
the sample
The plasma volumes extracted in the experiments (both on-chip and through centrifugation)
were in the range of 100-600 µl, which means the smallest samples originating from 1:1
diluted blood had as little as 50-70 µl of pure plasma (the rest being PBS). These volumes
are significantly lower than the minimum of 1 ml of plasma recommended by QIAGEN for
cfDNA extraction and measurement [77]. Therefore, it was important to check if the
cfDNA isolation was not compromised at low DNA concentration. Figure 52 shows a
linear increase of the total amount of extracted DNA (total mass in eluate) with plasma
volume (for samples originating from 1:1 diluted blood the volume of pure plasma in the
sample was used, which excluded PBS volume), which is an expected correct trend.

Figure 52 Total amount of isolated cfDNA is proportional to the volume of undiluted
plasma in the extracted sample. Data for n = 30 plasma separations from 5 blood samples.
Separations were performed on-chip or through centrifugation, starting from either
undiluted and 1:1 diluted blood. Only samples with no or low haemoglobin content were
considered.
8.3.3. Influence of chip design on cfDNA content in plasma
A comparison regarding the influence of the chip design on cfDNA level was only possible
for the two most extensively studied designs – Nov09 and Aug15 C1 (Figure 53) and still
was only based on a small number of data points (four pairs). This small data set did not
reveal any effect of the chip design on cfDNA level in extracted plasma.
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Figure 53 cfDNA level in plasma extracted using Nov09 and Aug15 C1 chips from the
same blood samples normalised by the cfDNA concentration in control plasma obtained by
the gold standard centrifugation. There is no statistically significant difference between
the data sets (t(3) = 1.038, p = 0.38, paired Student’s t-test, n = 4). The data points
represent single measurements or averages from up to 3 measurements.
8.3.4. Comparison of cfDNA levels in plasma separated by centrifugation and on-chip
To compare the cfDNA levels in plasma extracted on-chip and through centrifugation,
plasma was separated from 5 different fresh blood samples, each processed on a separate
day. For each of those blood samples a number of microfluidic extractions were performed,
thus average cfDNA levels from all microfluidic separations done on the same day (from
the same fresh blood sample) were used in the comparison (Figure 54a). There was no
statistically significant difference between the two plasma separation methods (t(4) = 1.25,
p = 0.279, paired t-test, n = 5). This contradicts earlier results from our group, where
significantly lower total cfDNA level in maternal plasma extracted on-chip (Nov09 model)
compared with centrifuged plasma lead to a large increase of fetal fraction [4]. However,
in that study, control plasma was obtained from fresh blood through a single low-speed
centrifugation (10 min at 1,600g) and the second, high speed centrifugation (10 min at
16,000g) was performed after the sample was stored for several weeks at -80°C. As the
second centrifugation is aimed at reducing maternal background DNA through the removal
of cell debris from plasma, it is likely that this function was compromised in the adapted
protocol. Consequently, the present study shows that no fetal fraction enrichment is
observed when plasma separation via centrifugation is done in compliance with the NIPT
gold standard (high speed centrifugation performed immediately after the low speed one),
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designed.

Figure 54 cfDNA concentration in plasma extracted through gold standard centrifugation
(1,600g followed by 13,400g) and a range of microfluidic chips from 5 blood samples. a,
Comparison of mean cfDNA concentrations shows there is no statistically significant
difference between the two plasma separation methods (t(4) = 1.25, p = 0.279, paired
Student’s t-test, n = 5). To calculate microfluidic means, data for separations from
undiluted and diluted blood done on the same day was combined. b, Normalised DNA
concentrations in all the individual plasma samples obtained on-chip plotted against the
haematocrit of the inlet blood sample.

The values were normalised to the cfDNA

concentrations in plasma samples obtained by centrifugation. The data does not reveal
any trend for cfDNA level dependency on inlet haematocrit, yet a larger variability of
cfDNA level can be seen for separations from diluted compared to undiluted blood.
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designed to prevent the release of unwanted maternal DNA into plasma.
In the present study, cfDNA levels in plasma separated on-chip displayed higher variability
when diluted blood was used as the input sample than when the blood was undiluted (Figure
54b). However, the data does not allow to conclude if the mean cfDNA level is affected
by blood dilution.
8.3.5. Influence of haemolysis on cfDNA recovery
Haemolysis is known to affect the detection of cfDNA as haemoglobin can interfere with
column DNA extraction and inhibit PCR if present in the isolated DNA sample.
Haemolysis can also be a sign of general cell damage and therefore it is expected to be
accompanied by leukolysis, which leads to an unwanted release of background DNA. The
effect of haemoglobin content in plasma on cfDNA levels was checked separately for
plasma obtained by centrifugation and on-chip, as the mechanisms of haemoglobin release
are expected to be different in these two cases. Samples with low haemolysis level, which
are considered suitable for cfDNA analysis (discussed in Chapter 4), were taken into
account alongside 5 samples with significant haemoglobin content. For centrifugation,
haemolysis was linked to increased DNA concentration (Figure 55a), which suggests that
RBC damage in centrifugation is indeed accompanied by damage to WBCs and release of
their DNA content. However, more data would be required to characterise the relationship
more in depth, especially with a larger number of samples with varying haemolysis level
originating from the same blood sample. In the case of microfluidic BPS, an increase of
cfDNA concentration was observed only for significantly haemolysed samples (Figure
55b), thus insignificant RBC lysis, i.e. one that does not affect the fitness of plasma for
cfDNA analysis, was found not to distort cfDNA level in plasma.

Other recorded

microfluidic processing parameters, e.g. extraction yield, RBC removal rate or residual
RBC content in plasma, haemolysis in the cell waste, were also found to have no effect on
cfDNA level in plasma (data not shown).
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Figure 55 The effect of plasma haemolysis on the detected DNA concentration. Each data
point represents a single plasma separation, blood samples from 6 donors were used for
multiple separations. a, Plasma samples separated by centrifugation from undiluted blood
(gold standard double centrifugation) and 1:1 diluted blood (single centrifugation). The
data shows an increase of plasma DNA for more haemolysed samples, a linear fit
represents the data reasonably well (R2 = 0.7636) but data from more donors would be
required to quantify the effect. b, Plasma separated on-chip from undiluted and 1:1 diluted
blood. A linear regression does not provide a good fit for the data (R 2 = 0.3854) so more
data points would be required to characterise the relationship between haemolysis during
microfluidic processing and the plasma DNA content. Haemolysis levels according to the
graded scheme are indicated for clarity (samples labelled as Slightly haemolysed are fit
for DNA analysis, see Chapter 4).
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Figure 56 Analysis of DNA fragment size through capillary electrophoresis following PCR
amplification of 7 DNA targets of different sizes (Multiplicom’s QC Plex assay). The
procedure serves as cfDNA quality assessment with fragment size ranges corresponding
to: <100 bp – primers and primer dimers, ~100 and 200-300 bp – cfDNA (regions marked
in green), 150 bp – plasmid control, >300 bp – long DNA fragments associated with
genomic contamination, LM and UM denote lower and upper molecular markers,
respectively. Fragment sizes are marked above the peaks. Samples’ origin (centrifugation
or chip model used for extraction) is marked on the right together with plasma volume used
for cfDNA isolation. a, Results for plasma separated on-chip from 1:1 diluted blood
(centrifugation control separated from undiluted blood). One of the samples separated on
Nov09 has the same DNA profile as the centrifugation control, while the other contains
some genomic contamination (peak at 571 bp). Samples separated on Aug15 C1 chip
contain little DNA due to the small collected plasma volumes (170-180 µl). b, Plasma
separated from undiluted blood has the same DNA profile as the centrifugation control but
the small size of cfDNA-associated peaks relative to the plasmid control, primers and
primer dimers peaks results from very low cfDNA concentration in the samples. This
indicates that larger plasma volumes needed to be extracted on-chip for cfDNA analysis.
8.3.6. QC Plex analysis of cfDNA sample quality
The results of the fragment size analysis (QC Plex assay) designed for assessing the quality
of cfDNA sample indicated that, in general, plasma extracted on-chip had a similar cfDNA
profile as plasma extracted through the gold standard centrifugation. However, cfDNA
concentrations in all the samples (both obtained on-chip and by centrifugation) were lower
than the typical range for which the assay was developed, due to the small plasma volumes
used for cfDNA isolation. The QC Plex analysis is shown in Figure 56 for plasma obtained
from 1:1 diluted blood (Figure 56a) and undiluted blood (Figure 56b).
8.3.7. Measurement of cfDNA size distribution
The cfDNA samples were put through the initial phase of Multiplicom’s Clarigo™ NIPT
assay, which involved two multiplex PCRs where 4000 sequences from chromosomes 13,
18 and 21 were amplified. After each PCR, the size distribution of the cfDNA fragments
in the sample was measured to assess the efficiency of the amplification. cfDNA isolated
from 1 ml of plasma obtained by centrifugation showed a correct size profile with little
primer dimers and a large amount of products (Figure 57). Primer dimers form when the
concentration of target DNA sequences is low and their increased amount can be observed
for cfDNA samples separated from small plasma volumes (150-300 µl), in the case of both
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conventional centrifugation-based and the microfluidic BPS. Together with a small amount
of PCR products, it shows that the cfDNA sample quality would not be sufficient for
Clarigo™ NIPT assay without increasing the plasma output of our BPS system.

Figure 57 Size distributions of cfDNA fragments after a the first and b the second PCR
amplification steps of the Clarigo™ NIPT assay. Results for three representative cfDNA
samples, the plasma separation method (cntr – centrifugation, Nov09 – extraction on
Nov09 chip) and volume used for cfDNA extraction are marked on the left. For both
reactions, the first size window (marked in grey) is associated with primer dimer peaks
(primer dimers form at low concentrations of target sequence), while the second (also
highlighted in grey) with the target PCR products. A large amount of the products and
little of the primer dimers can be observed when 1 ml of plasma was used for cfDNA
extraction. When plasma volumes of 150-300 μl are used, the cfDNA concentration is not
sufficient for the PCRs to amplify the target sequences efficiently and thus increasing the
volume of extracted plasma is necessary for achieving compatibility with cfDNA-based
diagnostic methods.
8.4. Conclusion
The hybrid microfluidic BPS tools enable extraction of plasma with the same cfDNA
content as the controls obtained following the NIPT gold standard guidelines. The cfDNA
level in plasma separated on-chip was not found to be affected by haemolysis for samples
with haemoglobin levels regarded as not interfering with diagnostic procedures.
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Significantly haemolysed samples (both obtained by centrifugation and microfluidics) had
elevated cfDNA concentration indicating leukocyte damage. Other BPS parameters such
as extraction yield or RBC and WBC removal did not affect the cfDNA concentration in
plasma, highlighting the robustness of our BPS method. This characterisation indicated
that the quality of plasma obtained with our microfluidic BPS system was sufficient for the
requirements of NIPT.
As demonstrated by further size-based cfDNA analysis (QC Plex and Clarigo analyses), to
achieve full compatibility with the commercially available NIPT, it is necessary to increase
the output amount of cfDNA, which implies the need for larger output plasma volume. It
is also a strong argument in favour of processing undiluted blood as dilution also
compromises the final cfDNA amount and it was shown to result in larger variability of the
cfDNA content in plasma.
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Chapter 9 The Microfluidic BPS System in NIPT Setting
9.1. Introduction
A 2013 study performed by our group assessed the applicability of our microfluidic BPS
chips (model Nov09) in extraction of plasma from maternal blood. Plasma extracted onchip had on average 3.5 fold higher fetal DNA fractions (FF) compared to that obtained by
centrifugation (measured by qPCR) [4]. From NIPT perspective, the results were highly
promising as FF is the major parameter determining test accuracy, with 1.2-4% being a cutoff below which samples are rejected (as of 2017, depending on the test provider [39]) due
to a high risk of false negative outcome. On-chip size fractionation of the DNA was
hypothesised to be responsible for the observed effect (fetal cfDNA is highly fragmented
compared to fragments released from damaged maternal cells during sample processing).
Following those results, we were invited in the laboratory of Prof. Rossa Chiu and Prof.
Dennis Lo in Li Ka Shing Institute of Health Sciences, Department of Chemical Pathology,
The Chinese University of Hong Kong. The goals of this pilot study were to (1) adapt our
BPS technology to the requirements of NIPT performed in a clinical setting and (2) attempt
to replicate the 2013 results in this context. We also wanted to elucidate the mechanism of
FF enrichment through more advanced DNA analysis – droplet digital PCR, which has
been shown to be more accurate than qPCR [58,83,84], as well as cfDNA sequencing. The
system was tested against the optimised plasma extraction methodology employed
conventionally in NIPT setting. The collaboration was also an opportunity to better
understand the strict requirements of cfDNA-based diagnostics, which helped to determine
the directions for future development of our work.
The adaptation of our BPS system to operation in NIPT setting was focused on increasing
the output plasma volume to meet the minimum requirement of 1.5 ml needed for DNA
sequencing-based NIPT. As our chips operated with blood diluted 1:1 (blood volume to
buffer volume), the equivalent was around 4 ml of diluted plasma. At 10-17% plasma
extraction yield this meant processing around 30 ml of diluted blood, therefore the set-up
was changed to allow running up to three extractions in parallel.
In this chapter, the changes made to our hybrid BPS system for operation in a clinical
setting are discussed along with a comparison of fetal cfDNA in maternal plasma obtained
by our method and through centrifugation. The system is evaluated in terms of its
applicability in cfDNA-based diagnostics.
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9.2. Materials and Methods
9.2.1. Integrated microfluidic system for parallelised blood plasma separation in NIPT
The integrated BPS system consisted of the photolithographic chip (models Mar15 D2 and
Aug15 C1) placed on a PMMA-made fluidic platform with planar trench system for
removal of residual cells from plasma (see Model with planar trenches in Chapter 6). Each
platform was connected to a feed syringe through 0.8 mm ID 20-25 cm-long tubing, the
cell waste was drained through 0.8 mm ID × 10 cm tubing to a 15 ml falcon tube. Plasma
outflowing through 0.5 mm ID × 10 cm tubing was collected to a 1.5 ml DNA LoBind
microcentrifuge tube (Eppendorf).

Figure 58 Syringe pump from Fraunhofer Institute with three independent pumping units
that allowed operation of three BPS devices in parallel.
All the platforms with chips were placed in a holder on top of a PMMA enclosure box made
in our lab for this occasion that inside harboured a three-unit pump (Fraunhofer ICT-IMM,
Figure 58) and stands for plasma and cell waste collection tubes allowing parallelised
operation. Keeping the chips in fixed position allowed monitoring the course of separation
through a digital microscope (DinoLite, AnMo Electronics Corporation).
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9.2.2. Blood sample collection
Maternal blood was collected from 22 (16 in 1st and 6 in 3rd trimester) women at the
Department of Obstetrics and Gynaecology, Prince of Wales Hospital, Hong Kong. Each
sample had around 25 ml, divided into three aliquots.
9.2.3. Conventional blood sample processing
The blood was processed within a few hours of the draw. One aliquot was used for
extracting control plasma sample through a gold standard double centrifugation protocol
(1600g for 10 min followed by 16,000g for 10 min) performed by a trained technician.

Figure 59 The BPS setup used in the Hong Kong study on microfluidic plasma separation
in NIPT setting. This is the version for two parallel separations powered with two singlesyringe pumps outside of the PMMA enclosure box.
9.2.4. Microfluidic blood sample processing
I performed all the following procedures related to the microfluidic sample processing. The
remaining two blood aliquots (around 15 ml), kept at 4°C until the microfluidic processing
was started (typically up to 2 h), were diluted with microfiltered phosphate buffered saline
(DPBS, HyClone™, GE Healthcare). The dilution was 1:1 for 19 and 2:3 for 3 samples
(blood volume to PBS volume). 12 blood samples were processed on Mar15 D2 chips
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using a 3-unit syringe pump. The pump allowed three extractions to be performed in
parallel but had problems at maintaining a constant flow rate and the actual values ranged
from 7 to 12 ml/h. The second batch of 10 samples (all diluted 1:1) were processed on
Aug15 C1 chips. Two chips were used simultaneously, the flow was supplied by two NE1000 Syringe Pumps (New Era Pump Systems Inc) at flow rate range 5-11 ml/h, which
were placed outside of the enclosure box due to their size (Figure 59). 10 ml syringes
containing diluted blood were kept in vertical position (tip pointing upwards) for 20 min
before the start of the processing and then throughout its course, so that cell sedimentation
decreased the inlet haematocrit to some degree. Typically, when 1-2 ml of sample was left
in the syringe, out of the starting 9-10.5 ml, the separation would be manually terminated
due to a noticeable increase of cell content in the separated plasma. The collected plasma
samples still contained some residual cells, which were removed by a gentle spin (1600g
for 2 min). The plasma was transferred to fresh DNA LoBind tubes, which were all placed
in -80°C freezer at the same time where they were kept until cfDNA extraction.
All the BPS chips and PMMA platforms were single-use, while tubing and plastic
connectors and fittings were thoroughly cleaned with distilled water and autoclaved after
use. All material was shipped in advance of the study to HK laboratories. Ethanol was
used to clean the working area, PMMA enclosure and other hardware after handling each
of the samples.
9.2.5. Fetal fraction measurement and cell-free DNA analysis through sequencing
Cell-free DNA analysis was performed by the collaborators at Li Ka Shing Institute of
Health Sciences, Department of Chemical Pathology, The Chinese University of Hong
Kong. cfDNA was extracted using a QIAamp® Circulating Nucleic Acid Kit (QIAGEN)
from plasma samples separated on-chip and the paired controls obtained by the gold
standard centrifugation.

The identification of pregnancies bearing male fetuses was

performed through ddPCR (Droplet Digital PCR) analysis of ZFX and ZFY genes
(chromosome X- and Y-linked zinc finger protein homologs, method detailed in [58]) and
allowed fetal fraction measurement for the associated samples as well as the total DNA
quantification for all 22 samples. A subset of 5 male DNA-bearing samples was analysed
through paired-end sequencing for Y chromosome content and DNA fragment size
distribution.
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Figure 60 Results of ddPCR analysis. a, Plasma extraction method was not found to affect
the level of fetal DNA (fetal fraction) based on 11 out of 22 samples in which male fetal
DNA was detected (t(10) = 1.23, p = 0.247, paired Student’s t-test, n = 11), however fetal
fraction was 0% in one of the samples separated on-chip. b, Total DNA level per millilitre
of undiluted plasma (expressed in copy number per ml) is also the same in samples
extracted on-chip and using the gold standard centrifugation protocol (t(21) = 0.9261, p =
0.365, paired Student’s t-test, n = 22) indicating that our hydrodynamic BPS chips do not
cause extra WBC lysis, which would increase the amount of maternal background DNA in
separated plasma.
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9.3. Results
9.3.1. ddPCR analysis shows there is no differences of total cfDNA and cffDNA fractions
between centrifuged and microfluidics-extracted plasma
Droplet digital PCR (ddPCR) analysis of the control samples obtained by the gold standard
centrifugation identified 11 out of 22 samples as coming from pregnancies with a male
fetus. Among the 11 matched microfluidics-processed samples, male DNA was detected
in 10. Mean fetal fractions (FF) were 19.9% (SD = 10.5) for centrifuged and 16.9% (SD =
9.5) for the microfluidic samples. Despite the 3% difference between the means, the choice
of plasma extraction method had no statistically significant effect on FF (Figure 60a, t(10)
= 1.23, p = 0.247, paired Student’s t-test, n = 11).
As the microfluidic processing was performed on diluted blood, the total detected amount
of DNA (expressed as copy number) per millilitre of sample was lower than in the
corresponding plasma obtained through centrifugation. Therefore, to compare the total
DNA levels, the values for microfluidic processing were converted into copy number per
millilitre of undiluted plasma contained in the separated diluted sample (assuming an
average blood Hct = 40% before dilution). This conversion allowed to compare the extent
of WBC lysis in the two methods because the release of DNA from damaged leukocytes
elevates the level of maternal background DNA. Statistical analysis revealed that there is
no difference between the cell lysis in the gold standard centrifugation protocol (developed
to minimise cell damage) and our microfluidic plasma separation (Figure 60b, t(21) =
0.9261, p = 0.365, paired Student’s t-test, n = 22).
9.3.2. Sequencing analysis reveals no change in chromosome Y content and cfDNA
fragment size distribution after microfluidic plasma extraction
Sequencing analysis of a subset of 5 plasma samples indicated identical chromosome Y
content within the DNA pool of the centrifuged and microfluidic samples (Figure 61a,
t(4) = 0.431, p = 0.689, paired Student’s t-test, n = 5). Also, the difference between the
size distributions of DNA fragments measured as the ratio between the number of 101-150
bp and 163-169 bp-long fragments is not statistically significant (Figure 61b, t(4) = 1.305,
p = 0.262, paired Student’s t-test, n = 5). No increase of the numbers of DNA fragments
in the 260-410 bp range was also observed (Figure 62), suggesting no additional cell
damage in microfluidic plasma extraction when compared to standard centrifugation.
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Figure 61 Results of DNA sequencing performed on a subset of 5 samples with male fetal
DNA. a, The percentage of DNA fragments originating from chromosome Y and b, the
ratio of 101-150 bp to 163-169 bp fragments’ numbers both indicate the same distribution
of fetal DNA in centrifuged and microfluidics-processed plasma (t(4) = 0.431, p = 0.689
and t(4) = 1.305, p = 0.262, respectively, paired Student’s t-test, n = 5).
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Figure 62 DNA fragment size distributions for 5 plasma sample pairs extracted on-chip
and through gold standard centrifugation. No anomalies are observed, each maternal
sample bears a unique code (indicated in the legend) with suffixes “cent” and “uflu”
indicating centrifugation and microfluidic extraction, respectively.
9.4. Discussion
9.4.1. Fetal DNA fraction and its size distribution are identical in plasma extracted onchip and through centrifugation
In an earlier study with a different chip design (Nov09) [4], our group observed fetal
fraction enrichment in plasma extracted on-chip, which was a highly attractive outcome for
NIPT applications as the accuracy of the tests increases with higher FF. Although those
results were not reproduced here, our new integrated BPS system was capable of extracting
plasma equivalent to that obtained through a strict procedure employed in an ideal NIPT
setting. This is a success on its own as the gold standard centrifugation was performed at
a leading NIPT lab following best practice guidelines aimed at preserving the sample’s
integrity and reducing contamination by foreign nucleic acids or DNases (DNA-degrading
enzymes).
The same quality of extracted plasma was achieved despite the fact that the microfluidic
sample handling was more prone to contamination (extra dilution steps, partly reusable
equipment). Also, the efficiency of the fabrication process of PMMA fluidic platforms
developed in our lab results from its simplicity and the lack of strict technological
requirements (e.g. performed on a bench, not in a cleanroom) thus a possibility of device
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contamination had been a concern before the study.
The chips also induced no extra cell damage compared to the conventional methods, as this
would be manifested by elevated maternal background DNA. The size distribution of the
fetal DNA fragments was unchanged, which does not confirm the hypothesis that the fetal
fraction enrichment observed earlier was driven by size fractionation of DNA fragments
on-chip [4].
Since one of the aims of this study was to elucidate and further characterise the earlier
observed fetal fraction enrichment due to on-chip plasma separation [4], it is important to
analyse the failure to reproduce it in the present study. The enrichment resulted from much
lower maternal background cfDNA level in plasma separated on-chip, while the levels of
fetal cfDNA in microfluidics and centrifugation-processed plasma were similar. However,
the results from this chapter (same FF and total cfDNA for microfluidics and
centrifugation) and Chapter 8 (also no difference in total cfDNA level) revealed that, in the
tested experimental conditions, the on-chip separation and the gold standard two-step
centrifugation produced plasma with equivalent cfDNA content. This suggests that the FF
enrichment observed in our group earlier might have occurred due to the substandard
centrifugal plasma separation protocol.

The NIPT gold standard plasma separation

involves a low-speed centrifugation for cell removal, which is followed immediately by a
high-speed centrifugation to remove cell debris. Employing such a protocol has been
shown to increase FF [34]. Whereas, in the 2013 study carried out in our group, plasma
samples underwent a freeze-thaw cycle between the two centrifugations, which may have
released, into a free circulating form, the genomic DNA bound to the cell debris. This
would explain a much higher maternal DNA concentration in plasma obtained by
centrifugation, which led to FF depletion in comparison to plasma separated on-chip. Such
a conclusion is further supported by the fact that the present NIPT study was carried out on
a larger sample of 22 pregnant women, as compared to the 2013 study on 17 women, while
the numbers of pregnancies with male fetuses (for which the FFs were obtained) were 11
and 7, respectively. Also, here a more accurate FF quantification was performed (droplet
digital PCR) [58,83,84]. The complimentary cfDNA content analysis presented in Chapter
8 was based on another 5 blood samples.
It should be noted that different chips were used in the NIPT study described in this chapter
(Mar15 D2 and Aug15 C1) to those used in the 2013 study (original Nov09 chip) and it is
conceivable that a different chip geometry could result in different cfDNA content of
plasma. Yet, the results of Chapter 8 show no correlation between chip design and total
cfDNA level in plasma (comparison was done between Nov09 and Aug15 C1 chips).
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9.4.2. Discussion of the design and operation of the integrated BPS system in NIPT setting
The work presented in earlier chapters and a number of further developments were
combined to adapt our BPS system to the requirements of plasma extraction in NIPT
setting.

The residual cell content in plasma was minimised by employing cell

sedimentation both up and downstream of the chip (input haematocrit decreased by keeping
the syringes in vertical position and trenches partially cleared the plasma of cells). Still,
some cells reached the plasma collection tube and had to be eliminated by a gentle spin, to
prevent interference with DNA extraction and analysis, e.g. through the release of
haemoglobin from erythrocytes or maternal background DNA from leukocytes. The
plasma extracted on Mar15 D2 contained a substantial amount of blood cells (around 10%
of the volume), highlighting the need for better cell removal. Aug15 C1 produced plasma
with a very small residual cell content that possibly would introduce little or no interference
with the DNA analysis. This however requires further insight.
The crucial issue of extracting sufficient plasma volume within a reasonable time was
achieved through increasing the throughput by parallelisation. This was enabled by
implementing a pump for simultaneous and independent operation of three syringes,
developed in Fraunhofer Institute for PoC and integrated system applications. The compact
pump design allowed fitting it together with the stands for sample collection tubes inside a
PMMA-made enclosure, whose top contained a holder for up to three BPS systems.
However, the fairly high hydraulic resistance of our BPS chips caused problems with stable
pump operation and eventually the pump was not capable of supporting the flow through
Aug15 C1 chips altogether. Therefore, plasma separation on only two Aug15 C1 chips
simultaneously was possible, with the flow supplied by two regular NE-1000 (New Era
Pumping Systems) syringe pumps. The separations with Mar15 D2 chips produced an
average final volume of 4.5 ml of diluted plasma (3.45-5.25 ml range) in 1-1.5h, while for
Aug15 C1 the average was 1.7 ml (1.4-1.8 ml range) in 1-2h. Extracting larger plasma
volume would be possible by performing a second series of separations after the first one
was finished.

However, this was not employed to ensure reproducibility as sample

processing time was expected to affect the levels of cfDNA (increasing cell and DNA
degradation).
9.4.3. Evaluation and future work directions of our microfluidic plasma separation in the
context of cfDNA-based diagnostics
Although the undiluted plasma content in the maternal samples was generally equal to
(samples processed on Mar15 D2) or significantly smaller (samples processed on Aug15
C1) than 1.5 ml normally required for DNA sequencing in NIPT, the results show that the
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sequencing was not compromised. Therefore, this study goes beyond proof-of-principle,
demonstrating that not only advanced cfDNA analysis is possible after our microfluidic
plasma extraction but also the extracted samples are equivalent to those obtained by
conventional processing.
At the same time, the main issues of the present set-up concern its complex operation and
the duration of processing compared to the centrifugation protocol as well as clogging
problems and the need for blood dilution. The first can be addressed through further system
integration and a shift towards a cartridge-type of operation, i.e. all the sample processing
functions are contained within a single-use component that is operated on a dedicated
reusable hardware system including pumping and sample collection. Plasma separation
through a two-step centrifugation, which is a gold standard in NIPT, takes up to 30 min.
This is 25-50% of the time needed for microfluidic processing, excluding set-up
preparation. The time of on-chip BPS can be shortened by over 50% through enabling
undiluted blood processing, which was discussed in Chapters 7 and 8. Eliminating the
blood dilution not only means less input sample to process but also the extraction of more
concentrated plasma lowers the volume needed for robust cfDNA-based testing.
Another way of decreasing the operation time would be by increasing the throughput. This
could be achieved by further parallelisation of the separations but also through scaling up
the microchannels in the BPS chip to enable separation at higher inlet flow rate. Yet, the
latter would need further investigation, as cell separation in larger channels is expected not
to be as efficient.
Finally, clogging issues are inherent to all hydrodynamic cell sorting microfluidics due to
the natural presence of aggregates in biological samples, especially in blood with its
extremely high cell concentration (several million cells per microlitre) and complex
composition. With the sizes of cell aggregates and larger cells similar to the dimensions of
some channels, complete elimination of blockages seems unlikely without a dedicated
sample treatment, which would increase the complexity of the whole process. However,
the problem could be marginalised by employing several parallel plasma separation units
where an increased hydraulic resistance of a clogged unit would effectively shut the flow
passing through it without affecting the performance of the other units and thus the whole
device.
A major advantage of the microfluidic approach to plasma separation is that it gives an
opportunity for the integration of all sample processing steps within one device. In the
context of cfDNA-based diagnostics, on-chip BPS could be combined with the isolation of
cfDNA from the separated plasma so that starting from a blood sample the user would
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obtain a high-quality DNA sample ready for PCR or sequencing analysis without having to
perform complex bench-top procedure. Such an automated procedure could lead to more
consistent and standardised sample processing, thus increasing the robustness of the whole
diagnostic procedure. A cfDNA isolation module is currently in development in our group.
This module is combined with Aug15 C1 chips for a semi-automated (user control via a
digital interface) cfDNA extraction from blood.
9.5. Conclusion
The optimisation of our integrated hybrid microfluidic BPS system for the requirements of
NIPT setting allowed extraction of plasma volumes sufficient for in-depth cfDNA analysis
through ddPCR and sequencing. The device provided plasma of the same cfDNA content
and integrity as the optimised gold standard plasma separation protocol. Such a preparation
of controls ensured minimal release of additional maternal cfDNA, unlike the protocol used
in the 2013 study, which likely resulted in an elevation of maternal cfDNA background in
the controls, interpreted as fetal fraction enrichment in the microfluidics-processed
samples.
The work presented here opens the path for the integration of further sample processing
steps to enable blood-to-DNA processing on a single device. Further development should
be focussed on increasing the separation throughput and lowering the operational
complexity.
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Chapter 10 Summary and Future Directions
The new microfluidic BPS system developed in this project is the first successful
combination of a hydrodynamic BPS chip operating at high throughput and extraction yield
with a sedimentation-based module for improving cell removal from plasma. A robust
integration of the two technologies was enabled by a fast prototyping method established
in our lab. It enabled the development of fluidic platforms that contained cell-retaining
trenches and provided the “world-to-chip” interface for the externally manufactured
hydrodynamic BPS chip. Crucially, the design and fabrication approach enables further
sample processing functions to be incorporated in the future, which facilitates integration
of a multistep process within one device.
Unlike the Nov09 device developed in our group earlier [8], the new hydrodynamic BPS
chips were designed to be compatible with cost-effective mass production methods, which
was essential to open the possibility for future commercialisation. However, it also
required implementing a geometry of plasma-separation region that was less favourable for
efficient cell focussing. This trade-off was balanced by lowering the plasma extraction
yield from 19% for Nov09 to 10% in Aug15 C1. In plasma separations from 1:1 diluted
blood, the new Aug15 C1 device still presented a substantial 4-fold improvement in plasma
cell count compared to Nov09 (cell removal was 99.2% for Nov09 and 99.8% for Aug15
C1). Such a favourable balance between the cell removal and extraction yield was
facilitated by significantly longer blood inlet channel and adjusted lengths of serpentine
plasma extraction channels.
Designing 4 out of 5 new chips involved flow dynam/ics simulations to optimise plasma
extraction yield. The model assumed spatially homogeneous fluid viscosity model and it
has commonly been used to model the flow of highly diluted blood (1:10-1:100, equivalent
to Hct = 0.4-4%) in microfluidic BPS systems [115,149,151,152] but proved inefficient at
predicting the behaviour of blood diluted 1:1. The study showed the limited applicability
of such a simplified model to devices for separation of plasma from undiluted or lightly
diluted blood, i.e. plasma relevant to medical diagnostics.
Compared to other microfluidic BPS devices presented in literature [8–12,14,128], the
hybrid hydrodynamic-sedimentation system described here stands out as the most
promising candidate for use in cfNA-based diagnostics by providing the required large
volume of high-purity plasma [5]. This was achieved by a highly favourable balance
between cell removal, blood dilution, volumetric plasma extraction capabilities and
throughput. Further partially successful work towards enabling 100% cell removal from
undiluted blood by adding a membrane-based filtering module was carried out. This
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filtering device produced up to 400 μl of plasma devoid of cells but membrane saturation
issues prevented further improvement of extraction volume.
Using the integrated hybrid device, it was possible to obtain plasma samples that met the
two most important NIPT sample quality criteria of (1) stable cfDNA concentration and (2)
negligible haemoglobin level. The system was used in a collaborative study at the Chinese
University of Hong Kong, which revealed that the concentration and integrity of the fetal
and maternal cfDNA was the same in plasma separated on-chip and by the NIPT gold
standard centrifugation protocol. Thus, the fetal fraction (FF) enrichment observed in our
group earlier [4] was not reproduced in the present study. As discussed in Chapter 9, the
data gathered in this thesis (Chapters 8 and 9) suggests that the FF enrichment may have
been the result of substandard control plasma preparation via centrifugation, which might
have resulted in the controls having abnormally elevated maternal cfDNA background as
compared to plasma obtained by microfluidic separation. Although less spectacular than
the outcomes of the 2013 study, the results presented here, based on a larger sample size,
preparation of control plasma according to the NIPT gold standard and more accurate
cfDNA analysis techniques [58,83,84], demonstrated the robustness of our microfluidic
BPS method and its potential in diagnostics of cfNAs (see Table 6). This potential is further
highlighted by the fact that our off-clean-room, simple, fast and cost-effective prototyping
process provided fluidic devices that produced plasma of quality suitable for high-end
cfDNA analysis.
In conclusion, continuous flow microfluidic BPS devices developed in this project enable
extraction of large (millilitre range) volumes of high quality plasma. Achieving these
output characteristics required overcoming a spectrum of obstacles that commonly limit
microfluidic BPS to either very small sample volumes or require operation on highly
diluted blood, which limits their diagnostic potential [5]. Thus, this work opens the way
for the implementation of continuous flow microfluidic BPS in integrated sample
processing tools in a new range of diagnostics including cfNAs-based and other rare analyte
diagnostics.
In terms of the future directions, further development of the BPS system should be focused
on achieving full compatibility with the commercially available NIPTs and other cfDNAbased diagnostic methods. Most importantly, it is necessary to increase the output plasma
volume without compromising the cfDNA level, i.e. without blood dilution. Achieving
this is an essential step in the work towards constructing a stand-alone bench-top device
integrating microfluidic BPS with cfDNA extraction.
processing
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Such an integrated sample

Table 6 The comparison of the devices developed in this study to the state of the art in continuous flow microfluidic BPS (including the Nov09 devices developed in
our lab earlier) in terms of the key factors required for applicability in integrated sample preparation tools in NIPT and other cfNA-based diagnostics. Only the system
developed here fulfils all these criteria, i.e. high sample quality (sufficient cell removal, no hemolysis, low dilution), large output volume, demonstrated successful
analyte detection, compatibility with inexpensive mass production methods.

131

Study

Inlet Hct

Inlet flow
rate

Extraction
yield

Cell removal
efficiency

Hemolysis

Inexpensive
mass
production

Analyte
detection

Applicable in
integrated sample
prep for NIPT

Kersaudy-Kerhoas
2009 [8]

22% (1:1 diluted
blood)

2-10 ml/h
2 ml/h

30%
5%

60%
>99%

Hemolysed
OK

Not
compatible

Yes

No

Marchalot 2014
[12]

1.5-4% (1:10-1:20
dilution)

6-24 ml/h

*25%

99%

OK

?

No

No

Haller 2015
[115]

1.5-2% (1:20
dilution)

12 ml/h

*7.5%

90%

Not
quantified

Not
compatible

No

No

Tripathi 2016
[14]

undiluted blood

18-30 ml/h

*1-6%

99%

Not
quantified

?

Yes

No

Shatova 2016
[128]

undiluted blood

3 ml/h

9%

100.0%

OK

Not
compatible

Yes

No

21-23% (1:1
diluted blood)

9 ml/h

10%
19%

99.8%
99.2%

OK

Compatible

Yes

Yes

38-42%
(undiluted blood)

5-9 ml/h

14%

94.9%

OK

Not
compatible

Yes

No

This study

* denotes yield values calculated as the ratio of flow rates in the plasma and inlet channels. The value does not necessarily reflect the actual extraction capabilities by
excluding the dead volume of the system and operation stability over time.

processing device should contain flow actuation system and sample/waste collection, so
that it offers standardisation and increased efficiency of preanalytical phase in NIPT. To
eliminate the risk of sample contamination, the BPS unit needs to be of single use. Thus,
the BPS module could be inserted into the sample processing device in a form of a
disposable cartridge. A fluidic cfDNA extraction module is currently under development
in our group.
In summary, the BPS devices developed in this study were used in over 170 successful
blood plasma separations followed by detection of cfNAs (including the studies described
here and other studies done in our group) and are continuously used in a number of ongoing projects.

132

References
1. Tong YK, Lo YMD. Diagnostic developments involving cell-free (circulating) nucleic
acids Clin. Chim. Acta. 2006 363:187–96.
2. Schwarzenbach H, Hoon DSB, Pantel K. Cell-free nucleic acids as biomarkers in cancer
patients Nat. Rev. Cancer. 2011 11:426–37.
3. Lo YMD, Corbetta N, Chamberlain PF, Rai V, Sargent IL, Redman CW, et al. Presence
of fetal DNA in maternal plasma and serum Lancet. 1997 350:485–7.
4. Kersaudy-Kerhoas M, Desmulliez M, Norman J. 2.5 Direct Fetal DNA Fraction
Enrichment Using Microfluidic Sample Preparation of Maternal Blood for Non-Invasive
Prenatal Testing Arch. Dis. Child. - Fetal Neonatal Ed. 2014 99:A2–A2.
5. Mielczarek WS, Obaje EA, Bachmann TT, Kersaudy-Kerhoas M. Microfluidic blood
plasma separation for medical diagnostics: is it worth it? Lab Chip. 2016 16:3441–8.
6. Chin CD, Linder V, Sia SK. Commercialization of microfluidic point-of-care diagnostic
devices. Lab Chip. 2012 12:2118–34.
7. Volpatti LR, Yetisen AK. Commercialization of microfluidic devices Trends Biotechnol.
2014 32:347–50.
8. Kersaudy-Kerhoas M, Kavanagh DM, Dhariwal RS, Campbell CJ, Desmulliez MPY.
Validation of a blood plasma separation system by biomarker detection Lab Chip. 2010
10:1587–95.
9. Faivre M, Abkarian M, Bickraj K, Stone H. Geometrical focusing of cells in a
microfluidic device: an approach to separate blood plasma. Biorheology. 2006 43:147–59.
10. Sollier E, Cubizolles M, Fouillet Y, Achard JL. Fast and continuous plasma extraction
from whole human blood based on expanding cell-free layer devices Biomed.
Microdevices. 2010 12:485–97.
11. Rodríguez-Villarreal AI, Arundell M, Carmona M, Samitier J. High flow rate
microfluidic device for blood plasma separation using a range of temperatures Lab Chip.
2010 10:211–9.
12. Marchalot J, Fouillet Y, Achard J-L. Multi-step microfluidic system for blood plasma
separation: architecture and separation efficiency Microfluid. Nanofluidics. 2014 17:167–
80.
13. Prabhakar A, Kumar YVBV, Tripathi S, Agrawal A. A novel, compact and efficient
microchannel arrangement with multiple hydrodynamic effects for blood plasma
separation Microfluid. Nanofluidics. 2015 18:995–1006.
14. Tripathi S, Kumar YVB, Agrawal A, Prabhakar A, Joshi SS. Microdevice for plasma
separation from whole human blood using bio-physical and geometrical effects Sci. Rep.
133

2016 6:26749.
15. Tabor A, Alfirevic Z. Update on procedure-related risks for prenatal diagnosis
techniques Fetal Diagn. Ther. 2010 p. 1–7.
16. Lo YMD, Chan KCA, Sun H, Chen EZ, Jiang P, Lun FMF, et al. Maternal plasma DNA
sequencing reveals the genome-wide genetic and mutational profile of the fetus. Sci. Transl.
Med. 2010 2:61ra91.
17. Palomaki GE, Kloza EM, Lambert-Messerlian GM, Haddow JE, Neveux LM, Ehrich
M, et al. DNA sequencing of maternal plasma to detect Down syndrome: an international
clinical validation study. Genet. Med. 2011 13:913–20.
18. Benn P, Cuckle H, Pergament E. Non-invasive prenatal testing for aneuploidy: Current
status and future prospects Ultrasound Obstet. Gynecol. 2013 42:15–33.
19. Griffin B, Edwards S, Chitty LS, Lewis C. Clinical, social and ethical issues associated
with non-invasive prenatal testing for aneuploidy J. Psychosom. Obstet. Gynecol. 2017 :1–
8.
20. Lo YMD, Hjelm NM, Fidler C, Sargent IL, Murphy MF, Chamberlain PF, et al.
Prenatal Diagnosis of Fetal RhD Status by Molecular Analysis of Maternal Plasma N.
Engl. J. Med. 1998 339:1734–8.
21. Zhong XY, Holzgreve W, Hahn S. Risk free simultaneous prenatal identification of
fetal Rhesus D status and sex by multiplex real-time PCR using cell free fetal DNA in
maternal plasma Swiss Med. Wkly. 2001 131:70–4.
22. Honda H, Miharu N, Ohashi Y, Samura O, Kinutani M, Hara T, et al. Fetal gender
determination in early pregnancy through qualitative and quantitative analysis of fetal
DNA in maternal serum Hum. Genet. 2002 110:75–9.
23. Brojer E, Zupanska B, Guz K, Orziñska A, Kaliñska A. Noninvasive determination of
fetal RHD status by examination of cell-free DNA in maternal plasma. Transfusion. 2005
45:1473–80.
24. Bianchi DW, Avent ND, Costa J-M, van der Schoot CE. Noninvasive Prenatal
Diagnosis of Fetal Rhesus D: Ready for Prime(r) Time Obstet. Gynecol. 2005 106:841–4.
25. Driscoll DA, Gross S. Prenatal Screening for Aneuploidy N. Engl. J. Med. 2009
360:2556–62.
26. Hill M, Wright D, Daley R, Lewis C, McKay F, Mason S, et al. Evaluation of noninvasive prenatal testing (NIPT) for aneuploidy in an NHS setting: a reliable accurate
prenatal non-invasive diagnosis (RAPID) protocol BMC Pregnancy Childbirth. 2014
14:229.
27. Mennuti MT, Cherry AM, Morrissette JJD, Dugoff L. Is it time to sound an alarm about
134

false-positive cell-free DNA testing for fetal aneuploidy? Am. J. Obstet. Gynecol. 2013 p.
415–9.
28. Chitty LS, Mason S, Barrett AN, Mckay F, Lench N, Daley R, et al. Non-invasive
prenatal diagnosis of achondroplasia and thanatophoric dysplasia: next-generation
sequencing allows for a safer, more accurate, and comprehensive approach Prenat Diagn.
2015 35:656–62.
29. Wong FCK, Lo YMD. Prenatal Diagnosis Innovation: Genome Sequencing of
Maternal Plasma Annu. Rev. Med. 2016 67:419–32.
30. Wou K, Feinberg JL, Wapner RJ, Simpson JL. Cell-free DNA versus intact fetal cells
for prenatal genetic diagnostics: what does the future hold? Expert Rev. Mol. Diagn. 2015
15:989–98.
31. He Z, Guo F, Feng C, Cai B, Lata JP, He R, et al. Fetal nucleated red blood cell analysis
for non-invasive prenatal diagnostics using a nanostructure microchip J. Mater. Chem. B.
2017 5:226–35.
32. Lo KK, Boustred C, Chitty LS, Plagnol V. RAPIDR: an analysis package for noninvasive prenatal testing of aneuploidy Bioinformatics. 2014 30:2965–7.
33. Sun K, Jiang P, Chan KA. The impact of digital DNA counting technologies on
noninvasive prenatal testing Expert Rev. Mol. Diagn. 2015 15:1261–8.
34. Chiu RWK, Poon LLM, Lau TK, Leung TN, Wong EMC, Lo YMD. Effects of bloodprocessing protocols on fetal and total DNA quantification in maternal plasma Clin. Chem.
2001 47:1607–13.
35. Barrett AN, Zimmermann BG, Wang D, Holloway A, Chitty LS. Implementing
prenatal diagnosis based on cell-free fetal DNA: Accurate identification of factors affecting
fetal DNA yield PLoS One. 2011 6:e25202.
36. Levy B. Webinar The Explosive Growth of NIPT: Why You Should Care About Fetal
Fraction 2013.
37. Kantak C, Chang C-P, Wong CC, Mahyuddin A, Choolani M, Rahman A. Lab-on-achip technology: impacting non-invasive prenatal diagnostics (NIPD) through
miniaturisation Lab Chip. 2014 14:841–54.
38. Allyse M, Minear MA, Berson E, Sridhar S, Rote M, Hung A, et al. Non-invasive
prenatal testing: A review of international implementation and challenges Int. J. Womens.
Health. 2015 p. 113–26.
39. This is my. Options for Non-Invasive Prenatal Testing at this is my 2017.
40. Greeley ET, Kessler KA, Vohra N. Clinical Applications of Noninvasive Prenatal
Testing J. Fetal Med. 2015 2:11–7.
135

41. Chitty LS, Finning K, Massey E, Soothill P, Daniels G. Antenatal determination of fetal
rhesus (RH) D status using cell free fetal DNA in the maternal circulation before 20 weeks’
gestation: is routine application practical and beneficial? Arch. Dis. Child. - Fetal
Neonatal Ed. 2011 96:Fa11-Fa12.
42. Chen EZ, Chiu RWK, Sun H, Akolekar R, Chan KCA, Leung TY, et al. Noninvasive
prenatal diagnosis of fetal trisomy 18 and trisomy 13 by maternal plasma dna sequencing
PLoS One. 2011 6:e21791.
43. Nicolaides KH, Syngelaki A, Ashoor G, Birdir C, Touzet G. Noninvasive prenatal
testing for fetal trisomies in a routinely screened first-trimester population Am. J. Obstet.
Gynecol. 2012 207:374.e1-374.e6.
44. Gil MM, Quezada MS, Bregant B, Ferraro M, Nicolaides KH. Implementation of
maternal blood cell-free DNA testing in early screening for aneuploidies Ultrasound
Obstet. Gynecol. 2013 42:34–40.
45. Gil MM, Revello R, Poon LC, Akolekar R, Nicolaides KH. Clinical implementation of
routine screening for fetal trisomies in the UK NHS: Cell-free DNA test contingent on
results from first-trimester combined test Ultrasound Obstet. Gynecol. 2016 47:45–52.
46. Chitty LS, Wright D, Hill M, Verhoef TI, Daley R, Lewis C, et al. Uptake, outcomes,
and costs of implementing non-invasive prenatal testing for Down’s syndrome into NHS
maternity care: prospective cohort study in eight diverse maternity units. BMJ. 2016
354:i3426.
47. Department of Health. Safer screening test for pregnant women 2016.
48. Wu T-L, Zhang D, Chia J-H, Tsao K-C, Sun C-F, Wu JT. Cell-free DNA: measurement
in various carcinomas and establishment of normal reference range Clin. Chim. Acta. 2002
321:77–87.
49. Shapiro B, Chakrabarty M, Cohn EM, Leon SA. Determination of circulating DNA
levels in patients with benign or malignant gastrointestinal disease Cancer. 1983 51:2116–
20.
50. Gögenur M, Burcharth J, Gögenur I. The role of total cell-free DNA in predicting
outcomes among trauma patients in the intensive care unit: a systematic review Crit. Care.
2017 21:14.
51. Dwivedi DJ, Toltl LJ, Swystun LL, Pogue J, Liaw K-L, Weitz JI, et al. Prognostic
utility and characterization of cell-free DNA in patients with severe sepsis Crit. Care. 2012
16:R151.
52. Gielis EM, Ledeganck KJ, De Winter BY, Del Favero J, Bosmans JL, Claas FHJ, et al.
Cell-Free DNA: An Upcoming Biomarker in Transplantation Am. J. Transplant. 2015
136

15:2541–51.
53. Tug S, Helmig S, Ricarda Deichmann E, Schmeier-Jürchott A, Wagner E, Zimmermann
T, et al. Exercise-induced cell free DNA originates predominantly from haematopoietic
cells Exerc. Immunol. Rev. 2015 21:164–73.
54. Zheng YWL, Chan KCA, Sun H, Jiang P, Su X, Chen EZ, et al. Nonhematopoietically
derived DNA is shorter than hematopoietically derived DNA in plasma: A transplantation
model Clin. Chem. 2012 58:549–58.
55. Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR. Analysis of the size
distributions of fetal and maternal cell-free DNA by paired-end sequencing Clin. Chem.
2010 56:1279–86.
56. Lo YMD, Tein MSC, Lau TK, Haines CJ, Leung TN, Poon PMK, et al. Quantitative
Analysis of Fetal DNA in Maternal Plasma and Serum: Implications for Noninvasive
Prenatal Diagnosis Am. J. Hum. Genet. 1998 62:768–75.
57. Galbiati S, Smid M, Gambini D, Ferrari A, Restagno G, Viora E, et al. Fetal DNA
detection in maternal plasma throughout gestation Hum. Genet. 2005 117:243–8.
58. Lun FMF, Chiu RWK, Chan KCA, Tak YL, Tze KL, Lo YMD. Microfluidics digital
PCR reveals a higher than expected fraction of fetal DNA in maternal plasma Clin. Chem.
2008 54:1664–72.
59. Wang E, Batey A, Struble C, Musci T, Song K, Oliphant A. Gestational age and
maternal weight effects on fetal cell-free DNA in maternal plasma Prenat. Diagn. 2013
33:662–6.
60. Lo YM, Zhang J, Leung TN, Lau TK, Chang AMZ, Hjelm NM. Rapid clearance of
fetal DNA from maternal plasma. Am. J. Hum. Genet. 1999 64:218–24.
61. Chiu RWK, Akolekar R, Zheng YWL, Leung TY, Sun H, Chan KCA, et al. Noninvasive prenatal assessment of trisomy 21 by multiplexed maternal plasma DNA
sequencing: large scale validity study. BMJ. 2011 342:c7401.
62. Ashoor G, Syngelaki A, Poon LCY, Rezende JC, Nicolaides KH. Fetal fraction in
maternal plasma cell-free DNA at 11-13 weeks’ gestation: Relation to maternal and fetal
characteristics Ultrasound Obstet. Gynecol. 2013 41:26–32.
63. Canick JA, Palomaki GE, Kloza EM, Lambert-Messerlian GM, Haddow JE. The impact
of maternal plasma DNA fetal fraction on next generation sequencing tests for common
fetal aneuploidies Prenat. Diagn. 2013 33:667–74.
64. Masuzaki H, Miura K, Yoshiura K, Yoshimura S, Niikawa N, Ishimaru T. Detection of
cell free placental DNA in maternal plasma: direct evidence from three cases of confined
placental mosaicism J. Med. Genet. 2004 41:289 LP-292.
137

65. Flori E, Doray B, Gautier E, Kohler M, Ernault P, Flori J, et al. Circulating cell-free
fetal DNA in maternal serum appears to originate from cyto- and syncytio-trophoblastic
cells. Case report. Hum. Reprod. 2004 19:723–4.
66. Alberry M, Maddocks D, Jones M, Abdel Hadi M, Abdel-Fattah S, Avent N, et al. Free
fetal DNA in maternal plasma in anembryonic pregnancies: confirmation that the origin is
the trophoblast Prenat. Diagn. 2007 27:415–8.
67. Taglauer ES, Wilkins-Haug L, Bianchi DW. Review: Cell-free fetal DNA in the
maternal circulation as an indication of placental health and disease Placenta. 2014 p.
S64–8.
68. Chan KCA, Ding C, Gerovassili A, Yeung SW, Chiu RWK, Leung TN, et al.
Hypermethylated RASSF1A in maternal plasma: A universal fetal DNA marker that
improves the reliability of noninvasive prenatal diagnosis Clin. Chem. 2006 52:2211–8.
69. Papageorgiou EA, Fiegler H, Rakyan V, Beck S, Hulten M, Lamnissou K, et al. Sites
of Differential DNA Methylation between Placenta and Peripheral Blood Am. J. Pathol.
2009 174:1609–18.
70. Legler TJ, Liu Z, Mavrou A, Finning K, Hromadnikova I, Galbiati S, et al. Workshop
report on the extraction of foetal DNA from maternal plasma Prenat. Diagn. 2007 27:824–
9.
71. Hidestrand M, Stokowski R, Song K, Oliphant A, Deavers J, Goetsch M, et al. Influence
of temperature during transportation on cell-free DNA analysis. Fetal Diagn. Ther. 2012
31:122–8.
72. Barrett AN, Thadani HA, Laureano-Asibal C, Ponnusamy S, Choolani M. Stability of
cell-free DNA from maternal plasma isolated following a single centrifugation step Prenat.
Diagn. 2014 34:1283–8.
73. Devonshire AS, Whale AS, Gutteridge A, Jones G, Cowen S, Foy CA, et al. Towards
standardisation of cell-free DNA measurement in plasma: Controls for extraction
efficiency, fragment size bias and quantification Anal. Bioanal. Chem. 2014 406:6499–512.
74. Norton SE, Lechner JM, Williams T, Fernando MR. A stabilizing reagent prevents cellfree DNA contamination by cellular DNA in plasma during blood sample storage and
shipping as determined by digital PCR Clin. Biochem. 2013 46:1561–5.
75. Medina Diaz I, Nocon A, Mehnert DH, Fredebohm J, Diehl F, Holtrup F. Performance
of Streck cfDNA blood collection tubes for liquid biopsy testing PLoS One. 2016
11:e0166354.
76. Lam NYL, Rainer TH, Chiu RWK, Lo YMD. EDTA Is a Better Anticoagulant than
Heparin or Citrate for Delayed Blood Processing for Plasma DNA Analysis Clin. Chem.
138

2004 p. 256–7.
77. QIAGEN. QIAamp® Circulating Nucleic Acid Handbook 2013.
78. Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo C, et al. A
Comparison of Cell-Free DNA Isolation Kits: Isolation and Quantification of Cell-Free
DNA in Plasma J. Mol. Diagnostics. 2017 19:162–8.
79. Norton ME, Brar H, Weiss J, Karimi A, Laurent LC, Caughey AB, et al. Non-Invasive
Chromosomal Evaluation (NICE) Study: results of a multicenter prospective cohort study
for detection of fetal trisomy 21 and trisomy 18 Am. J. Obstet. Gynecol. 2012 207:137.e1137.e8.
80. Applied Biosystems. MagMAXTM Cell‑Free DNA Isolation Kit 2015.
81. Zimmermann B, El-Sheikhah A, Nicolaides K, Holzgreve W, Hahn S. Optimized realtime quantitative PCR measurement of male fetal DNA in maternal plasma Clin Chem.
2005 51:1598–604.
82. Sikora A, Zimmermann BG, Rusterholz C, Birri D, Kolla V, Lapaire O, et al. Detection
of increased amounts of cell-free fetal DNA with short PCR amplicons Clin. Chem. 2010
56:136–8.
83. Whale AS, Huggett JF, Cowen S, Speirs V, Shaw J, Ellison S, et al. Comparison of
microfluidic digital PCR and conventional quantitative PCR for measuring copy number
variation Nucleic Acids Res. 2012 40:e82–e82.
84. Sillence KA, Roberts LA, Hollands HJ, Thompson HP, Kiernan M, Madgett TE, et al.
Fetal sex and RHD genotyping with digital PCR demonstrates greater sensitivity than realtime PCR Clin. Chem. 2015 61:1399–407.
85. Barrett AN, Chitty LS. Developing noninvasive diagnosis for single-gene disorders:
the role of digital PCR Methods Mol Biol. 2014 1160:215–28.
86. Perlado S, Bustamante-Aragonés A, Donas M, Lorda-Sánchez I, Plaza J, Rodríguez de
Alba M. Fetal Genotyping in Maternal Blood by Digital PCR: Towards NIPD of
Monogenic Disorders Independently of Parental Origin PLoS One. 2016 11:e0153258.
87. Chiu RWK, Chan KCA, Gao Y, Lau VYM, Zheng W, Leung TY, et al. Noninvasive
prenatal diagnosis of fetal chromosomal aneuploidy by massively parallel genomic
sequencing of DNA in maternal plasma Proc. Natl. Acad. Sci. 2008 105:20458–63.
88. Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR. Noninvasive diagnosis of
fetal aneuploidy by shotgun sequencing DNA from maternal blood. Proc. Natl. Acad. Sci.
U. S. A. 2008 105:16266–71.
89. Zimmermann B, Hill M, Gemelos G, Demko Z, Banjevic M, Baner J, et al. Noninvasive
prenatal aneuploidy testing of chromosomes 13, 18, 21, X, and Y, using targeted
139

sequencing of polymorphic loci Prenat. Diagn. 2012 32:1233–41.
90. Zhang H, Gao Y, Jiang F, Fu M, Yuan Y, Guo Y, et al. Non-invasive prenatal testing
for trisomies 21, 18 and 13: Clinical experience from 146 958 pregnancies Ultrasound
Obstet. Gynecol. 2015 45:530–8.
91. Srinivasan A, Bianchi DW, Huang H, Sehnert AJ, Rava RP. Noninvasive detection of
fetal subchromosome abnormalities via deep sequencing of maternal plasma Am. J. Hum.
Genet. 2013 92:167–76.
92. Chu T, Yeniterzi S, Rajkovic A, Hogge WA, Dunkel M, Shaw P, et al. High resolution
non-invasive detection of a fetal microdeletion using the GCREM algorithm Prenat. Diagn.
2014 34:469–77.
93. Papasavva T, van Ijcken WFJ, Kockx CEM, van den Hout MCGN, Kountouris P,
Kythreotis L, et al. Next generation sequencing of SNPs for non-invasive prenatal
diagnosis: challenges and feasibility as illustrated by an application to β-thalassaemia.
Eur. J. Hum. Genet. 2013 21:1403–10.
94. Stone HA, Stroock AD, Ajdari A. Engineering Flows in Small Devices Annu. Rev.
Fluid Mech. 2004 36:381–411.
95. Whitesides GM. The origins and the future of microfluidics. Nature. 2006 442:368–73.
96. Gutmann B, Cantillo D, Kappe CO. Continuous-flow technology - A tool for the safe
manufacturing of active pharmaceutical ingredients Angew. Chemie - Int. Ed. 2015 p.
6688–728.
97. Bhatia SN, Ingber DE. Microfluidic organs-on-chips Nat Biotech. 2014 32:760–72.
98. Gossett DR, Weaver WM, MacH AJ, Hur SC, Tse HTK, Lee W, et al. Label-free cell
separation and sorting in microfluidic systems Anal. Bioanal. Chem. 2010 p. 3249–67.
99. Mazutis L, Gilbert J, Ung WL, Weitz DA, Griffiths AD, Heyman JA. Single-cell
analysis and sorting using droplet-based microfluidics Nat. Protoc. 2013 8:870–91.
100. Jokerst JC, Emory JM, Henry CS. Advances in microfluidics for environmental
analysis Analyst. 2012 137:24.
101. Kjeang E, Djilali N, Sinton D. Microfluidic Fuel Cells Micro Fuel Cells Princ. Appl.
2009 p. Ch 3.
102. Eicher D, Merten CA. Microfluidic devices for diagnostic applications. Expert Rev.
Mol. Diagn. 2011 11:505–19.
103. Day E, Dear PH, McCaughan F. Digital PCR strategies in the development and
analysis of molecular biomarkers for personalized medicine Methods. 2013 p. 101–7.
104. Ortiz P, Keegan N, Spoors J, Burnett R, Hedley J, Harris A, et al. Development of a
biosensor cartridge integrating active microfluidics, MEMS sensor technology and
140

detection electronics Proc. 14th Int. Conf. Miniaturized Syst. Chem. Life Sci. 2010 .
105. Fluidigm. Digital PCR Analysis User Guide 2015.
106. Bio-Rad. Droplet Digital PCR Applications Guide 2012.
107. Sollier E, Rostaing H, Pouteau P, Fouillet Y, Achard J-L. Passive microfluidic devices
for plasma extraction from whole human blood Sensors Actuators B Chem. 2009 141:617–
24.
108. Mukherjee S, Kang TG, Chen Y, Kim S. Plasma separation from blood: the “lab-ona-chip” approach. Crit. Rev. Biomed. Eng. 2009 37:517–29.
109. Hou HW, Bhagat AAS, Lee WC, Huang S, Han J, Lim CT. Microfluidic devices for
blood fractionation Micromachines. 2011 2:319–43.
110. Kersaudy-Kerhoas M, Sollier E. Micro-scale blood plasma separation: from
acoustophoresis to egg-beaters. Lab Chip. 2013 13:3323–46.
111. Sajeesh P, Sen AK. Particle separation and sorting in microfluidic devices: A review
Microfluid. Nanofluidics. 2014 p. 1–52.
112. Tripathi S, Varun Kumar YVB, Prabhakar A, Joshi SS, Agrawal A, Kumar YVBV, et
al. Passive blood plasma separation at the microscale: a review of design principles and
microdevices J. Micromechanics Microengineering. 2015 25:83001.
113. Abaxis Inc. Piccolo xpress® Chemistry Analyser
114. Gong MM, MacDonald BD, Vu Nguyen T, Van Nguyen K, Sinton D. Field tested
milliliter-scale blood filtration device for point-of-care applications Biomicrofluidics.
2013 7:44111.
115. Haller A, Spittler A, Brandhoff L, Zirath H, Puchberger-Enengl D, Keplinger F, et al.
Microfluidic vortex enhancement for on-chip sample preparation Micromachines. 2015
6:239–51.
116. Asirvatham JR, Moses V, Bjornson L. Errors in potassium measurement: a laboratory
perspective for the clinician. N. Am. J. Med. Sci. 2013 5:255–9.
117. Kirschner MB, Kao SC, Edelman JJ, Armstrong NJ, Vallely MP, van Zandwijk N, et
al. Haemolysis during sample preparation alters microRNA content of plasma. PLoS One.
2011 6:e24145.
118. Clausen FB, Jakobsen TR, Rieneck K, Krog GR, Nielsen LK, Tabor A, et al. PreAnalytical Conditions in Non-Invasive Prenatal Testing of Cell-Free Fetal RHD PLoS One.
2013 8:e76990.
119. Lau TK, Cheung SW, Lo PSS, Pursley AN, Chan MK, Jiang F, et al. Non-invasive
prenatal testing for fetal chromosomal abnormalities by low-coverage whole-genome
sequencing of maternal plasma DNA: Review of 1982 consecutive cases in a single center
141

Ultrasound Obstet. Gynecol. 2014 p. 254–64.
120. Homsy A, van der Wal PD, Doll W, Schaller R, Korsatko S, Ratzer M, et al.
Development and validation of a low cost blood filtration element separating plasma from
undiluted whole blood Biomicrofluidics. 2012 6:12804.
121. Kim J-H, Woenker T, Adamec J, Regnier FE. Simple, Miniaturized Blood Plasma
Extraction Method Anal. Chem. 2013 85:11501–8.
122. Noiphung J, Songjaroen T, Dungchai W, Henry CS, Chailapakul O, Laiwattanapaisal
W. Electrochemical detection of glucose from whole blood using paper-based microfluidic
devices Anal. Chim. Acta. 2013 788:39–45.
123. Nwankire CE, Czugala M, Burger R, Fraser KJ, Connell TM, Glennon T, et al. A
portable centrifugal analyser for liver function screening Biosens. Bioelectron. 2014
56:352–8.
124. Cai Z, Xiang J, Wang W. A pinch-valve for centrifugal microfluidic platforms and its
application in sequential valving operation and plasma extraction Sensors Actuators, B
Chem. 2015 221:257–64.
125. Kuo JN, Chen XF. Plasma separation and preparation on centrifugal microfluidic
disk for blood assays Microsyst. Technol. 2015 21:2485–94.
126. Yang S, Ündar A, Zahn JD. A microfluidic device for continuous, real time blood
plasma separation Lab Chip. 2006 6:871–80.
127. Fung Y-C. Stochastic flow in capillary blood vessels Microvasc. Res. 1973 5:34–48.
128. Shatova TA, Lathwal S, Engle MR, Sikes HD, Jensen KF. Portable, Constriction–
Expansion Blood Plasma Separation and Polymerization-Based Malaria Detection Anal.
Chem. 2016 88:7627–32.
129. Tripathi S, Prabhakar A, Kumar N, Singh SG, Agrawal A. Blood plasma separation
in elevated dimension T-shaped microchannel Biomed. Microdevices. 2013 15:415–25.
130. Tripathi S, Varun Kumar YVB, Prabhakar A, Joshi SS, Agrawal A. Performance study
of microfluidic devices for blood plasma separation—a designer’s perspective J.
Micromechanics Microengineering. 2015 25:84004.
131. Di Carlo D. Inertial microfluidics Lab Chip. 2009 9:3038.
132. Lee MG, Shin JH, Choi S, Park J-K. Enhanced blood plasma separation by
modulation of inertial lift force Sensors Actuators B Chem. 2014 190:311–7.
133. Zhang J, Yan S, Li W, Alici G, Nguyen N-T. High throughput extraction of plasma
using a secondary flow-aided inertial microfluidic device RSC Adv. 2014 4:33149.
134. Rafeie M, Zhang J, Asadnia M, Li W, Warkiani ME. Multiplexing slanted spiral
microchannels for ultra-fast blood plasma separation Lab Chip. 2016 16:2791–802.
142

135. Liu C, Mauk M, Gross R, Bushman FD, Edelstein PH, Collman RG, et al. MembraneBased, Sedimentation-Assisted Plasma Separator for Point-of-Care Applications Anal.
Chem. 2013 85:10463–70.
136. Galligan C, Nichols J, Kvam E, Spooner P, Gettings R, Zhu L, et al. Mesoscale blood
cell sedimentation for processing millilitre sample volumes Lab Chip. 2015 15:3274–7.
137. Abcam. ab177835 – Anti-Chikungunya Virus IgG Human ELISA Kit 2014.
138. Abcam. ab189579 – alpha 1 Antitrypsin (SERPINA1) Human SimpleStep ELISA Kit
2014.
139. Du Pont de Nemours. HIV-1 p24 Core Profile ELISA
140. Lafleur L, Stevens D, Mckenzie K, Ramachandran S, Spicar-Mihalic P, Singhal M, et
al. Progress toward multiplexed sample-to-result detection in low resource settings using
microfluidic immunoassay cards Lab Chip. 2012 12:1119–27.
141. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, Fu J, et al. A shear
gradient–dependent platelet aggregation mechanism drives thrombus formation Nat. Med.
2009 15:665.
142. Kersaudy-Kerhoas M. Design, test and biological validation of microfluidic systems
for blood plasma separation Heriot-Watt University; 2010.
143. Vermeer HJ, Thomassen E, De Jonge N. Automated processing of serum indices used
for interference detection by the laboratory information system Clin. Chem. 2005 51:244–
7.
144. Boyd JM, Krause R, Waite G, Hui W, Yazdi E, Wilmink D, et al. Developing
optimized automated rule sets for reporting hemolysis, icterus and lipemia based on a
priori outcomes analysis Clin. Chim. Acta. 2015 450:31–8.
145. Lippi G. Systematic Assessment of the Hemolysis Index: Pros and Cons Adv. Clin.
Chem. 2015 p. 157–70.
146. VanDelinder V, Groisman A. Separation of plasma from whole human blood in a
continuous cross-flow in a molded microfluidic device Anal. Chem. 2006 78:3765–71.
147. Cripps CM. Rapid method for the estimation of plasma haemoglobin levels. J. Clin.
Pathol. 1968 21:110–2.
148. Malinauskas RA. Plasma hemoglobin measurement techniques for the in vitro
evaluation of blood damage caused by medical devices. Artif. Organs. 1997 21:1255–67.
149. Zhang J, Wei X, Xue X, Jiang Z. Structural design of microfluidic channels for blood
plasma separation J. Nanosci. Nanotechnol. 2014 14:7419–26.
150. Doyeux V, Podgorski T, Peponas S, Ismail M, Coupier G. Spheres in the vicinity of a
bifurcation: elucidating the Zweifach-Fung effect J. Fluid Mech. 2011 674:359–88.
143

151. Maria MS, Kumar BS, Chandra TS, Sen AK. Development of a microfluidic device
for cell concentration and blood cell-plasma separation Biomed. Microdevices. 2015
17:1–19.
152. Shamloo A, Vatankhah P, Bijarchi MA. Numerical optimization and inverse study of
a microfluidic device for blood plasma separation Eur. J. Mech. - B/Fluids. 2016 57:31–9.
153. UK Blood Transfusion and Tissue Transplantation Services. Guidelines for the Blood
Transfusion Services in the United Kingdom London Station. Off. 2013 .
154. Hunter S, Nixon J, Murphy S. The effect of the interruption of agitation on platelet
quality during storage for transfusion Transfusion. 2001 41:809–14.
155. Lim H, Lee Y, Nam J, Chung S, Ã SS. Temperature-dependent threshold shear stress
of red blood cell aggregation J. Biomech. 2009 :1–5.
156. Isiksacan Z, Erel O, Elbuken C. A portable microfluidic system for rapid measurement
of erythrocyte sedimentation rate Lab Chip. 2016 16:4682–90.
157. Eckmann DM, Bowers S, Stecker M, Cheung AT. Hematocrit, volume expander,
temperature, and shear rate effects on blood viscosity. Anesth. Analg. 2000 91:539–45.
158. Fabry T. Mechanism of erythrocyte aggregation and sedimentation Blood. 1987
70:1572–6.
159. Dimov IK, Basabe-Desmonts L, Garcia-Cordero JL, Ross BM, Park Y, Ricco AJ, et
al. Stand-alone self-powered integrated microfluidic blood analysis system (SIMBAS) Lab
Chip. 2011 11:845–50.
160. Xu L, Lee H, Brasil Pinheiro MV, Schneider P, Jetta D, Oh KW. Phaseguide-assisted
blood separation microfluidic device for point-of-care applications Biomicrofluidics. 2015
9:14106.
161. Xie Y, Chen D, Lin S, Wang Z, Cui D. A robust and easy integration plasma
separation chip by gravitational sedimentation of blood cells filling-in high-aspect-ratio
weir structure RSC Adv. 2016 .
162. Zhang XB, Wu ZQ, Wang K, Zhu J, Xu JJ, Xia XH, et al. Gravitational sedimentation
induced blood delamination for continuous plasma separation on a microfluidics chip
Anal. Chem. 2012 84:3780–6.
163. Vella SJ, Beattie P, Cademartiri R, Laromaine A, Martinez AW, Phillips ST, et al.
Measuring markers of liver function using a micropatterned paper device designed for
blood from a fingerstick Anal. Chem. 2012 84:2883–91.
164. Nabatiyan A, Parpia ZA, Elghanian R, Kelso DM. Membrane-based plasma collection
device for point-of-care diagnosis of HIV J. Virol. Methods. 2011 173:37–42.
165. Son JH, Lee SH, Hong S, Park S, Lee J, Dickey AM, et al. Hemolysis-free blood
144

plasma separation Lab Chip. 2014 14:2287–92.
166. Liu C, Liao S-C, Song J, Mauk MG, Li X, Wu G, et al. A high-efficiency
superhydrophobic plasma separator Lab Chip. 2016 16:553–60.
167. VividTM Plasma Separation Membrane Product Data 2009.
168. Polidori M. QIAGEN webinar: Best Practices in Pre-analytical Sample Handling for
Free Circulating DNA Isolation 2015.
169. Beckman Coulter. COULTER®AC•T diff 2TM Analyzer 2010.
170. Xue X, Teare MD, Holen I, Zhu YM, Woll PJ. Optimizing the yield and utility of
circulating cell-free DNA from plasma and serum. Clin. Chim. Acta. 2009 404:100–4.
171. Sherwood JL, Corcoran C, Brown H, Sharpe AD, Musilova M, Kohlmann A.
Optimised Pre-Analytical Methods Improve KRAS Mutation Detection in Circulating
Tumour DNA (ctDNA) from Patients with Non-Small Cell Lung Cancer (NSCLC). PLoS
One. 2016 11:e0150197.

145

