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Skeletal stem cells (SSCs) are a sub-population of bone marrow (BM) stromal cells with
multipotent differentiation potential. SSCs are responsible for the unique regeneration ca-
pacity inherent to bone and offer unlimited potential for application in bone regenerative
therapies. A current unmet challenge hampering their clinical translation remains the iso-
lation of homogeneous SSC populations with consistent regeneration and differentiation
capacities. Factors limiting the efficiency of existing sorting approaches include the scarcity
of SSCs in BM, estimated at fewer than 1 in 10,000 nucleated cells, the complexity of BM
tissue and, most significantly, the absence of a specific marker that is unique to the SSC.

Microfluidics offers the potential to characterise and sort cells marker—free, based on
intrinsic biophysical properties. These include, but are not limited to, cell size, shape, stiff-
ness, and dielectric properties. The work presented herein aimed to provide a comprehen-
sive characterisation of the biophysical fingerprint of SSCs and to build on this new under-
standing to develop new tools to isolate SSCs, label-free, with significant physiological and
therapeutic implications.

In real-time deformability cytometry (RT-DC), cells are deformed by shear and normal
stresses as they flow through a narrow constriction at high speed, providing the capability
to screen cell mechanical properties at high-throughput. Here, RT-DC was used to relate
the mechano-phenotype of expanded SSCs with other cells in BM. Critically, SSCs were
found to be significantly stiffer than white blood cells, which are abundant in human BM.

Microfluidic impedance cytometry was coupled to fluorescence optical detection to
provide accurate characterisation of the dielectric properties and cell size of SSCs within
heterogeneous primary human BM samples. The membrane capacitance of SSCs was found
to be indistinct from other cells in BM. Conversely, their average size in suspension, at 9
micrometres, was within the largest BM cell fraction.

Centred on these findings, label-free sorting devices were designed based on the prin-
ciple of deterministic lateral displacement (DLD). DLD uses arrays of micropillars in a chan-
nel to sort cells based on their diameter, at throughputs of thousands per second. Cell
deformation, induced by shear and contact with the pillars, can change the effective cell
size and affect sorting efficiency. This was demonstrated using two human cells lines of
different size and stiffness, and by size fractionation of expanded SSCs. Crucially, SSCs
sorted by DLD remained viable and retained their capacity to form clonogenic cultures.

Overall, this work provided a detailed characterisation of relevant biophysical proper-
ties of SSCs and paved the way towards the design of a novel label-free sorting approach,
potentially based on DLD, to provide purified SSC populations from BM with impactful use

in fundamental stem cell research and the clinic.
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Outline

This work aimed to find new solutions to isolate homogenous populations of skeletal
stem cells from primary human bone marrow samples, to potentiate their use in funda-
mental stem cell research and in routine clinical practice. It addressed the hypothesis that
skeletal stem cells hold a unique biophysical fingerprint that could be used for cell sorting
using innovative label-free microfluidic approaches.

The work was divided into 5 core chapters. The two first chapters are predominantly
introductory and present the motivation behind this work and key scientific concepts un-
derlying the topics explored in chapters 3 to 5. In each of the five chapters, any relevant
methodology is described in brief to allow the reader to follow the results obtained and
their discussion in a logical manner. Detailed descriptions of the methods used throughout
this work can be found posteriorly in Chapter 7 the assigned Materials and Methods section.

Chapter 1 defines skeletal stem cells, their applications, and the limitations of the cur-
rent isolation techniques that hamper the use of skeletal stem cells routinely in the clinic.
Chapter 2 introduces microfluidics and provides an overview of the fundamental physics
behind handling fluids and particle suspensions at the microscale. A selection of relevant
label-free, microfluidic sorting techniques is critically reviewed, offering a perspective of
their applicability to skeletal stem cell sorting.

Chapters 3 and 4 exploited microfluidic approaches for the biophysical characterisa-
tion of single cells. The former introduces real-time deformability cytometry, an innovative
technique developed at the University of Dresden, which was used in this work to provide
a mechanical characterisation of primary human skeletal stem cells and a comparison of
the mechanical properties of SSCs with other cells in bone marrow. Chapter 4 studied the
size and dielectric properties of skeletal stem cells in primary human bone marrow samples,
using microfluidic impedance cytometry, a tool that has been developed and optimised in
our lab with demonstrated enhanced accuracy and sensitivity.

Chapter 5 built on the findings described in chapters 3 and 4 to design a microfluidic
device that uses deterministic lateral displacement to sort cells based on cell size and de-
formability. Finally, following Chapter 5 a general discussion chapter is presented, which
summarises the main results presented throughout this work and suggests design im-

provements to be included in future research work.
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Figure 4.1 - (a) Diagram of the experimental protocol. Human bone marrow mononuclear cells
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phosphatase (ALP) activity, and/or quantitative reverse transcription polymerase chain reaction (QRT-
PCR). At passage 1, the same analyses were performed to detect changes in cells following osteogenic
differentiation. (b) Shows the impedance cytometry set-up including the confocal-optical detection.
Cells flow through the microchannel, passing between pairs of electrodes and the optical detection
region. The fluorescence properties of the cell were measured simultaneously with the impedance
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Chapter 1

Skeletal Stem Cells

“I took a good clear piece of cork, and with a Penknife sharpen’d as keen as a Razor, |
cut a piece of it off, and thereby left the surface of it exceeding smooth, then examining it
very diligently with a Microscope, me thought | could perceive it to appear a little porous.
... I no sooner discern'd these (which were indeed the first microscopical pores, (or cells), |
ever saw, and perhaps, that were ever seen, for | had not met with any Writer or Person,
that had made any mention of them before this).”

Robert Hooke, Micrographia, 1665.

1.1. Motivation

The 20™ century has brought about a number of game-changing revolutions in medical
practice and research. For example, in 1901, Karl Landsteiner introduced the ABO classifi-
cation system for blood typing leading the way to safe blood transfusion. In 1928, Alexan-
der Fleming accidentally discovered the first antibiotic, penicillin, whilst studying the influ-
enza virus responsible for seasonal flu. 1980 saw the first complete eradication of a dis-
ease, smallpox, after a vaccination programme that had started almost 200 years earlier.!
Since the millennium, medical research continues apace and, in mid-2017, the first gene
therapy was approved in the US using genetically modified T cells to fight cancer.

Collectively, medical advances have extended life expectancy in developed countries
from an average of just 65 years in 1950 to almost 80 years today.? However welcome this
rise in longevity might be, it also leads to an increasingly aged population, which is asso-
ciated with exacerbated health issues and higher demands for personalised, directed and
effective regenerative therapies.** Within the musculoskeletal arena, increased bone and
joint trauma as well as metabolic bone disease are associated with advancing years prompt-
ing the need to search for innovative strategies for tissue augmentation to aid repair and

regeneration.

1.2. Definition

As denoted by the quotation in the epigraph, the first reference to the existence of
biological cells can be traced as far back as the second half of the 17" century. While the
concept of cells working as building blocks in all biological systems has long been known,
the existence of a cell or group of cells that can give rise to the different, specialised cell
constituents of any multi-cellular organism is far more recent® and was only demonstrated
for the first time by Till and McCulloch in 1961 for haematopoietic stem cells (HSCs).*” This
finding post-dates even the first successful bone marrow (BM) transplant in 1956.%° Today,

the term ‘stem cell’ defines cells with the capacity to i) self-renew, i.e. to establish in vivo
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a population with the same phenotype which can be serial passaged and transplanted and
ii) to differentiate to form specialised cells with a defined function within a tissue.>*

Stem cells can be classified according to their differentiation potential ranging from
totipotent, the most potent class of stem cells, to unipotent, which comprises stem cells or
progenitors that have the capacity to self-renew but can only differentiate to form one
specific kind of specialised cells.? A noticeable example of a totipotent stem cell is the
fertilised egg or zygote, which is capable of fully generating a new, complex living being
including all the extraembryonic structures that support its development such as the pla-
centa.’* Embryonic stem cells (ESCs) are an example of pluripotent stem cells with the ca-
pacity to differentiate into all the different cell types that constitute an organism but without
the potential to produce a fertile, adult individual in isolation.*

A class of stem cells of particular interest in this programme of research are multipo-
tent adult stem cells (MASCs). MASCs are present in the adult and have limited differentia-
tion capacity being only able to differentiate into the cell types that constitute a certain
tissue or organ. HSCs are an example of MASCs resident within the bone marrow, with the
capacity to form all the cells found in blood through the process of haematopoiesis.” Given
MASCs can be obtained from adults, these cells provide an invaluable resource for regen-
erative medicine applications circumventing the ethical considerations typically associated
with the use of pluripotent ESCs (destruction of a human embryo).

Bone has unique regenerative capacity and continually remodels throughout adult life.*
This suggests the presence within the bone of a MASC, other than the HSC, that contributes
to skeletal development and without which bone fractures would not heal. Indeed, over half
a century ago a series of events led to the acceptance of a stem cell within bone marrow
specifically committed to the bone-bone marrow organ. Alexander Friedenstein and his
colleagues were the first to observe that BM cells were capable of ectopic bone formation
upon transplantation in mice using diffusion chambers.'® Later, Tavassoli and Crosby (1968)
noted that BM transplantation within an open system led not only to the formation of bone
but also of new bone marrow tissue.'” Friedenstein attributed the osteogenic potential of
cells in BM to an adherent, clonogenic and non-haematopoietic stromal fraction capable of
forming discrete fibroblastic colonies ex vivo, termed colony-forming units-fibroblastic
(CFU-F).*®* Joint work by Alexander Friedenstein and Maureen Owen in 1988, almost 20
years after Friedenstein’s pioneering studies, summarised and delineated the formation of
different tissues from single clones of BM stromal cells (BMSCs), including bone, cartilage,
marrow adipocytes and haematopoiesis-supportive stroma. This formulated the first hy-
pothesis of the existence within the BM of a multipotent stromal progenitor, or skeletal
stem cell (SSC).?°

However, to satisfy the requirements of a ‘stem cell’, evidence was required that the
SSC was capable of self-renewal. This was only demonstrated in 2007 in seminal studies
from the group of Paolo Bianco who demonstrated that SSCs are a perivascular, sub-endo-
thelial cell population that resides over BM sinusoids, with the capacity to establish a func-
tional BM haematopoietic microenvironment when transplanted clonally in vivo, and can be

re—isolated in culture and serially expanded from the de novo formed tissue.?*#
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It is important to note that the term SSC should be distinguished from mesenchymal
stem cells (MSCs). The two terms have been used interchangeably but while the term MSC
was first introduced to refer to cultures of BMSCs,* which indeed include the SSC, it was
later extended to define cells from non-skeletal tissues* and has become ambiguous. In
summary, the SSC is defined as the multi-potent and self-renewing stromal progenitor,
that resides over BM sinusoids, and that can support and regulate haematopoiesis in vivo
and that retains the ability to differentiate to form the skeletal-specific tissues of bone,

cartilage and marrow adipocytes.'**

1.3. Skeletal Stem Cell Applications

Applications of SSCs include i) the fundamental study of stem cells, disease mecha-
nisms, and the developmental processes of musculoskeletal tissue, ii) pharmaceutical stud-
ies targeting bone and joint disease, and iii) the use of SSCs for regenerative medicine
applications in the clinic including stem cell therapies and tissue engineering targeting
non-union fractures, healing of critical-sized defects or articular cartilage regeneration.
Together, these applications could offer alternatives to the current gold standards for treat-
ing small defects - autografts, and for replacing large volumes of lost tissue - human al-
lografts, both associated with specific disadvantages such as donor site morbidity and, the
risk of disease transmission and immunogenic reaction, respectively.?®

The ability of BMSCs to generate histology-proven bone in vivo has been repeatedly
demonstrated.?>#? Although intravenous infusion of BMSCs has been exploited,****** bone
formation in vivo has been most successful upon direct transplantation of BMSCs to the
defect site. However, the ability to retain the transplanted cells at the site of injury remains
a challenge. Other hurdles include the capacity to promote the formation of new vasculature
that supports tissue growth and to direct BMSCs towards the differentiation pathways
needed to recapitulate the phenotype of the damaged tissue.?* Typical approaches to bridge
this gap include the combination of cells with a number of growth factors and biomaterials,
either in the form of injectable hydrogels or solid scaffolds including ceramics (e.g. hy-
droxyapatite, tri-calcium phosphates), polymers (e.g. polylactic acid) and metals (e.g. tita-
nium, tantalum). These strategies often improve the recapitulation of the natural processes
occurring in bone development, by the actuation of chemical and/or mechanical cues.**?*
Recent multidisciplinary research has generated alternative approaches based for example
on the use of advanced 3D-printers to design complex cell-laden tissue engineering con-
structs.’®

Despite these challenges, SSCs have been used with success in specific clinical appli-
cations (reviewed in Bianco, 2015%). For example, SSCs have been shown to improve bone
graft integration contributing to the generation of new bone in the femoral heads of human
patients.?®*** SSCs in combination with a scaffold and bone morphogenetic protein 7
(BMP7) have also been shown to contribute to the regeneration of a large mandibular defect
in a human patient.***! Osteoprogenitor cells from a concentrated buffy coat have been
used in the treatment of osteonecrosis and fracture non-unions.** Union was achieved

after injection in the tibia in 53 out of 60 patients.** Critically, the seven persistent non-
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unions all had significantly lower CFU-F counts, and the study determined that a BM graft
needed to contain over 1,000 progenitors per cm® for the treatment to be successful. This
exceeds the level present in fresh iliac crest aspirates, which average 600 per cm?, and
emphasises the need for the development of cell enrichment strategies.?**

As people live longer, robust and reproducible clinical translation of autologous SSC
sources holds great potential to provide vital alternatives to the current therapeutic strat-
egies for bone and cartilage repair. These novel approaches could have an important impact
to reduce morbidity and provide simple and safe strategies to improve survival and quality
of life.

1.4. Limitations Hampering Clinical Translation

Challenges affecting the translation of SSCs to the clinic include i) the isolation and
expansion of SSCs ex vivo, ii) the targeting and delivery of SSC populations to the site of
repair and iii) the timely and directed differentiation of SSCs towards relevant stromal lin-
eages.”>*** This thesis focuses specifically on the challenge of isolating pure and homoge-
neous multipotent SSC populations from human BM. This challenge is critical not only to
provide sufficient homogeneous SSCs for clinical application but also to provide defined
populations as a foundation to study the physiology of SSCs, musculoskeletal development,
and to develop appropriate strategies to deliver SSCs efficiently and to promote their func-
tionality in vivo.

Current strategies to isolate SSCs from BM employ cell adhesion to tissue culture plas-
tic, as developed from Friedenstein’s protocols.'®'¥°4 This is highly efficient as most of the
cells from the BM derive from haematopoietic lineages and are non-adherent.** However,
plastic adhesion is hon-specific (i.e. other adherent cells are also selected), time-consum-
ing and can result in the alteration of the original SSC phenotype present in the BM micro-
environment.* Critically, Friedenstein’s work showed that only around 15 % of expanded
CFU-F clones were able to differentiate and re-capitulate a functional BM-haematopoietic
microenvironment.* Furthermore, extensive expansion of CFU-F cultures typically leads to
a progressive loss of proliferative capacity and multipotency.®

To enhance the specificity of adhesion isolation protocols, antibody-based strategies
are often used. Antibodies can target molecules both intracellularly and at the cell surface
and, in conjugation with fluorescent dies or magnetic beads, allow cells to be sorted using
conventional fluorescence- and/or magnetic-activated cell sorters (FACS and MACS). FACS
and MACS are costly, involve lengthy protocols and can affect cell viability but when a spe-
cific marker is available high levels of cell enrichment can be achieved typically delivering
essentially pure cell populations.*”*

Different combinations of SSC markers have been explored to enhance the purity of
SSCs. In 2003, Gronthos et al. obtained a 950-fold enrichment of CFU-F formation after
MACS sorting hBMSCs labelled with the Stro-1 antibody.”® Subsequent FACS sorting of
CD146" cells further improved the separation efficiency to 2,000-fold.*® Stro-1, first de-
scribed by Simmons and Torok-Storb, is relatively widely used for selecting high growth-

potential CFU-Fs.>* The identity of Stro-1 remained elusive for over two decades but was
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recently described to bind to heat shock cognate 70 (HSC70/HSPAS) on the surface of ap-
proximately 10 % of human BM mononuclear cells (nBMMNCs).**** CD146 (melanoma cell
adhesion molecule) exists on a marginal sub-population of hBMMNCs that contribute to
the regulation of haematopoiesis.?**®**” However, neither of these markers is specific to SSCs
limiting the efficiency of antibody-dependent isolation methods. Critically, the SSC is esti-
mated to represent fewer than 1 in every 10,000 hBMMNCs,*** and even a 2,000-fold en-
richment results in a purity of, at best, 1 in every 5 cells. Given the ambiguous definition of
the SSC, multiple different markers have been proposed but equally lack unique specificity
(Figure 1.1).28395438

There is thus an urgent need to design new methods to provide homogeneous SSC
populations. While a selective SSC marker is yet to be identified, alternative strategies will
involve sorting mechanisms that do not rely on the use antibodies (label-free), but can sort
single cells based on a potentially characteristic biophysical phenotype. The application of
microfluidics for the development of label-free sorting approaches is introduced in Chapter
2 of this thesis.

1.5. Skeletal Stem Cell Enrichment using the Stro-1 antibody

Although antibody-based approaches do not provide pure SSC populations, BMSCs re-
quire a degree of enrichment to obtain representative SSC populations. Throughout this
work BM samples were commonly enriched by density centrifugation followed by MACS
sorting using Stro-1, and adhesion of the sorted fraction to tissue culture plastic, in the
presence of foetal calf serum. A detailed description of this protocol along with representa-
tive illustrations can be found in Materials and Methods, section 1.5.

During the course of this work, 26 BM samples were obtained from patients undergoing
total hip replacement surgeries, and processed for SSC characterisation and sorting.

Table 1.1 summarises the donor information of all obtained samples and the number
of BMMNCs obtained after density centrifugation (before MACS) and after magnetic sepa-
ration of Stro-1* cells. As expected, the majority of samples were obtained from female
donors, which is representative of the higher incidence of osteoporotic fractures in
women.*® There was a striking variation in the number of cells obtained following density
centrifugation ranging from 8 million to 1,400 million cells. This is indicative of the signif-
icant sample variability between different patients and reflects also the variation of the
amount of tissue collected during surgery. Similarly, the percentage of Stro-1* selected
cells varied between 2.6 and 21.6 %, a difference of almost 10-fold. Nevertheless, the mean
percentage of Stro-1 selected cells was 9.7 + 5.2 %, in agreement with literature reports.*
After enrichment by MACS the sorted fractions were typically plated and further enrichment
achieved by cell adhesion and CFU-F formation. Figure 1.2 shows images of characteristic

colonies at different stages of human BMMNC (hBMMNC) selection and expansion.
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Figure 1.1 - Cell surface antigens of human bone marrow skeletal stem cells. Image adapted from Xavier et al.®?

Figure 1.2 - CFU-F staining for alkaline phosphatase (red) and DNA/protein (crystal violet, purple). a) and

b) show images of wells from a 6-well plate of unsorted BMSCs after density centrifugation at 14 days in vitro. c)
shows a higher magnification of a section in b) highlighting the heterogeneous cell phenotype and variation in
level of ALP expression in BMSC colonies. d) Colony of Stro-1 enriched BMSCs plated at passage 1 (28 days in

vitro)

Table 1.1 - Donor information and number of BMMNC before and after MACS sorting of Stro-1-labelled cells.

Donor information BMMNC number Sorted fraction
Date of isolation Gender Age Before MACS After MACS (%)
23/01/2015 Male 46 27 M 2.5M 9.3
19/03/2015 Female 71 100 M 21.6 M 21.6
14/05/2015 Male 64 8M 1.2 M 15.1
14/05/2015 Female 62 120 M 7M 5.8
21/05/2015 Female 48 80 M 49M 6.1
21/05/2015 Female 57 31 M 3.8M 12.2
21/05/2015 Female 89 128 M 25 M 19.5
02/12/2015 Male 72 66 M 3.7M 5.5
20/01/2016 Female 66 32M 2.5M 7.7
20/01/2016 Male 69 56 M 3.9M 6.9
18/02/2016 Male 69 155 M 9.0M 5.8
09/03/2016 Female 70 500 M 91.4 M 18.3
20/04/2016 Female 69 1,400 M 189 M 13.5
12/05/2016 Male 86 253 M 35 M 13.9
23/05/2016 Female 85 239 M 113 M 4.7
09/06/2016 Female 57 215 M 25.8M 12.0
26/05/2016 Female 80 144 M 16.5M 11.5
26/08/2016 Female 81 30 M 0.8 M 2.6
07/09/2016 Female 69 955 M 66.9 M 7.0
18/10/2016 Female 80 290 M 14 M 4.8
18/10/2016 Male 79 52 M 2.3M 4.4
05/01/2017 Female 81 269 M 11.4 M 4.3
05/01/2017 Female 54 268 M 14.8 M 5.5
06/07/2017 Female 55 466 M 76.2 M 16.4
07/07/2017 Male 74 628 M 48.5M 7.7
19/07/2017 Female 55 287 M 25.8M 9.0
Mean + SD 69 + 12 260 + 319 M 27 +41M 9.7 £ 5.2
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The expression of the Stro-1 antigen and CD146 was investigated by flow cytometry
before and after enrichment by MACS. A representative scatter plot of forward vs side scat-
ter (FSC-A vs SSC-A), which relate to cell size and granularity respectively, is presented in
Figure 1.3a. The cell populations were noted to fall into three gates (lymphocyte, monocyte
and granulocyte fractions) defined according to the similarity with the typical cell distribu-
tion of leukocytes. The majority of cells present within the granulocyte fraction were de-
pleted following MACS sorting of Stro-1" cells (Figure 1.3b) and the largest enrichment was
observed within the lymphocyte and monocyte fractions (Figure 1.3b and Table 1.2). The
enrichment in the leukocyte fraction can be partly attributed to nucleated erythroid pro-
genitor cells, which contribute to over 95 % of the Stro-1* cells in BM,* but typically display
lower forward scatter.®* The Stro-1* hBMMNCs were enriched from 13.8 = 5.9 % in the BM
to 76.7 = 9.0 % after MACS (Figure 1.3a-c and Figure 1.4a, ¢). MACS enrichment using Stro-
1 also increased the frequency of CD146" cells by more than 2-fold from 1.2 + 0.4 % in the
BM to 2.7 £ 0.9 %, indicating a correlation between CD146 expression and Stro-1* cells
(Figure 1.3d-f and Figure 1.4b, d). The vast majority of CD146* cells were localised within
the monocyte fraction, as previously reported for putative SSC populations.®

The frequency of CD146" and Stro-1"* cells was investigated as a function of cell pas-
sage. Figure 1.4a illustrates a marked decrease in the Stro-1* cell fraction from 76.7 = 9.0
% following MACS to 28.3 = 6.3 % (p<0.001) after just 14 days in culture (passage 0). The
percentage of Stro-1* cells continued to decrease significantly with passage to 8.8 + 8.4 %
(p<0.05 vs PO) at passage 3, corresponding to 56 days in vitro (DIV). These results are in
agreement with previous reports. In Simmons et al.*?, the percentage of Stro-1* cells in
adult human BM cells declined to 8.5 % after 6 weeks in culture, and in Gothard et al.®¢,
Stro-1* cells were completely absent at passage 7, after 21 to 35 DIV, in human foetal
femur-derived BM cell cultures. Stewart and colleagues reported the percentage of Stro-
1*-enriched hBMMNCs to be around 21 + 6 % (Mean + SEM) at passage 1 after 28 days in
culture which correlates with the current findings of 20.4 + 14.4 %.°” Conversely, the fre-
quency of CD146" cells increased markedly at passage 0 (82.9 + 5.3 %) compared to
straight after MACS isolation (2.7 £ 0.9 %, p<0.001). This reflects the efficiency of cell
adhesion as part of the current SSC isolation protocol, which removes non-adherent haem-
atopoietic cells that are Stro-1* but CD146", including nucleated erythroid progenitors.®*®
With cell expansion and passage, the percentage of CD146" appeared to gradually decline
although this did not reach statistical significance. A previous study has shown a marginal

decrease in the expression of CD146 after 6 passages.®®
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Figure 1.3 - Fluorescence flow cytometry of unexpanded human bone marrow mononuclear cells
(hBMMNCs). a), b), d) and e) show plots (forward vs side scatter) of unexpanded hBMMNCs before (a, d) and after
(b, e) enrichment of Stro-1* cells by magnetic-activated cell sorting (MACS). The three gates indicate the fraction

of cells falling inside the typical FSC and SSC distributions for lymphocytes, granulocytes and monocytes as pre-

viously detailed.®* ¢) and f) illustrate frequency histograms of the fluorescence intensity of hBMMNCs before and

after enrichment by MACS and the respective matched isotype controls. The top and bottom panel images refer

to the expression levels detected using the Stro-1 antibody and an anti-CD146 antibody respectively.

Table 1.2 - Donor information and percentage of human BMMNCs in each cell fraction of the scatter plots depicted

in Figure 1.3. With MACS sorting of Stro-1* cells a consistent enrichment towards the monocyte and lymphocyte

fractions is evident accompanied by granulocyte depletion.

Donor Information

Granulocyte Fraction

Lymphocyte fraction

Monocyte fraction

Date of Isolation Gender Age BMMNCs Stro-1+ BMMNCs Stro-1+ BMMNCs Stro-1+
03/12/2015 Male 72 67.7 4.7 13.1 20.2 16.1 70.5
20/01/2016 Male 69 66.2 3.6 15.8 48.5 14.6 40.4
18/02/2016 Male 69 66.5 1.9 14.2 50.3 15.3 41.1
09/03/2016 Female 70 37.0 1.8 36.6 57.2 11.3 23.0
20/04/2016 Female 69 42.1 1.1 43.1 74.3 11.2 22.6
12/05/2016 Male 86 38.0 1.7 32.4 56.1 22.5 29.7
23/05/2016 Female 85 55.6 5.8 24.9 52.4 15.7 34.7
09/06/2016 Female 57 51.8 1.8 25.2 50.7 17.0 40.4
26/08/2016 Female 81 51.9 2.2 30.7 73.0 14.8 20.6
26/08/2016 Female 70 56.7 2.9 213 52.3 15.7 30.2
07/09/2016 Female 69 53.0 1.5 28.0 72.1 16.1 22.7

Average 72.5 + 8.4 53.3 + 10.9 26+ 1.5 25.9 + 9.5 55.2 + 15.2 15.5 + 3.0 34.2 + 14.3

Enrichment (fold-increase) 0.05 2.13 2.21
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Figure 1.4 - Fluorescence flow cytometry of human bone marrow mononuclear cells (hBMMNCs). Frequency
of Stro-1* (a, ¢) and CD146* (b, d) hBMMNCs in the BM, before and after enrichment of the Stro-1* population by
MACS, and following cell expansion under basal culture conditions (passages O to 3). Values represent mean = SD
(N = 4; *p < 0.05; ***p < 0.001, with p-values obtained using the one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test).

1.6. Summary

Skeletal stem cells offer great potential for use in tissue engineering and regenerative
medicine of bone and cartilage. Indeed, SSCs could pave the way for precision medicine to
become common practice in routine clinical procedures in the musculoskeletal arena, with
the potential to bridge the gap created by the exacerbated health concerns originating from
an aged society.

However, to date, an efficient protocol to achieve homogeneous SSC populations with
consistent regenerative and proliferative capacity is yet to be developed. Approaches using
for example the Stro-1 antibody have long been tested and optimised but, as revisited in
this work, are unspecific or target an antigen that displays transient expression at the cell
membrane, in keeping with recent findings from Fitter et al.*> Combinatorial approaches
using two or more markers simultaneously have been used*® but still lack the purity required
to guarantee the efficacy of enriched SSC populations in clinical applications.

Solutions to this challenge may include the search for novel markers that are specific
to the SSC by means of phage display, DNA libraries, aptamer selection, or by the identifi-
cation of specific transcriptomic patterns at the single cell level that would allow sorting
SSCs based on the expression of particular mRNAs. However, while the search continues,
alternative solutions should contemplate approaches that do not depend on antibody se-

lection, but rather on intrinsic biophysical properties of SSCs, and are thus label-free. These
43




strategies are also attractive as they deliver cells in an unaltered state for further analysis
or application.

The following chapters explore the hypothesis that SSCs hold a unique biophysical
fingerprint and investigate the potential to use label-free methods based on microfluidics
to deliver homogeneous populations of skeletal stem cells from primary human bone mar-

row tissue.
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Chapter 2

Microfluidics: Physics and Cell Sorting Applications

“l am an old man now, and when | die and go to Heaven there are two matters on which
| hope for enlightenment. One is quantum electrodynamics, and the other is the turbulent
motion of fluids. And about the former | am really rather optimistic.”

Sir Horace Lamb, 1932.

2.1. Laminar flow

The famous quote from Sir Horace Lamb in the epigraph highlights the challenge of
describing the turbulent motion of fluids. Werner Heisenberg is said to have alluded later
to a similar witticism when he compared the mysteries of turbulence to relativity rather
than quantum electrodynamics. In fact, turbulence remains today one of the greatest, un-
solved problems of Physics, being the subject of extensive modern research® and also one
of the seven Millennium prize problems for which the first discoverer will be awarded
$1,000,000 by the Clay Mathematics Institute.

Turbulent flow is found in the majority of examples of our interaction with fluid dy-
namics in everyday life, including the stirring of our morning coffee, the flow of water
around our bodies during an afternoon swim or smoke rising from a chimney in winter. In
turbulent flow, kinetic energy and inertial effects dominate over viscosity. For example,
coffee continues to swirl inside its mug long after stirring has stopped and so do our bodies
continue to move along the swimming lane after the last stroke. One thing that is repre-
sentative of turbulent flow is that it is chaotic and unpredictable.

The behaviour of fluids is intimately related with scale. Channels in microfluidics are
typically narrower than the width of a human hair, or 0.1 millimetres, which is close to the
limit of what our eyes are able to discern. At the microscale, fluid dynamics change and
flow is commonly laminar. In laminar flow, inertial effects are generally negligible and vis-
cosity dominates. This prompts the appearance of interesting phenomena, which are often
counter-intuitive as they contradict our day-to-day experience. For example, when bacteria
stop swimming their movement stops immediately, much like what would happen to a per-
son swimming in molasses. In a microfluidic device, two streams could flow side by side,
with no physical separation between them, without ever becoming mixed but by diffusion
(Figure 2.1a). At the macroscale, one example of laminar flow is the slow movement of a
glacier (Figure 2.1b).”

The transition from laminar to turbulent flow can be estimated by a dimensionless
number named after Osbourne Reynolds. The Reynolds number (Re) compares the magni-
tude of inertial and viscous effects and is given by Equation 1, with p representing the fluid

density, u the flow velocity, D, the hydraulic diameter and n the fluid viscosity.”™
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Figure 2.1 - a) Laminar flow within a microfluidic device. Image courtesy of the Folch Lab (albertfolch.wixsite.com).

b) Laminar flow of two flowing glaciers (Silverthrone and Klinaklini) from the Heiltskuk Icefield as seen from space.
Image courtesy of NASA. c) The author of this thesis investigating the effects of laminar flow at the macroscale
while visiting the Vatnajoékull glacier, in Iceland.

uD
Re=p h

(Equation 1)

D 4 X cross section area 4A
h= =

Wetted perimeter Poer (Equation 2)

When Re is lower than 1, viscous forces overwhelm inertia and the flow is laminar. Most
microfluidic applications work with aqueous solutions, in channels narrower than 0.1 mil-
limetres (100 pm) and at velocities up to 1 centimetre per second. When one applies Equa-
tion 1 to these numbers and to the density (~ 1 x 10° kg-m™) and viscosity (~ 1 x 102 Pa.s)

of water at a typical room temperature of 20 °C, Re is kept under 1.

1x103%x1x%x1072x100 % 107
Re < — < Re<1
1x1073

Consequently, flow in microfluidic channels is often laminar, and laminar flow is linear,

reversible, and predictable. This characteristic flow in microfluidics is the basis of many
applications found in ‘Lab-on-a-Chip’ devices. When Re is marginally higher than 1, inertial
effects come into play but flow remains laminar. The investigation of the effects of inertia
in this regime is the subject of a particular field called ‘inertial microfluidics’, which is fur-
ther described in section 2.3.4 of this thesis. Turbulent flow is only fully established at Re
> 3,000 and the transition from laminar to turbulent flow is usually found between 2,000
< Re < 3,000.7

2.2. Navier-Stokes equations and Poiseuille flow

The study of fluid mechanics is based on the assumptions that fluids can be treated as
being continuous and incompressible. Continuity postulates that the properties of a fluid
at the macroscale are the same as if the fluid were perfectly continuous in structure rather
than consisting of individual molecules.”>” For gases this is often not true, and the Knudsen
number (Kn) should be used to verify whether the continuity hypothesis holds. When the
Knudsen number is significantly smaller than 1, continuity is verified. Kn (Equation 3) com-
pares the molecular mean free path length (4 to a typical physical dimension (L), with K;
the Boltzmann constant, T the temperature, d the particle diameter and P the pressure. In

a microfluidic device, L would be the channel hydraulic diameter.
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For liquids, intermolecular spacing is similar to that found on solids and continuity is
typically verified. For example, there would be around 30,000 water molecules spanning
the width of a typical 10-pm wide microfluidic channel and over 30 billion molecules in a
cubic micrometre.” Indeed, microfluidics are at the macroscale to liquid water molecules
and microfluidic flow can be generally considered continuous whenever the scale length is
larger than 10 nanometres.”

Incompressible flow assumes that the mass density of a fluid remains constant. In other
words, pressure variations are not large enough to cause changes in the fluid density. Flows
with speed much slower than the speed of sound (340 m-s™ in air and 1 484 m-s! in water)
are termed incompressible.”* For example, for water a hundred-fold increase in pressure
leads to less than 0.5 % decrease in volume.™

The Navier-Stokes equations (Equation 4) are based on the principles of the conserva-
tion of mass, energy and momentum” and describe the motion of Newtonian fluids. For
Newtonian fluids, viscous stresses are directly proportional to the applied shear rate with
the constant of proportionality defining the fluid viscosity.” Most liquids comprised of a
single type of molecules are Newtonian. Blood is an example of a non-Newtonian fluid as
its viscosity decreases with increasing shear rates helping it flow through narrow capillar-
ies.”

The Navier-Stokes equations (Equation 4) are analogous to Newton’s second law of
Physics (Equation 5) with force terms found on the left hand side, including the pressure
gradient (-VP), viscous effects (nV°u) and body forces (f) like gravity; and inertial acceleration
terms falling on the right hand side. Because the equations are applied to fluids, mass and

force densities are used rather than discrete dimensions.

o)
VP +nViu+f=p [6_1; + (u- V)u] (Equation 4)

F=m-a (Equation5)
V-u=0 (Equation6)

Equation 6 is the continuity equation, which is derived from the assumption that the
fluid is incompressible and the mass density is constant in both space and time.”>”® The
non-linear inertial acceleration terms of the Navier-Stokes equations are particularly diffi-
cult to resolve, which explains why turbulent flow remains an unsolved mystery. However,
when the flow is laminar, as happens in the vast majority of microfluidic applications as
seen in section 2.1 of this thesis, the non-linear inertial terms become negligible and the

equations can be significantly simplified to the linear Stokes equation (Equation 7).”

—VP +nV2u+f =0 (Equation?7)
The Poiseuille solution to the linear Stokes equation describes the flow velocity profile
of a Newtonian fluid flowing due to a pressure gradient in an infinitely long channel. One
important condition for the Poiseuille solution is the no-slip boundary condition, which

assumes the velocity of a fluid immediately adjacent to the wall to be the same of the wall
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itself.”>">"" This assumption is simple and generates results in agreement with macroscopic
observations.”* A simple derivation of the Poiseuille solution is found for flow between two
horizontal stationary plates of infinite dimensions separated by h (Figure 2.2a). The plates
are parallel to the xy plane and a constant pressure difference is maintained over a segment
of length L. The flow is purely axial and only u, is non-zero, with u, a function of y and z

only. Under these assumptions and ignoring body forces, equations 6 and 7 can be further

simplified.
5P 5%u, 8%u, ]
S +7 5y? + 52 )= 0 (Equation 8)
6P 6P
@ =5, = 0 (Equation9)

As the plates are infinite in the y direction, the y co-ordinate drops out.”” Assuming the
no-slip boundary condition, the solution to the differential equation of the velocity profile
assumes the form of a parabola (Equation 10), and the flow rate (Q) is given by the integral

over z and a section of width w (Equation 11).”>7"”

AP
u,(z) = m(h —2z)z (Equation 10)

h3w
121

Q= AP (Equation 11)

AP
Q =— (Equation 12)
Ry,

From Equation 12, the flow rate can be related to the pressure drop by a defined meas-
ure that is equal to the hydraulic resistance (R,) of a channel. R, is a function of the channel
cross-sectional shape and an important consideration in the design of most microfluidic
devices. The Hagen-Poiseuille law (Equation 12) is analogous to Ohm’s law for electrical
circuits.” In fact, analogies to electrical circuits can be found to every hydraulic relation and
often help in circuit problem solving.”

There are solutions to the Navier-Stokes equations for different channel cross-sec-
tions. Equations 13 to 15 show the equivalent solutions for a channel of a circular cross-
section of radius R.”

AP ) ) .
v (r) = 47)_L(R —7r%) (Equation 13)

R* ]
Q= 817_LAP (Equation 14)
8nL .
n= (Equation 15)

The parabolic flow velocity profile resembles what would happen if one pulled the mid-
dle card from a deck while holding the top and bottom cards stationary (Figure 2.2b). The
velocity of the fluid is null at the walls and is maximum at the midpoint between the two
sheets. In between, the velocity decreases from the centre towards both walls as the fluid

moves in parallel thin layers that slide and exert viscous shear stress upon each other.
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The behaviour of the fluid as independent thin layers defines laminar flow with the
term ‘laminar’ originating from the Latin ‘lamina’, which means very thin layer. The imagi-
nary lines between these laminae are called streamlines. Laminar flow and the parabolic
flow profile are two important notions to understand the fluid behaviour at the microscale.

Laminar flow offers outstanding control over fluid dynamics and its underlying phe-
nomena translate into most advantages of working with microfluidics other than the obvi-
ous reduction in costs and sample use. These include the possibility of integrating fluid
handling with microelectronics and micromechanical systems (MEMS) in a single device al-
lowing to conduct the steps of sample preparation and analysis in a ‘sample in, answer out’
fashion, the so-called micro total analysis systems (UTAS), as proposed by Andreas Manz
in 1990.”® Moreover, many phenomena are faster at the microscale as is the example of
thermal diffusion, which scales with the square of the layer thickness. Smaller scale also
typically leads to an increase in the sensitivity of sensing applications and to an increased
magnitude of many applied forces, such as in dielectrophoresis or magnetophoresis.

One application of microfluidics of particular interest to this thesis is label-free particle
sorting (LAPASQO). As the term suggests, microfluidics offers the possibility of sorting par-
ticles without the need for antibody labels but rather relying on the particle biophysical
properties which include size, deformability, shape, dielectric and acoustic properties,
among others®. This is invaluable for the perspective of sorting cells for which a unique
marker has not yet been identified, such as the SSC. These methods have been extensively
studied to isolate rare circulating tumour cells (CTCs) from the blood of patients with met-
astatic cancer. However, despite their promise no such approach has been directed to sort-
ing SSCs from human BM. Section 2.3 shows examples of LAPASO approaches focusing on
their potential application to SSCs. This work resulted in the publication of a review article®
in the peer-reviewed journal Biotechnology Advances and summarises the best examples

found in the field up to the date of submission in early 2016.
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Figure 2.2 - Unidirectional pressure-driven flow between two stationary plates of infinite dimensions separated
by h. The Poiseuille solution to the simplified Navier-Stokes equations shows the formation of a flow velocity
profile that takes the form of a parabola satisfying the no slip boundary condition that dictates that the flow
velocity at the wall is equal to the velocity of the wall itself, which in this case is null. b) The shape of a card deck
when the middle card is pulled while holding the top and bottom cards stationary resembles the parabolic flow
velocity profile. The cards behave as the fluid laminae exerting shear stress when sliding over each other.
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2.3. Label-free Particle Sorting

LAPASO has been the subject of extensive research during the past decade. The ad-
vantages of sorting cells label-free are mostly that by evading the use of antibodies the
issues associated with cell heterogeneity and the lack of antibody specificity are averted. In
addition, sample preparation is typically significantly simplified and systems tend to be
easier to use.

Sorting CTCs from the peripheral blood of cancer patients has been the holy grail of
LAPASO. This is due to its clinical relevance as much as to its difficulty. Indeed, CTCs can
reveal important information about a patient’s survival prognosis and can also direct per-
sonalised cancer treatment as well as provide a means to understand metastasis and the
biology behind cancer development. However, the number of CTCs in 1 millilitre of periph-
eral blood can be as low as 1, and in the same volume, one can find 4 to 11 million white
blood cells (WBCs), 300 million platelets and approximately 5 billion red blood cells
(RBCs).”?5° This makes this quest equivalent to searching for one individual within the entire
human population, with the added requirement that it needs to be done fast. For this rea-
son, the literature in the LAPASO field is dominated by examples centred on CTCs and the
best examples are summarised in the following sub-sections of this thesis.

Label-free sorting of SSCs is however no easier task. While the frequency of the SSC in
the BM is typically higher than of CTCs in whole blood it is still most likely the rarest cell
type in BM.* Additionally, BM samples are significantly more complex than whole blood
comprising over a score of different cells and progenitors as well as fat and potentially soft
tissue and bone debris.** Because examples of work regarding label-free sorting of SSCs
are very limited, the following sub-sections include examples found with different types of
stem cells and progenitors. Section 2.4 provides a summary of the best examples in the

field and puts them in perspective to the future of the field for the SSC.

2.3.1. Affinity-based

By definition, affinity-based sorting methods are not label-free. However, owing to the
phenomena described in section 2.2, microfluidics has contributed to the development of
affinity-based methods with enhanced efficiency which significance should not be omitted.

One of the first examples combining microfluidics with immunocapture dates back to
2007 when Sunitha Nagrath developed the CTC-chip.®' The device was designed with the
purpose of capturing CTCs from the peripheral blood of cancer patients. It consisted of
78,000 epithelial cell adhesion molecule (EpCAM) antibody-functionalised microposts that
increased the surface area of the device approximately 3-fold and promoted cell-antibody
interactions. The posts were arranged in an equilateral triangular array, which was shown
by simulation to be the most hydrodynamically efficient geometric arrangement and to cre-
ate non-linear streamlines promoting cell-antibody contact. Every three rows, the posts
were shifted to ensure that cells following streamlines between the microposts were forced
to collide with posts located downstream (Figure 2.3a). The device was operated at a flow
rate of 1-2 mL-h™! to promote maximum interaction whilst limiting shear forces to maximise

the probability of attachment. Under these conditions, more than 60 % of all CTCs spiked
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in whole blood could be recovered, and the detection of CTCs in 115 out of 116 cancer
patients from disparate cancer backgrounds (lung, prostate, pancreatic, breast and colon
cancer) was demonstrated (Figure 2.3b). Applying a different principle, the same group
later developed the herringbone-chip, which increased the probability of cell-antibody in-
teraction through passive mixing of blood cells caused by the generation of micro-vortices
from the chevrons on the device surface (Figure 2.3¢).®? The device was able to recover over
90 % of CTCs spiked in whole blood and could detect CTCs in 93 % cancer patient samples.

Brian Kirby’s group developed devices that used antibody-functionalised silicon mi-
crostructures to induce size-dependent collisions.®* These devices, termed geometrically-
enhanced differential immunocapture (GEDI), were designed to distort streamlines so that
the cell displacement caused by impact with obstacles increased the probability of future
impacts for larger cells, such as CTCs, in detriment of smaller cells, such as WBCs (Fig. 2d,
e). The obstacle shape and array geometries can be tuned to address specific cell size
thresholds depending on the application (Figure 2.3d, e). GEDI devices were able to recover
over 85% of prostate CTCs spiked in whole blood and detected CTCs from the peripheral
blood of 18 out of 20 patients, at a processing rate of over ten million cells per minute.®
GEDI devices have also been shown to isolate breast and gastric cancer cells,®* and to enable
on-chip functional characterisation of CTCs.%*%* The GEDI principle has also been coupled
with dielectrophoresis (DEP) to further increase the probability of antibody interaction by
the addition of an external force generated by an electric field.”®’

Finally, as an example of an affinity-based approach applied to progenitor cells, one
study has reported encapsulation of cells from digested human periosteal tissue into mi-
croscale water-in-oil droplets, generated using a T-junction microfluidic flow. The encap-
sulated cells were analysed on the same device using a micro-FACS system identifying Stro-
1*-labelled progenitor cells.®® Although this was not a sorting device, it showed the poten-
tial for developing a novel microfluidic sorting technology for rare stem cell populations.

The examples of affinity-based microfluidic sorting techniques shown above demon-
strate encouraging performances in terms of efficiency and throughput. However, some
limitations must be accounted for, as for example, when used for positive cell selection,
rare cells need to be released after capture. This is done by either applying shear stress or
through enzymatic digestion of the coupling ligands but both methods can harm viable
cells.®* However, important advances have recently been made using e.g. thermo- and
mechano-sensitive smart polymers to increase release efficiency and cell viability.*** Re-
garding SSC isolation, positive selection would lead to impure populations owing to the
absence of selective antibodies. Negative selection using affinity-based microfluidics that
capture contaminant cells on chip is generally inefficient for sorting rare cells as the devices
can become clogged by the contaminant cells. Consequently, label-free microfluidic sorting
techniques or methods offering continuous-flow negative selection for sorting SSCs, are

likely to be advantageous over an immunocapture affinity-based approach.
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Figure 2.3 - Affinity-based cell sorting. a) Simulation of cell trajectories in the equilateral triangular arrays. Red
dots indicate cell-ending positions. b) Scanning electron micrograph of a CTC captured after contact with an
EpCAM-functionalised micropost®. c) Comparison of cell surface interactions between the herringbone chip and
a flat-walled microdevice. The probability of cell-antibody interaction is increased by passive mixing caused by
the generation of micro-vortices from the chevrons at the device surface.® d) Cell trajectory simulation in GEDI
devices predicting the frequency of cell-obstacle collisions®. e) Size-dependent trajectories of cells flowing in
GEDI devices®. Pathlines (various colours) denote trajectories of cells of different diameters (1-25 pm). Cell dis-
placement caused by impact with the obstacles increases the probability of future impacts for larger cells pro-
moting contact with the antibodies. The array geometry (e.g. obstacle diameter, 2r) can be adjusted to address
specific size thresholds. Image adapted from Xavier et al.®?

2.3.2. Deterministic Lateral Displacement

Deterministic lateral displacement (DLD) is fundamentally a size-based sorting tech-
nique. It was first described in 2004°* and it is capable of high-resolution fractionation, in
the order of 2 % in particle size.”* It consists of arrays of micropillars in a microchannel,
typically cylindrical in shape, and equally spaced (G), with each row shifted by a small dis-
tance horizontally (AN) with respect to the previous (Figure 2.4a). After N rows, two pillars
are found in the same horizontal position defining the period of the array. The flow is
laminar and the main flow stream is split by the pillar array into N parallel laminae with
identical flow volumes. Figure 2.4a depicts a hypothetical DLD device with period 3. When
cells in a streamline encounter an obstacle, they reach a critical decision point in which
their behaviour is determined by the critical separation size of the microarray. The critical
size (Do) corresponds to the width of the streamline found closest to the obstacle and has
been empirically determined to be approximated by Equation 16.9%

Dc = 1.4G X N™%*8  Equation 16
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Figure 2.4 - Deterministic Lateral Displacement. a) Size-based separation in a DLD device with period N=3.
Cylindrical obstacles with diameter Dosr, are separated by a gap G and the row shift fraction is given by AN. A
equals G+D,.« and O is the angle of the pillar array in relation the main flow direction. The micropost array divides
the flow going between two posts in 3 parallel streamlines with identical flow volumes. The width of the streamline
closest to the post determines the critical size for separation (Rc). Smaller, red particles, flow in zigzagging mode
and suffer no net total displacement. Bigger, green particles, with radii larger than the critical separation size (R«
> Ro) are deflected at each critical decision point flowing in bumping mode and being laterally displaced at the
end of the array. b)'® shows an example of the operation and principle of sheathless DLD devices. d) shows the
128 parallel DLD arrays used in the most recent version of CTC-iChip to debulk whole blood at 15-20 million
cells-min=.** Image adapted from Xavier et al.*

At each decision point, if the cell diameter is smaller than D, the cell is mostly affected
by the first streamline and remains unperturbed, zigzagging through the obstacle array.
However, if the cell radius is larger than the width of the first streamline (Rc = D¢/2) then it
will be forced to change streamlines and effectively be ‘bumped away’, or more correctly,
laterally displaced. This phenomenon is repeated upon interaction with every post so that
cells larger than D will end up completely separated from the initial input flow.%**

Several adaptations to the original DLD principle have been developed, sorting particles
according to additional physical properties such as shape,®® deformability,*** density,*® and
acoustic® and dielectric properties.®! The basic rationale is that an additional force
changes the apparent radius (and/or trajectory) of the particle. For example, at high pres-
sure, a more deformable particle is squeezed by shear stresses upon interacting with the
posts thus appearing smaller.”® Beech et al. explored this effect to show how different red
blood cells (discocytes, stomatocytes and echinocytes) had different deformability pro-
files.®® More recently, the same principle was applied to sort T-lymphocytes from neutro-
phils according to differences in their deformability.®”

To date, DLD has been used to sort different particles including beads, bacteria, para-
sites, CTCs and blood cells. See McGrath et al. for a comprehensive review.” There are
however no examples of stem cell sorting by DLD. One application regarding tissue engi-
neering purposes was the use of DLD to separate two immortalised cell lines, one fibro-
blastic and one epithelial, mixed in equal proportions to mimic cardiomyocytes and non-
myocytes from a cardiac tissue digest.!®* The same group also demonstrated isolation of

cardiomyocytes from primary cardiac tissue digests with a purity of 91 %." However, the
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size differences were large, the throughput was relatively low (~20,000 cells-min™) and the
cardiomyocyte recovery efficiency was just 30-35 %. High throughput is most important for
sorting rare cell populations such as SSCs from BM, where large sample volumes and cell
numbers must be analysed. Likewise, recovery efficiencies need to be maximised to avoid
losing rare target cells.

Traditional DLD devices typically operate at flow rates up to a few microlitres per mi-
nute and require sheath flow which introduces significant dilution of the sample at the
outlets.” To improve throughput, devices can be operated in parallel and/or with no sheath
flow. Of relevance to SSC sorting, Inglis et al.*** showed a 10-fold enrichment of leukocytes
from whole blood, with 98 % recovery efficiency. Blood samples were sorted undiluted and
the volumetric throughput was increased to 115 pL-min™* when using 6 parallel arrays.

Sheathless DLD devices have also been developed for sorting rare cells. Two mirrored
DLD arrays with triangular posts were used to displace and concentrate target cells. Breast
and prostate cancer cell lines spiked (1:300) into diluted blood were separated at flow rates
of 10 mL-min.'® A recovery efficiency of 86 % was reported but as many as 5 in every 100
cells in the input were cancer cells and the output was still highly contaminated with blood
cells (>80 %) (Figure 2.4b). Despite the high flow velocities achieved (~1.5 m-s™) the cells
were shown to remain viable after separation. Liu et al.'*® sorted two breast cancer cell lines
spiked at a ratio of 1:10,000 in diluted blood. Isolation efficiencies of 99 and 80 % were
achieved at a flow rate of 2 mL-min™ translating into a higher efficiency at a similar through-
put as the target rare cells were significantly more diluted.

A high-throughput DLD system used for de-bulking and pre-processing samples used
24 parallel, mirrored arrays. It could process blood to remove RBCs and platelets at flow
rates up to 8 mL-h™.*°"®® Combining DLD with subsequent magnetophoretic sorting based
on the intrinsic magnetic susceptibility of the haemoglobin-positive progenitor nucleated
RBCs found in the peripheral blood of pregnant women showed over 1,000-fold enrich-
ment.'” Recently, DLD was combined with magnetic-bead based depletion of CD45* and
CD66b* WBCs, for CTC isolation, achieving 97 % recovery from patient samples, whilst re-
moving all RBCs and depleting WBCs by a 3.8-log ratio.'®® This device has been further
improved to include 128 DLD arrays and debulk blood at 15 to 20 million cells per second
(Figure 2.4¢).**

While the volumetric and cell sorting throughputs reported above are adequate for
sorting SSCs from human bone marrow, size differences on their own may not be sufficient
to sort SSCs by DLD. Nevertheless, DLD may be used as a passive, efficient and relatively
simple procedure to decomplex bone marrow samples prior to further selection by an ad-

ditional sorting technique.

2.3.3. Magnetophoresis

Magnetophoresis uses magnetic fields to manipulate particles. Cells can be sorted ac-
cording to their intrinsic magnetic susceptibility or based on superparamagnetic nanopar-
ticles bound to antibodies - a method termed immunomagnetic sorting. This is the principle

behind MACS, which is usually not label-free and requires highly specific antibodies.**
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Nevertheless, like affinity-based methods, magnetophoresis has been miniaturised in
microfluidic devices bringing the advantage of scale. Specifically it is much easier to gen-
erate well-defined, high magnetic field gradients at the microscale. Furthermore, when
used for negative depletion of contaminant cells, magnetophoresis does not depend on the
specific expression of a certain antigen by the cells of interest. As mentioned in section
2.3.2, it has been used to improve the purity of target cell populations in continuous-flow
in combination with DLD."'*® A similar approach could be applied as a sorting strategy for
SSCs, where contaminating cells like monocytes, are often found in the final SSC cultures
since they are mononuclear, and can adhere to tissue culture polystyrene in the presence
of cell adhesion proteins present in foetal calf serum. Monocyte depletion could be achieved
by negative depletion with CD14 or CD45 antibodies since neither are expressed by SSCs.

In magnetophoresis, cell movement depends on the different forces acting on it, which
in flow comprise magnetic, buoyancy, inertial and drag forces. The magnetic force will de-
pend on the volume of the magnetic particle (V,), the difference between the magnetic
susceptibility of the particle and the suspending medium (V x), and the square of the mag-

netic field gradient ((B.V)E), with p, being the permeability of free space.!®

WUy
B = ’;X (B-v)B (Equation 17)
0

As the magnetic susceptibility of the suspending medium is usually several orders of

magnitude lower than the magnetic particles used for sorting, Vx is often determined by
the susceptibility of the particles alone.’® When labelling cells with antibody-coated mag-
netic beads, the equation can be modified to accommodate the number of magnetic beads
on the cell surface that are conjugated to the antibody (B), the number of cell-surface
markers targeted (n), the fraction of these which was bound by the antibody (8) and the

number of antibodies which can bind to a single marker (A\).**°

ﬁm = %[jn@l(ﬁ . \7)§ (Equation 18)

Applications of magnetophoresis can be grouped into three categories: conventional
MACS systems, still the gold standard in magnetic separation, the quadrupole magnetic
flow sorter (QMS) and microfluidic-magnetophoretic applications. The concept of QMS was
introduced by Zborowski et al. in 1999.'! It uses four permanent magnets to create a quad-
rupole magnetic field with a centrifugal character deviating magnetic-labelled cells from a
central stream into the channel periphery, later separated by a flow splitter (Figure 2.5a).'*
Advantages of the QMS are its high throughput and recovery efficiencies, sorting over 1
million cells per second while retaining 95 % of the target cells.'*®

Important applications of the QMS include those from Chalmers and Zborowski’s group
in which human CD34" progenitor cells were sorted from peripheral blood samples by neg-
ative selection of leukocytes labelled with a tetrameric antibody cocktail*** or an anti-CD3
antibody,' achieving up to 4-log depletion of leukocytes without the need for labelling the
progenitor cells. Yang et al. sorted CTCs by negative depletion of CD45* cells after RBC-

lysis. The device achieved a 2.9 log-depletion of leukocytes and a 5.7 log-depletion of total
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blood cells from peripheral blood samples of cancer patients while recovering an average
of 22 CTCs per millilitre of blood.'™* Another interesting application by the same group
concerned blood debulking by depletion of RBCs down to 5 % of their initial value simply
relying on their intrinsic magnetic susceptibility, owed to haemoglobin.'

Microfluidic magnetophoretic systems have been used for positive selection of la-
belled-cells for many years, and these devices are commonly referred to as micro-MACS
(MMACS). When an antibody with high specificity is used, high recovery efficiencies are pos-
sible with excellent depletion of contaminating cells at high throughput. The work of Plouffe
et al.'*®* and Huang et al.'’” are two good examples in which the throughput was of the order
of hundreds of millions to a billion cells per minute. Plouffe et al.'*® reported recovery of
spiked CTCs or primary HSCs from whole blood with efficiencies of 88 % and 97 %, whilst
Huang et al.'’” successfully detected CTCs from cancer patients with recovery efficiencies
rounding 60 % to 70 %.

Given the lack of a specific marker for SSC, the magnetophoretic approach by negative
depletion is of interest. The work from Toner’s lab is notable for achieving a 3.8 log-de-
pletion of WBCs and CTC recovery efficiencies rounding 97% from whole blood.*"*% The
magnetophoretic stage of the system is able to continuously sort over 5x10° cells-min™. To
maximise efficiency, both labelled and unlabelled cells are pre-aligned in the magnetic field
by inertial focusing (Figure 2.5b). The magnetically labelled WBCs are deflected from the
focused streams in two serial stages. In the first stage, cells travel faster and are exposed
to a low magnetic field gradient, which typically deflects 99.9 % of all WBCs. The WBCs are
deflected to the centre of the channel rather than onto the channel walls in order to mini-
mise the formation of cell aggregates and the propensity of clogging the device. At the
second stage, the cell speed is slower increasing cell residence time, and the magnetic field
gradient experienced by the cells is increased. This provides a higher force, deflecting even
WBCs labelled with fewer than 6 magnetic beads per cell, ergo increasing purity.

Two publications describe devices that are totally label-free. Taking advantage of the
paramagnetic nature of deoxyhaemoglobin RBCs, over 93 % were removed from diluted
whole blood whilst retaining 97.4 % of WBCs, resulting in a 15-fold enrichment.'*®* Huang
et al.*” applied the same principle to sort nucleated RBCs (nRBCs) from the peripheral blood
of pregnant women for diagnosis of maternal and foetal health. DLD was used in a first
stage to remove RBCs and platelets from diluted blood at 6x102 cells-min-'. The sample,
now deprived of 99.99 % of the RBCs, was flowed through a commercial magnetic column,
like in a typical MACS application, which removed 99.9 % of all haemoglobin-negative cells
while retaining nucleated RBCs, resulting in an over 10°-fold enrichment. Using this system,
nRBCs were sorted from all 58 patients. Note that the nucleated erythroid cells represent
95 % of the Stro-1 expressing cells in the bone marrow,> representing the most abundant
contaminant population when isolating Stro-1* SSC by MACS. As the erythroid cells are
non-adherent, they can be easily removed after adhesion of the SSCs to tissue culture
flasks. However, when SSCs are needed immediately after sample collection, cell adhesion

is too slow and magnetophoretic removal of nRBCs could be a viable alternative.
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Figure 2.5 - Magnetophoresis. a) Representation of the quadrupole magnetic flow sorter with cells flowing in a

central channel and separation occurring when a magnetic field actuates on the labelled cells driving them away
from the centre of the device into a peripheral channel. b) Monolithic CTC-iChip. Magnetophoresis removed CD45*
and CD66b* cells from whole blood and detect CTCs.'* Image adapted from Xavier et al.®? and Fachin et al.***

2.3.4. Inertial Microfluidics

For Reynolds numbers in the range of 1 to 100 flow remains laminar but inertial forces
begin to play an increasingly important role in determining the behaviour of flowing cells
and their suspending medium.'*® The use of inertial effects to manipulate cells has resulted
in several applications for cell focusing and sorting, as well as sample decomplexing, which
have been previously reviewed.!*'?!

Inertial microfluidics generates forces acting on particles perpendicular to the main
direction of flow. In general, two counteracting forces are responsible for inertial effects.
The first is exerted by the presence of a boundary, typically the channel wall. The pertur-
bation of the flow field exerted by the cell and the reflection of this perturbation at the
closest wall will direct the cell away from it (F.s). In addition, the parabolic velocity profile
of Poiseuille flow described in section 2.2 induces a shear gradient lift force (Fisc), which
draws the particle away from the centre of the channel. For a cell of radius Rc flowing in a
channel with hydraulic diameter D,, and when the ratio R./Dh is in the range 0.05 and 0.2,

the wall and shear gradient lift forces are proportional to equations 19 and 20.*®2%122
2p6
pU”Re
Fp,
w Dh4—
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Dy,
Here u and p are the average flow velocity and the suspending medium mass density

(Equation 19)

Fpg .« (Equation 20)

respectively. When these two forces match, the particles are focused to an equilibrium po-
sition as shown schematically in Figure 2.6a. Neutrally buoyant spherical particles flowing
in a cylindrical channel spontaneously focus at an annulus with a radius of 0.6 times that
of the channel (Figure 2.6b). ** For square or rectangular channels, particles focus into 4
or 2 symmetric equilibrium positions, respectively (Figure 2.6b)."° Note that inertial focus-
ing is a function of particle to channel size ratio and also particle concentration due to
particle-particle hydrodynamic interactions.!**'* The rheological properties of the fluid,
particle shape and also particle deformability can all affect the lift force thereby causing
particles to focus at different positions. For example, discoid deformable particles, such as
RBCs in whole blood, experience a net lift force towards the centre of the channel, as de-
scribed by the Farhaeus-Lindqvist effect (Figure 2.6¢).11*121124
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Particle manipulation by inertial microfluidics can be further modified by the introduc-
tion of different structures into the micro-channels, such as curves, grooves, pillars, her-
ringbones or different cross-sections.!'*#*%%” Curved channels for instance, introduce ad-
ditional effects into the system due to the formation of a secondary flow, known as Dean
Flow, which arises from the fact that the fluid has to travel different distances along the
inner and outer sides of a curved channel resulting in different velocity profiles at different
radial positions. A set of secondary flows named Dean vortices are formed, with fluid near
the centre of the channel travelling outwards while fluid near the top and bottom walls
travels inwards to compensate and conserve mass (Figure 2.6d).''>'?%12%128 This |eads to lat-
eral migration of cells by the introduction of Dean Drag resulting in the alteration of the
initial inertial equilibrium focusing positions. The magnitude of these forces is estimated
through a dimensionless number, the Dean number (De, equation 21),**' and the force ex-
perienced by a cell is approximated by the expression in equation 22.*!

Dy,

De = Re
ZRC‘LLTVG

(Equation 21)

Fp = 5.4 x 107*mnDel*3R, (Equation 22)

Runeis the radius of the channel curvature and n the suspending medium dynamic vis-
cosity. Particles with different sizes will therefore focus to unique equilibrium positions
depending on the ratio of lift and drag forces (Figure 2.6d). The Dean force should not be
confused with centrifugal forces, which arise from a density mismatch between particle and
fluid, and are often negligible in microfluidics.!*120:126-128

Inertial microfluidics has been successfully used to sort progenitor cell populations.
Recently, Poon et al. designed a microfluidic spiral channel with a trapezoidal cross-section
to perform binary size fractionation of human BMSCs at 3 million cells per minute.’ Despite
some overlap between the larger 2r. = 21.9 = 5.3 um) and smaller cell populations (2r. =
14.8 + 2.4 ym), there was a correlation between the larger BMSCs and a commitment to
osteoprogenitor lineages in vitro, as well as an increased survival of lethally irradiated mice
after in vivo transplantation with the larger BMSC fraction. The same device was used to
separate cells by exploiting size differences between cell cycle phases.”** BMSC biophysical
markers such as size, nuclear fluctuation and deformability have been related to the dif-
ferentiation potency, associating smaller, softer and high nuclear fluctuation phenotypes
with increased multipotency.*®!

Dino Di Carlo’s group demonstrated label-free separation of adrenal cortical progeni-
tor cells from digestions of murine adrenal glands.'® The smaller progenitor cells were
isolated from the larger somatic cells and large clusters through different magnitudes of
inertial lift forces in a long rectangular channel. The progenitor cells were positioned near-
est to the channel walls, and sorted at rates of 24,000 cells per minute, though purity and
recovery rates were not reported.

In 2011, Bhagat et al. described a pinched-flow inertial microfluidic device for sorting
MCF-7 cancer cells spiked into diluted whole blood. Over 80 % of the cells were recovered
with a 5.5 and 4.1 log-depletion of RBCs and WBCs respectively. However, the purity was
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only about 0.025 % owing to the persistence of large numbers of RBCs at the sample out-
let.’** Later, Shen et al. combined inertial microfluidics with steric hindrance into a single
system achieving a 5.3 log-depletion of all blood cells in a sample diluted 40 times and
spiked with fewer than 1,000 CTCs-mL?, which was comparable to the work of Bhagat et
al. Recovery of 90 % of the CTCs equated to a purity of 20%."**

Finally, two publications used spiral micro-channels (Figure 2.6e) to sort CTCs spiked
into diluted™ or RBC-lysed whole blood.**® In the first example, 85 % of CTCs were recov-
ered, which along with a 9 and 3 log-depletion of RBCs and WBCs respectively resulted in
purities over 95 %.'* In the second, Warkiani et al. introduced an RBC-lysis step and im-
proved WBC depletion up to 4-log, resulting in a CTC purity of 80 %, which is an improve-
ment over the previous example since the starting CTC concentration was 5,000 times less
(100 compared to 5 million).**® Both publications also report the isolation and detection of
CTCs from patients with metastatic lung and breast cancer. Detection was achieved for all
patients in both cases™*"*®. A detailed protocol of Warkiani’s device was published re-
cently®” showing a multiplexed version that increased the device recovery efficiency to 85
% while retaining its high throughput.**®

Inertial microfluidic devices are typically associated with high flow rates, of the order
of millilitres per minute, and throughputs up to hundreds of millions of cells per minute.
As previously discussed, this feature is invaluable for sorting rare cell populations. How-
ever, the reported purities are only as high as 80% for relatively rare cell populations (100
CTCs'mL* RBC-lysed blood).”® These values are low compared with the required purity for
SSC applications. Consequently, inertial microfluidics for sorting SSCs from bone marrow

would need to be improved, or again combined with another sorting technique, to deliver

enhanced cell purity.

BC
&)
o
C
CTC+WBC

Outer Outlet Inner Outlet Sample In
Collection Collection

A-A

Figure 2.6 - Inertial microfluidics. a) Representation of particles flowing inside a circular channel with a typical

parabolic velocity profile, showing the two dominant inertial lift forces (wall, F., and shear gradient, Fs.) acting
on the particles and drawing them onto inertial focusing equilibrium positions. b) Examples of inertial focusing
are given for circular, square, and rectangular channels. c) Representation of red blood cells flowing in a capillary
evidencing the Farhaeus-Lindqvist effect with RBCs focusing in the centre of the channel and a cell-free layer
forming in the periphery. d) Formation of secondary flow Dean Vortices in a curved rectangular channel causing
differential equilibrium positions for different particles given the balance of inertial lift and Dean flow. e) Spiral

microfluidic channel used to sort CTCs from RBC-lysed clinical samples.*** Image from Xavier et al.®
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2.3.5. Acoustophoresis

The first reports of particle manipulation using ultrasonic waves date as far back as the
early 1900’s **° but it was not until recently that acoustic forces started being used on-chip
for continuous flow separation, combining small devices with higher resonance frequency
transducers to improve performance."**! The principles of acoustophoresis lie in the gen-
eration of an acoustic standing wave between two sound sources, commonly a piezoceramic
actuator facing a sound reflector. At a given frequency, when half the wavelength of the
ultrasound matches the width of the channel where the reflector is located, a standing wave
is generated (Figure 2.7a). Cells exposed to the pressure wave experience acoustic radiation
forces provided that their acoustic properties differ from that of the surrounding medium.
This force is given by the acoustic contrast factor ®, which depends on both the densities
of (p. and p.) and the speed of sound in (c. and ¢,) the cell and suspending medium, 442144

2
qb_pc+§(pc—pm) 1ppmc?
2p; + P 3 pcct

(Equation 23)

These forces can be divided into the primary radiation force (Equation 24) generated
from the standing wave, and the secondary Bjerknes forces, which arise from scattered
waves due to particle-particle interaction.'* Secondary Bjerknes forces are inversely pro-
portional to the distance between particles to the power of 4 and therefore become negli-

gible in most applications.'#%
Focoustic = 47TRc3Eack sin(2kz)® (Equation 24)

In equation 24, E, is the acoustic energy density, k the wavenumber (2mtf-cm™), and z
the distance between cell and pressure anti-node. From equations 23 and 24 it is intuitive
that particle sorting by acoustophoresis can be achieved through differences in cell size
(R), density (p.) or compressibility, which relates directly to the speed of sound inside the
cell (c).

The sign of the acoustic contrast factor determines whether the cell is pushed towards
a pressure node or anti-node. "¢ Cells with opposing contrast factors can be separated
by being concentrated in different locations inside the channel. Most commonly, acousto-
phoretic sorting is achieved using a single pressure node located at the centre of the chan-
nel.'*® Therefore, particles with positive contrast factors (most solid particles and cells in
aqueous conditions) are drawn to the centre of the channel, whereas particles with negative
contrast factors (air bubbles or oil droplets) are drawn to the pressure anti-nodes near the
channel walls (Figure 2.7b, ¢).**

When cells have similar contrast factors, separation can be performed based on size.
The acoustic force is directly proportional to the cell volume and therefore larger cells will
be displaced faster than smaller cells and can be collected in different outlets (Figure 2.7d).
Reviews on the detailed physics of acoustophoresis as well as applications can be found
elsewhere 140143,144.146

Using acoustophoresis, cancer cell lines have been sorted from RBC-lysed whole blood

obtained from healthy volunteers.*”*® Using tilted-angle standing surface acoustic waves,
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MCF-7, spiked at 3x10° cells-mL™, were sorted with 84 % purity and a recovery of 71 % of
the total cell number."® Augustsson et al. obtained higher purities when sorting prostate
cancer cell lines using a bulk acoustic wave but the best results were obtained with fixed
cells. DU145 cells could be sorted with a purity of 98 % and very little cell loss (3 %). PC3
cells behaved similarly to DU145 but results with LNCaP cells were disappointing, with re-
covery rates lower than 80 % and purity in the range of 60 %. The authors speculate that
differences in density and/or compressibility of these cells were responsible for the lower
efficiency. For live unfixed cells the best results were obtained again with DU145 but with
slightly lower purity (93 %) and higher cell loss (16 %). Recently, the same group demon-
strated sorting of fixed DU145 from WBCs with similar results but using a single-inlet two-
stage bulk acoustophoresis device.'* The first stage pre-positions all cells near the walls
of the device eliminating the need for sheath flow focusing. A second acoustophoretic stage
draws all cells into the centre of the channel allowing kinetic separation of the larger CTCs
in a central outlet (Figure 2.7e). It should be noted that in all these applications, CTCs were
spiked at concentrations of 10* to 10°-fold higher than those found in clinical samples.**°

With respect to rare progenitor cells, Dykes et al. used a bulk acoustophoretic device
to deplete platelets from peripheral blood progenitor cell (PBPC) samples obtained by leu-
kapheresis, ultimately for haematopoietic stem cell transplantation.** Platelets were de-
pleted by 88 % while almost 98 % of the leukocytes were retained. The authors also demon-
strated that the progenitor cells retained viability and maintained their colony-forming
ability post-sorting. The same group used immunomagnetic beads to alter the acoustic
properties of the cells to achieve improved separation.”** CD4* lymphocytes were separated
from RBC-depleted PBPC samples with 87 % purity and separation efficiencies of 65 %,
comparable to MACS. Cell viability was not affected and both the CD4* lymphocytes and

the non-targeted progenitors function was preserved.
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Figure 2.7 - Acoustophoresis. a) Formation of a pressure node and two anti-nodes when a fundamental reso-
nance frequency is applied with the width of the channel (w) being equal to half the wavelength of the ultrasound.
b) Particles with acoustic contrast factors with opposite signs (e.g. red blood cells and lipid particles) are focused
respectively on the pressure node and anti-nodes of the channel. ¢) and d) Examples of separation by acousto-
phoresis by a density-based, equilibrium method, and a size-based, kinetic method, respectively. e) Sheathless
two-stage acoustophoresis device used to sort fixed DU145 CTCs spiked into RBC-lysed whole blood. The first
stage pre-aligns the cells near the channel walls. At the second stage, the larger CTCs are focused faster towards
the channel centre and collected in outlet 2.'** Image from Xavier et al.®
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One aspect that stands out from all these applications is that in all cases separation
was achieved based on differences in cell size. In the one case in which cell discrimination
by size was not possible, CD4* lymphocytes were immuno-labelled to alter their acoustic
properties and allow separation.’ Sorting SSCs based solely on size differences is unlikely
to discriminate sufficiently, as SSCs are characterised by a broad distribution in size and
co-localise mainly with the monocyte population.® Additionally, antibody-labelling will not
provide an improvement over current SSC sorting techniques while a specific SSC marker is
yet to be identified. Most of the publications used samples that had been subjected to some
kind of decomplexation and with a high concentration of targeted cells. Given the rarity of
SSCs and the complexity of bone marrow tissue, none of these papers described a technol-
ogy that would be suitable for SSCisolation. Finally, only one publication reports a through-
put (300,000 cells/min)*? of the order of magnitude required for SSC isolation from a bone
marrow buffy coat, which can comprise over a billion cells. Thus, acoustophoresis may not
demonstrate the throughput required for sorting SSCs from bone marrow harvests. How-
ever, like DLD, acoustophoresis could be used for decomplexing and to enrich the SSCs in
a bone marrow buffy coat through size fractionation. Further purification could be achieved
in a two-stage acoustophoresis approach by immuno-labelling the remaining contaminant

cells in order to change their acoustic contrast factor.

2.3.6. Dielectrophoresis

When a biological particle is subjected to an AC electric field, it polarises due to the
accumulation of charge at interfaces such as the cell membrane and its surrounding me-
dium, leading to the formation of an induced electrical dipole.’®'*® Provided the electrodes
geometry creates a non-homogeneous electric field, this polarisation gives rise to a force
on the cell called dielectrophoresis (DEP). The cell can move towards or away from the high-
field regions, termed positive (pDEP) or negative (nDEP) DEP, respectively (Figure 2.8a). The
magnitude of the DEP force scales with cell volume and with the electric field gradient which
depends on the applied voltage and electrode geometry. The DEP force also depends on
the cell polarizability, which is frequency-dependent (Figure 2.8b).****® Please not that DEP
should be distinguished from electrophoresis, which results from the effect of a homoge-

neous DC field on a charged particle.
Fpgp = 2meR2Re(fo)VIE|?  (Equation 25)

gp _ém

= T 28, (Equation 26) with &=¢—jo/w

fem

In equation 25, €, is the absolute permittivity of the suspending medium, R is the cell
radius, V |E|* the gradient of the electric field squared, and Re(fcu) the real part of the Clau-
sius—-Mossotti factor which reflects cell polarizability. The Clausius-Mossotti factor (Equa-
tion 26) depends on the frequency of the applied AC field and on both the cell and sus-
pending medium complex permittivity (¢§) where j°’=-1, w is the angular frequency and €
and o the permittivity and conductivity respectively. The subscripts ‘p’ and ‘m’ refer to

particle and medium.
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Figure 2.8 - Dielectrophoresis. a) Schematic of the deflection of electric field lines by mammalian cells in a low
conductivity suspending medium. On the left, the typical response to low-frequency electric fields with field lines
bent around the cell creating a negative DEP force that pushes cells away from the high field region. On the right,
the opposite scenario is represented with field lines drawn to the surface of the cell, resulting in a force which
pulls cells towards high field regions. b) Theoretical model of the Clausius-Mossotti factor (few) as a function of
frequency for a viable cell in a suspending medium of conductivity 40 mS-m™. The response curves of three dif-
ferent cells differing in size (20 or 10 um), membrane capacitance (20 or 10 mF-m) or both, are represented. The
following parameters were used: membrane thickness, 5 nm, nuclear envelope thickness, 40 nm, nuclear radius,
5 um, medium relative permittivity, 78.5, membrane conductivity, 10-5 S-m=, cytoplasm conductivity, 0.6 S-m,
Nuclear envelope conductivity, 5x107, nucleoplasm conductivity, 2 S-m™, cytoplasm relative permittivity, 60, nu-
clear envelope relative permittivity, 20 and nucleoplasm relative permittivity, 120. ¢) Schematic of a possible die-
lectrophoresis sorting device including a region for focusing cells, a sorting region taking advantage of different

cell’s dielectric properties and a trapping region using positive DEP. Image from Xavier et al.®

For cell sorting, DEP is usually performed using a suspending medium of low conduc-
tivity. At lower frequencies, cells typically experience negative DEP. At higher frequencies,
cells experience positive DEP and are attracted to electrodes (Figure 2.8a)."***** The fre-
guency at which this response changes from nDEP to pDEP is called the cross-over fre-
qguency (f.,), and is cell dependent, varying primarily with the cell membrane capacitance
(Crem) and size.”>

V2

= 2R Corom

fro (Equation 27)

Cell populations with different membrane capacitance or size may therefore experience
DEP forces of different magnitudes and/or directions. Figure 2.8b shows a plot of the po-
larizability of three cell types with different sizes and membrane capacitance. Regions | and
Il represent frequency ranges in which all cells experience DEP with the same direction but
with different magnitudes. Region Il represents a frequency window in which cells experi-
ence DEP forces with opposite directions, allowing for selective DEP sorting. Many different
strategies have been developed to sort cells by DEP, including focusing, trapping, or de-
flecting cells into different flow streams (Figure 2.8c).>¢¢*

An early paper describing cell sorting with DEP used positive DEP to trap and enrich
CD34* human HSCs in leukocyte fractions obtained from the buffy coat of peripheral blood

and bone marrow samples.'** However, the final purity was low (just under 5 % CD34* cells)
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and the enrichment under 6-fold. Five years later, Wang et al. sorted CD34* HSCs (obtained
by MACS separation of peripheral blood), from a human breast cancer cell line originally
mixed 1:1 at a high throughput (1.2x10° cells-min=').!** The enrichment was almost 2-fold
with a final purity of over 99 % HSCs. The study included other separations such as the
enrichment of leukocytes in diluted whole blood and the separation of different leukocyte
populations. In this setup, a negative DEP force generated by electrodes on the bottom of
a microfluidic channel levitated cells to different heights depending on their dielectric prop-
erties and buoyancy. This force pushed cells into different equilibrium positions and there-
fore different flow streams thus leading to kinetic separation under the influence of the
parabolic flow velocity profile, in a technique known as field flow fractionation (DEP-FFF).*
Flanagan et al. showed separation of astrogenic and neurogenic progenitors from neural
progenitor/stem cell samples obtained from the cerebral cortex of mice brains. In their
recent publication,™ viable astrocyte progenitor-enriched populations were sorted by DEP
at a rate of 2,500 cells per minute. In these devices, interdigitated electrode arrays in a
microfluidic chamber were actuated with a 7 V,, signal at 1 MHz trapping all viable cells.
Sequentially, under a constant sheath flow, the frequency was lowered in 100 kHz deduc-
tions, releasing cells from the array according to their cross-over frequency. As the average
cell size was the same for different fractions, separation was based on differences in the
membrane capacitance of neuroprogenitors which was higher for astrogenic-committed
than neurogenic-committed cells. The dielectric properties of astrocytes, neurons and their
progenitors were characterised according to DEP trapping over defined frequency ranges.
165-167 Astrocytes were trapped at lower frequencies (300 kHz) while neurons only achieved
over 95% capture at 5,000 kHz. Interestingly, progenitor cells were trapped at intermediate
frequencies rounding 1,000 kHz.

Two publications demonstrate sorting of human BMSCs.'*®* One used a human im-
mortalised MSC cell line that differentiated to form osteoblasts. The two cell populations
were separately harvested, mixed together in a 1:1 ratio and processed at 300 cells per
minute through a microfluidic chamber with oblique interdigitated electrodes. Osteoblasts
experienced stronger positive DEP forces and were deflected laterally into a different outlet.
Although sorting efficiencies were not high (86 % and 67 % recovery efficiencies, for MSCs
and osteoblasts respectively), this work was an important proof of principle of sorting
BMSCs using DEP.*® Vykoukal et al. used DEP-FFF to enrich populations of NG2* putative
adipose-derived stromal stem cells from human samples.’® A 14-fold enrichment was ob-
tained increasing the amount of NG2* cells from round 2 % to over 27 %.

The MG-63 cell line is osteoblast-like and commonly used as a Stro-1* model for SSCs.
Their dielectric properties were measured by DEP and compared to another osteosarcoma
cell line, Saos-2, and human primary Stro-1-enriched SSCs.* Ling et al. took advantage of
the much larger size of MG-63 to sort them from erythrocytes by positive DEP using a
periodic microelectrode array, obtaining a purity of 83 % (11-fold enrichment),”* though
actual cell collection was not performed.

Apart from the work of Wang et al., in which cells were sorted at over 100,000 per

minute,'*® throughput in DEP is generally low. Additionally, most of the examples referred
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to above were performed on samples in which the target cells were not rare and with modest
enrichment. Although this is true for all the applications shown with progenitor cells, ex-
amples with higher throughput and enrichment can be found in DEP approaches to CTC
sorting. Moon et al. combined inertial microfluidics, using an expansion and contraction
array, with DEP to separate MCF-7 cells mixed with WBCs and RBCs in a 1 to 1 to 1,000
ratio.’”? At the end of the two separation stages, up to 75% of the cancer cells were recovered
with approximately 16% purity, representing a 160-fold enrichment. The total throughput
was higher than 1 million cells per minute, although this was mostly due to the initial in-
ertial microfluidics step. Shim et al. used a continuous flow DEP-FFF approach to sort a
breast cancer cell line spiked at a low frequency (50-600-mL™?) into the buffy coats of
healthy peripheral blood samples.'”® The frequency of the AC electric field was set between
the cross-over frequencies of the tumour cells and blood mononuclear cells so that the
cells experienced DEP forces of different polarity. The reported throughput was the highest
ever achieved for DEP sorting at up to one million cells per minute. Purities of 80 % were

achieved with a recovery of about 75 % of the spiked tumour cells.

2.4. Summary and prospects of label-free skeletal stem cell sorting

Microfluidic techniques for stem cell sorting are at an early stage and count with few
publications. However, label-free separation technologies exist and have improved over the
past two decades as evidenced by the progress in CTC sorting from complex or even clinical
samples. When sorting SSCs from BM, high purity is a significant concern with target values
of 100 % pure populations. MACS separation of Stro-1* cells provides a 950-fold enrich-
ment of SSCs over BMSCs,* a value which can be further increased to 2,000-fold by further
selection of CD146" cells.’® Such enrichment values are far above the best examples using
microfluidic techniques to sort stem cells.'*® However, they are within the range of enrich-
ment achieved for sorting CTCs!%* or nucleated RBCs'* from whole blood where over 10*-
fold and 10°-fold enrichment have been achieved respectively. Table 2.1 provides a sum-
mary of the best examples found for each technique. Table 2.2 and Table 2.3 show exam-
ples of each of the techniques discussed in section 2.3 for sorting stem or progenitor cells
and CTCs, respectively.

Given the rarity of SSCs in human BM, a high-throughput separation method is critical
to enable a practical number of cells to be sorted for clinical applications. Ideally, a
throughput of around one million cells per minute would be desirable for sorting bone
marrow buffy coat, or even higher for sorting non-processed bone marrow. With the ex-
ception of acoustophoresis and possibly DEP, most microfluidic sorting techniques have
now demonstrated very high throughput in the range of millions of cells per minute (Table
2..1). However, owing to the complexity of BM tissue and the heterogeneity of the SSC,
sorting SSCs from human BM with high purity and within a reasonable amount of time, will
likely require a combination of different sorting techniques rather than one technique in
isolation. For example, a decomplexing step based on cell size fractionation followed by a

refining step to increase purity.
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Also due to the complexity of BM, any sorting approach would likely benefit from initial
washes and straining to remove fat and bone debris as this would be hard to achieve on
chip without clogging. Further removal of RBCs using either density centrifugation or se-
lective lysis would result in a significant decomplexing of the sample to be processed. Cell
lysis is advantageous in terms of rapid processing and simplicity. Density centrifugation is
slower and is less than 100 % effective but, in addition to RBC removal, it is able to deplete
the sample partially of contaminating platelets and granulocytes.

Label-free separation approaches will depend on identifying unique biophysical fea-
tures of SSCs that render them distinguishable from other nucleated cells in the BM. High-
throughput single-cell characterisation techniques such as microfluidic impedance cytom-
etry (MIC)"* and real-time deformability cytometry (RT-DC)'”® can provide data on cell die-
lectric and cell mechanical properties. The next two chapters of this thesis explore these
techniques to address the size, dielectric, and mechanical characterisation of SSCs in order
to aid in the design of a label-free approach to sort SSCs from human BM with significant

physiological and therapeutic implications.

Table 2.1 - Summary of the best performance examples of the reviewed microfluidic label-free sorting techniques.

Technique Discriminating features Throughput Purity Enrichment Recovery Label-free

DLD Size, shape, 1.8 x 10° cells-min™ 98.7 %1 Deple&nggcosf‘gliaogelets 99 9 106

i , Yes
deformability 176 174—fold
Acoustophoresis cf,';‘;r;j:;;'my 3% 10° cellsmin® 2 98% 8.4-fold 98 % = Yes
10°-fold over RBCs *
) Size, density, 2.5 x 10° cells-min™ 7 7
Inertial deformability s 99 % * 1033_fold over RBCs 99 % 7° Yes
135
. 5 . 4
Dielectrophoresis . Size, 1.3 x 10 cells-min™ 99 % 1 10"-fold 92 %7 Yes
dielectric properties 172
3.8 , .
Magnetophoresis Magnetic susceptibility 4 x 10° cells-min* 50 %' 107"-fold * 97 % *® Yes, neg‘atlve
depletion
9 -
Affinity-based Antibody-labelling 1 x 108 cells-min™ 68 % = ~ 10°-fold *** 92 % No
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Table 2.2 - Current label-free microfluidic applications to stem and progenitor cell sorting. When not referred in
the papers, 5x10° and 5x10° red and white blood cells per millilitre of blood, respectively, were considered as

reference values for the performance calculations.

Ref. Sorting Method Cell types / Sample Throughput Purity Enrichment Re;z;/eery
. Affinity-Based Stro-1* progenitor cells from 1 pL-min! NJA NJA NJA
(u-FACS) human periosteal tissue 500-1,000 cells-min-!
Cell lines mimicking e cardio- Y
200 pL-
101 DLD myocytes and nonmyocytes s H mlf‘ L 97 % 1.9-fold 90 %
from cardiac tissue 10” cells-min-
Diluted rat cardiac tissue digests 80 pL-min’!
102 DLD 91% 1.5-fold 30-35%
(3.3 x 10° cells-mL™) 2.6 x 10* cells-min! ’ ° °
10 DLD Nucleated-RBCs from peripheral 216 pL-min! <0.01% > 10°—fold N/A
Magnetophoresis blood (diluted 1:2) 6x10° cells-min-! R
3 mL-min~*
#|nertial focusing Larger and smaller MSCs from | ) N/A N/A N/A
human BM after plastic adhesion 3 x 10° cells-min-
Adrenal cortical progenitors .1
h . 60 pL-min-
132 Inertial focusing from murine adrenal gland di- IJ4 min . N/A N/A N/A
gests (4 x 10° cells/mL) 2.4 x 10" cells:min
Peripheral blood progenitor cells 20 pL-min’! 3-fold
w1 Acoustophoresis sorted from platelets in leu- B . <50% 88 % - platelet 97.8%
kapheresis samples 3.5 x 10" cells-min- depletion
CD4* lymphocytes sorted from 30 pL-min’!
15 Acoustophoresis peripheral blood progenitor cell < N 87 % 4-fold 65 %
samples 3 x 10’ cells-min-
DEP HSCS;ZZ;“;SJ;"C’Z:E" and N/A 5% ~6-fold N/A
Human HSCs mixed 1:1 with a 100 pL-min"!
163 9 o
DEP cancer cell line (MDA-435) 1.2 x 10° cells-min-! 99 % 2-fold N/A
M(.)use net{ral ptogenitors frac- 0.5 pL-min’!
164 DEP tionated into viable astrocyte 5 N N/A 2.41-fold N/A
progenitors 2.5 x 10° cells-min-
C2C12 progenitor myoblasts 2 ul-min-! o
et DEP separated from their progeny H4 o gsagseﬁymnzostlii;; ~ 2-fold N/A
(myotubes) after differentiation <8 x 10” cells-min- -076 my
o,
1o DEP Immortalized hMSCs mixed 1:1 0.3 pyL-min! 84 % (hMSCs) 1.7-fold 26;;((2?;?_)
with differentiated osteoblasts 3 x 102 cells-min-! 68 % (osteoblast) 1.3-fold bolasts)
Putative progenitor cell§ sorted 1.5 mL-min-!
e DEP from human enzyme-digested B 28 % 14-fold N/A
adipose tissue ~2x10* cells-min~*
2.5 pL-min’!
e DEP MG-63 mixed 1:3 with RBCs HL-min 83 % ~11.4-fold N/A

1.3 x 10° cells-min!
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Table 2.3 - Current label-free microfluidic applications to circulating tumour cell (CTC) sorting. When not referred

in the papers, 5x10° and 5x10° red and white blood cells per millilitre of blood, respectively, were considered as

reference values for the performance calculations.

Ref. Sorting Method Cell types / Sample Throughput Purity Enrichment Recovery Rate
Human cancer cell lines spiked 17-34 ulomind 92% >65 %
RN - -min°
s Affinity-based (100 CTCs-mL™") in whole blood 7“ o ~10°-fold 115/116
9-17 x 107 cells-min o .
Cancer patients whole blood 52-67 % patients
PC-3 cells spiked (1,000 50 uLomin! 92 %
RN -min°
2 Affinity-based CTCs:mL™") in whole blood 1x 10:cells-min'1 14 % ~10°-fold 13-13,000 CTCs
Cancer patients whole blood 14/15 patients
LNCaP prostate cancer cell line
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Chapter 3

Mechanical Phenotyping

”

“The good thing about Science is that it is true whether or not you believe in it.

Neil deGrasse Tyson
3.1. Introduction

3.1.1. Cell Mechanics

Microfluidic label-free cell sorting techniques, covered in Chapter 2, are able to sort
cells based on particular biophysical properties that differentiate the cells of interest from
other cells in a heterogeneous mixture. Cell biophysical properties include, but are not
limited to, cell size, shape, stiffness, compressibility, density, intrinsic magnetic suscepti-
bility, and dielectric properties.

This chapter focuses on the mechanical phenotyping of SSCs, particularly SSC defor-
mation under flow. Cell stiffness/deformability is a biophysical property that gained sig-
nificant interest in the past decades and can be used to sort cells using microfluidic meth-
ods capable of high-throughput cell sorting, such as DLD or inertial microfluidics. Addi-
tionally, it has long been demonstrated that cell mechanical properties are intrinsically re-
lated to their cytoskeletal structure which translates to different cell states, function and
differentiation paths.®**%” For example, human BMSCs were shown to stiffen with both pas-
sage number and population doubling, with more deformable cells typically displaying an
enhanced differentiation potential.'®® A recent study has also correlated the elastic modulus
of BMSCs with their differentiation potency.'!

The elastic modulus, or Young’s modulus, is a measure of an object’s resistance to
elastic (i.e. non-permanent) deformation. A stiffer material will have a higher elastic mod-
ulus.’ There is a degree of variation within the elastic moduli reported for hBM-
SCs.131:184188190.091 Thege range from just over 0.2 kPa®™' to 8 kPa,**® with the higher values
being typically associated with cells of higher passage numbers or that have passed through
several passage doublings.

However, there has been no study of the deformability of SSCs in the context of a label-
free biomarker for cell separation. Separation by stiffness is based on the fact that two cells
of similar size but with significantly different mechanical properties will have different ef-
fective radii. Accordingly, the more deformable or compliant cell will be squeezed by shear
forces and therefore appear smaller than its actual size. For example, in 2014 Holmes et
al.”” showed that by deforming cells in a DLD device operated at increasing pressure (flow
rates) it is possible to discriminate between sub-populations of leukocytes (T-lymphocytes

and neutrophils) through a combination of size and deformation differences. Interestingly,
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this effect had already been alluded to in one of the very first publications on DLD by Robert
Austin’s group in 2006.'*

Due to the growing interest in cell mechanics, cell compliance, stiffness and deforma-
bility have been studied using disparate methods including atomic force microscopy,’®® mi-
cropipette aspiration' and optical stretchers.’®*'*® However, these methods are limited by
a low throughput, which is typically between 10 to 100 cells per hour, and are not applicable
to study rare and heterogeneous cell populations. Conversely, microfluidics offers alterna-
tives to perform high-throughput single cell mechanical phenotyping at rates of hundreds
per second, including the deformability cytometer developed in Dino Di Carlo’s group™ or
real-time deformability cytometry (RT-DC) introduced by Oliver Otto in Jochen Guck’s lab.*”
Since its introduction in 2015, RT-DC has been included in multiple publications studying
diverse biological phenomena including cytoskeleton alterations,**'* the BM HSC micro-
environment' or RBC infection with the malaria parasite.’®® The work presented in this
chapter studies the mechanical properties of enriched populations of primary human SSCs
while providing a direct comparison with other cell populations present in the BM, including
WBCs from human blood and a human myeloid progenitor cell line - HL-60.

This work was performed in collaboration with the Technische Universitdat Dresden and
Professor Jochen Guck’s research group. The concept desigh and device production were
carried out by Dr. Oliver Otto and the team of ZellMechanik Dresden, GmbH, a partner of
the EU LAPASO project that funded this PhD. The statistical analyses and the analytical
model that allowed the introduction of isoelasticity lines to the RT-DC scatter plots were
developed by Maik Herbig.'**** The work resulted in one of the first original research pub-
lications using RT-DC, published in the peer-reviewed journal Integrative Biology in early
2016.

3.1.2. Real-Time Deformability Cytometry

RT-DC is a contactless microfluidic technique for high-throughput screening of cell me-
chanical properties. Cells, suspended in a viscosity-adjusted medium, are hydrodynami-
cally focused and flow through a narrow constriction where they deform from a typical
circular shape into a bullet-like shape at steady state, due to shear and normal stresses
(Figure 3.a-c). Images are captured and analysed in real-time, at rates of hundreds of cells
per second, allowing to determine the cell cross-sectional area and circularity (0, given by

equation 28, where A is the cell projected area and [ its perimeter.

V2mA
l

(Equation 28)

Cells are characterised by their deformation (D = 1 - C), which defines the deviation of a
cell from a perfect circle (C = 1). Both cell deformation and size are displayed as scatter
plots (Figure 3.d). Because flow is laminar, larger cells are subjected to higher shear stresses
for flowing closer to the channel walls where the fluid velocity is slower. Thus, larger cells
will deform more than smaller cells with identical mechanical properties. To disentangle
both contributions, an analytical model was developed by calculating the hydrodynamic

flow profile around a moving cell in confinement and coupling the resulting surface stress
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to a linear elastic model.*® This model was recently further expanded to account for the
influence of cell deformation on the fluid flow with good agreement with the analytical
model used to date.'®® The model predicts the resulting deformation and introduces isoe-
lasticity lines to the scatter plots (Figure 3.d). The lines divide a typical deformation scatter
plot into areas of identical stiffness for multiples of a given elastic modulus E, (Figure
3.d).1752%0:202 This enables cell deformation to be determined independently of hydrodynamic

stresses thus permitting comparison between cells with significant size differences.
3.2. Results and Discussion

3.2.1. HL-60, MG-63 and Mesenchymal and Skeletal Stem Cells

MG-63, MSCs and SSCs are large cells with considerable size heterogeneity.'”® The con-
striction in the RT-DC device needed to be wide enough to allow the larger cells to flow
through, but not so large that smaller cells would not experience enough shear stress to
deform.’® HL-60 are generally measured using 20 x 20 um cross-section channels, but for
this work 30 x 30 um channels were used to accommodate the larger MG-63 and SSCs.
Consequently, the first experiments were to verify that the deformation of HL-60 (a model
for human haematopoietic progenitor cells) could be measured in the larger channels using
different flow rates (Figure 3.2). Indeed, the deformation of HL-60 increased with the flow
rate indicating that the 20 x 20 cross-section channels could be used. As a control, cells
were also imaged upstream of the constriction channel (reservoir) where deformation
should not occur. The same control was used for every cell measured in this study with RT-
DC.
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Figure 3.1 - Real-time deformability cytometry. (a) Schematic of the RT-DC set-up. (b) shows images of a single
cell deforming into the characteristic bullet-like shape in a 20 x 20 ym cross-sectional constriction within the
microfluidic chip depicted in (a); scale bar: 50 um. (c) shows the shear and normal stresses acting on a cell flowing
in the constriction channel; black arrows indicate stress directions; surface colour indicates magnitude and blue
lines show the flow profile in a co-moving reference frame. (d) shows deformation vs projected size (in um?) of
HL-60 cells, measured at 0.32 uL-s, including isoelasticity lines, which divide a typical deformation scatter plot
from a 30 um x 30 pm constriction channel into areas of identical stiffness for multiples of a given elastic modulus
(Eo). Solid black line highlights 50%-density contour. Adapted from Otto et al. Nat. Meth. 12, 199-202 (2015)."”
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Figure 3.2 - Real-time deformability cytometry. Deformation vs projected size (in um?) of HL-60 cells measured
in isolation at increasing flow rates (0.12 - 0.32 pL-s™). All scatter plots show deformation vs cell size (cross-
sectional area) and experiments were carried out using the 30 x 30 pym cross-sectional channel; colour indicates
density scale and each dot is representative of a single event from a total of 2,000 events. As a control, cells were
imaged upstream of the constriction channel (reservoir) where deformation should not occur. The 50 %-density
contour plots highlight the increase in cell deformation with no changes in cell size as could be anticipated.

To compare the deformability of HL-60 and MG-63, both cells were mixed in approxi-
mately equal numbers and measured simultaneously. The deformation scatter plot for the
two cell populations demonstrated a clear discrimination in size and deformation (Figure
3.3a and Appendix A, Figure S1). Using a two-dimensional mixture model***2% and linear
mixed models®®, as described in the Materials and Methods chapter of this thesis, MG-63
cells were observed to be larger (p<0.0001) and deform less (p<0.01) than HL-60 cells
(Figure 3.3b). Analysis of captured cell images (Figure 3.3f, g) confirmed that the HL-60
cells were smaller and observed to be more elongated (more deformed) than MG-63. As
previously described, larger cells are subject to higher shear gradient stresses as the cells
flow closer to the channel walls. The fact that MG-63 are larger and deformed less than
HL-60 cells indicates that MG-63 have a higher Young’s modulus.

SSC size and deformation were subsequently measured in isolation (Figure 3.3c and Ap-
pendix A, Figure S2). The population of small particles on the bottom left corner was debris
from the high ECM production of confluent SSCs. SSCs displayed a much broader distribu-
tion reflecting the population heterogeneity. This was expected given these are primary
cells from human samples enriched via Stro-1 antibody selection, but still represent a het-
erogeneous population. Despite the greater spread, the SSC population almost matches the
MG-63 osteoblast-like cells in terms of size and deformation. This can also be seen for the

representative images in Figure 3.3g and h.
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Figure 3.3 - Real-time deformability cytometry. (a) MG-63 mixed 1:1 with HL-60; (b) shows deformation vs
projected size (in pm?) of MG-63 and HL-60 combining events from 3 measurements unbiasedly allocated using
mixture models, with respective histograms demonstrating cell size and deformation distributions. The p-values
were calculated using 1-dimensional linear mixed models. (c) Stro-1*-enriched skeletal stem cells; (d) Human
bone marrow mesenchymal stromal cells and (e) Stro-1*-enriched skeletal stem cells mixed 1:1 with HL-60; All
scatter plots show deformation vs cell size (cross-sectional area) and experiments were carried out at 0.32 pL-s™
through the 30 x 30 um cross-sectional channel; colour indicates density scale and each dot is representative of
a single event from a total of 2,000 events. Images (f) to (h) show representative captures of the cells from (a, c,
e) with the red line representing the contour determined by image analysis in real-time.

Although it is hard to find agreement in the published values of the Young’s modulus of
MSCs, probably owing to the ambiguity of their definition and different tissue sources,*®
studies report that MSCs are typically stiffer than their differentiation progenies or similar
to osteoblasts.!®1901942%8 |n fact, the measurement of MSCs in isolation (Figure 3.3d and
Appendix A, Figure S3) shows a population that is heterogeneous in size and encompasses
the SSC population shown in Figure 3.3c. This supports the fact that SSCs are a sub-pop-
ulation found within the group of progenitors that represent the MSCs. Interestingly, Stro-
1-enriched SSCs differ significantly in deformation from MSCs (p<0.05), highlighting the
potential of RT-DC for label-free identification and sorting of stem cells.

Measurement of a mixture of SSCs and HL-60 cells together (Figure 3.3d and Appendix
A, Figure S4), displayed distinct populations to be present though with a degree of overlap.
SSCs were observed to be larger (p<0.001), however, their deformation was generally lower
than that of HL-60 (p<0.01), indicating higher stiffness. In a previous study it was shown
that HSCs derived from human BM are softer than HL-60.2"° Consequently, the current study
implies that SSCs are stiffer than human BM-derived HSCs.
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3.2.2. Mixed White Blood Cell and Skeletal Stem Cell populations

For label-free isolation of SSCs from human BM to reach successful clinical application,
SSCs should be significantly different from white blood cells. WBCs arise from HSCs, which
share their stem cell niche with SSCs in the bone marrow. WBCs can be divided into three
main populations: lymphocytes, monocytes and granulocytes, with neutrophils represent-
ing the vast majority of the latter.?®*"* WBCs were isolated from human blood samples by
selective lysis and measured by RT-DC. As shown in Figure 3.4a and Appendix A, Figure
S5, it was possible to discriminate between lymphocytes (Figure 3.4b) and granulo-
cytes/monocytes (Figure 3.4c¢), with lymphocytes being noted to be the smallest cells and
deforming less than granulocytes and monocytes (p<0.001).2*

It is broadly accepted that WBCs are highly deformable. Indeed, the inherent ability of
leukocytes to deform is important in their immune function and methods for determining
impaired WBC deformability have been previously proposed for the diagnostics of certain
conditions such as trauma or sepsis.!8>?#213

The scatter plots in Figure 3.4d (Appendix A, Figure S6) and Figure 3.4e (Appendix A,
Figure S7), show RT-DC data of human WBCs mixed with MG-63 or SSCs, respectively. The
data were analysed using a two-dimensional mixture model**%* and linear mixed models?®
(Figure 3.4f). These models reveal that all cell types could be discriminated based on size
and deformation with statistical significance. In fact, although being the largest cells inves-
tigated (p<0.001), MG-63 (p<0.01) and SSCs (not significant) deform less than granulo-
cytes and monocytes. The two WBC sub-populations are difficult to resolve in Figure 3.4d
and Figure 3.4e due to scaling, but comparison of these figures with Figure 3.4a shows that
the two sub-populations are located within isoelasticity lines (Figure 3.d) of lower Young’s
modulus indicating that both MG-63 and SSCs have a Young’s modulus superior to any
sub-population of WBCs.

This provides a possibility for exploiting novel mechanical-based sorting strategies for
SSC isolation. The fact that SSCs form a mechanically different sub-population within MSCs
of higher deformability clearly points in this direction and is in agreement with current
literature indicating that cells of higher potency tend to deform more.*®® Taking advantage
of the high-throughput of RT-DC, SSCs could be detected and sorted in real-time using an
integrated cell sorting mechanism. Alternatively, passive label-free sorting techniques such
as DLD or inertial microfluidics could be used as these have been shown to be sensitive to

differences in both cell size and deformation.®®°7214213
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Figure 3.4 - Real-time deformability cytometry. (a) White blood cells obtained from RBC-lysed human whole
blood. Images (b) and (c) show representative captures of WBCs flowing at 0.32 pL-s* through the 30-pm cross-
sectional channel. The red line represents the contour determined by image analysis in real-time. (d) MG-63
mixed 1:2 with human WBCs. (e) Stro-1*-enriched skeletal stem cells mixed 1:2 with human WBCs. Image shows
scatter plots of deformation vs cell size (cross-sectional area); colour indicates density scale and each dot is
representative of a single event from a total of 5,000 events. (f) Bar chart summarising size and deformation of
WBCs, HL-60, MG-63, Stro-1*-enriched skeletal stem cells and human BMSCs (MSCs) measured by real-time de-
formability cytometry. Values represent Mean = SD (N=3; *p<0.05, **p<0.01, ***p<0.001) with p-values obtained

using 1-dimensional linear mixed models.

3.3. Conclusions
This study has demonstrated significant differences in size and deformability between
skeletal stem cells, mesenchymal stromal cells and white blood cells. Critically, primary
human SSCs are stiffer when compared to HL-60, a myeloid progenitor cell line, and to all
main WBC populations (lymphocytes, monocytes and granulocytes) after RBC-lysis. This
suggests the use of cell deformability as a biophysical marker for label-free cell sorting
from human BM. However, SSCs were measured after expansion, following adhesion to tis-
sue culture plastic and thus it will be interesting to determine whether such large difference
is also observed for freshly harvested cells. At the time of this study, such measurements
could not be performed due to the complexity of BM tissue and the scarcity of SSCs, forcing
some sort of sample pre-processing and SSC enrichment. Recently, RT-DC has been cou-
pled with simultaneous fluorescence detection.?*® This would allow the identification of rare
SSCs within a heterogeneous sample by fluorescently labelling multiple SSC markers. A
similar approach is employed in the work presented in Chapter 4 of this thesis using fluo-
rescence and microfluidic impedance cytometry for size and dielectric characterisation of

SSCs in freshly isolated bone marrow samples.
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Additionally, given the bone marrow is a highly complex tissue with multiple cell types
displaying overlapping features, SSC isolation will not depend solely on their separation
from cells of the haematopoietic lineage but also from other adherent cell populations such
as fibroblasts or endothelial cells.****?'” These cells may be similar in size and/or deforma-
bility. Still, the findings here reported do demonstrate the potential of exploiting differ-
ences in cell stiffness within a new deformability-based strategy to improve SSC isolation
with significant implications and potentiate their clinical translation. Chapter 5 explores the
results here obtained in the development of a size and deformation-based cell sorting ap-

proach based on deterministic lateral displacement.

76



Chapter 4

Size and Dielectric Characterisation

“If you can’t explain it simply, you don’t understand it well enough.”
Albert Einstein, 1932.

4.1. Introduction

Skeletal stem cells are rare and are part of a heterogeneous cell population within the
BM. For this reason, to date, most work with SSCs has employed pre-enriched cell popula-
tions. A crucial step in most protocols to enrich for the skeletal stem and progenitor pop-
ulation is the isolation of cells that adhere to tissue culture plastic, mediated by the pres-
ence of adhesion-promoting proteins in serum, e.g. fibronectin.?’®* However, it is not clear
whether plastic adhesion alters the SSC phenotype from its original state in the BM micro-
environment. Following adhesion, SSCs are commonly expanded for several weeks before
assay, which can further alter their properties. Indeed, there is emerging evidence that hu-
man BM stromal cells become i) larger,**?7 ii) stiffer,'® iii) less proliferative,’*?** iv) display
increased heterogeneity?®** and v) display loss of multipotent differentiation potential?**?*
and surface markers®*® with passage. The latter has also been investigated within the
scope of this thesis, with results (shown in section 1.5) demonstrating a significant loss of
expression of the Stro-1-reactive antigen and CD146 with cell passage.

Microfluidic, label-free cell sorting requires a priori knowledge of the unique bio-
physical features that discriminate SSCs from other cells. As described in Chapter 2, most
label-free sorting techniques depend on cell size. Obvious examples include inertial mi-
crofluidics and DLD, which are fundamentally size-based sorting approaches. Likewise,
both the acoustophoretic and dielectrophoretic forces scale proportionally with cell volume.
Thus, to design a label-free sorting approach to isolate SSCs it is important to determine
the size of the SSC in its original state, i.e. before plastic adhesion and expansion.

Dielectrophoresis can also be used to measure the size and dielectric properties of
cells by analysing their response to an electric field with varying frequencies.’***#2% As
mentioned previously in 2.3.6, Flanagan et al. showed that mouse neural stem and precur-
sor cells (NSPC) have different dielectric properties compared to neurons and astrocytes.'
The same authors later showed that NSPCs displayed different DEP responses depending
on the population bias towards astrogenic or neurogenic lineages in both human'*® and
mouse?®*® cells. Using DEP, human embryonic stem cell lines were shown to undergo a sig-
nificant increase in membrane capacitance following differentiation into a MSC-like phe-
notype.?** DEP was also used to characterise the dielectric properties of expanded SSCs and
of MG-63 and Saos-2 cell lines, representative of early and mature bone cell populations
respectively.'”® However, DEP typically analyses cells in bulk and with relatively low through-

put.
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4.2. Microfluidic Impedance Cytometry

Microfluidic impedance cytometry (MIC) is a non-invasive, high-throughput single cell
characterisation technique that provides an accurate measurement of the size and dielectric
properties of cells in flow.”* High throughput is particularly valuable as it allows rare cell
populations to be studied. MIC was recently used to study the differentiation of rat neural
stem cells*®” and mouse embryonic stem cells (mESC).?**?*° The differentiation process of
mESC was associated with an increase in the cells membrane capacitance indicating the
potential of MIC to monitor stem cell differentiation.

In this thesis, MIC was used to characterise the size and dielectric properties of primary
SSCs derived from unexpanded BM samples. Cells flow through a microfluidic channel with
top and bottom electrodes connected to AC voltages at fixed frequencies (Figure 4.1a).
When a particle moves between the electrode pairs, a differential current flows in the sys-
tem. One pair of electrodes measures the electrical signal from the particle whilst the other
pair acts as reference. The change in electric current reflects the dielectric response of the
system and depends on the size, shape and dielectric properties of the flowing particle.
Impedance was measured simultaneously at two frequencies (500 kHz and 2 MHz). At a low
frequency (500 kHz), cells are insulating and for viable cells electrical impedance scales
linearly with cell volume. Thus, MIC provides accurate data of cell size. For absolute size
determination, and to eliminate drift and experiment-to-experiment variability, polymer
beads with a known size are mixed with the cells for reference. At 2MHz, it is possible to
detect changes in cell membrane capacitance, which reflects differences in the composition
and morphology of the cell plasma membrane (Figure 4.2), and can be used to sort cells
using DEP. However, to consider the influence of cell size at 2MHz, the measurement must
be normalised to the cell volume to give the so-called electrical opacity: the impedance
ratio at a higher to a lower frequency (2 MHz/500 kHz). Lower electrical opacity values
translate into higher membrane capacitance.

In this work, SSCs were pre-enriched using magnetic isolation of Stro-1* cells and pro-
genitor and SSC populations found within hBMMNCs were further identified with simulta-
neous CD146" fluorescent detection. The size and membrane capacitance of SSCs was com-
pared with other hBMMNCs, and analysed as a function of cell expansion and passage.
Changes in cell proliferation, alkaline phosphatase (ALP) activity, and the expression of
relevant genes of interest were also investigated. In addition, the dielectric properties of
SSCs were measured following osteogenic differentiation, thus assessing the potential of
MIC as a label-free method to track SSC differentiation. A diagram of this study with time-
points of analysis is shown in Figure 4.1b. This work aimed to emphasise the importance
of using unexpanded SSC cultures and to generate critical information on the biophysical
properties of SSCs in the human BM.

The fluorescence microfluidic cytometer was set up with the assistance of Daniel C.
Spencer, PhD, and the molecular laboratory work was coordinated by Maria C. de Andrés,
PhD. The work resulted in a publication in the peer-reviewed Journal of the Royal Society
Interface in mid-2017.%
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Figure 4.1 - (a) Diagram of the experimental protocol. Human bone marrow mononuclear cells (hBMMNCs) were
obtained by density centrifugation of BM samples and enriched by MACS sorting of the Stro-1* population. Before
expansion and at each passage and corresponding day in vitro (DIV), cells were analysed using microfluidic im-
pedance cytometry (MIC), flow cytometry (FC), alkaline phosphatase (ALP) activity, and/or quantitative reverse
transcription polymerase chain reaction (QRT-PCR). At passage 1, the same analyses were performed to detect
changes in cells following osteogenic differentiation. (b) Shows the impedance cytometry set-up including the
confocal-optical detection. Cells flow through the microchannel, passing between pairs of electrodes and the
optical detection region. The fluorescence properties of the cell were measured simultaneously with the impedance
allowing direct correlation of the electrical and fluorescent properties on a single cell basis.
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Figure 4.2 - Simulation (in MATLAB™) of impedance response. (a) 7-um polystyrene reference beads and (b-
¢) cells using a single-shell model with a suspending medium of conductivity 1.6 S‘m™. The data shows three
different cells, which differ in size (8 to 12 um), or membrane capacitance (10 to 20 mF-m=). d) and e) Impedance
response of the cells normalised to the reference beads. The two frequencies used in the study to calculate cell
size (500 kHz) and opacity (2 MHz) are indicated by vertical dashed lines. Coloured full and dashed lines represent
the real and imaginary parts of the signal respectively. The following parameters were used: membrane thickness,
5 nm, medium relative permittivity, 78.5, membrane conductivity, 10~ S‘m™, cytoplasm conductivity, 0.8 S‘m™

and cytoplasm relative permittivity, 60.
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4.3. Results and Discussion

4.3.1. Cell Size

In this work, a custom-made impedance cytometer was coupled with simultaneous
fluorescence detection to provide an accurate size measurement of fluorescently labelled
SSCs (Figure 4.1a). Figure 4.3a shows an impedance scatter plot of Stro-1" unexpanded
hBMMNCs obtained from one individual patient. For individual impedance scatter plots of
six patient BM samples see Appendix B Figure S8. Fluorescence detection uniquely identi-
fied the CD146" cells (dark red). Enrichment of the Stro-1* hBMMNCs using MACS and re-
striction of subsequent analyses to the CD146" fraction increased the frequency of SSCs in
the samples from 1 in 10,000 to around 1 in every 40 hBMMNCs, a significant sub-popu-
lation.

In Figure 4.3a, histograms illustrate the distribution of size and opacity of the cells
along with a Gaussian fit for the size distribution of CD146" (dark red line) and CD146 cells
(blue and green). Given the comparable size distributions, these can be associated with the
lymphocyte and monocyte fractions from typical flow cytometry scatter plots. The mean
cell size and opacity values calculated from a minimum of three independent measurements
for each analysed group of cells are presented in Figure 4.4a-d.

The size of the CD146" cells in the Stro-1-enriched unexpanded hBMMNCs was ob-
served to overlap significantly with other (CD146°) hBMMNCs (Figure 4.3a) indicating that
cell size is not a unique marker for SSCs and suggesting that these cells cannot be isolated
based solely on size. The SSCs were found within the largest cell fraction in the BM (Figure
5a), with a measured diameter of 9.0 + 0.4 pm, compared to 7.4 + 0.2 ym and 8.3 = 0.9
pum for Stro-1*/CD146™ and Stro-1" cells respectively. The size of the SSCs was significantly
larger following adhesion and expansion (Figure 4.3b). As early as passage 0 (14 DIV), the
average cell size was noted to more than double, increasing to 18.2 = 1.3 um (Figure 4.44,
¢, p<0.001). The cell size continued to increase gradually to an average of 21.7 = 0.3 uym
at passage 3, significantly larger than at passage 0 (p<0.001). The average size range ob-
served for expanded cells (18.2 - 21.7 ym) is in agreement with the sizes reported for
expanded hBMMNCs estimated using microscopy**27°27 or deformability cytometry.?*°
These results also support previous findings that hBMMNCs increase in size with expan-
sion,?927%3! associated with a loss of both self-replicative®®” and differentiation capac-
ity.’*+#! The substantial size difference found between unexpanded and expanded SSCs
highlights the phenotypic changes that SSCs undergo during expansion, and emphasise the
need to study SSCs in their unaltered state. Indeed, if the size of expanded SSCs were ob-
served in the BM, size-based SSC isolation would become trivial.

Nevertheless, the average cell size found for SSCs in the BM was the largest of the cell
populations analysed. These results indicate that cell size could be used in combination
with another biophysical parameter, for example cell stiffness, for SSC purification from
human BM. However, given the phenotypic changes reported here for SSCs following adhe-
sion and expansion it would be important to determine whether the higher SSC stiffness at

passage 0 described in Chapter 3 could be verified in unexpanded samples.
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Figure 4.3 - Fluorescence-assisted microfluidic impedance cytometry of Stro-1-enriched human bone mar-
row mononuclear cells (hHBMMNCs). a) Scatter plot of cell size (um) vs electrical opacity (normalised to 7-pm
diameter reference beads) of Stro-1*-enriched hBMMNCs obtained from one individual patient. Top and bottom
histograms demonstrate the cell size and opacity distributions respectively, with colour-coded Gaussian distribu-
tions fitted to the data. The dark red line represents the distribution of CD146* cells. b) and ¢) show histograms
of the distribution of cell size and electrical opacity with increasing cell passage from one individual patient.

4.3.2. Membrane Capacitance

Figure 4.3a shows that the opacity of CD146* and CD146" cells completely overlap,
with no significant differences between the average opacity of Stro-1"(0.87 + 0.01), Stro-
1*/CD146° (0.88 + 0.01) and Stro-17/CD146* (0.88 = 0.01) cells. This indicates that opacity
cannot be used as a label-free marker for the SSC contained within the Stro-1*/CD146*
sub-population. It also shows that the membrane capacitance of unexpanded SSCs is in-
distinct from other cells in the BM indicating that sorting SSCs from human BM using DEP
is unlikely to yield pure sub-populations.

The opacity of the SSC was observed to decrease after adhesion in culture (Figure 4.3¢),
i.e. a significant increase in membrane capacitance. At passage 0, the average opacity val-
ues were observed to fall to 0.82 + 0.02 (p<0.001) with no further changes up to passage
3 when cells were kept in basal expansion conditions that do not promote cell differentia-
tion (Figure 4.4b, d). This is in keeping with significant phenotypical changes between ex-
panded and unexpanded SSCs. Although not quantitative, optical microscopy images of
SSCs following expansion indicate morphological changes such as an increase in cell size
and spreading with increasing passage (Figure 4.5), which is consistent with previous ob-
servations.?®” Higher membrane capacitance may arise from an increase in the membrane
surface area and morphology, including the presence of microvilli, blebs, folds or ruf-

fles, 2155136232 some of which may affect cell adhesion.
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Figure 4.4 - Size and electrical opacity of cells analysed by microfluidic impedance cytometry. Bar charts
summarise the cell size (a) and electrical opacity (b) of hBMMNCs in the bone marrow (BM), after expansion at
passages O to 3, and following osteogenic differentiation (P1 Osteo). Within the BM, cell size and opacity were
measured for Stro-1- cells, and both the CD146- and CD146* populations within the Stro-1* fraction. Skeletal
stem cells (SSCs) are contained within the Stro-1*/CD146* population. Also shown are data for two adherent (MG-
63 and Saos-2) and one suspension (HL-60) human cancer cell lines. ¢) and d) show the mean + SD for each
individual analysed patient sample. The appended table summarises the statistical analyses of the data with the
top-right and bottom-left values showing the p-values for cell size and opacity, respectively. Values represent
mean = SD (N = 3; *p < 0.05; **p < 0.01; ***p < 0.001; N.S. - not significant, with p-values obtained using the
one-way analysis of variance (ANOVA) with Tukey’s post-hoc test for samples that followed a normal distribution
or the Mann-Whitney U-test for samples that did not follow a normal distribution).

To assess the connection between cell adhesion and membrane capacitance we also
analysed the dielectric properties of cancer cell lines that grow either as adherent (MG-63
and Saos-2) or as suspension (HL-60) cultures (Figure 4.4b). It is well known that cancer
cells have high membrane capacitance associated with increasing structural disorder at the
original tumour site and the capacity to invade neighbouring healthy tissue.*** Higher mem-

brane capacitance is also seen in tumour cells that originate from solid tumours. Although
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both MG-63 and Saos-2 cells are adherent, the membrane capacitance of MG-63 was sig-
nificantly higher (p<0.01) than Saos-2 (opacity values of 0.71 + 0.03 and 0.82 = 0.01
respectively). Conversely, although maintained under different culture methods (adherent
vs suspension), Saos-2 and HL-60 showed similar opacity values with the HL-60 slightly
higher (p<0.05). This indicates that factors other than cell adhesion govern cells membrane
capacitance. The membrane capacitance of MG-63 was also higher than that of expanded

SSCs (p<0.001) confirming previous values obtained using dielectrophoresis.'”

BM (After MACS) . PO (7 DIV) PO (14 DIV)

500 pm A 500 um

N

Figure 4.5 - Optical microscopy. Images show apparent changes in the size and morphology of unexpanded
hBMMNC s after enrichment of the Stro-1* population by MACS (BM after MACS) and at different passages (PO to
P3) growing under basal expansion conditions. Cells typically appeared to grow larger and were observed to dis-
play a spread morphology with increasing passage. Scale bar 500 pm (100 pm in BM) in top panel and 200 pm

(50 um in BM) in lower panel.
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4.3.3. Cell Proliferation, ALP Activity and Gene Expression

To investigate whether there were changes in the proliferation capacity or the osteo-
genic potential of SSC, total DNA (Figure 4.6a) and specific ALP activity were quantified at
each passage (Figure 4.6b and Appendix B Figure S9). There were no statistical differences
in the total DNA amount or ALP activity, though both were observed to be higher at passage
1. However, note that it is difficult to draw any conclusions from cell proliferation and ALP
activity at passage 0, as following isolation cells are plated at a significantly higher cell
density to compensate for the presence of non-adherent haematopoietic cells.

The relative expression of stem and osteogenic genes of interest was assessed using
gRT-PCR for all passages (Figure 4.7). No differences were observed in the expression lev-
els of GNL3 (nucleostemin), a gene associated with stem cell proliferation. The expression
of the osteogenic genes (RUNXZ2, ALPL, COLTAT and BGLAP) was also measured. No signif-
icant differences in ALPL and RUNXZ2 were observed, although there was an increase in the
expression of ALPL at passage 1 (2.6 = 1.7 fold-increase vs PO) with expression levels
correlating well with the specific ALP activity shown in Figure 4.6b. The expression of
COLTAT (2.2 = 1.5 fold-increase vs PO) and BGLAP (1.8 + 0.4 fold-increase vs P0O) was also
higher at passage 1 suggesting an enhanced osteogenic phenotype at this passage before
dedifferentiation on passage. The expression levels of other genes associated with stem
cell maintenance (SOX2), chondrogenesis (SOX9 and COL2AT) and adipogenesis (FABP2 and
PPARG) were negligible (CT values over 30).

4.3.4. Tracking Osteogenesis using Microfluidic Impedance Cytometry

Microfluidic impedance cytometry and AC electrokinetic methods have demonstrated
differences in the dielectric properties of stem cells and their progeny.'¢?2-2223 Exploiting
these differences DEP was used to sort osteoblasts (differentiated from a human mesen-
chymal stem cell line for 21 days) from their progenitor cells with moderate efficiency.***
To investigate whether impedance cytometry could be used to track osteogenic differenti-
ation of SSCs, Stro-1*-enriched SSCs at passage 1 were cultured under osteogenic condi-
tions for 14 days and the osteogenic phenotype of the cells was initially confirmed.
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Figure 4.6 - Proliferation and alkaline phosphatase activity of Stro-1-enriched human bone marrow mon-
onuclear cells (hBMMNCs). a) Total DNA quantification from hBMMNCs grown for 14 days at each passage (PO-
P3) determined using the PicoGreen® nucleic acid quantitation assay. b) Specific ALP activity of hBMMNCs grown
for 14 days at each passage determined by the colorimetric detection of the dephosphorylation of p-nitrophenyl
phosphate. Values represent mean + SD (N = 4).
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Figure 4.7 - Quantitative reverse-transcriptase polymerase chain reaction. Relative gene expression of rele-
vant genes of interest of Stro-1*-selected human bone marrow mononuclear cells ((BMMNCs) grown in basal
expansion conditions at different passages (PO-P3). GNL3 is associated with stem cell proliferation, RUNX2, ALPL,
COLTAT and BGLAP are genes related with the process of osteogenesis and PPARG is a regulator of adipocyte
differentiation. Values represent mean + SD normalised to the expression levels of hBMMNCs at passage O (N =
4; *p < 0.05, with p-values obtained using the one-way analysis of variance (ANOVA) with Tukey’s post-hoc test
or the Mann-Whitney U-test for samples that followed or did not follow a normal distribution respectively.

Basal
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Figure 4.8 - Alkaline phosphatase (ALP) activity. ALP staining of human BM colony forming units-fibroblastic

(CFU-F) grown on 6-well plates for 14 days under basal expansion conditions or following osteogenic (osteo)
differentiation. Images represent an entire well captured using a dissecting stereoscope.

Osteogenic induction was evidenced by an increase in ALP staining of cells grown in
osteogenic conditions compared to basal expansion conditions (Figure 4.8). This was ver-
ified by up-regulation of ALPL (2.8 + 1.4 fold-increase, p < 0.05) and COLTAT (1.2 = 0.1
fold-increase, p < 0.05) in cells following osteogenic differentiation (Figure 4.9). There
were no differences in the expression levels of RUNX2 and BGLAP, which are early and late
osteogenic markers respectively.?>?*” The expression of GNL3, associated with cell prolif-
eration, was unchanged. SOX2 was significantly downregulated (0.06 + 0.06 fold-change,
p < 0.001) although SOX2 expression was already minimal in basal conditions. SOX9 (0.5
+ 0.5 fold-change), COL2A1 (0.5 + 0.5 fold-change) and FABP2 (0.8 + 0.2 fold-change vs
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Basal), associated with chondrogenesis and adipogenesis respectively, were downregulated
despite the high CT values at basal expansion conditions. A significant unexpected upreg-
ulation of PPARG (4.0 + 0.5 fold-increase) in cells following osteogenic differentiation was
observed, which may be due to the nature of the samples used, which typically originate
from older patients undergoing total hip replacement surgery, and the increase in marrow
adipogenesis associated with osteoporosis and age-related osteopenia has long been
known.>2%

Although slightly lower, the average cell size of SSCs following osteogenic differentia-
tion (Figure 4.4a, P1 Osteo, 18.5 = 0.7 um) was not statistically distinct from SSCs following
expansion (P1 Basal, 20.2 = 0.7 pum). In contrast, there was a significant increase (Figure
4.4b, p < 0.05) in the membrane capacitance of SSCs following osteogenic differentiation
reflecting a marked change in opacity, from 0.80 + 0.02 to 0.75 = 0.01. Previous studies
using impedance cytometry have shown a decrease in opacity (increase in membrane ca-
pacitance) of mouse embryonic stem cells following differentiation.??® Qur results show the
potential of MIC as a non-invasive and non-destructive technique to track the differentia-
tion of SSCs without the need for any sample pre-processing. For example, using MIC it
would be possible to assess the efficiency of the osteogenic differentiation of SSCs while

allowing cell subculture, further biological analysis, or their use for in vivo implantation.
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Figure 4.9 - Quantitative reverse-transcriptase polymerase chain reaction. Relative gene expression of rele-
vant genes of interest of passage 1 Stro-1*-selected hBMMNCs after 14 days following osteogenic (osteo) differ-
entiation. GNL3 and SOX2 are associated with stem cell proliferation and stem cell maintenance respectively.
RUNX2, ALPL, COLTAT and BGLAP are genes related with the process of osteogenesis, with RUNX2 and BGLAP
being early and late osteogenic markers respectively. SOX9 and COL2A] are genes associated with chondrogenic
differentiation, and PPARG and FBAP4 with adipocyte differentiation. Values represent mean + SD normalised to
the expression of h(BMMNCs growing under basal expansion conditions (N = 4; *p < 0.05; ***p < 0.001, with p-
values obtained using the Student’s t-test for independent samples).
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4.4. Conclusions
The biophysical properties of enriched human SSC populations (Stro-1*/CD146") ob-

tained from human BM change significantly under adherent expansion conditions. Specifi-
cally, this study demonstrates that both cell size and membrane capacitance of unexpanded
SSCs differed from expanded cells as early as passage 0. The average cell size increased
over 2-fold to 18.2 + 1.3 um while the membrane capacitance increased as determined
from the decrease in electrical opacity. These results highlight the importance of studying
unaltered SSCs isolated from the original tissue as the primary cell population provides a
unique biophysical signature. Critically, if the size and membrane capacitance differences
observed between expanded SSCs and other BM cells were verified for unexpanded SSCs,
SSC isolation from human BM using microfluidic label-free sorting techniques could be
easily achieved.

Nevertheless, although the membrane capacitance of the SSC did not differ from other
BM cells, the size of the SSC in the BM was found within the largest cell fraction at 9.0 +
0.4 um. This was the first time that the size of the SSC was estimated from unexpanded
human BM samples - a crucial step towards the design of a microfluidic device for SSC
isolation. When compared to the size distribution of other BM cells (7.4 £ 0.2 um and 8.3
+ 0.9 um for Stro-1*/CD146 and Stro-1" cells respectively), the data indicates that SSCs
could be significantly enriched using a size-based sorting approach to fractionate cells
smaller and larger than (e.g.) 8.5 um removing the vast majority of non-relevant cells in
the BM. It is important to note that due to the overlapping size distribution, complete SSC
isolation cannot be achieved based solely on size. One possible solution would be to design
a label-free sorting system that exploits both differences in cell size with another biophys-
ical parameter, which would lead to significant SSC enrichment. Cell stiffness could be used
to enhance the SSC sorting purity using a sorting device that is both sensitive to size and
deformation. For this, it would be important to confirm if the higher stiffness of SSCs at
passage 0 is verified in unexpanded samples. This is the subject of the work presented in
Chapter 5 of this thesis, which explores the use of DLD as a size and deformation-based
sorting approach and its potential application to SSCs.

Finally, this study demonstrated that impedance cytometry can be used to track osteo-
genic differentiation of SSCs, verified by quantitative reverse transcription polymerase chain
reaction of relevant genes of interest associated with stem cell maintenance and prolifera-
tion, and with the osteogenic, chondrogenic and adipogenic differentiation processes. This
indicates the potential of MIC as a non-invasive and non-destructive technique to monitor

stem cell differentiation in a label-free manner without the need for sample pre-processing.
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Chapter 5

Size and Mechano-based Cell Sorting

“Success is stumbling from failure to failure without loss of enthusiasm.”
Attributed to Winston Churchill.

5.1. Introduction

The findings described in chapters 3 and 4 point towards the development of a micro-
fluidic sorting device that is sensitive to differences in both cell size and deformation. De-
terministic lateral displacement (DLD) is fundamentally a size-based sorting technique but
DLD has also been shown to be capable of cell fractionation based on cell deformability.>”
While chapter 4 showed that SSCs are contained within the largest cell fraction in bone
marrow, it also showed that selection based solely on cell size is unlikely to generate a pure
SSC population for research and clinical evaluation. However, given the greater stiffness of
SSCs (as measured by RT-DC) it may be possible to use DLD to enhance differences in cell
size and improve separation efficiency.

The principle of DLD was described in section 2.3.2. In brief, DLD flow is typically lam-
inar and particles remain in their streamlines unless external forces are applied. DLD de-
vices consist of arrays of micropillars within a large microchannel set at an angle to the
main direction of flow. When the particle suspension flows between two pillars, the cross-
sectional area decreases causing acceleration and pushing the streamlines together. The
width of the streamline closest to the pillars determines what is called the critical separation
size of the array (Dc = 2Rc). When the particle radius is larger than R, it is forced to cross
streamlines and is laterally displaced (Figure 5.1, left).

Similar to the RT-DC (described in chapter 3), particles flowing in a DLD device are
exposed to viscous gradient shear forces originating from the parabolic flow profile and
from the acceleration caused by the flow contracting between two posts. Additionally, par-
ticles interact with the micropillars resulting in further forces. The combination of these
effects causes the particle to deform, which may change its effective radius to an extent
that a particle originally larger than Dc is no longer forced to cross streamlines when flowing
between two microposts (Figure 4., right). It is this principle that makes DLD devices sen-
sitive to differences in cell deformability. This was illustrated in the work of Holmes et al.”
where neutrophils and T-lymphocytes were sorted using DLD based on differences in cell
deformability.

In this work, DLD was used to investigate the potential to sort SSCs from human BM
using a size and mechano-based sorting approach. Two designs were tested in order to
address different questions. Devices from design 1 (Figure 5.2, top) follow the traditional

DLD design originally proposed by Huang et al.*?, in which sheath flow is used to focus the
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sample inlet in a narrow flow stream and away from the channel walls. Particles larger than
Dc are bumped away from the inlet position and become separated from smaller particles,
which continuously zig zag through the obstacle array. Devices based on design 2 are
sheathless and use a mirrored micropillar array as proposed by Loutherback et al.*® (Figure
5.2, bottom). As there is a single inlet, particles initially occupy the entire width of the
microchannel. To allow separation, two sections are built with different separation sizes.
Section 1 is designed with a Dc smaller than the smallest expected particle diameter allow-
ing the sample to focus towards the channel sidewalls and to create a central cell-free
stream. In the second section, the direction of the mirrored array is inverted and the Dc
increased to bump the larger particles back to the centre of the device allowing separation.

Consisting of two consecutive sections, devices from design 2 depend on the efficiency
of both separation stages to provide pure cell populations. These devices are considerably
longer than design 1, complicating fabrication and increasing the risk of cell blockage dur-
ing long separation experiments. The above may result in a reduction in the separation
resolution and sample purity. However, using sheathless DLD devices is advantageous as
the device operation is simplified and the cell throughput is significantly increased given
that the sample is not diluted by the sheath flow. As mentioned previously, high throughput
is paramount for sorting rare cell populations, as in the case of SSCs. The design specifi-
cations of the devices from designs 1 and 2 and a list of the available critical separation

sizes are provided in section 7.8.1 in Materials and Methods.

Size-based cell sorting Deformation-based cell sorting

- P e - e S

 Cell > Re < stiffer cell

Compliant cell

Figure 5.1 - Particle sorting by deterministic lateral displacement based on differences in particle size (left)
and deformation (right). In size-based separation, particles with a radius smaller than Rc (red) are predominantly
affected by the streamline flowing closest to the micropillar and are not forced to cross streamlines, zigzagging
throw the microarray. In deformation-based cell sorting, particles with similar size but different deformability can
be sorted due to an effective change in particle size upon deformation due to gradient shear stresses, acceleration
and interaction with the micropillars. Here, the more compliant red particle deforms to an extent that its radius
becomes smaller than Rc allowing it to continue along the original streamline.
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Figure 5.2 - Predicted cell trajectories in DLD devices from designs 1 and 2. In Design 1 (top), cells are initially
focused hydrodynamically in a single flow stream. Larger particles (green) are displaced away from the smaller
particles (red) which zigzag through the pillar array maintaining a null net displacement. In Design 2 (bottom),
cells introduced from a single inlet are initially displaced towards the outer channel walls in a first section with a
small critical separation size (Dc), creating a central cell-free stream. In section 2, the direction of the micropillar
array is inverted vertically and the Dc increased to displace only larger particles (green) into the central cell-free
stream while smaller particles (red) continue zigzagging near the channel walls.

Using design 1, non-deformable polystyrene microbeads of different sizes were sepa-
rated illustrating the efficiency of size-based particle sorting by DLD. Furthermore, design
1 was used to demonstrate how cell deformation could affect the outcome of cell sorting
by DLD using the human osteosarcoma cell line MG-63 as a model. The higher throughput
of design 2, with D¢ tailored to the mean size of the SSC in BM, allowed efficient sorting of
a mixture of two cell lines (MG-63 and HL-60) as a function of differences in cell size and
deformability. SSCs at Passage 0 were fractionated in isolation to investigate whether cell
size was related with the capacity to form CFU-F. Furthermore, SSCs were sorted from hu-
man WBCs verifying the higher stiffness and size of the SSC as determined by RT-DC. Fi-
nally, design 2 devices were used to sort SSCs directly from human BM samples. The results
indicated the need for important design adjustments to allow efficient removal of the

smaller and more deformable cells from the haematopoietic lineage at the first separation.
5.2. Results and Discussion

5.2.1. Size-based sorting of non-deformable polystyrene beads

To test the efficiency of size-based particle sorting by DLD, different sized non-de-
formable polystyrene beads were mixed in approximately equal nhumbers and flowed by the
action of a pressure-controller through design 1 DLD devices (Dc = 17.48 ym). Beads with
sizes of 16 pm (15.66 = 1.43, Mean = SD) and 24 pm (23.74 = 1.41) diameter were used
aiming to obtain two populations with high purity at each outlet. It should be noted that
considering the mean size and standard deviation of the particles, the size distribution of
the 16-pm beads partially overlaps with the device critical separation size. Assuming the
size of the beads is normally distributed, it is possible to estimate the fraction of beads
that will be larger than 17.48 pm using the standardised Z-score equation (equation 29).
According to the normal distribution table (Appendix C, Table S1 and Table S2), it was
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estimated that around 10.2 % of the 16-um beads were larger than the separation size of
17.48 pym.

x
Z = Tﬂ (Equation 29) where u and o are the mean and standard deviation

The particle suspension was pumped through the device for several minutes, at
throughputs up to 10,000 beads per minute at an inlet pressure of 250 mbar. The separa-
tion efficiency was quantified by analysing the fractions collected at each of the outlets by
flow cytometry (Figure 5.3a). The larger and smaller beads were collected at purities of 88.5
+ 7.6 % and 98.3 + 2.1 % from the larger and smaller outlets respectively (N=6). This was
in line with the expected percentages (given the standard deviation of the 16-pm particles)
demonstrating the efficiency of DLD for size-based sorting delivering purities as high as
99.8 %, and typically over 99 % (N=4) for the smaller beads.

To validate that sorting by DLD is independent of flow rate for non-deformable parti-
cles, the same bead mixture was separated with an increased inlet pressure (100-1,000
mbar). Figure 5.3b shows that the separation efficiency of the smaller beads (closed circles)
and larger beads (open circles) remained constant throughout the range of input pressures
even up to 1 bar. This experiment was conducted only once as a negative control for de-
formability-based particle sorting using DLD, and intra-experimental variability explains

the slight inconsistency of the purity values between tested input pressures.

5.2.2. Binary fractionation of MG-63 as a function of cell deformability

To demonstrate that cell deformation affects the outcome of cell sorting by DLD, a
human osteosarcoma cell line, MG-63, was pumped through Design 1 devices (Dc = 17.48
um) at different pressures. In Chapter 4, the diameter of MG-63 cells in suspension was
estimated at 19.1 + 1.9 uym. Therefore, it was expected that at lower flow rates, when cell
deformation is less prominent, the majority of MG-63 would be displaced and appear at
the larger outlet. Indeed, Figure 5.3 shows that at 100 mbar, greater than 65 % of the MG-
63 cells were displaced by the micropillar array and exited at the larger outlet (green bar,
N=2). Higher input pressure translates into faster flow rates and shear stresses that lead to
more pronounced cell deformation. As a result, the apparent size of the MG-63 is reduced
and the fraction of cells displaced by the microarray fell consistently to under 20 % at 1,000
mbar. Note that the same increase in input pressure did not lead to a change in the purity
of 16 and 24-um polystyrene beads, which do not deform. Figure 5.4 shows sequential
images of a single MG-63 cell deforming upon interaction with a DLD micropillar at 1,000
mbar. By deforming (Figure 5.4 b-d), the cell becomes smaller than Dc allowing it to remain

in its streamline and flow in zigzag mode past the micropillars (Figure 5.4f).

5.2.3. Size and mechano-based sorting of MG-63 and HL-60

As proof-of-concept that cell deformation can lead to improved cell sorting by DLD,
MG-63 and HL-60 cells were mixed in approximately equal numbers and sorted using a
DLD device (design 2) with a critical separation size of 12.18 pm. As design 2 devices have
a single inlet, the flow could be driven using a syringe pump. To facilitate cell discrimina-
tion, GFP-transfected MG-63 were used whilst the HL-60 were fluorescently labelled with
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CellTracker™ deep red dye. The size of the HL-60 was measured to be 11.4 + 1.4 um,
whereas MG-63 were estimated to be 19.1 + 1.9 pym. Additionally, the mechanical pheno-
typing shown in Chapter 3 revealed that MG-63 are significantly stiffer than HL-60, with a
Young’s modulus approximately two-fold higher. Given the large difference in size between
the two cell types, a high sorting efficiency could be anticipated. Indeed, the purity of HL-
60 and MG-63 in the smaller and larger outlet was in excess of 90 % with a flow rate of 15
puL-min* (Figure 5.5 a-d).
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Figure 5.3 - Size and deformation-based particle sorting a) Purity of 16 (red) and 24-pum (green, dotted) beads
mixed 1:1 and sorted by DLD at an inlet pressure of 250 mbar. Percentages of the fractions collected in each
outlet were calculated from flow cytometry data. Bars show mean + SD (N=6) and circles show the mean purity of
individual experiments. b) Binary fractionation of MG-63 as a function of cell deformation induced by increasing
overpressure at the inlet (100-1000 mbar). As the input pressure was increased, the flow rate increased leading
to accentuated cell deformation. Green (dotted) and red bars show the percentage of MG-63 collected at the
‘larger’ and ‘smaller’ outlets respectively (N=2). As a control, non-deformable 16-pm (closed circles) and 24-pm
(open circles) polystyrene beads were flowed in the same conditions with the sorting purity remaining consistent

up to 1 bar.

Figure 5.4 - Cell deformation in a DLD device. a) to f) show images following the movement of a single MG-63

(red arrow) cell flowing from left to right through a deterministic lateral displacement micropillar array at an inlet
pressure of 1,000 mbar (corresponding to an estimated mean flow speed of 10 cm-s™). Images were taken using
a high-speed camera (Vision Research, Wayne, NJ, USA) and bespoke software (Phantom Camera Control Software,
Vision Research). Cell deformation due to shear stresses and interaction with the micropillars is shown. Cell de-
formation changes the effective cell size altering its trajectory in the DLD device.
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Figure 5.5 - Size and deformation-based sorting of MG-63 and HL-60. a) and b) show fluorescence micros-
copy images (Zeiss Axiovert 200 microscope, 5x objective) of the cell fractions from the ‘smaller’ and ‘larger’
outlets respectively. Green and red fluorescence corresponds to GFP* MG-63 cells and CellTracker™ deep red-
labelled HL-60. c) and d) show the purity of MG-63 (green, dotted) and HL-60 (red) cells collected from the smaller
and larger outlets, after separation at varying flow rates (15-200 pL-min~). Values show mean = SD (N=5).

Increasing the flow rate in DLD leads to larger cell deformation that can affect sorting
efficiency. Figure 5.5d shows that at 30 pyL-min, the deformation of HL-60 resulted in
smaller percentages of HL-60 cells being collected in the larger outlet which leads to an
increase in the purity of MG-63 cells of up to 98 %. Increasing the flow rate up to 200
uL-min' did not further increase the purity of MG-63 suggesting that the more compliant
HL-60 cells had neared their maximum deformation at 30 pL-min™. In contrast, the stiffer
MG-63 cells had increasing deformation up to 200 pL-min™ (Figure 5.5c). This led to a
higher percentage of MG-63 cells collecting in the ‘smaller’ outlet at higher flow rates in-
dicating that significant cell deformation changes the effective size of MG-63 cells below
the D¢ of section 2.

These data highlight the potential of DLD for passive label-free sorting based on both
size and deformation. The sorting efficiency can be controlled by varying the flow rate,
which should be adjusted according to specific cell properties and anticipated outcome.
Potentially, a combination of the greater stiffness of SSCs together with any size differences
could lead to significant enrichment of BM using DLD.

5.2.4. Binary fractionation of SSCs as a function of cell deformability

Expanded human skeletal stem cell populations at passage 0 (PO) were sorted into two
fractions of different size. SSCs were sorted using the sheathless DLD device with a critical
separation size of 12.18 pm and at flow rates varying from 15 to 100 yL-min™'. The sorted
cell fractions were analysed by flow cytometry to determine changes in the mean cell size
of the fractions collected at each outlet from the forward scatter signal (FSC-A). After sort-

ing, 100 cells from each of the sorted fractions were plated into wells of 6-well plates in
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triplicate and allowed to adhere and expand to assess their capacity to form colony-forming
units—fibroblastic (CFU-F).

At 15 pL-min™ the vast majority of SSCs (95 %) were collected at the larger outlet (Figure
5.6a). This was expected given that the mean size of expanded SSCs at PO was estimated
at 18.2 + 1.3 um (by microfluidic impedance cytometry), which is significantly larger than
the D¢ of the DLD device. With increasing flow rate, cell deformation led to a higher fraction
of SSCs collected at the smaller outlet, up to nearly 25 % at 100 yL-min™*.

The mean and median size of cells collected at each outlet is shown in Figure 5.6b and
¢, with the dashed lines corresponding to unsorted SSCs. At the lowest flow rate, the biggest
difference in cell size between the two fractions was achieved. As the flow rate increased,
the mean and median FSC-A values generally increased for both fractions. In the smaller
outlet, this was the result of larger cells starting to flow in zigzag mode due to greater
deformation. In the larger outlet, the increased FSC-A values resulted from a reduction in
the number of medium-sized cells collecting at the larger outlet, which are the first to

change their displacement mode, effectively skewing the cell size distribution towards

larger cells.
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Figure 5.6 - Binary fractionation of skeletal stem cells as a function of cell deformability. a) Fraction of SSCs
collected at the smaller (red) and larger (green, dotted) outlets vs flow rate. b) and c¢) show the median and mean
FSC-A values of the cells collected at the smaller (red) and larger (green, dotted) outlets, respectively. d) CFU-F
formation capacity of SSCs after sorting by DLD. Overall, the capacity to form CFU-F was not affected by DLD
(dashed line shows the number of CFU-F obtained for unsorted SSCs). At 15 pL-min, where the highest difference
in cell size was observed, smaller cells (red) displayed a reduced capacity to form clonogenic cultures when com-
pared with SSCs collected in the larger outlet (green, dotted). Values show mean + SD (N=3; *p < 0.05; ***p <
0.001 with p-values obtained using the Student’s t-test for independent samples).
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The capacity to form clonogenic cultures was not significantly affected by DLD, when
compared to unsorted SSCs (Figure 5.6d). This indicated that exposure to shear in DLD did
not affect basic cell function, even at the highest flow rate tested (100 pL-min?), where cells
were flowed at faster than 4 centimetres per second. This supports previous studies that
found no significant reduction in cell viability of cancer cell lines sorted by DLD at 10
mL-min~*, which corresponded to cells flowing at a speed of 35 cm:s™'.?® In this study, the
data suggested that shear-induced damage is an integral effect over time, which means
that although cells flowing faster are exposed to higher shear rates, viability is not affected
because the exposure time is reduced.

Cells collected at both smaller and larger outlets displayed equivalent CFU-F formation
capacity, when sorted at 30, 50 and 100 pL-min*. The number of CFU-F was around 20 per
100 plated cells, versus 24.7 for unsorted SSCs). Interestingly, at 15 pyL-min™, where the
largest difference in the mean cell size was observed, cells collected at the smaller outlet
displayed reduced CFU-F formation capacity (Figure 5.6d and Figure 5.7), though this was
not statistically significant (p=0.18, N=3). This suggested that larger SSCs may have a
higher capacity to form colonies, in keeping with the observations by Poon et al.’* who
have correlated larger MSCs with higher osteogenic potential and capacity to promote bone

marrow regeneration in vivo, in preclinical murine BM injury models.

5.2.5. Size and mechano-based sorting of SSCs and WBCs

The sheathless DLD devices used in this work were designed to achieve efficient SSC
enrichment from human BM at high throughput. Based on the data obtained by microfluidic
impedance cytometry of primary human BM samples, the D¢ of section 1 was setat 5.3 pm.
This was anticipated to be small enough to displace all the different cell populations present
in human BM to create a central cell-free stream, eliminating the need for sheath flow and
increasing throughput (Figure 5.2).

To test this design concept, expanded SSCs at PO were sorted from white blood cells
(WBCs) obtained from healthy volunteers. Briefly, RBCs were lysed, WBCs were fluorescently
labelled for CD45 using an allophycocyanin (APC) fluorophore and mixed 2:1 with SSCs,
also fluorescently tagged with CellTracker™ green (CTG). This allowed unequivocal identi-
fication and counting of both cell types. As in section 5.2.4, after sorting, 100 cells from
each outlet were plated to assess CFU-F formation capacity.

The trend observed for cells collected at the smaller outlet (Figure 5.8a) was theoreti-
cally anticipated. At 15 pyL-min™, the purity of WBCs in the small outlet reached 99.6 %. With
increasing flow rate, the fraction of SSCs collected at the smaller outlet increased due to
cell deformation, up to 4.7 % at 100 yL-min. Following cell plating, the diminutive number
of SSCs collected at the smaller outlet explains the absence of CFU-F formation, with the
exception of cells sorted at 100 yL-min?, where a significant number of SSCs (approximately
1 in every 20 cells) were collected (Figure 5.8c). Note that even for unsorted SSCs (Figure

5.8¢, dashed line), less than 1 in every 3 cells were capable of forming clonogenic cultures.
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At the larger outlet (Figure 5.8b), when cells flowed at 15 pL-min™, the SSC fraction was
enriched by 5.4 fold to 73 %. Low purities could be expected at reduced flow rates despite
the larger size of expanded SSCs, as WBCs are a heterogeneous cell mixture covering a wide
range of cell sizes, with some populations (e.g. monocytes)** typically larger than the Dc of
section 2 (12.18 pm). With increasing flow rate and cell deformation, a reduction in the
number of WBCs collected at the larger outlet was to be anticipated. However, the fraction
of WBCs collected at the larger outlet was larger at higher flow rates. Because of the low
SSC purity obtained in all conditions, the number of CFU-F ranged from just 6 to 12 CFU-
F per every 100 plated cells (Figure 5.8c).

To understand why sorting at increased flow rates led to larger numbers of WBCs in
the larger outlet, it was necessary to analyse the forward and side scatter distributions of
both cell populations. As SSCs and WBCs were fluorescently labelled it was possible to
clearly discriminate the two populations. Figure 5.9 shows contours of the distribution of
WBCs (red) and SSCs (green) unsorted and collected from the larger outlet at 15-100 pyL-min-
! Interestingly, at 15 pL-min™ it was the smallest fraction of WBCs that appeared in the
larger outlet. With increasing flow rate, the size distribution spread to gradually include
larger cells but still excluded the largest WBCs.

This leads to the conclusion that cell deformation resulted in the smallest WBC sub-
populations to change their effective size to diameters below the Dc of section 1 (5.3 pm).
This effect was exacerbated at highest flow rates, when cell deformation became more sig-
nificant. These data, though precluding the use of sheathless DLD devices for efficient SSC
sorting from human BM, provided important information for the design of a new generation
of DLD devices. These should include either a smaller Dc in section 1 or re-introduce sheath
flow to create a cell-free stream towards which the larger and stiffer SSCs can be sorted

with high purity.

Smaller Outlet Larger outlet

F55 (1)

M74

F55 )

Figure 5.7 - Binary fractionation of skeletal stem cells as a function of cell deformability. Colony forming
units-fibroblastic (CFU-F), counterstained with crystal violet, growing in wells of a 6-well plate. SSCs were sorted
by DLD at 15 pL-min, collected from the smaller and larger outlets and plated at a cell seeding density of 10
cells-cm™. Cells collected at the smaller outlet appear to display a lower capacity to form clonogenic cultures.
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Figure 5.8 - Size and deformation-based sorting of white blood cells (WBCs) and expanded skeletal stem
cells (SSCs) at passage 0. a) and b) purity of SSCs (green, dotted) and WBCs (red) collected from the smaller and
larger outlets respectively, after sorting at varying flow rates (15-100 pL-min™). ¢) CFU-F formation capacity of
unsorted SSCs (dashed line) and SSCs collected at the smaller (red) and larger (green, dotted) outlets after sorting
by DLD. Values show mean purity and CFU-F number (N=1).
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Figure 5.9 - Size and deformation-based sorting of white blood cells (WBCs) and expanded skeletal stem
cells (SSCs) at passage 0. Forward and side scatter distributions of CD45-labelled WBCs (red) and SSCs (green)
labelled with CellTracker™ green, unsorted and collected at the larger outlet after label-free sorting by DLD. Con-

tour levels were set at 5 %.

5.2.6.

To confirm the indications provided by the work in section 5.2.5, the same DLD device

Size and mechano-based sorting of SSCs from human BM

was used to sort cells from a primary human BM sample. While the human BM comprises
abundant white blood cell populations, BM offers added complexity as a heterogeneous
sample containing many different cell types.* In this experiment, human BM mononuclear
cells (hBMMNCs) were obtained from a BM buffy coat following density centrifugation. The
mononuclear cell fraction was washed and re-suspended at a density of 0.5 million
cells-mL™* and flowed through the sheathless DLD device with a critical separation size of
12.18 pm at flow rates varying from 15 to 100 yL-min™’. The collected cell fractions were
analysed by flow cytometry.

Figure 5.10 shows density contours of FSC-A vs SSC-A scatter plots for hBMMNCs un-
sorted and collected at the smaller and larger outlets after sorting by DLD. The distribution
of cells collected at the smaller outlet did not differ significantly from unsorted cells, except
for a slight reduction of cells with largest FSC-A and SSC-A values. This was unsurprising
given that the size measurements obtained from primary human BM samples in Chapter 4

indicated the diameter of the majority of cells in human BM to be under 12 pm.
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Figure 5.10 - Size and deformation-based sorting of human bone marrow mononuclear cells. Forward and
side scatter distributions of hBMMNCs unsorted and collected at the smaller and larger outlets after label-free

sorting by DLD. Contour levels were set at 5 %.

At reduced flow rates, there was an enrichment of cells with the largest FSC-A/SSC-A
distributions in the larger outlet. This reduced at increased flow rates as cell deformation
reduced the effective diameter of the largest h(BMMNCs below 12.18 pym. These data high-
lighted the potential of DLD as a label-free approach to sort SSCs from BM based on size
and deformation.

However, as anticipated by the results shown in 5.2.5, the cell fraction collected in the
larger outlet was heavily contaminated by the smallest hBMMNCs that deformed to diame-
ters below the critical separation size of section 1 (5.3 um), and resulted in impaired sep-
aration efficiency. As the flow rate increased to 100 pL-min™, the distribution of cell sizes
of the smallest cell fraction collected at the larger outlet increased to include larger cells.
This further supported the hypothesis that cell deformation led to a complete bypass of
section 1 and pointed to the need of design adjustments to allow a significant enrichment
of skeletal stem cell populations from bone marrow by DLD.

5.3. Conclusions

This study demonstrated the potential of DLD for high-throughput method to sort hu-
man cell populations as a function of cell size and deformation. Size-based sorting of non-
deformable polystyrene beads demonstrated the potential for isolating populations with
high purity, reaching as high as 99.8 %. The sorting efficiency of non-deformable particles

was not affected by increasing flow rate. This indicated that sorting by DLD is independent
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of the flow rate, as long as the laminar flow regime is maintained, and provided a negative
control for the deformation-based studies.

The potential to exploit cell deformation as a method of improving sorting by DLD was
demonstrated using human cell lines, MG-63 and HL-60. By adjusting the flow rate, the
deformation of HL-60 was enhanced because of increased shear forces. This resulted in
superior separation efficiencies, up to 98 %.

Expanded human skeletal stem cells were fractionated by DLD into two sub-populations
of different mean cell size. The largest difference in cell size was achieved at 15 pL:min.
At this flow rate, SSCs collected at the smaller outlet displayed a reduced capacity to form
clonogenic cultures when compared with unsorted SSCs, and with SSCs collected at the
larger outlet. Although this did not reach statistical significance, the results were in keeping
with previous observations that correlated larger MSCs with higher osteogenic potential.'®
Critically, the potential of SSCs to form CFU-F was not affected by processing by DLD, even
at the highest flow rate tested (100 pL.min™!). These results indicated that exposure to shear
in DLD was not detrimental to basic skeletal stem cell function.

Finally, DLD was used to sort expanded SSCs from WBCs and to fractionate a primary
human bone marrow sample. The results highlighted the potential of DLD as a label-free
approach for sorting SSCs from BM based on both cell size and deformation. However, in
both studies, deformation of the smallest cell populations reduced the capability of the first
section of the DLD device to generate a cell-free central stream towards which the larger
cells could be displaced. This significantly impaired the separation efficiency but provided
critical data that will lead to an improved design, either by significantly reducing the critical
separation size of section 1, or by re-introduction of sheath flow (to remove the need for
two consecutive displacement sections of different critical separation sizes). With the pro-
posed design modifications, DLD could offer the potential to exploit the higher stiffness of
SSCs in combination with their larger size to allow significant enrichment from human bone

marrow, with substantial physiological and therapeutic impact.
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Chapter 6

Discussion and Future Directions

J

“Stay away from negative people. They have a problem to every solution.’
Albert Einstein.

The 20™ century saw a remarkable gain in mean life expectancy of about 30 years. If
the current yearly growth continues, the majority of babies born after the millennium in
countries with access to advanced health care will live to become centenarians.? While this
constitutes a milestone for better lifestyles and medical progress, together with the current
reduced birth rates, it contributes to the generation of an aged population in most devel-
oped countries. In Europe today, over 17 % of the population is aged 65 or over, a value
that is predicted to increase to over 27 % by 2050.**

In the musculoskeletal arena, an aged population has implications in the health of the
bones and joints and is associated with complications including the onset of osteoporosis,
osteomyelitis, osteoarthritis, inflammatory arthritis, or cancer.**®* Worldwide, osteoporosis
alone is responsible for about 9 million fractures every year, or one fracture every 3 sec-
onds.*® Major trauma injuries also contribute to bone fractures and non-union may follow
any fracture. Furthermore, with longer lives, more people will outlive their prostheses and
revision surgery often incurs extensive bone loss.”® These challenges emphasize the need
for innovative approaches to augment and repair tissue lost through trauma or disease.

Bone marrow stromal cells have the capacity to generate bone in vivo. Specifically, this
capacity has been attributed to a multipotent stem cell population that exists as perivascu-
lar cells residing at the outer endothelial lining of bone marrow sinusoids, the so-called
skeletal stem cells (SSCs).?*> SSCs have been used with success in the clinic to induce the
formation of new cartilage and bone.?**°2** Notably, in one of these approaches, the con-
centration of progenitor cells used in the treatment of non-union fractures of the tibia was
correlated with the success rate of the procedure.* Critically, it was found that the level of
progenitor cells present in bone marrow aspirates was significantly below the concentration
needed for the treatment to be successful. This highlighted the need for the development
of cell enrichment strategies.*

Given the frequency of SSCs in vivo, estimated to be lower than 1 in 10,000 bone mar-
row mononuclear cells, enrichment remains a challenge. Typical approaches are based on
density centrifugation, on the ability of SSCs to adhere to culture plastic and on selective
culture media. However, these result in heterogeneous populations and are significantly

time-consuming.?® Fluorescence and magnetic-activated cell sorters typically provide high
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levels of cell enrichment when a specific marker and a robust antibody are available. How-
ever, in the absence of a molecular marker that is unique to the SSC, these fail to provide
the purity needed for routine clinical translation.?3**

Microfluidics offers outstanding control over fluid dynamics and provides the possibil-
ity of sorting cell suspensions at the single cell level without using antibodies but rather
relying on cell biophysical properties. This work explored the hypothesis that SSCs hold a
unique biophysical fingerprint and investigated the potential to use label-free methods
based on microfluidics to deliver homogeneous populations of skeletal stem cells from
primary human bone marrow tissue.

Real-time deformability cytometry (RT-DC) is a contactless microfluidic technique for
high-throughput screening of cell mechanical properties.'”® In this work, RT-DC was used
to compare the stiffness of SSCs, after expansion in normal culture conditions, with white
blood cells (WBCs). Critically, expanded SSCs were shown to be stiffer than all main WBC
populations.®* This is significant because WBCs are abundant in bone marrow and suggests
the use of cell stiffness as a biophysical marker to provide SSC enrichment from human
bone marrow. However, it should be noted that cell stiffness could be altered by culture
expansion and it would be interesting to determine whether such difference is observed for
freshly harvested cells.

Work within this thesis exploited microfluidic impedance cytometry to assess the bio-
physical properties of unexpanded human SSCs, enriched by means of dual antibody label-
ling (Stro-1 and CD146).*® It was observed that both cell size and membrane capacitance
of unexpanded SSCs differed from expanded cells as early as after the first passage. These
findings highlighted the importance of studying unaltered SSCs isolated from the original
bone marrow tissue. Critically, the membrane capacitance of SSCs did not differ from other
cells in bone marrow precluding the use of sorting approaches based on AC electrokinetics,
such as dielectrophoresis. However, the membrane capacitance of SSCs changed signifi-
cantly following induced osteogenic differentiation, indicating the potential of impedance
cytometry to be used as a non-destructive means to track cell differentiation, as an alter-
native to the current approaches, which require cell fixation.

Significantly, the size of the SSC in bone marrow was found to be within the largest cell
fraction at 9.0 = 0.4 pm. This was the first time that the size of the SSC was estimated from
unexpanded human BM samples and provided crucial information towards the design of a
microfluidic device for SSC isolation.

Building on these findings, a microfluidic device based on the principle of deterministic
lateral displacement (DLD) was designed to achieve significant enrichment of SSCs from
human bone marrow. DLD uses micropillar arrays in a channel to sort cells based on size
and deformability, with a throughput of thousands per second.®****” This work demon-
strated the potential to exploit cell deformation within DLD to enhance sorting efficiency.
By adjusting the flow rate, two human cell lines were sorted achieving purities up to 98 %.
Expanded skeletal stem cell populations were fractionated by size and larger SSCs were

correlated with a higher capacity to form clonogenic cultures, indicative of the presence of
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progenitor cells. Importantly, using DLD it was possible to sort SSCs in a sterile environment
and processing by DLD did not negatively affect the clonogenic capacity of SSCs.

In the current DLD designs, cells were sorted in two consecutive sections with different
size thresholds (5.3 and 12.2 ym). When DLD was used to sort primary human bone marrow
samples, WBC deformation below 5.3 pm compromised the separation efficiency of the
current designs, resulting in cell fractions with no significant SSC enrichment. Despite the
unfavourable outcome, the data provided important information that will lead to an im-
proved device design. Specific improvements will include either a significant reduction of
the size threshold of the first section, or the use of sheath flow, which allows sorting by
DLD using only one section with a larger threshold. Each has their own specific advantages.
On the one hand, using sheath flow typically leads to higher sorting efficiencies and purer
populations. It also allows using shorter devices, which facilitates fabrication. On the other
hand, DLD devices with two consecutive sections are typically very long, particularly when
small size thresholds are used. But because there is no sheath flow, device operation is
significantly simpler and the throughput is increased.

Overall, this work provided a detailed characterisation of relevant biophysical properties
of SSCs and paved the way towards the design of a novel label-free sorting approach, po-
tentially based on DLD. This will, ultimately, provide purified SSC populations from BM with
potential application in fundamental stem cell research and the clinic. The ultimate goal is
to harness science for therapy, to replace lost or damaged bone and cartilage with autog-
enous material harvested with minimal morbidity, providing robust, safe and efficient pro-

cedures that will drive the future of precision medicine in the 21* century.
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Chapter 7

Materials and Methods

“However, not everything that can be counted counts, and not everything that counts
can be counted”

William Bruce Cameron, 1963.

7.1. Cell Culture

Cells were maintained in media supplemented with 10 % foetal calf serum (FCS) and
100 U-mL™* penicillin and 100 pg-mL* streptomycin (1 % Pen/Strep). Supplemented media
is referred to as complete media unless otherwise indicated as plain media. Cells were
maintained in a humidified chamber at 37 °Cand 5 % CO.. To detach adherent cells, a 0.025
% (w/v) trypsin-EDTA solution with 0.05 % glucose was used for 5-10 minutes unless stated

otherwise.

7.1.1. MG-63 and Saos-2

MG-63 human osteosarcoma cells (passages 24 to 30) and Saos-2 human osteosar-
coma cells (passages 26 to 28), were obtained from the European Collection of Authenti-
cated Cell Cultures (ECACC, UK) and cultured in complete DMEM and a-MEM respectively.
Media was replenished every 2-3 days and cells were routinely sub-cultured at a maximum

confluency of 70-80 % and re-plated at a cell seeding density of 2-4 x 10* cells-cm™.

7.1.2. GFP+ MG-63

GFP* MG-63 cells were established in previous work by transduction with a retroviral
pMX-GFP vector (Cell Biolabs, Inc., VPK-302)** containing a green fluorescent protein (GFP)
insert and using polybrene as a transduction enhancer.?** Culture of GFP* MG-63 cells was

under the same conditions as the original MG-63.

7.1.3. HL-60

HL-60, human peripheral blood promyelocytic leukaemia cells were obtained from the
European Collection of Authenticated Cell Cultures (ECACC, UK) and cultured in complete
RPMI-1640 media. Cells were split every other day to maintain a concentration of 1-10 x

10° cells-mL™.

7.1.4. Human Blood Samples
Ethical approval was given by the Isle of Wight, Portsmouth and South East Hampshire
Local Research Ethics Committee (Ref no. 06/Q1701/137) and written consent was ob-

tained from all participants for blood sample collection. Blood samples were collected from
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healthy volunteers through a finger prick punctured using a safety lancet into blood col-
lection tubes coated with sodium citrate to prevent the coagulation cascade. The tubes were
kept on a roller at room temperature and subsequent experimental work was carried out
within 2 to 3 hours after collection. Erythrocyte lysis was achieved by addition of a lysis
solution in a 12:1 ratio. After constant mixing for 6 seconds the reaction was halted by the
addition of 5.3 pL of an isosmotic quencher per microliter of whole blood.

7.1.5. Primary Human Bone Marrow Skeletal Stem Cells

Human BM samples were obtained from patients undergoing total hip replacement
surgeries at the Spire Southampton Hospital or the Southampton General Hospital, with full
patient consent. Only tissue that would have been discarded was used, with approval of the
Southampton and South West Hampshire Research Ethics Committee (Ref no. 194/99/1 &
210/01). Cells were extracted from BM samples through multiples washes with plain «-
MEM. After centrifugation to remove fat and soft tissue, the cell suspension was filtered
through a 70-um cell strainer and layered upon Lymphoprep™ to remove red blood cells
and the majority of granulocytes by density centrifugation (Figure 7.1 a-c). The BMMNC
fraction was collected from the ‘buffy coat’ and incubated for 30 minutes in blocking buffer
to reduce non-specific antibody binding (Figure 7.1d, e). All cell incubations were at 4 °C
and under agitation and washes between incubations were in MACS buffer. The Stro-1*
fraction was enriched by magnetic separation of cells labelled with the Stro-1 monoclonal
antibody (IgM) derived from mouse hybridoma produced in loco and rat anti-mouse IgM
microbeads, as previously detailed (Figure 7.2).24#%

The enriched SSC population was plated at a cell density of 1x10* cells-cm™ in complete
o-MEM (passage 0). After one week of culture, the non-adherent cells were washed away,
the media was replenished and subsequently changed every other day. For passage, cells
were pre-treated with collagenase IV (200 pg-mL™) in plain a—-MEM for 40 to 60 minutes
before being lifted with Trypsin-EDTA. Cells were typically re-plated at a density of 2 x 102

cells-cm™.

= | Accumulated
fat

a-MEM and
emulsified fat
Pelleted
cells

Figure 7.1 - Representative images of the skeletal stem cell enrichment protocol. a) cell pellet and fat accu-

mulation resulting from the initial wash; b) use of cell strainers to remove bone debris and soft tissue from the
cell suspension; ¢) cell suspension layered upon lymphoprep™ for density centrifugation; d) formation of the ‘buffy
coat’ at the interface between ax-MEM and lymphoprep™; and e) shows the resulting fractions after careful collec-
tion of the buffy coat. The tube on the left contains the buffy coat diluted in culture media while the one on the
right shows the pelleted erythrocytes and polymorphonuclear cells, and the culture media and platelets in sus-
pension, which are discarded.
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Figure 7.2 - Current enrichment process of human bone marrow mononuclear cells. Bone marrow samples

Stro-1
Negative fraction

Stro-1
Positive fraction

are centrifuged across a density gradient and the buffy coat enriched for Stro-1* cells by magnetic activated cell
sorting (MACS) using a mouse hybridoma monoclonal IgM antibody coupled to superparamagnetic rat anti-mouse
microbeads. The sorted fraction is plated in culture flasks and further enrichment is achieved by adhesion to tissue
culture plastic.

7.1.5.1. Osteogenic Differentiation

After expansion for 14 days, SSCs were passaged, seeded at a cell density of 2 x 10?
cellsscm™ and cultured in osteogenic media consisting of complete a-MEM media supple-
mented with dexamethasone (10 nM) and ascorbate-2-phosphate (100 uM). The media was

replenished every other day and the cells were analysed after 14 days.**

7.2. Fluorescent Cell Labelling

7.2.1. Human BMMNCs Labelling of Stro-1 and CD146

Cells in suspension were incubated with blocking buffer to minimise non-specific an-
tibody bonding. After blocking, cells were incubated with Alexa Fluor® 647-conjugated
mouse anti-human CD146 antibody (563619 BD Pharmingen™) diluted 1:50, for 30 minutes
at 4 °C under agitation. The cells were then incubated with the Stro-1 antibody followed by
incubation with Alexa Fluor® 488-conjugated goat anti-mouse IgM antibody (A-21042
from Invitrogen™) at 1:200 dilution. Non-specific binding was controlled using Alexa Fluor®
647-conjugated Mouse IgG1 k Isotype Control (557714 BD Pharmingen™) and an IgM Iso-
type Control from a murine myeloma (M5909 SIGMA).

7.2.2. HL-60 Labelling with CellTracker™ Deep Red Dye

HL-60 cells were centrifuged and washed twice with PBS. Cells were suspended in 1uM
CellTracker™ deep red dye (C34565 from Invitrogen™) in pre-warmed plain RPMI and incu-
bated for 45 minutes in a humidified chamber at 37 °C and 5 % CO.. After incubation, the
dye was removed by centrifugation and the cells washed two more times with PBS before

analysis.
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7.2.3. Skeletal Stem Cell Labelling with CellTracker™ Green CMFDA Dye

Enriched skeletal stem cells were washed with PBS and pre-treated with collagenase IV
(200 pg-mL™) in plain x-MEM for 40 to 60 minutes to digest the extensive extracellular
matrix produced by SSCs. Cells were incubated with 10uM CellTracker™ green CMFDA
(C7025 from Invitrogen™) in pre-warmed plain «a-MEM for 45 minutes in a humidified
chamber at 37 °C and 5 % CO,. After incubation, the dye was removed and the cells were
further cultured in complete x-MEM for 60 minutes to encourage the conversion of the
chloromethyl group into cell-impermeable products by cytosolic esterases. Cells were fi-
nally washed with PBS and lifted using Trypsin-EDTA as detailed above in section 7.1.5 of
Materials and Methods.

7.2.4. White Blood Cell Labelling of CD45

White blood cells from whole blood were fluorescently labelled for CD45 by incubation
with an APC-conjugated anti-human CD45 antibody (Miltenyi Biotec 130-098-143) for 20
minutes under agitation, in the dark. RBC lysis was performed as previously indicated in
section 7.1.4 of Materials and Methods. WBCs were then centrifuged twice and re-sus-

pended in PBS before analysis.

7.3. Flow Cytometry

Cells and particles were suspended in running buffer, filtered through a 100-pm cell
strainer and analysed using a BD® Accuri C6 flow cytometer (Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA). Data analysis was performed using FlowJo V10 software
(FlowJo LLC, Ashland, OR, USA). Single events were gated for linearity in the forward scatter
(FSC-H vs FSC-A) plot and typically, 25,000 events were acquired for each measurement
inside the single event gate. Events were considered fluorescently positive above the

threshold at which less than 1 % were positive for the matched isotype control.
7.4. Biochemical Assays

7.4.1. Alkaline Phosphatase (ALP) Staining

Cells cultured in 6-well plates were washed with PBS and fixed with 95 % ethanol in
dH,O for 10-15 minutes. Fixed cultures were incubated with a Fast Violet B salt (0.24
mg-mL?) and Naphtol AS-MX solution (4% v/v) in dH,O for 40 minutes at 37 °C in a humid-
ified atmosphere protected from light. Cultures were washed with dH,O and imaged using

a dissecting stereoscope.*”’

7.4.2. ALP Activity and DNA Quantification

Cells cultured in 6-well plates were washed with PBS and fixed with 95 % (v/v) ethanol
in dH,0 for 10-15 minutes. Cells were lysed using 0.05% (v/v) Triton™ X-100 solution in
dH.O followed by three freeze-thaw cycles. Total DNA was quantified against a standard
curve (ssDNA from salmon testes) by addition of Quant-iT™ PicoGreen® dsDNA diluted in
TE buffer and measurement of the emitted fluorescence (Aex = 480nm; Aem =520nm) us-

ing a FLx800™ fluorescence reader (BioTek, Winooski, VT, US). ALP activity was quantified
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against a standard curve {(p-nitrophenol) by incubation of the cell lysate with a phosphatase
substrate solution (1.33 mg/mL p-nitrophenyl phosphate in 0.5M Alkaline buffer solution)
at 37 °C in the dark, under gentle agitation. The reaction was terminated by addition of 1M
NaOH in dH,O after 40 minutes and absorbance was measured at 410nm using an ELx800™

absorbance reader (BioTek).%***

7.4.3. CFU-F staining

SSCs cultured in 6-well plates were washed with PBS and fixed with 95 % (v/v) ethanol
in dH,O for 10-15 minutes. Fixed cultures were incubated with a 0.05% crystal violet solu-
tion in dH,O for 5 minutes and washed extensively before imaging. Stained colonies were

counted and imaged using a dissecting stereoscope.

7.5. Molecular Assays

7.5.1. RNA Extraction and Complementary DNA Synthesis

Total RNA was extracted from cultured cells using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA concentration was measured using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and the RNA was reverse-transcribed using
TagMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA, USA).

7.5.2. Quantitative Reverse Transcription Polymerase Chain Reaction

Quantification of gene expression was performed as reported previously®*® using an ABI
Prism 7500 system and primers, shown in Table 7.1, designed using Primer Express 3.0
(Applied Biosystems). A 20-pL reaction mixture was prepared in duplicate, containing 1 pL
of complementary DNA, 10 pL of GoTaq gPCR Master Mix (Promega, WI, USA) and 1 puM of
each primer. Thermal cycler conditions included an activation step at 95 °C for 10 minutes,
followed by a 2-step PCR programme of 95 °C for 15 seconds and 60 °C for 60 seconds for
40 cycles. The 2 method was used for relative quantification of gene expression, and

data was normalised to the expression of B-actin, the selected housekeeping gene.®

Table 7.1 - Primers used for gRT-PCR (F: forward and R: reverse).

Peroxisome Proliferator Activated ! GGGCGATCTTGACAGGAAAG

Transcript Abbreviation (name, length) Primer sequence (5’-3’) Designed by
. F: GGCATCCTCACCCTGAAGTA
Beta-actin ACTB (82) R: AGGTGTGGTGCCAGATTTTC Dr. Rahul Tare
Alkaline Phosphatase ALPL (86) E $gé¢g$gglgéggg;}gﬁgg Dr. Rahul Tare
Runt-related Transcription Factor 2 RUNX2 (78) E g;égégg.lqéggzggggﬁﬁgg Dr. Rahul Tare
. F: AAGAGACCCAGGCGCTACCT
Osteocalcin BGLAP (110) R+ AACTCGTCACAGTCCGGATTG Dr. Ewa Czekanska
Transcription Factor SOX2 SOX2 (95) ; gé??ﬁggg#gé?ggﬁ?gﬁgé Dr. Fay Chinnery
Alpha-1 Type | Collagen COLIAI (52) ; ???E?%glggggggg?g Dr. Rahul Tare
Alpha-1 Type Il Collagen COL2AT (58) E Eg$gg;§$gg${gizgz}?—g Dr. Rahul Tare
Nucleostemin GNL3 (98) E gg?.éégﬁgﬁﬁg%ggi;ﬁgg Dr. Emmajayne Kingham
F

Receptor Gamma PPARG (108) R: GGGGGGTGATGTGTTTGAACTTG Dr. Rahul Tare

Fatty Acid Binding Protein 4 FABP4 (108) R JaGATaGGaGTeTCCTaGTA Dr. Rahul Tare

Transcription Factor SOX9 SOX9 (74) ; %gg¥gg$égg$g$§é$ég¥ﬁ Dr. Rahul Tare
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7.6. Mechanical Phenotyping

7.6.1. Sample Preparation

Cells were harvested, mixed appropriately, centrifuged and re-suspended in a 0.5 %
methylcellulose solution in PBS at a concentration of 1-2 x 10° cells-mL™. For measurements
of SSCs, cells were first filtered through a 70-pum cell strainer. The cell suspension was
drawn into 1 mL syringes, connected to the chip using polymer tubing, and pumped with a

syringe pump at a constant flow rate for 2 minutes before collecting data, to stabilise flow.

7.6.2. Microfluidic chip and Real-Time Deformability Cytometry Set-up

RT-DC measurements were performed as previously described.'”*?% Briefly, a micro-
fluidic chip was manufactured from PDMS using soft-lithography and sealed with a glass
cover-slip after plasma surface activation. The microfluidic chip consisted of two reservoirs
connected by a 300 um long constriction channel with a 30 by 30 um cross-section. A row
of filter posts at the inlet prevents channel blockage due to cell clumps and debris.

Data was acquired in real-time using a high-speed CMOS camera (MC1362; Mikrotron,
Unterschleissheim, Germany), operating at 2,000 fps, and illuminated by a high-power LED
(CBT-120, 462 nm; Luminus devices, Woburn, MA, USA). Cells were imaged through a 40x
objective from an inverted microscope (Axiovert 200M, Carl Zeiss, Oberkochen, Germany)
at the end of the 300-um long constriction channel where the cell shape has reached steady
state (Figure 3.1 a, b). An image processing algorithm implemented on C/LabVIEW was used
to determine the cell cross-sectional area and circularity, defined as ¢ = 2vr4/l, where A is
the projected area of the cells and [ its perimeter. Typically, a minimum of 2,000 or 5,000
(for measurements with leukocytes) events was acquired at flow rates of 0.16 pL-s™
(0.04 pL-s* sample + 0.12 pL-s* sheath) and 0.32 pL-s™* (0.08 pL-s* sample + 0.24 pL-s™*
sheath). Measurements of all samples were repeated at least three times. As a reference,
cell circularity was obtained in a section of the microfluidic chip with large cross section
where deformation does not occur (Appendix A).

7.7. Size and Dielectric Characterisation

7.7.1. Sample Preparation

The MIC chips were cleaned using 1M NaOH and dH.O, and primed with MIC running
buffer (0.5 % BSA (w/v), 2mM EDTA in 1x PBS.) before each experiment. Cells were sus-
pended in running buffer at a concentration of 2-2.5 x 10° cells-mL™ and mixed with 7-pm
polystyrene (PS) beads (in PBS, 0.01% Tween-20) at 0.5-1x10° particles-mL™. Polystyrene
beads have constant dielectric properties and were used to normalise the MIC results. The

cell/bead suspension was pumped through the impedance cytometer at 40 yL-min™.

7.7.2. Microfluidic Chip and Impedance Cytometer Set-up
The microfluidic chip was fabricated from glass with a microfluidic channel (30 x 40
um), defined in SU8 photoresist, through which cells flow. A detailed fabrication protocol

of the MIC chips can be found elsewhere.?* Platinum micro-electrodes were lithographically
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patterned onto the glass and connected to AC sinusoidal voltages (4Vpp) at fixed frequen-
cies. Single cell impedance was measured using a custom trans-impedance amplifier and
an impedance spectroscope (HF2IS, Zurich Instruments AG, Zurich, Switzerland). Simulta-
neously, when applicable cells were illuminated by a focused 100 mW 635nm laser beam
(LRD-0635-PF, Laserglow Technologies, Toronto, ON, Canada) exciting fluorescence from
fluorescently labelled CD146" cells. The fluorescence emission was captured by the objec-
tive lens (10x, N.A. 0.30), passed through dichroic and band pass filter sets, spatially fil-
tered using a pinhole and could be detected in the wavelength window from 660 to 700 nm
using a photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan).?*°® The simultaneous
collection of both fluorescence and impedance allows independent identification and veri-
fication of cell phenotype. The data was processed and analysed using custom software
written in MATLAB™ (Mathworks, Inc. Natick, MA, USA).>** The impedance data was used to
trigger the data acquisition and a peak detection algorithm was used to detect the fluores-

cence signals.
7.8. Size and Mechano-based Cell sorting

7.8.1. Mask Design for Deterministic Lateral Displacement

CleWin4 from WieWeb Software (Hengelo, The Netherlands) was used to draw the device
designs. Two independent masks were designed for the fabrication of DLD devices and
photolithographic chrome masks in soda lime were manufactured by JD Photodata (Herts,
UK). Devices from design 1 follow the original DLD design proposed by Huang et al.** and
use sheath flow to hydrodynamically focus the sample at the inlet in a narrow stream and
to keep cells from flowing close to the channel walls where wall effects may affect sorting
efficiency (Figure 7.3a).

Devices from design 2 have a single inlet and are sheathless, which leads to higher
throughput and allow device operation using just a syringe pump (Figure 7.3b) or simply a
syringe and a valve to compress air as detailed in Holm et al.**?. To allow particle fraction-
ation with high purity, design 2 devices consist of two consecutive sections with different
critical separation sizes (Dc). Section 1 is designed with a smaller Dc to displace all particles
in flow towards the main channel outer walls in a mirrored micropost array creating a cell-
free stream in the centre. The second section, with a larger Dc, inverts the microarray di-
rection to displace only the larger particles back to the centre of the device where they are
collected in one of two outlets. Given the two outlets in design 2 are connected by rectan-
gular channels with varying lengths, the channel width was adjusted accordingly to guar-
antee an identical hydraulic resistance across the device span, which was estimated for each
channel using equation 30”7, where w, h and L are the channel dimensions and n the fluid
viscosity. Computational fluid dynamics simulations in COMSOL Multiphysics 5.0 (COMSOL
AB, Stockholm, Sweden) were conducted, courtesy of Stefan Holm, to verify that both flow

and particle profiles were preserved (Figure 7.4 a and b). These steps were also crucial to
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assure that particles maintained their relative positions before and after the curved chan-
nels that were used to fit the long design 2 devices in single microscope glass slides (Figure
7.40).

oo 1
R _12nL 1 h 1922 1 canh 2n - Daw Eauation 30
"~ wh3 w\ @ (2n —1)5 an 2h (Equation 30)
n
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Both designs are preceded by a filter array (Figure 7.3 a-i and b-i) consisting of smaller
pillars separated by narrower gaps to capture impurities and cell agglomerates and prevent
particle clogging downstream of the device inlet. The gap size was kept constant to ac-
commodate the largest particles in flow and avoid particle clogging. Devices from design 1
were intended to sort larger cells and non-deformable polystyrene beads, thus the gap size
was kept at 50 pm. Devices from design 2, with smaller Dc’s have a gap of 30 um. The gap
size, post diameter and the period of the array were chosen with the aim of obtaining a row
shifts that were multiples of 0.2 um in all devices as this was the maximum resolution
provided for mask fabrication. The full array specifications for each device can be found in
Table 7.2.

A parabolic flow profile is verified between the micropost arrays in DLD and is key for
efficient particle separation. However, this profile holds only for infinitely wide arrays and
becomes perturbed at the interface between the array and the sidewall flow significantly
degrading sorting efficiency. To minimise this effect, Inglis*** proposed a method for edge
correction that assures that 1/N of the total fluid will flow over each post at all times, with
N the period of the array. The solution was to adjust the gap size between the pillar rows
closest to the walls of the device. The gap between each post and the wall of the zigzagging
and the bumping sides is given by Equations 31 and 32 respectively, where n is the column
number in a displacement array assuming values from 1 to N, G the gap size and y the

tangent of the particle migration angle.
Gzigzag(n) =G /nyY (Equation 31)

Gbumping n) =G6y2—ny (Equation 32)

Table 7.2 - Specifications of the deterministic lateral displacement devices.

Device No. Gap Post diameter Period Migration Row Vertical Displacement Critical size
- size (G) (Dpost) (N) Angle (6) shift (um/mm) (Dc)
1.1 50 pm 50 pm 25 2.29° 4 ym 40 14.93 pm
1.2 50 um 50.8 pm 18 3.18° 5.6 um 55.6 17.48 pm
1.3 50 pym 50.8 ym 14 4.09° 7.2 ym 71.4 19.72 pym
2.1/2.2/2.3 o
section 1 30 um 30 ym 75 0.76 0.8 pm 13.3 5.29 ym
2.1 30 uym 32 uym 31 1.85° 2 um 323 8.08 um
2.2 30 um 30.8 ym 19 3.01° 3.2 ym 54.5 10.22 pym
2.3 30 um 29.8 ym 13 4.40° 4.6 ym 76.9 12.18 ym
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Figure 7.3 - Deterministic lateral displacement device designs. Magnifications of the mask drawings for DLD
devices from designs 1 (a) and 2 (b). Close-ups show individual sections elucidating the filter array included at
the sample inlet (a-i and b-i); the individual (a-ii) and mirrored (b-ii and iii) displacement arrays from design 1
and 2 respectively; the curved channels with varying width and length connecting the two main channels in design
2 devices (b-iv); and the two channel outlets that allow collection of the sorted cell fractions in each of the device

designs (a-iii and b-v).
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Figure 7.4 - Computational fluid dynamics simulation. 2-D plots of critical sections (a and b, channel outlets;
and ¢, curved connecting channels) from design 2 devices with channels of different length and width. Streamlines
demonstrate that the flow is split evenly before entering each channel. This ensures that particles will retain their
relative lateral position between the different sections. The 2-D simulations were a courtesy of Stefan Holm from
the University of Lund, Sweden and were conducted using COMSOL Multiphysics 5.0.
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7.8.2. Microfabrication

Master moulds (Figure 7.5a and b) were fabricated on 4-inch glass or silicon wafers
using SU-8 photoresist following standard photolithography techniques. Briefly, wafers
were cleaned thoroughly in nitric acid, dehydrated overnight at 210 °C and spin-coated
(3,000 rpm for 30 seconds) with Tl Prime to promote adhesion of the photo-resist. An
adequate SU-8 formulation was chosen according to the projected feature height, spin-
coated for 30 seconds and soft baked before UV exposure using an EVG® 620T mask aligner
(EV Group, St. Florian am Inn, Austria). Wafers were finally post-exposure baked, developed
in EC solvent and hard baked. The feature height was verified using a KLA-Tencor surface

profiler (CA, USA). Details of the process specifications are detailed in Table 7.3.

7.8.3. Soft Lithography

Master moulds were pre-treated with an anti-adhesion layer of hydrophobic
1H,1H,2H,2H-per-fluorooctyl-trichlorosilane under vacuum to facilitate de-moulding. Syl-
gard® 184 PDMS elastomer was prepared by mixing the elastomer base with curing agent
(10:1, w/w), degassed, poured over the mould, and cured at 80 °C for one hour. Once cured,
the PDMS was peeled away from the mould and inlets and outlets were opened using a 1.5
mm biopsy punch (Kai Europe GmbH, Solingen, Germany). The PDMS stamp and a PDMS-
coated glass-slide were oxygen plasma-treated for 30 seconds in a Femto Plasma Asher
(Diener electronic GmbH + Co. KG, Germany) and brought into contact forming an irre-
versible Si-O-Si covalent bond by condensation. The device was hydrated with a 0.5% (w/v)
Pluronic® F-127 solution in PBS to prevent particle adhesion during experiments. Figure
7.5 e and d show images of final DLD devices mounted on PDMS-coated glass slides. Figure
7.5 e-j show different perspectives of the pillar array by optical microscopy and scanning

electron microscopy.

7.8.4. Sample Preparation

Polystyrene bead samples were suspended in a 14 % sucrose (w/v), 0.1% Tween® 20
(v/v) solution in 1x PBS. Cell samples were suspended in a 15 % (w/v) Ficoll® PM400, 0.5 %
(w/v) BSA and 2 mM EDTA solution in 1x PBS. Sucrose and Ficoll® PM400 were used to
increase the suspending medium density to 1.05 g-mL™" and prevent particle sedimentation
inside the tubing and reservoirs. Tween® 20 was used to prevent bead aggregation and BSA
and EDTA were used to prevent cell aggregation and adhesion to the device walls. The
ample concentration was kept between 0.4 and 1 x 10°-mL™.

7.8.5. Device Operation

DLD devices were mounted on a portable USB microscope to allow imaging particles
in flow and monitor the flow stability. Sample reservoirs were connected to the device using
1.6 mm outer diameter polymer tubing and flow was driven by action of a pressure gradient
or a syringe pump for devices from generation 1 and 2 respectively. For generation 1 de-
vices, the two outlets were kept at atmospheric pressure and the overpressure at the three
inlets was controlled individually using an OB1 MK3 multi-channel flow controller (Elvesys,

Paris, France). When deemed necessary, to guarantee sample sterility fluidic tubing and
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connections were autoclaved and the DLD devices were exposed to UV light for 20 minutes,

primed with 70 % ethanol for 20 minutes and the experiments were run in a laminar flow

hood. After passivation with Pluronic® F-127, the devices were primed with DLD running
buffer for 20 minutes before samples were flowed through. The flow was always allowed to

stabilise prior to any fraction collection to assure the best separation efficiency.

Table 7.3 - Microfabrication specifications

Feature height

30 pm 50 pm
SU-8 SU-8 3025 SU-8 50
Spin-coating speed 2,500 rpm 2,000 rpm

Pre-exposure bake

Exposure dose
Post-exposure bake

Development
Hard bake

65 °C, 2 minutes
95 °C, 12 minutes
180 mJ-cm™
65 °C, 1 minute
95 °C, 3 minutes 40 seconds
6 minutes
150 °C, for 20 minutes

65 °C, for 6 minutes
95 °C, for 20 minutes
200 mJ-cm™?

65 °C, for 1 minute
95 °C, for 5 minutes
6 minutes
150 °C, for 20 minutes
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Figure 7.5 - Deterministic lateral displacement. a and b) silicon master moulds of DLD devices from generation
1 and 2 respectively; ¢ and d) final DLD devices from each generation mounted on PDMS-coated microscope glass
slides; the channels were filled with blue dye for visualisation; e) and f) show optical microscopy cross-sectional
images of a generation 1 DLD device showing the pillar array; g)-j) scanning electron micrographs (SEM) showing
different perspectives of the DLD devices on PDMS. SEM images were taken by Dr Stefan Holm (University of Lund,
Sweden).
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7.9. Statistical Analyses

Statistical analyses were performed using the IBM SPSS software package version 24
(IBM, NY, USA) unless stated otherwise. All data distributions were tested for normality us-
ing the Shapiro-Wilk test with a chosen alpha-level of 0.05.>** To compare two means of
independent samples that followed a normal distribution, the Student’s t-test was used. To
compare differences between three or more group means in samples that followed a normal
distribution, p-values were calculated using one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test. When samples did not follow a Gaussian distribution, the Mann-
Whitney U-test was used.?**?*” A different analysis was done for the mechanical phenotyping
data obtained by RT-DC, which is detailed below.

7.9.1. Mechanical Phenotyping

A two-dimensional mixture model using a normal distribution for cell size and a log-
normal distribution for deformation was applied using R and rebmix.?°*?%2% These assump-
tions are justified since the lower boundary (D=0) skews the probability density function
towards larger deformation values. The algorithm allowed the unbiased assignment of
measurement events into clusters that represent different cell populations. Subsequent 1-
dimensional linear mixed model analysis based on the R-package Ime4 enabled a statistical
comparison with respect to cell size and cell deformation.?**?* To represent the experi-
mental situation, one fixed and one random effect were taken into account to model the
difference between sub-populations of cells and to consider the variation of biological rep-
licates, respectively. The random effect was allowed to lead to random intercepts and
slopes. P-values were calculated by a likelihood ratio test comparing the full model with a
model lacking the fixed effect term. The results obtained were from at least 3 independent

measurements and all data analysis was treated equally.

7.9.2. Size and Dielectric Characterisation

All results were obtained from at least four independent measurements from different
patients. Results are represented as Mean + SD unless stated otherwise, with graphs pre-
pared using GraphPad Prism 7 (San Diego, CA, USA). Data distributions were tested for
normality using the Shapiro-Wilk test and statistical significance was tested using one-way
analysis of variance (ANOVA) with Tukey’s post-hoc test for samples following a normal
distribution or the Mann-Whitney U-test for samples not following a normal distribution.
The statistical significance of the differences in gene expression between basal and osteo-
genic conditions was assessed using the Student’s t-test for independent samples.

7.9.3. Size and Mechano-based cell sorting

Results are represented as Mean + SD unless stated otherwise, with graphs prepared
using GraphPad Prism 7 (San Diego, CA, USA). Data distributions were tested for normality
using the Shapiro-Wilk test and statistical significance was tested using the Student’s t-
test for independent samples. The standardised Z-score was used to calculate the percent-
age of a particle population (which size follows a normal distribution with known mean and

standard deviation), which fell under the critical separation size of a given DLD device. The
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standardised Z-score was calculated using equation 29 introduced in Chapter 5 and per-
centages according to the calculated Z-score were obtained from the normal distribution
table (Appendix C, Table S1 and Table S2).

7.10. Materials

BioWhittaker® Dulbecco’s modified Eagle medium with glucose and L-glutamine
(DMEM), alpha minimum essential medium with deoxyribonucleotides, ribonucleotides and
ultra-glutamine (x-MEM), RPMI-1640, Dulbecco’s phosphate buffered saline (PBS), foetal
calf serum (FCS) and trypsin/EDTA with glucose were obtained from Lonza (Basel, Switzer-
land). Penicillin-streptomycin 100x, AB human serum, collagenase IV, ethylenediamine
tetra—acetic acid (EDTA), methylcellulose, Naphtol AS-MX, fast violet salt B, crystal violet,
Triton™ X-100, Tween®20, ssDNA from Salmon testes, Igepal® CA-630, alkaline buffer so-
lution 1.5M, phosphatase substrate, 4-nitrophenol, 7-um polystyrene beads, Ficoll®
PM400, Trichloro(1H,1H,2H,2H-perfluorooctyl)silane and Pluronic® F-127 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Non-deformable polystyrene beads for size-
based sorting were from Polysciences Europe GmbH (Germany). Quant-iT™ PicoGreen®
dsDNA Reagent was from Thermo Fisher Scientific (Waltham, MA, USA). Bovine serum albu-
min (BSA) was obtained from GE Healthcare (Chicago, IL, USA). Lymphoprep™ was bought
from Stem Cell Technologies (Vancouver, Canada). Anti-mouse IgM microbeads, LS MACS™
columns and the QuadroMACS™ separator were purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). Tl Prime, SU-8 50 and SU-8 3025 were from Microchem Corp.
(Westborough, MA, USA). The EC solvent was from Dow® Microposit® (MicroResist Tech-
nology GmbH, Germany). S-Monovette® 9NC tri-sodium citrate tubes were obtained from
Sarstedt (NUmbrecht, Germany) and Sylgard® 184 polydimethylsiloxane (PDMS) was pur-
chased from VWR (Darmstadt, Germany).

All reagents were used as received and according to the manufacturer’s recommen-

dations.

7.10.1. List of Buffers

e Blocking buffer: 10 % AB human serum (v/v), 5 % FCS (v/v) and 1 % BSA (w/v) in
o-MEM.

e MACS buffer: 0.5 % BSA (w/v), 2mM EDTA in 1x PBS.

e Antibody-diluting buffer: 0.5 % BSA (w/v), 2mM EDTA in 1x PBS.

e MIC running buffer: 0.5 % BSA (w/v), 2mM EDTA in 1x PBS.

e DLD running buffer (for polystyrene bead suspensions): 14 % sucrose (w/v),
0.1 % Tween® 20 (v/v) solution in 1x PBS.

e DLD running buffer (for cell suspensions): 15 % ficoll PM400¢® (w/v), 0.5 % BSA
(w/v), 2mM EDTA in 1x PBS.

e RBC lysis solution: 0.12 % (v/v) formic acid, 0.05 % saponin (w/v) in distilled
water.

e Isosmotic quencher: 0.6 % w/v sodium carbonate, 3 % w/v sodium chloride so-

lution in distilled water.
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Figure S1 - Real-time deformability cytometry of HL60 and MG-63 cells. Cells were mixed 1:1 and measured
at flow rates of 0.12 pL-s?, 0.16 pL-s™, 0.32 pL-s™* and in the reservoir for reference. Measurements were carried

out using a 30-pm cross-section microfluidic channel at a frame rate of 2,000 fps.
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Figure S2 - Real-time deformability cytometry of skeletal stem cells. Cells were measured at flow rates of
0.16 pL-s?, 0.32 pL-s™ and in the reservoir for reference. Measurements were carried out using a 30-pum cross-

section microfluidic channel at a frame rate of 2,000 fps.
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Figure S3 - Real-time deformability cytometry of human bone marrow stromal cells. Cells were measured at
flow rates of 0.16 pL-s™, 0.32 pL-s™* and in the reservoir for reference. Measurements were carried out using a 30-
um cross-section microfluidic channel at a frame rate of 2,000 fps.
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Figure S4 - Real-time deformability cytometry of human skeletal stem cells and HL-60. Cells were mixed

1:1 and measured at flow rates of 0.16 pL-s?, 0.32 pL-s™ and in the reservoir for reference. Measurements were

carried out using a 30-pm cross-section microfluidic channel at a frame rate of 2,000 fps.
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Figure S5 - Real-time deformability cytometry of human white blood cells. Cells were measured at flow rates
of 0.16 pL-s™, 0.32 pL-s* and in the reservoir for reference. Measurements were carried out using a 30-um cross-

section microfluidic channel at a frame rate of 2,000 fps.
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Figure S6 - Real-time deformability cytometry of human white blood cells and MG-63. Cells were mixed 2:1
and measured at flow rates of 0.16 pL-s?, 0.32 pL-s* and in the reservoir for reference. Measurements were carried

out using a 30-um cross-section microfluidic channel at a frame rate of 2,000 fps.
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Figure S7 - Real-time deformability cytometry of human white blood cells and skeletal stem cells. Cells
were mixed 2:1 and measured at flow rates of 0.16 pL-s, 0.32 pL-s™ and in the reservoir for reference. Measure-
ments were carried out using a 30-um cross-section microfluidic channel at a frame rate of 2,000 fps.
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Figure S8 - Fluorescence-assisted microfluidic impedance cytometry of Stro-1-enriched human bone mar-
row mononuclear cells (hBMMNCs). a-f) Scatter plots of cell size (um) vs electrical opacity (normalised to 7-pm
diameter reference beads) of Stro-1*-enriched hBMMNCs obtained from six individual patients.
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Figure S9 - Alkaline phosphatase activity. Alkaline phosphatase staining of human BM CFU-F colonies grown
under basal expansion conditions at different passages (passage O to passage 3).
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Table S1 - Standard normal distribution. Table values (negative) represent area to the left of the Z-score.
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-1.6 0.05480 0.05370 0.05262 0.05155 0.05050 0.04947 0.04846 0.04746 0.04648 0.04551
-1.5 0.06681 0.06552 0.06426 0.06301 0.06178 0.06057 0.05938 0.05821 0.05705 0.05592
-1.4 0.08076 0.07927 0.07780 0.07636 0.07493 0.07353 0.07215 0.07078 0.06944 0.06811
-1.3 0.09680 0.09510 0.09342 0.09176 0.09012 0.08851 0.08691 0.08534 0.08379 0.08226
-1.2 0.11507 0.11314 0.11123 0.10935 0.10749 0.10565 0.10383 0.10204 0.10027 0.09853
-1.1 0.13567 0.13350 0.13136 0.12924 0.12714 0.12507 0.12302 0.12100 0.11900 0.11702
-1.0 0.15866 0.15625 0.15386 0.15151 0.14917 0.14686 0.14457 0.14231 0.14007 0.13786
-0.9 0.18406 0.18141 0.17879 0.17619 0.17361 0.17106 0.16853 0.16602 0.16354 0.16109
-0.8 0.21186 0.20897 0.20611 0.20327 0.20045 0.19766 0.19489 0.19215 0.18943 0.18673
-0.7 0.24196 0.23885 0.23576 0.23270 0.22965 0.22663 0.22363 0.22065 0.21770 0.21476
-0.6 0.27425 0.27093 0.26763 0.26435 0.26109 0.25785 0.25463 0.25143 0.24825 0.24510
-0.5 0.30854 0.30503 0.30153 0.29806 0.29460 0.29116 0.28774 0.28434 0.28096 0.27760
-0.4 0.34458 0.34090 0.33724 0.33360 0.32997 0.32636 0.32276 0.31918 0.31561 0.31207
-0.3 0.38209 0.37828 0.37448 0.37070 0.36693 0.36317 0.35942 0.35569 0.35197 0.34827
-0.2 0.42074 0.41683 0.41294 0.40905 0.40517 0.40129 0.39743 0.39358 0.38974 0.38591
-0.1 0.46017 0.45620 0.45224 0.44828 0.44433 0.44038 0.43644 0.43251 0.42858 0.42465
0.0 0.50000 0.49601 0.49202 0.48803 0.48405 0.48006 0.47608 0.47210 0.46812 0.46414
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Table S2 - Standard normal distribution. Table values (positive) represent area to the left of the Z-score.

z 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0 0.50000 0.50399 0.50798 0.51197 0.51595 0.51994 0.52392 0.52790 0.53188 0.53586
0.1 0.53983 0.54380 0.54776 0.55172 0.55567 0.55962 0.56356 0.56749 0.57142 0.57535
0.2 0.57926 0.58317 0.58706 0.59095 0.59483 0.59871 0.60257 0.60642 0.61026 0.61409
0.3 0.61791 0.62172 0.62552 0.62930 0.63307 0.63683 0.64058 0.64431 0.64803 0.65173
0.4 0.65542 0.65910 0.66276 0.66640 0.67003 0.67364 0.67724 0.68082 0.68439 0.68793
0.5 0.69146 0.69497 0.69847 0.70194 0.70540 0.70884 0.71226 0.71566 0.71904 0.72240
0.6 0.72575 0.72907 0.73237 0.73565 0.73891 0.74215 0.74537 0.74857 0.75175 0.75490
0.7 0.75804 0.76115 0.76424 0.76730 0.77035 0.77337 0.77637 0.77935 0.78230 0.78524
0.8 0.78814 0.79103 0.79389 0.79673 0.79955 0.80234 0.80511 0.80785 0.81057 0.81327
0.9 0.81594 0.81859 0.82121 0.82381 0.82639 0.82894 0.83147 0.83398 0.83646 0.83891
1 0.84134 0.84375 0.84614 0.84849 0.85083 0.85314 0.85543 0.85769 0.85993 0.86214
1.1 0.86433 0.86650 0.86864 0.87076 0.87286 0.87493 0.87698 0.87900 0.88100 0.88298
1.2 0.88493 0.88686 0.88877 0.89065 0.89251 0.89435 0.89617 0.89796 0.89973 0.90147
1.3 0.90320 0.90490 0.90658 0.90824 0.90988 0.91149 0.91309 0.91466 0.91621 0.91774
1.4 0.91924 0.92073 0.92220 0.92364 0.92507 0.92647 0.92785 0.92922 0.93056 0.93189
1.5 0.93319 0.93448 0.93574 0.93699 0.93822 0.93943 0.94062 0.94179 0.94295 0.94408
1.6 0.94520 0.94630 0.94738 0.94845 0.94950 0.95053 0.95154 0.95254 0.95352 0.95449
1.7 0.95543 0.95637 0.95728 0.95818 0.95907 0.95994 0.96080 0.96164 0.96246 0.96327
1.8 0.96407 0.96485 0.96562 0.96638 0.96712 0.96784 0.96856 0.96926 0.96995 0.97062
1.9 0.97128 0.97193 0.97257 0.97320 0.97381 0.97441 0.97500 0.97558 0.97615 0.97670
2 0.97725 0.97778 0.97831 0.97882 0.97932 0.97982 0.98030 0.98077 0.98124 0.98169
2.1 0.98214 0.98257 0.98300 0.98341 0.98382 0.98422 0.98461 0.98500 0.98537 0.98574
2.2 0.98610 0.98645 0.98679 0.98713 0.98745 0.98778 0.98809 0.98840 0.98870 0.98899
2.3 0.98928 0.98956 0.98983 0.99010 0.99036 0.99061 0.99086 0.99111 0.99134 0.99158
2.4 0.99180 0.99202 0.99224 0.99245 0.99266 0.99286 0.99305 0.99324 0.99343 0.99361
2.5 0.99379 0.99396 0.99413 0.99430 0.99446 0.99461 0.99477 0.99492 0.99506 0.99520
2.6 0.99534 0.99547 0.99560 0.99573 0.99585 0.99598 0.99609 0.99621 0.99632 0.99643
2.7 0.99653 0.99664 0.99674 0.99683 0.99693 0.99702 0.99711 0.99720 0.99728 0.99736
2.8 0.99744 0.99752 0.99760 0.99767 0.99774 0.99781 0.99788 0.99795 0.99801 0.99807
2.9 0.99813 0.99819 0.99825 0.99831 0.99836 0.99841 0.99846 0.99851 0.99856 0.99861
3 0.99865 0.99869 0.99874 0.99878 0.99882 0.99886 0.99889 0.99893 0.99896 0.99900
3.1 0.99903 0.99906 0.99910 0.99913 0.99916 0.99918 0.99921 0.99924 0.99926 0.99929
3.2 0.99931 0.99934 0.99936 0.99938 0.99940 0.99942 0.99944 0.99946 0.99948 0.99950
3.3 0.99952 0.99953 0.99955 0.99957 0.99958 0.99960 0.99961 0.99962 0.99964 0.99965
3.4 0.99966 0.99968 0.99969 0.99970 0.99971 0.99972 0.99973 0.99974 0.99975 0.99976
3.5 0.99977 0.99978 0.99978 0.99979 0.99980 0.99981 0.99981 0.99982 0.99983 0.99983
3.6 0.99984 0.99985 0.99985 0.99986 0.99986 0.99987 0.99987 0.99988 0.99988 0.99989
3.7 0.99989 0.99990 0.99990 0.99990 0.99991 0.99991 0.99992 0.99992 0.99992 0.99992
3.8 0.99993 0.99993 0.99993 0.99994 0.99994 0.99994 0.99994 0.99995 0.99995 0.99995
3.9 0.99995 0.99995 0.99996 0.99996 0.99996 0.99996 0.99996 0.99996 0.99997 0.99997
4 0.99997 0.99997 0.99997 0.99997 0.99997 0.99997 0.99998 0.99998 0.99998 0.99998
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“If I have seen further it is by standing on the shoulders of giants.”

Sir Isaac Newton, 1675



