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Abstract 
 

Single-cell culture provides a unique means to reveal the heterogeneity 

within mammalian cell populations. Advances in multilayer soft lithography 

have enabled the development of high-throughput nanoliter-volume cell 

culture platforms with integrated and programmable fluidic control to 

precisely modulate the microenvironment. Coupled with time-lapse imaging, 

these microfluidic systems allow hundreds of single cells to be monitored 

simultaneously while providing analytical advantages to characterize each 

clone. However, there are many challenges associated with the 

miniaturization of mammalian cell cultures and even greater difficulties for 

non-adherent cell types. This work shows how microfluidic devices and their 

control system can be designed to gently trap suspension cells and enable 

robust clonal expansion. Mouse hematopoietic stem cell (HSC) populations 

were chosen for their sensitivity and stringent cell culture requirements to 

demonstrate that normal cell growth and function could be sustained in the 

microfluidic system. Using microfluidic clonal analysis and image processing 

it was observed that cells from HSC-enriched populations had highly 

heterogeneous growth profiles. Automated medium exchange and temporal 

stimulation were then exploited to show that a high Steel factor (SF) 

concentration was needed for survival of primary HSCs specifically at the 

time of exit from quiescence. The ability to perform live immunostaining was 

combined with genealogical tracing to identify distinct characteristics, such 

as long cell cycle times and frequent asynchrony of daughter cells, associated 

with HSC clones exhibiting persistent endothelial protein C receptor 

expression (EPCR) after in vitro culture. Finally, the flexibility of this 

microfluidic system was demonstrated with the culture of Chinese hamster 

ovary (CHO) cells, the most widely used suspension-adapted mammalian cell 

type for the production of therapeutic recombinant proteins. In this system, 
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the high cell density and the rapid concentration of cell-secreted products in 

nanoliter-volume chambers were exploited to measure the amount of secreted 

monoclonal antibodies from single cells and to increase their cloning 

efficiency. The ability to recover clones from the microfluidic system has 

allowed the selection and expansion of high-producing cell lines. This thesis 

demonstrates the potential and adaptability of high-throughput microfluidic 

single-cell culture systems for both research and therapeutic applications.  
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CHAPTER 1 Introduction 

 

1.1 Thesis Overview 

Nature provides a number of examples where individual entities from 

a population show different behaviors and functions. For instance, identical 

twins share the same genetic information and often look alike. However, they 

are different individuals with distinct personalities, characters and reactions, 

some of which are innate and others shaped by the external factors affecting 

their lives. Honeybees all have yellow and black stripes, but they can be 

divided into sub-groups that hold different functions for the proper 

maintenance of the hive. One rare but essential bee, the queen, is responsible 

for laying thousands of eggs and ensuring the perpetuity of the colony. At the 

cellular scale, populations with similar phenotypes can also contain various 

subsets of cells that are functionally different1-3. Clonal populations often 

exhibit heterogeneous behaviors and genetic diversity, a phenomenon 

particularly prevalent in cancers4,5 and clonally derived cell lines6. The 

analysis of bulk populations may obscure this heterogeneity and prevent the 

identification of characteristics associated with rare but important cells. 

While the scientific community has long recognized the need for single-

cell analysis to tackle this problem, the sensitivity and throughput required 

to perform such measurements has not been readily available. The 

emergence of new technologies in the past decade has greatly facilitated the 

study of single cells. In particular, multilayer soft lithography (MSL) have 

enabled precise control and handling of picoliter-scale volumes via integrated 

fluidic systems of micro-pumps, micro-valves, and micro-mixers. These 

scalable microfluidic systems require less reagents and allow often-

unprecedented throughput to be reached in a relatively cost-effective fashion. 

In addition, the miniaturization of fluid handling can provide unique 
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analytical advantages by concentrating products to be analyzed and by 

limiting non-specific interactions7. 

Microfluidic features are particularly appealing for the study of live 

populations of cells. Appropriately sized culture platforms can be built in 

transparent material, allowing individual cells to be monitored under the 

microscope as their everyday moves are recorded on camera. One can observe 

their behaviors and responses in real-time as elements are added or removed 

from the system. Although the suitability of microfluidics to sustain 

mammalian cell culture has been explored for multiple cell types8, prior to 

this work it had not yet been developed into a robust technology for studying 

sensitive non-adherent mammalian cells. In addition, the analytical 

advantages provided by miniaturization have generally been underexploited 

for cell culture applications. This thesis describes how the scalability and 

flexibility of microfluidic technology can be used for the in vitro 

characterization and culture of suspension mammalian cells at the clonal 

level. The current chapter reviews microfluidic technologies for single-cell 

analysis and mammalian cell culture. It then introduces two important 

biological systems, hematopoietic stem cells (HSCs) and Chinese hamster 

ovary (CHO) cells, studied in this thesis to demonstrate the applications of 

the technology. 

Chapter 2 focuses on technology development and describes the design 

features of a robust microfluidic system for suspension cell culture. The 

technology is first tested on HSC-enriched populations, arguably one of the 

hardest cells to cultivate in vitro, and is then used to obtain new insights into 

the biology of primary murine HSCs.  

Chapter 3 demonstrates how the same technology combined with high-

resolution time-lapse imaging, live immunostaining and semi-automated 

image processing can be exploited to identify in vitro phenotypes of clones 
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having in vivo repopulating potential. Genealogical tracing of single cells and 

their progeny is used to gain a better understanding of the growth 

characteristics of primary murine HSCs. 

Chapter 4 demonstrates the flexibility of the system and the benefits of 

concentrating cells in nanoliter-volumes by adapting the technology for 

another application: the production of recombinant monoclonal antibodies 

(mAbs). A microfluidic single-cell protein secretion assay is combined with 

clonal culture of CHO cells to enable rapid cell line selection. 

Finally, Chapter 5 concludes this thesis by explaining the significance 

of this work, summarizing the key elements needed to achieve robust 

microfluidic cell culture and recommending directions for future studies. 

 

1.2 Microfluidic Technologies 

1.2.1 Multilayer Soft Lithography 

Miniaturization is a powerful approach to reach higher levels of 

throughput without increasing the requirements for space and resources. For 

example, the integration of electronic circuits has led to massive technological 

advances in the development of portable electronic devices such as laptop 

computers, smart phones, tablets and music players. The miniaturization of 

fluidic systems can be achieved by photolithography, the same method 

already used for the fabrication of small electronic devices. Briefly, a 

photoresist layer of desired height is spun onto a silicon wafer, and then 

exposed to ultraviolet light through a high-resolution mask containing the 

desired features. Microstructures are revealed upon soaking in a 

development solution9. This technique has been proven useful for many 

microfluidic applications, but it has a limited ability for integrating fluid flow 
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controls and functionalizing the surface10. Furthermore, the opaqueness of 

the silicon substrate is not always suitable for imaging purposes.  

In the late 90’s, George Whitesides and his group showed that 

polydimethylsiloxane (PDMS), a silicone elastomer, could replicate features 

from silicon wafers with high precision10,11. Replica molding with PDMS 

enabled low cost production of multiple chips from a single silicon 

master8,10,12, making this technology suitable for the fabrication of disposable 

devices. In addition, the flexibility, transparency, gas permeability and 

biocompatibility of PDMS13-15 provided desirable features for a wide range of 

applications. Shortly afterwards, Stephen Quake and his group demonstrated 

that the elastomeric properties of the material could be exploited to integrate 

complex systems of pumps, valves and mixers by means of multilayer soft 

lithography (MSL)16,17. This was achieved by using a thin and flexible 

membrane of PDMS separating intersecting control and flow channels. 

Application of positive pressure in control channels induced a deflection of 

the membrane, thereby closing proximal flow channels. Since then, 

thousands of these valves have been integrated in microfluidic devices to 

enable precise fluid handling. In the past decade, the use of MSL has 

exploded, leading to a plethora of applications in the fields of biology, 

biochemistry, engineering, material sciences, physics and chemistry12,15,18.  

 

1.2.2 Microfluidics for Single-Cell Analysis 

The recurring challenge in single-cell analysis is to simultaneously 

achieve the sensitivity, precision, throughput and economy needed to detect 

and study complex subpopulations of cells. Microfluidic formats are ideally 

suited to addressing these problems by providing reduced reagent costs, high 

effective template concentrations, scalability, ease of automation, improved 

cell handling and multi-step integration (Table 1.1). 
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Microfluidic single-cell technologies and the diversity of their 

applications have been well reviewed7,19,20. The availability of a commercial 

microfluidic platform (Dynamic ArrayTM, Fluidigm) enabling multiplexed 

gene expression analysis on large numbers of samples has led to a number of 

new biological discoveries. Important advances have been made in fields 

where dissecting the heterogeneity of populations is particularly relevant 

such as developmental biology21,22, cancer23,24 and stem cell science3,25-28. For 

instance, multiplexed gene analysis of single cells from purified long-term 

HSC populations combined with information theory have led to the 

identification of distinct subpopulations of cells28. As well, single-cell 

expression analysis of normal and malignant colon cells has shown that 

tumor heterogeneity is largely due to multilineage differentiation23. There is 

a rising interest towards elucidating clonal diversity at the genome level to 

obtain a better understanding of tumor evolution in cancer29. Microfluidic 

approaches to genotype individual chromosomes paired with new sequencing 

technologies have brought new tools to study these heterogeneous systems30. 

The combination of microfluidics and sequencing also has advantages for 

whole genome amplification and has already been used to obtain genetic 

profiles of known and unknown species from complex environments31,32. 

In addition to facilitating multiplexed genetic analysis of single cells, 

microfluidic devices provide numerous advantages to the study of live cells. 

For instance, using a fluorescent protein fusion library in Escherichia Coli, 

Taniguchi and colleagues have measured protein abundance in individual 

cells and have shown a lack of correlation between protein and mRNA 

levels33. Reducing cell culture volumes by several orders of magnitude leads 

to the rapid concentration of secreted molecules from cells and fast diffusion 

times, resulting in increased sensitivity. This feature has been exploited in a 

method called microengraving, which consists of using a functionalized glass 

cover over a microwell array to capture secreted proteins from single cells34,35. 
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Microfluidic devices have also been employed to rapidly capture secreted 

antibodies from single hybridoma cells on beads and to measure their binding 

kinetics36. With a different method, the Heath group has patterned antibody 

capture arrays inside microfluidic devices to detect cytokine secretion from 

cytotoxic T lymphocytes activated in response to a tumor37,38. An alternative 

approach have used microfluidic devices for the high-throughput analysis of 

secreted proteins from single cells by encapsulating them in emulsions 

consisting of sub-nanoliter aqueous droplets in oil39,40.  Microfluidic droplet 

generation is also being developed for drug screening applications by 

measuring viability of encapsulated single cells exposed to different chemical 

compositions41. 

The combination of microfluidic flow control, precise cell 

immobilization, fluorescent protein reporters, and image processing has been 

used to access several experimental regimes that are difficult or impossible to 

implement in bulk cultures: the study of cell signaling under stable and 

precisely defined spatial gradients42, the frequency analysis of signaling 

response under oscillating stimulation conditions43,44 and the high-

throughput analysis of network response under combined chemical and 

genetic perturbations45,46. Time-course experiments that track individual 

cells through time are critical to understand the mechanisms of response 

heterogeneity, including effects of cell cycle, cell age and genealogical 

relationships. In addition to quantitative measures of clonal growth and 

survival, genealogical analysis, allowing for the reconstruction of the “family 

tree” in each clone, provides a rich phenotype for understanding cellular 

decision-making and retrospectively assessing the heterogeneity of the 

starting cell populations. These features have been exploited to study the 

response of archetypical protein signaling networks in yeast, most notably 

the pheromone and HOG mitogen activated protein kinase (MAPK) networks.  

For instance, Falconnet et al. have found that non-uniform gene expression 
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and phenotypic responses observed at intermediate concentrations of 

pheromone were not random, but rather correlated with genealogical 

relationships, illustrating how non-genetic heritable traits may influence the 

critical threshold for cellular decision making46. The generation of division 

pedigrees from a large number of single cells can be assisted by microfluidic 

designs that confine clones in a limited space46,47. In one example, 

microfluidic chambers were used to grow yeast colonies in linear chambers, 

hence facilitating the assignment of mother-daughter relationships. Time-

lapse imaging has revealed that bursts of heat shock protein expression were 

synchronized between a cell and its immediate progeny47.  

As a high-precision alternative to optical analysis of cellular growth, 

the Manalis group has developed an innovative approach that directly 

measures the mass of single cells using microfabricated cantilevers with 

integrated flow channels. This technique was used to study mammalian cell 

size regulation48,49 and to show that precise measurement of cellular density 

could be used to distinguish infected or thalessimic erythrocytes from healthy 

ones, as well as drug-treated lymphocytes from non-treated ones50. Although 

this system has not yet been adapted to high-throughput formats, it provides 

an excellent illustration of how microfluidic approaches can enable previously 

inaccessible measurements with unmatched precision for understanding 

cellular heterogeneity. As analysis of populations at the single-cell level 

generally involves the study of a large number of cells, there is room for the 

development of better automation tools to track cell growth and generate 

cellular genealogies in a fast and high-throughput fashion.  

 

1.2.3 Microfluidic Mammalian Cell Culture 

High-throughput approaches are extremely powerful to characterize 

single mammalian cells and to study the complex and highly dynamic 
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interactions that govern their growth and behavior. Microwell arrays using 

various substrates such as hydrogels, silicon, photoresist, PDMS or glass 

have been used to trap and analyze single suspension cells51-54, to confine 

adherent and non-adherent clones into small areas for cell tracking55-57 and 

to study the interactions between different cell types by colocalization58. 

Some approaches have employed surface patterning of microwells to more 

precisely dissect and mimic the factors present in the in vivo 

microenvironment59,60. The cell trapping mechanisms in these large-volume 

microwell arrays generally allow medium exchange but lack the flexibility of 

enclosed programmable microfluidic systems that allow for precise spatio-

temporal control of culture conditions. For instance, Tay and colleagues have 

exploited temporally varying and automated fluid control in a microfluidic 

cell culture device to demonstrate that single 3T3 mouse fibroblast cells 

respond to tumor necrosis factor (TNF)-α in a digital manner; that is, lower 

numbers of cells responded to lower doses of TNF-α even though the 

amplitude of transcription factor nuclear factor (NF)-κB remained high61. 

Pulse stimulation studies showed that prior exposure to TNF-α played a role 

in subsequent cellular responses, indicating that this pathway is not a purely 

stochastic system. Cheong and colleagues took advantage of microfluidic 

parallelization to reconstruct signaling kinetics using endpoint staining of 

fixed cells at different time points after stimulation, thereby enabling the 

detection of multiple proteins on each cell62. With this method, it was shown 

that c-Jun N-terminal kinase (JNK) signaling exhibited a binary switch-like 

response after anisomycin stimulation in HeLa cells63.  

Several groups have reported the study of embryonic or mesenchymal 

stem cells in microfluidic devices64-68. Albrecht et al. have used histone H2B-

EGFP and tubulin-EYFP to facilitate tracking of mitotic events in murine 

embryonic stem cells (ESCs) and have observed an apparent synchronization 

of division events across the microfluidic device67. Others have used perfusion 
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microfluidic systems to study the effect autocrine and paracrine signaling on 

ESCs self-renewal and differentiation66,69,70. Tumarkin and colleagues have 

employed a variant of this approach to study cellular paracrine signaling by 

co-encapsulating cells in microfluidic-generated agarose beads, and 

demonstrating that cell survival could be modulated by the ratio of MBA2 

interleukin (IL)-3 secreting cells to M07e factor-dependent cells71.   

Despite this progress, applications to mammalian systems have been 

slower to develop than those aimed at analyzing yeast and bacterial cell 

responses43,45,72,73. A majority of reports on mammalian cell culture in 

microfluidic devices have been limited to short-term experiments performed 

in relatively large volumes with high perfusion rates56,62,74-77. In many cases, 

the same studies could have been done in macroscale cultures and did not 

exploit the unique analytical advantages of microfluidics. Table 1.2 

summarizes the reports of microfluidic PDMS devices to cultivate 

mammalian cells. Devices with chamber volumes greater than 10 µl were 

excluded from this summary as these volumes approach standard macroscale 

384-well plate cultures. Aside from a few exceptions68,75,78, these reports tend 

to omit growth rate comparisons with conventional cultures or when 

addressed, microfluidic cultures exhibit slower growth rates79-82 and 

deviations from normal phenotypes83. This lesser ability to exploit 

microfluidics to its full potential can be mainly attributed to greater technical 

challenges associated with controlling the more stringent mammalian cell 

culture requirements in these devices. For example, gas permeability of 

PDMS is an important asset in cell culture to avoid oxygen limitations84,85. 

However, vapor permeation results in high rates of evaporation86-88, which 

can in turn lead to significant osmolarity shifts that have been shown to 

influence mammalian cell metabolism89, growth90 and embryo development91-

93. These problems are amplified due to the extreme PDMS surface area to 

medium volume ratio of microscale culture chambers94,95. As chamber 
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volumes decrease the cell culture medium becomes increasingly susceptible to 

environmental variations. To achieve robust cell culture, evaporation effects 

can often be minimized by keeping humidity close to saturation in the 

surrounding environment and by using large chambers or high perfusion. 

Medium exchange also serves to avoid nutrient limitations, control pH and 

wash away possibly toxic compounds secreted by the cells or leaching from 

incompletely cured PDMS13,80,96. However, some cell types do not thrive 

under high perfusion rates as they need the conditioning from other cells97 

and therefore perfusion should be used when medium exchange is needed but 

not as a means to overcome evaporation or other PDMS effects. It has been 

shown that PDMS can absorb small hydrophobic molecules such as 

rhodamine or oestrogen98-100. It is not clear whether this phenomenon 

generally affects cultures since albumin likely carries small hydrophobic 

molecules at the low concentrations naturally found in serum101. However, it 

could become problematic for studies where medium has to be supplemented 

by drug molecules or hormones at higher concentrations. It is also possible 

that some components may be depleted by adsorption on the wall. Culture 

medium generally contain a high concentration of albumin that is readily 

adsorbed on PDMS102. Therefore, priming the device with culture medium 

should mitigate adsorption effects during experiments.  

Standard microfluidic devices do not enable immobilization of 

suspension cells for perfusion, which explains in part the lack of reports on 

long-term mammalian suspension cell culture. HSC culture in enclosed 

microfluidic devices has not been demonstrated prior to this work. Likewise, 

adherent CHO cells have been cultured in microfluidic devices103-105, but 

there has not been any report using suspension-adapted cell lines. The 

development of solutions to minimize PDMS effects combined with gentle cell 

trapping mechanisms for medium exchange are essential to enable the 

culture of suspension cells in microfluidic systems. 
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1.3 Hematopoietic Stem Cells 

1.3.1 The Hematopoietic System 

During development, hematopoiesis begins in the yolk sac of the 

embryo, then proceeds to the aortic region to reach the fetal liver and finally 

the bone marrow106. Adult HSCs reside primarily in the bone marrow but can 

also be found at a lower frequency in peripheral and cord blood. Traditionally, 

HSCs have been defined as cells capable of producing all blood cell types and 

dividing into one or more cells also possessing unrestricted differentiation 

potential, referred to as self-renewal107. The classic model of hematopoiesis 

classifies committed hematopoietic cells into a myeloid compartment 

originating from common myeloid progenitor (CMP) cells that generate 

platelets, erythrocytes and phagocytes (macrophages and granulocytes), and 

a lymphoid compartment originating from common lymphoid progenitors 

(CLP) that generate lymphocytes (B cells, T cells and NK cells)108. This 

classic model implies that CLPs have already lost their ability to give rise to 

myeloid cells and, conversely, that CMPs cannot produce lymphoid cells. 

Further lineage restriction is depicted by binary and irreversible decisions. 

This model has been derived mainly from functional readouts of the types of 

progeny that could be produced by a cell, providing a stepwise description of 

the differentiation processes. Its validity has been challenged in both murine 

and human systems, notably from the observations that myeloid cells could 

be produced from T cell progenitors that could no longer give rise to B cells 

and that some progenitor cells could generate lymphocytes and myeloid cells 

but not erythrocytes or megakaryocytes109,110. The emergence of new 

techniques to dissect the molecular mechanisms responsible for the 

irreversible loss of multilineage potential during differentiation has allowed 

the classic model of hematopoiesis to evolve106. More recent models suggest 

that differentiation occurs much more dynamically, with a progressive 

specification of hematopoietic lineages111,112. Mathematical models have been 
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proposed where lineage specification arises from a competition between 

different lineage propensities, and where lineage commitment is acquired 

following a succession of intrinsic decision steps that can be influenced by 

external cues113,114. These intrisinc decisions can be mediated by numerous 

mechanisms such as chromatin remodeling115, transcription factors 

regulating the expression of specific genes116,117 as well as post-

transcriptional118 and post-translational modifications119 altering the 

stability of transcripts and proteins. Tools to monitor gene expression in 

response to external stimuli at the single-cell level could be highly valuable to 

understand the relationship between intrinsic differentiation programs and 

the cell microenvironment. 

 

1.3.2 Regulation of Stem Cell Fate Decisions 

For over 50 years, the ability of HSCs to self-renew and differentiate 

into specialized blood cells has been exploited clinically. While the potential 

of HSCs in cancer treatment and gene therapy has been demonstrated 

multiple times120-123, the complex mechanisms regulating stem cell fate 

remain unclear. For either clinical or research applications, there are many 

situations where symmetric self-renewal and therefore expansion of HSCs 

would be beneficial. HSC expansion naturally occurs in vivo during 

development124 or after a myelotoxic treatment like chemotherapy125,126.  

However, it has been challenging to replicate in vitro the niche conditions 

enabling symmetric self-renewal. The combination of factors inside a cell and 

external cues from the environment can dictate choices between self-renewal 

or differentiation. Soluble factors and cell surface-associated cytokines 

provided by endosteal osteoblasts and surrounding stromal cells in the bone 

marrow have been extensively reviewed127-129. Growth factors such as Flt-3 

ligand, IL-3, IL-6, Steel factor (SF) and granulocyte-colony stimulating factor 
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(G-CSF) have been identified as influencing fate decisions of HSCs130. Efforts 

to optimize culture conditions by adjusting cytokines combinations and 

concentrations55,131-134 or by adding ligands to activate key pathways involved 

in self-renewal such as Notch and Wnt have yielded improved expansion59,135, 

but the overall increase in stem cell activity remains modest.  

Several transcription factors and cell cycle-related genes have been 

identified as regulators of self-renewal136,137. Some of these regulators are 

genes from the homeobox (HOX) family. Strategies to expand HSCs in vitro 

include the transduction of HSCs with nucleoporin98-homeobox fusion genes 

(NUP98-HOX). HOX genes, either native or fused with NUP98, have been 

frequently observed in both acute myeloid leukemia (AML) and chronic 

myeloid leukemia (CML) patients138. In primitive murine cells, expression of 

the leukogenomic protein Nup98-HOXD13 (ND13) blocks differentiation, 

thereby enabling in vitro expansion of a myeloid progenitor-enriched 

population with short-term in vivo repopulating activity139. On its own, ND13 

has a low propensity for in vivo leukemic conversion. However, when 

combined with other genetic events such as overexpression of the Meis1 gene, 

it rapidly induces leukemic progression to AML139,140. Successful expansion 

ranging from 1,000- to 10,000-fold over input of highly polyclonal cells has 

been achieved by overexpressing these proteins140,141. Interestingly, the 

fusion of HOXA10 homeodomain with NUP98 (NA10hd) has enabled in vitro 

stem cell expansion without causing leukemia when cells were transplanted 

into irradiated mice142. This makes for a good model to study stem cell 

expansion since these cells have a remarkable proliferation advantage 

compared to non-transduced cells. However, the exact mechanism by which 

NA10hd leads to stem cell expansion is not well understood.  
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1.3.3 Characterization of Murine HSCs 

The throughput and availability of fluorescence-activated cell sorting 

(FACS) has led to the identification of markers related to HSC activity, 

thereby allowing enrichment of stem cells while maintaining the ability to 

perform subsequent experiments. In the case of primitive HSCs, expression of 

markers such as c-Kit, Sca-1 and CD34 have been correlated with stem cell 

activity143. Cell sorting has often been combined with the absence of other 

markers (e.g. lin-/lo, Flk-2-, Thy-1lo)144-146. Other approaches to further purify 

stem cells have been developed by selecting the side population (SP) arising 

from Hoescht dye exclusion147. In the best cases, only 20 to 35% of purified 

murine cells yields reconstitution in irradiated mice108,148. Better sorting 

strategies based on signaling lymphocyte activation molecule (SLAM) family 

receptors have been developed to enrich HSC populations with purity levels 

as high as 50%149-151. There is now clear evidence that not all cells with 

engraftment potential are identical152-154. Long-term HSCs have the ability to 

generate both myeloid and lymphoid lineages for multiple transplants. In 

contrast, a distinct subset of short-term HSCs is lymphoid-biased and lacks 

durable self-renewal potential151,155. The stem cell definition continues to 

evolve as better markers and phenotypes become available to characterize 

the heterogeneity within the HSC compartment.  

 Given the absence of reliable surrogate phenotypic markers for HSCs, 

the preferred assays to quantify stem and progenitor cells have been based on 

functional analysis. Several reviews have compared the different in vivo and 

in vitro assays to identify HSCs156-158. Briefly, in vitro assays requiring 

stromal cells to support stem cell development such as the cobblestone-area-

forming cell (CAFC) assay and the long-term culture-initiating cell assay (LT-

CIC) have been correlated to the in vivo frequency of primitive stem 

cells159,160. Committed progenitor cells can be quantified and characterized 

based on colony-forming cells (CFCs) in semi-solid methylcellulose media. 
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These assays require sufficient dilution to ensure that emerging colonies are 

derived from single cells. The gold standard to determine stem cell activity is 

the in vivo competitive repopulating unit (CRU) assay that evaluates the 

fraction of stem cells capable of reconstituting the hematopoietic system 

(typically >1% of peripheral blood cell lineages) in sub-lethally irradiated 

mice at 16 weeks post-transplantation161,162. This assay tests the functional 

capability of stem cells including self-renewal and differentiation into 

myeloid and lymphoid progenitors. A new technique now allows the 

identification of stem cell progeny generated in vivo in a high-throughput 

fashion using clonal barcoding and sequencing163. These methods only 

provide a retrospective characterization, thereby making it impossible to 

work with a stem cell after its CRU activity has been confirmed.  

 

1.3.4 Single-Cell Tracking and Time-Lapse Imaging 

Studies aiming at understanding HSC biology are hindered by many 

challenges: the difficulty of purifying rare stem cells from other hematopoietic 

cells, the laborious maintenance and characterization of the cultures, the 

high reagent costs associated with HSC growth factor dependence, the 

limited ability to maintain potency in vitro, and the lack of rapid, non-

destructive assays to determine stem cell activity. Researchers are left with 

heterogeneous populations of hematopoietic cells where specific information 

about stem cell properties is lost in average measurements. Therefore, single-

cell studies provide major advantages to assess the heterogeneity in 

hematopoietic populations. 

One approach to assess HSC population heterogeneity is to follow 

single cells through time. The analysis of such clonal populations have 

revealed high heterogeneity in clone sizes, even after multiple serial 

replating164. Assays are usually performed in 96-well plates, require 
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substantial volumes of costly medium and are extremely time-consuming 

when tracking of cell divisions is performed manually. Before high time-

resolution imaging became easily accessible, dilution of membrane-bound 

dyes has provided a means to assess the number of cell divisions165. These 

experiments have revealed, for instance, that quiescent behavior and slow 

cycling correlates with higher potency166-169 and that daughter cells separated 

after the first cell divisions can adopt different fates170,171. Laborious but 

insightful clonal studies can be done also to assess cytokine 

mechanisms171,172. For instance, Kent et al. have shown that low Steel factor 

(SF) concentrations can alter HSC integrity and transcription factor profiles 

within 8 to 16 h of culture171.  

High-frequency live-cell tracking offers the possibility to discover new 

phenotypes associated with HSCs. Digital imaging coupled with the 

increasing storage capacity of computers and microscope automation has 

made time-lapse imaging a powerful tool for live-cell growth kinetics studies. 

Commercial high-content screening platforms provide automated time-lapse 

imaging in 96 or 384-well plate format. These platforms are useful tools for 

the simultaneous analysis of multiple reporter genes and the screening of 

different culture conditions. However, the relatively large areas of the flat-

bottom wells are not well suited to monitor single suspension cells and these 

platforms are generally restricted to static conditions173. Some groups have 

chosen instead to couple microwell arrays with custom time-lapse imaging 

systems to discover new features of HSCs. For instance, Dykstra et al. have 

shown that the absence of uropodia combined with longer cell cycles in clonal 

populations originating from primary murine HSCs cultured in silicone 

microwells is correlated with increased stem cell activity55. Lutolf and 

colleagues have monitored the growth of single HSCs in hydrogel microwell 

arrays to study the effect of soluble and tethered proteins on division kinetics 

and have found that Wnt3 and N-cadherin could stimulate stem cell self-
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renewal59. Recently, the Roeder group has reported large microwells with 

functionalized microcavities to study the genealogies of human hematopoietic 

stem and progenitor cell populations174. They showed that transient exposure 

to a different biomimetic environment can alter the synchrony of divisions. 

Functional assays assume that the output reflects the capacity of a cell 

to generate progeny independently of intrinsic fluctuations that may affect 

cell fate at the time of the assay. As such, there is an increasing focus to 

understand the molecular mechanisms responsible for self-renewal and 

differentiation. The combination of time-lapse imaging with fluorescent 

reporters and immunostaining can provide insights into the molecular events 

dictating cell fate. The current challenges in live-cell imaging reside mainly 

in the automation of genealogical tracing and in the development of reporters 

to enable the quantitative analysis of molecules in a high-throughput fashion. 

Tools have been developed to facilitate cell tracking and gene expression 

analysis. However, in the reports to date these methods ultimately rely on 

manual editing174-179. The Schroeder group has combined a genealogical 

tracing tool with a set of reporter genes to demonstrate the instructive nature 

of cytokines for the differentiation of single progenitor cells into granulocytes 

and monocytes using time-lapse imaging179. However, this conclusion may 

not apply to all cytokines and cell types, and a permissive nature where only 

cells with a specific lineage propensity would survive in a given set of 

conditions should not be ruled out.  

Conceptually, a stem cell can generate two stem cells, thereby leading 

to an expansion of their number, divide symmetrically into two cells 

committed to differentiation or divide asymmetrically to produce a daughter 

cell identical to the mother stem cell and another cell committed to 

differentiation. Fate determinants during asymmetric divisions can come 

from both external factors, such as the niche, and intrinsic variations 

between daughter cells. It can be difficult to assess the fate symmetry or lack 
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thereof between two daugthers cells. However, it is possible to study 

characteristics that can differ between daughter cells such as repopulation 

patterns, gene expression, protein segregation, cell cycle time, proliferative 

capacity and death. Even though they may not necessarily be indicators of 

asymmetric fate, such analyses can provide insights on the interplay between 

the different molecular players involved in self-renewal and differentiation. 

For instance, the asymmetric segregation of Numb has been observed by 

immunocytochemistry in 44% of HSCs obtained from Notch reporter mice180. 

Numb is an inhibitor of the Notch pathway that is known to have an 

important role in HSCs self-renewal. On average populations, overexpression 

of Numb was found to inhibit Notch reporter activity and to be associated 

with differentiated cells, suggesting that cells obtaining Numb during 

asymmetric division are more likely to acquire a differentiated fate181. Giebel 

et al. have demonstrated that the lipid raft markers CD53, CD62L, CD63 and 

CD71 segregate asymmetrically in approximately 20% of cord blood stem 

cells. These proteins could be used to enrich stem cells in combination with 

the surrogate stem cell marker CD133 but it was not possible to determine 

whether segregation correlated with different fates since all assays were 

performed on fixed cells182. The probability of observing mitotic events on 

fixed cells is small and therefore live imaging studies are much more 

powerful. To overcome this challenge, the Sauvageau group overexpressed 

two fluorescently labeled proteins, Numb and Ap2a2, in mouse HSCs. They 

found many instances of Ap2a2 asymmetric segregation, suggesting that this 

protein plays an important role in fate decisions183. Another strategy is to use 

labeled antibodies at low concentrations to track the evolution of surface 

markers through time. Combined with genealogical tracing, this method has 

been used to visualize blood formation from the haemogenic enthothelium175. 

This technique can lead to important biological insights but should be used 

with care as the prolonged exposure to antibodies and fluorescence can 

potentially influence stem cell behavior.  
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HSCs are one of the most challenging cell types to culture in 

microfluidic devices due to their dependence on cytokines, their scarcity and 

their suspension nature that makes medium exchange for maintenance 

difficult. The necessity to recover the cultivated cells for subsequent 

phenotypic or functional analysis is also a challenge. Microfluidic reports to 

study hematopoietic cells have thus mostly been limited to short term 

signaling or apoptosis experiments requiring less than 2 h of culture in 

relatively large chambers184-186. Despite these challenges, microfluidic devices 

have great potential for the high-throughput analysis of single HSC cultures. 

If properly designed, these systems could enable automated and parallel 

growth kinetic analysis of hundreds to thousands of single cells. Moreover, 

temporally varying cytokine stimulation could reveal new insights on HSC 

requirements for survival and proliferation. In addition, rapid medium 

exchange could allow live immunostaining of surface markers and, coupled 

with high frequency imaging of the clonal progeny, offer the possibility to link 

growth kinetics to in vitro phenotypic variations.  

 

1.4 Chinese Hamster Ovary Cells 

1.4.1 Recombinant Protein Production in CHO Cells 

The first CHO cell line was derived in the late fifties from Chinese 

hamster ovaries by Theodore Puck187. Multiple variants such as CHO-K1 and 

CHO-S cells were later produced from the original cell line. CHO cells were 

initially used for a variety of applications including mutagenesis studies to 

isolate mutants with particular nutritional requirements. For instance, cells 

lacking the dihydrofolate reductase (DHFR) gene were found to be 

auxotrophs for glycine, a purine and thymidine188. This has been a useful 

selection system for cells expressing exogenous proteins. CHO cells 

eventually became the mammalian host line of choice for therapeutic 
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recombinant protein production, generally preferred to bacterial or yeast 

systems for the production of more complex proteins because of their capacity 

to perform post-translational modifications, in particular adding glycoforms 

that make proteins bioactive and compatible with humans189.  

CHO cell lines are well characterized and can be modified to integrate 

selection and gene amplification systems. Despite originating from tissue, 

CHO cells are readily adapted to suspension culture in serum-free media, an 

important feature for large-scale bioreactor production. In 1987, human 

tissue plasminogen activator (t-PA) became the first approved protein to be 

produced in CHO cells190,191. Many other products followed, demonstrating 

the safety of the CHO cell host189. The productivity of CHO cells was modest 

at first but a combination of media optimization, process development and 

cell engineering now yields titers up ~10 g l-1 192,193. The recombinant protein 

market exceeded 50 billions in 2010194 and more than 70% of therapeutic 

recombinant proteins are now produced in CHO cells189. The more recent 

increase of mAbs use for therapeutic purposes has been the major contributor 

to the growth of this field. Major biologics produced in CHO cells include 

Humira (Abbott), Avastin (Genentech) and Herceptin (Genentech), primarily 

used to treat rheumatoid arthritis, colorectal cancer and metastatic breast 

cancer, respectively. In 2010, together these three drugs have generated 7.4 

billion in US sales194. CHO cells are expected to remain the most important 

platform for the production of mAbs, with many in clinical trials including 

biosimilars as patents approach expiry195,196.  

 

1.4.2 Cell Line Generation for mAb Production 

Once the sequence of an antibody of interest is identified, the genes are 

typically inserted into a plasmid expression vector, along with regulatory 

elements used to drive transcription and enhance stabilization or translation 
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of the transcripts197. Methods such as calcium-phosphate precipitation, 

electroporation, lipofection and retroviral transfection are generally employed 

for transfection197. A selection gene such as glutamine synthase (GS) is also 

inserted into the vector to enable transfected cell selection in glutamine-free 

medium198. A GS inhibitor, methionine sulfoximide (MSX), is added to 

further increase selection pressure. Alternatively, DHFR can be used to select 

for transfected cells. A folic acid analogue that blocks DHFR activity, 

methotrexate (MTX), can be added to the culture at increasing concentrations 

to amplify the vector copy numbers and thereby also the recombinant protein 

production188,189.  

The site of random integration can dramatically influence the level of 

gene transcription. Hence, several gene expression systems have been 

engineered to improve productivity such as by the addition of chromatin 

opening elements in the vector to provide increased access to the gene197,199 or 

by the insertion of elements that block chromatin-mediated repression200. In 

recent years, site-specific integration methods such as zinc-finger 

endonucleases and targeted genome editing have been developed to minimize 

variations due to the insertion site201,202. Targeted gene insertion in one hot 

spot can yield more homogeneous populations and facilitate clone selection. 

Related cell line engineering strategies can also improve cell survival or 

product quality, for example by adding genes to block apoptotic pathways or 

to modulate protein glycolysation203,204. 

Genetic instability decreases product yields and can affect the quality 

of biological products205. The factors responsible for production instability can 

be at genomic, transcriptional, post-transcriptional, translational, post-

translational processing or secretion levels206. DNA rearrangements can lead 

to the dissociation of the antibody sequence from the promoter. It has been 

reported that MTX selection leads to homologous recombination and 

translocation that in turn can decrease production stability207-209. Epigenetic 
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changes such as methylation can also affect the binding of transcription 

factors and lead to decreased productivity levels210,211. As well, the proximity 

of transgenes to telomeric regions has been shown to influence productivity 

and stability212. Cell line instability can significantly impact the profitability 

of a therapeutic mAb by delaying or even compromising regulatory approval 

as months of cell line and process development efforts are wasted. The 

analysis of clonal heterogeneity can be used to predict instability by 

identifying low producing cell subpopulations before they impact the overall 

productivity213. For instance, single-cell quantitative PCR has revealed that 

stable clones contained homogeneous transgene copy numbers while clones 

prone to losing productivity had much more heterogeneous distributions214. 

As well, the analysis of intracellular mAb content on fixed cells by flow 

cytometry has shown that bimodal distributions containing a minority of cells 

with low protein content could be detected early in unstable clones215.  

 

1.4.3 Cell Line Selection Methods 

The next step in the development pipeline of a new mAb following 

transfection and selection is the generation of clones with both high 

productivity and growth rates. Cloning is required to derive a cell line with 

more reproducible behavior and to maximize the product homogeneity216. The 

traditional method for selecting cell lines is by limiting dilution in multiwell 

plates. For traditional cell line generation, around 200-300 clones are 

cultivated for at least 2 weeks in 96-well plates until their productivity can be 

detected, such as by an enzyme-linked immunosorbent spot (ELISPOT) 

assay217. The highest producing clones can be transferred to a 24-well plate, 

then to larger culture dishes before being scaled up to batch shake flask 

cultures if their titer ranks sufficiently high. This process is often repeated to 

ensure clonality of the cell line. The top performing 10 clones are generally 
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assayed in fed-batch cultures at this stage217 and concurrently analyzed for 

product quality and stability. A few clones (≤3) are moved to bioreactor 

evaluation before the top performing clone is selected for large-scale 

production216,218. A summary of a traditional cell line selection process is 

shown in Fig. 1.1.   

The method described above is time-consuming, work-intensive and 

takes multiple months216. Large robotic systems (e.g. Cello, TAP Biosystems) 

are available to perform automated limiting dilution with high throughput 

but their cost is prohibitive for most laboratories219,220. Therefore, alternative 

approaches have been developed to accelerate and increase the throughput of 

the process. FACS can be employed to directly deposit single cells into wells, 

thereby eliminating the need for sub-cloning216,221. Further integration of 

FACS capabilities have evolved to measure single-cell productivity221,222. One 

approach is to introduce gene reporters into vectors to quantify expression 

levels and then enrich for high producers223-225. However, reporter levels may 

not be indicative of the recombinant protein secretion and the introduction of 

fluorescent reporters can reduce productivity in addition to not always being 

desirable for therapeutic applications222,226. Another approach is to stain for 

surface-bound mAb and then enrich for brighter cells by flow cytometry227. 

This method has a very high throughput but the relationship between 

surface-bound and secreted mAb varies between systems as the antibody is 

quickly dissociated from the cells228. Therefore, several techniques have been 

developed using semi-solid matrices to keep secreted antibodies in the 

vicinity of the cells. For instance, one way is to encapsulate cells into agarose 

microbeads and then to stain for the captured mAbs229. However, this 

technique poses challenges due to the low encapsulation efficiency needed to 

isolate single cells as well as the additional equipment required to make and 

analyze the microbeads. Another method is to capture the secreted antibody 

directly on producing cells using a cell surface affinity matrix230,231. Cells are 
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biotinylated and conjugated to a capture antibody before being placed into a 

viscous medium that limits protein diffusion. Secreted mAbs are thereby 

captured directly on the cells, which can then be sorted using fluorescently 

labeled antibodies. This method has been available for over a decade but has 

not been widely adopted by the industry, perhaps because the benefits do not 

justify the complication of functionalizing the cells and because the process 

can be difficult with fragile cell types220. A more user-friendly platform, 

CellXPress (Intrexon), captures mAbs on a protein G-coated surface and uses 

a laser to eliminate low producers until only one high-producing colony is left 

in a well232. This automated system has high throughput but can possibly 

damage the cells during laser irradiation220. A related commercially available 

platform, ClonePix (Molecular Devices), has used labeled protein A in the 

vicinity of high-producing clones cultivated in semi-solid medium. These two 

systems avoid the potential stress of FACS sorting on the cells and have the 

advantage of providing clone tracking and automated recovery. However, it 

has been shown that while ClonePix can enrich for high producers, the 

fluorescence intensity does not correlate well with clone productivity after 

expansion, requiring further downstream analysis to distinguish top 

producers233.   

Table 1.2 summarizes the attributes of each cell line selection method 

for identifying production clones. The diversity of these methods and their 

shortcomings illustrates how the challenges have not been clearly overcome. 

Reports have shown that productivity in static cultures often do not match 

the productivity in suspension bioreactor cultures217. CHO cells do not thrive 

at the diluted seeding concentration required to generate clones. When the 

initial screening is performed on clones, the productivity measurement is a 

function of both the integral of viable cell concentration (IVC) and the cell 

specific productivity (SPR). Results can be misleading if cells do not 

proliferate at the same rate in static cultures compared to bioreactor cultures. 
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In addition to the physical difference of suspension cultures, the variation in 

the clonal results can be due to media conditioning, media adaptation, 

oxygenation, cellular interactions and/or loss of productivity over time. These 

discrepancies from suspension cultures can be further exacerbated when 

semi-solid medium is used. Overall, whereas low-performing clones can be 

eliminated early in the process, considerable time and resources can 

nonetheless be wasted on clones that end up exhibiting poor performance in 

large-scale cultures. Thus, there are strong incentives to develop improved 

technologies to rapidly measure secreted antibodies in conditions that can 

mimic bioreactor cultures, in a high-throughput fashion and at a reasonable 

cost. Microfluidic technologies can provide significant advantages to perform 

single-cell secretion assays due to the increased effective cell density in 

nanoliter volumes and the rapid accumulation of the secreted product to high 

concentrations. Combined with clonal cell culture, there is an opportunity to 

develop powerful cell line selection tools to circumvent some of the challenges 

of currently available technologies. 

 

1.5 Thesis Objectives 

This thesis aims at bridging an important gap between proof-of-

concept development of microfluidic technologies and their actual use for 

single-cell culture applications in a biological setting. The overall objective of 

this research project was to develop a microfluidic cell culture system to 

facilitate the in vitro characterization of single mammalian suspension cells 

and their clonal progeny, and then to demonstrate the use of the technology 

by investigating the heterogeneity of biologically relevant cellular systems.  

More specifically, the first aim was to solve common challenges 

characteristic of microfluidic cell culture and to build a robust microfluidic 

platform suitable for the high-throughput perfusion culture of suspension cell 
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types. The realization of this goal is demonstrated in Chapter 2, notably by 

the ability to sustain robust clonal proliferation of mammalian cells while 

maintaining functional activity of HSCs after recovery.  

In order to greatly increase the accessible information on cellular 

behavior and exploit the analytical advantages of microfluidics, the next aim 

was to develop a high-throughput image acquisition and image processing 

system for the monitoring of single cells and the genealogical analysis of their 

progeny from time-lapse experiments. The third aim was to then use these 

tools to investigate the diversity in cell cycle entry, division kinetics, surface 

marker profiling, differentiation and death fates within HSC-enriched 

populations under static and temporally changing culture conditions, as 

demonstrated in Chapters 2 and 3. 

The final aim of the thesis, presented in Chapter 4, was to demonstrate 

the flexibility and adaptability of the platform for a different but also 

relevant cellular system. This goal was achieved by developing a rapid single-

cell protein secretion assay and combining it with microfluidic clonal culture 

for the selection of high mAb-producing CHO cell lines, a key step in the 

development of biotechnology products. This project has contributed 

important technological advances for the microfluidic culture and analysis of 

mammalian cells while demonstrating their value by addressing relevant 

biological questions. 
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Table 1.1 Advantages of microfluidics for single-cell analysis  

 
Application 
 

 
Challenges with traditional 
methods 
 

 
Advantages of microfluidics 

 
Single-cell 
RT-qPCR 

 
Limited abundance of starting 
template 
 
Cost and throughput required for 
analysis of large numbers of cells and 
target genes  

 
Concentration enhancement in 
small volumes 
 
Parallelization, automation and 
economy of scale 
 

 
Single-cell 
genomics 

 
Amplification bias and sensitivity 
 
 
 
Isolating individual cells 

 
Improved reaction bias and 
sensitivity in nl volumes and 
reduced contaminant DNA 
 
Integrated microfluidic cell 
sorting and processing 
 

 
Single-cell 
measurements 
of intracellular 
proteins  

 
Movement of living cells 
 
 
Low amount of signal  

 
Confinement of live cells in 
microfluidic structures 
 
Integrated single-cell handling for 
direct lysate analysis 
 

 
Single-cell 
measurements 
of secreted 
proteins  

 
Small amounts of secreted products 
from single cells 
 
Difficult to co-localize multiple cells in 
defined chemical environments 
 

 
Concentration enhancement in 
small volumes 
 
Ease of confinement in droplets or 
microchambers 

 
Signaling 
studies 

 
Mostly limited to static conditions 
 
Inability to rapidly exchange 
conditions on suspension cells 
 

 
Easy temporal stimulation 
 
Laminar flow and proper design 
enabling cell sequestration 

 
Live-cell 
imaging 

 
Difficulties of tracking cells through 
multiple frames 
 

 
Confinement of clones facilitating 
cell tracking 
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Table 1.2 Culture of mammalian cells in PDMS microfluidic devices  

Cell type 
Number 

of 
chambers 

Chamber 
volume 

Perfusion 
Duration 

of 
culture 

 
Quantitative growth 
rate comparison to 
macroscale control 

 

Reference 

       

Fibroblasts, endothelial cells, hESCs 1 2,000 nl continuous and sporadic 
(1-2 ml h-1, every 2-4 h) 

7 days normal 78 

Human liver C3A, rat bone marrow, human lung 
epithelial A549 

1 600 nl continuous (0.03 ml h-1) 3 days N/A 234 

Epithelial breast cancer (MCF-7) 1 500 nl no perfusion 4 h N/A 235 
Mouse embryonic fibroblasts, mESCs 1 5,100 nl continuous (10 nl min-1) 5 days N/A 236 
CHO-K1 1 N/A every 3 days 7 days N/A 104 
β-TC-6 1 2,000 nl continuous (0-6 µl min-1) 48 h reduced in microscale 79 
Human LS173T carcinoma cells (spheroids) 1 3,700 nl continuous (3 µl min-1) 43 h N/A 237 
HEPG2, MCF7, primary hepatocytes, primary bone 
marrow mesenchymal stem cells 

1 600 nl continuous (0.02-0.1 ml h-1) 72 h N/A 65 

Embryonic bodies 1 N/A no perfusion 3 days N/A 238 
Mouse myoblasts (C2C12) 1 N/A continuous (0.0005 – 0.22 µl s-1) 14 h N/A 84 
Fibroblast cell line, CHO cells and hepatocytes 1 10-100 nl continuous (5-50 nl min-1) 5 days N/A 239 
Primary rat dermal fibroblasts 1 300 nl continuous (0.05 µl min-1) 24 h normal 240 
GH3, PC12 cells 3 600 nl sporadic (every 8 h) 48 h N/A 241 
Human epidermal keratinocytes (HEK) 4 N/A continuous (0.025-0.4 µl min-1) 72 h no growth in 

microscale 
242 

mESCs 5 4,500 nl continuous (0.01-1 µl min-1) 60 h N/A 66 
mESCs 6 4,062.5 nl continuous (33 µl h-1) 6 days reduced in microscale 69,70 
NIH 3T3, HeLa, B16 6 150 nl continuous (0.1-4 nl s-1) 5 days N/A 243 
hESCs 6 150 nl sporadic (every 12 h) 6 days reduced in microscale 

but not significantly 
68 

Mouse fibroblasts (3T3) 8 N/A no perfusion 4 h N/A 244 
Rat primary hippocampal neurons 16 11-69 nl continuous (gravity) 7 days reduced in microscale 80 
mESCs, murine embryonic fibroblasts 16 565 nl continuous (0.1 µl h-1) 5 days N/A 245 
Human lung carcinoma (A549) 25 230 nl sporadic (every 24 h, 1.2 µl min-1) 24 h reduced in microscale 82 
Rat bone marrow stromal cells 30 100 nl continuous (0.1 ml min-1) 11 days N/A 246 
NIH-3T3, A549 human lung alveolar cells, HeLa 
cells 

32 N/A sporadic (varies) 6 h N/A 62,63 
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Table 1.2 Culture of mammalian cells in PDMS microfluidic devices (continuation) 

Cell type 
Number of 
chambers 

Chamber 
volume 

Perfusion 
Duration 

of 
culture 

 
Quantitative growth 
rate comparison to 
macroscale control 

 

Reference 

       

CHO-K1 36 N/A no perfusion 24 h N/A 105 
NIH 3T3, CHO and NRK 45 6 nl sporadic (every 4 h) 4 days N/A 97 
Primary rat hepatocytes and fibroblasts (3T3-J2) 64 1,200 nl continuous (1 µl min-1) 32 days N/A 247 
HeLa, SY5Y human neuroblastoma, NIH-3T3, 
HepG2 and BAEC primary cells 

64 3-10 nl continuous (0.2-0.4 µl min-1) 7 days normal 75 

3T3 mouse fibroblasts 96 40 nl sporadic (varies) 36 h N/A 61 
Human bone marrow mesenchymal stem cells 96 40 nl sporadic (every hour) 7 days N/A 74 
PtK2, HeLa, MEF cells, mESCs 96 3.7-7.4 nl continuous (1 µl h-1) 60 h N/A 67 
Human carcinoma (HeLa) 100 31 nl continuous (0.13 µl min-1) 8 days N/A 248 
HeLa 360 1-25 nl continuous (0.1 µl min-1) 11 days reduced in microscale 81 
ALB/3T3, HeLa and bovine endothelial cells 576 5 nl no perfusion 24 h N/A 76 
Endothelial cells 672 500 nl N/A 1-3 days N/A 249 
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Table 1.3 Summary of major cell line selection methods  

Selection 
method 

Throughput 
Measurement 

of secreted 
antibody 

Productivity 
measurement 

independent of 
growth rate 

Suspension 
culture 

Potential 
stress on 

cells 

Seeding 
density 

Sub-
cloning 

required 

Limiting 
dilution 

Low Yes No Yes No Low Yes 

FACS single-
cell 
deposition 

Medium Yes No Yes Yes Low No 

Fluorescent 
reporters High No Yes Yes Yes Low No 

Surface 
staining High No Yes Yes Yes Low No 

Matrix-based 
assays 

High Yes Yes Yes Yes Low No 

Gel 
microdrop 

Medium Yes Yes No Yes Low Yes 

CellXpress 
(Intrexon)  

High Yes Yes No Yes Medium No 

ClonePix 
(Molecular 
Devices) 

High Yes No No No Medium Yes 

Cello  
(TAP 
BioSystems) 

High Yes No Yes No Low Yes 
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Figure 1.1 Schematic representation of a traditional cell line 
generation process 

 

Cells are first transfected with a vector containing the transgene and are 
cultivated under selective conditions to eliminate non-transformed cells. 
Around 200-300 cells are screened in 96-well plates and the top 120 
producers are transferred to a 24-well plate where the supernatant can be 
measured217. Top 60 performers are scaled up to batch shake flask cultures 
and sub-cloned if necessary. The productivity and product quality of the top 
10 clones is measured in fed-batch cultures with stability studies performed 
in parallel. A small number of cell lines (≤ 3) is selected for bioreactor 
evaluation until the production cell line is chosen218. The entire process can 
take multiple months. 

Time 

Stability & 
bioreactor 
evaluation 

Fed-batch shake 
flask & product 

quality & stability 

Batch 
shake 
flask 

96-
well 
plate 

24-
well 
plate 

Transfection  
& selection 

Scale-
up 

200-300 

120 

60 

10 ! 3 1 

Sub-cloning 

Cell 
line 
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CHAPTER 2 Microfluidic Cell Culture Arrays for 
High-Throughput Analysis of Clone Proliferation 
 

The variable responses of individual or rare cells are often obscured by 

averaged measurements of large populations, which in turn make it difficult 

to distinguish intrinsically determined cell fate decisions from cell 

microenvironment effects. These problems are exacerbated in studies of 

primitive normal and malignant cell populations both because of current 

limitations in available cell purification protocols151,155,250 and the inherently 

stochastic nature of self-renewal and differentiation processes251,252. New 

technologies for investigating the heterogeneity of responses at the single-cell 

level under well-defined chemical environments are therefore of great 

interest. This chapter describes the design, development and validation of a 

microfluidic cell culture platform with multiple functionalities for the high-

throughput analysis of single HSCs. 

 

2.1 Introduction 

The need for scalable analysis of single cells is particularly acute in the 

investigation of HSC behavior. Analyses of clonal cultures established from 

single HSCs have previously provided many novel insights that highlight the 

power of this approach. These include experiments demonstrating that 

quiescence and delayed cell cycle entry correlate with higher self-renewal 

potency55,166, that asymmetric cell divisions are features of HSCs with long-

term hematopoietic activity164,171 and that the probability of HSCs executing 

self-renewal divisions in vitro is regulated by the types and concentrations of 

growth factors to which they are exposed171,172,253. The study of HSCs using 

automated time-lapse imaging and, in some cases, micropatterned 

substrates, has enabled increased time resolution and the identification of 
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new phenotypes associated with particular biological behaviors55,59,175,177,178. 

These latter approaches indicate the great potential of higher throughput 

microculture systems and encourage the development of more advanced 

features including variable schedules of medium exchange and the 

parallelization of multiple experiments per run.   

Integrated microfluidic systems provide many potential advantages for 

live-cell microscopy-based tracking studies. These advantages include low 

reagent consumption, precise temporal control over growth conditions, and an 

ability to work with, but not be limited to, small numbers of input cells. 

While these advantages have been well explored to analyze yeast and 

bacterial cell responses43,45,72, applications to mammalian cells are less 

developed. Although fluid and cell handling capabilities have been well 

established8,254,255, there have been relatively few reports of the application of 

programmable microfluidic systems to the analysis of mammalian cells in 

suspension culture62,74-77. This is due primarily to the greater difficulties 

encountered in obtaining robust growth of mammalian cells in microfluidic 

devices. For example, prior to this work microfluidic analyses of cytokine-

responses of hematopoietic cells have been limited to measurements of 

signaling or apoptosis endpoints requiring less than 2 h of culture184-186.   

Major technical hurdles in available microfluidic devices that this work 

addresses include dehydration problems, immobilization of non-adherent 

cells during medium exchanges, and recovery of the cultivated cells for 

subsequent phenotypic or functional analysis. Previous mammalian 

microfluidic culture systems have been largely restricted to experiments with 

adherent cells incubated for short periods of time (hours) in relatively large 

volumes of medium78,256 and/or maintained under high perfusion rates67,257-

259. Aside from a few notable exceptions68,75, longer-term microfluidic 

mammalian cell culture reports have exhibited reduced growth rates and 

even deviations from normal phenotypes83. Here we describe a simple 
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microfluidic cell culture design that solves these problems to obtain growth 

rate performance that replicates standard macrocultures while exploiting the 

high-throughput potential of microfluidic systems for single or clonal cell 

analysis. The utility of these devices is illustrated by investigating HSC 

proliferation control.    

 

2.2 Materials and Methods 

2.2.1 Microfluidic Cell Culture Array Fabrication 

Devices were made entirely out of PDMS (Sylgard 184, Dow Corning). 

The chamber, control and membrane layers were assembled using multilayer 

soft lithography techniques16,17 and the iso-osmotic bath and cover layers 

were integrated by PDMS stamping260. Chips were covalently bound to glass 

slides by oxygen plasma treatment. Devices were left at 80 oC for at least 5 

days and autoclaved prior to use for cell culture to ensure aseptic conditions 

and to drive the curing reaction to completion. Detailed protocols for mold 

and device fabrication are provided in Appendix A and Appendix B 

respectively. 

 

2.2.2 Microfluidic Cell Culture  

Microfluidic devices were placed inside a custom environmental 

chamber (Live Cell Instrument, Chamlide). The temperature was maintained 

at 37 oC with 5% CO2 in humidified air. Humidity levels approaching 

saturation were maintained by the addition of two 3-cm Petri dishes filled 

with water inside the microscope incubator. The iso-osmotic bath and the 

device were filled with medium 24 h prior to cell loading to obtain an 

equilibrium with the environment. Positive pressure was maintained by 
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gravity in the iso-osmotic bath by connecting a 3-ml syringe filled with 

medium to the bath, thus preventing the formation of gas bubbles that could 

alter imaging. The content of the bath was replaced prior to cell loading but 

was not exchanged during the experiment. Cells were concentrated to 2 × 106 

cells ml-1, transferred to a polytetrafluoroethylene (PTFE) tubing (Cole-

Parmer) and plugged into the device via a stainless steel pin.  The channels 

were flushed with medium and cells were pumped into the device at a rate of 

1 µl min-1. Initially loaded cells were allowed to settle down into the 

chambers, and then more cells were introduced until an adequate density 

was reached. In order to prevent gas bubbles from forming inside the device, 

an inlet pressure of 4 pound per square inch (p.s.i.) and an outlet pressure of 

1 p.s.i. were maintained at all times. When activated, pumps and valves were 

pressurized at 35 p.s.i. For cultures of ND13 and NA10 cells, filtered 

Dulbecco’s modified Eagle medium (DMEM) with 15% fetal bovine serum 

(FBS), 1.6 µg ml-1 puromycin, 100 ng ml-1 murine SF, 10 ng ml-1 human 

interleukin (IL)-6 and 6 ng ml-1 murine IL-3 (cytokines all from STEMCELL 

Technologies) was exchanged by replacing fourfold the volume of the chip 

after 24, 36, 48, 54, 60, 66 and 72 h of culture. Integrated micropumps and 

microvalves were automatically controlled by custom scripts (LabVIEW, 

National Instruments). Primary CD45+CD48-EPCR+CD150+ (E-SLAM) cells 

were isolated as described in the literature151 and cultivated in Iscove 

modified Dulbecco medium supplemented with 10 mg ml-1 bovine serum 

albumin, 10 µg ml-1 insulin, and 200 µg ml-1 transferrin, 40 µg ml-1 low-

density lipoproteins, 100 U ml-1 penicillin, 100 µg ml-1 streptomycin, 2 mM 

glutamine (all from STEMCELL Technologies), 10–4 M β-mercaptoethanol 

(Sigma) plus 20 ng ml-1 IL-11 (Genetics Institute) and SF, as indicated. 

Medium was exchanged every 2 h with pumping for 15 min for each condition 

to ensure that any medium remaining from a previous condition would be 

washed out of the array. Images were taken every 12 min in 2 focal planes. 

The assessment of cell survival and early division times (first and second) 
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was performed manually by looking at the videos while the individual growth 

curves for each clone were generated using the image analysis algorithms 

described below.  

 

2.2.3 Image Acquisition  

The environmental chamber and the microfluidic devices were 

mounted onto an inverted microscope (Axiovert 200, Carl Zeiss). Bright field 

images were acquired with a 20× objective and a CCD camera (Orca ER, 

Hamamatsu) connected to a computer. The microfluidic cell culture array was 

automatically scanned with a motorized stage (ProScan II, Prior Scientific) 

with temporal resolution ranging from 5 min to 6 h depending on the 

experiment.  

 

2.2.4 Alignment and Autofocus 

Chamber alignment and autofocus scripts were implemented to 

acquire homogeneous images, which in turn improved the efficiency of cell 

segmentation. Each of the image frame contained 4 chambers. The 

coordinates of the 4 corners of the array were first determined manually and 

then coordinates for the entire grid were automatically calculated by 

extrapolation based on the device geometry.  To adjust for small, local device 

distortions introduced during fabrication, each image frame was 

automatically aligned and focused. For each image frame, both row and 

column average pixel intensities were calculated. The dark edges of the 

chambers produced reproducible valleys in these profiles. The locations of 

these valleys were then found and used to calculate the shift needed in order 

to align the wells to the image. Once cells were loaded, the images were 

focused by minimizing the variance of the intensity of the pixels within each 



 37	  

chamber. A constant offset was then applied to each focus position to increase 

the accuracy of the cell segmentation algorithm. These scripts were 

implemented in LabVIEW (National Instruments). 

 

2.2.5 Image Analysis 

Cell segmentation scripts were written in MATLAB (MathWorks).  

Segmentation was accomplished through 3 main steps: well segmentation, 

cell-containing region segmentation and single-cell isolation. First, the 

individual chambers were segmented from the image background. This step 

of the segmentation was accomplished by applying a bandpass filter and then 

creating a binary image through an automatically determined threshold. The 

resulting binary image was then enhanced by removing objects touching the 

image borders and suppressing noise by eliminating small objects. Finally, 

the wells were segmented from the rest of the background by filling in the 

holes created by the edges of the wells. Next, the regions containing cells 

were separated from the rest of the wells. This was achieved by first applying 

a local standard deviation filter to enhance high contrast regions. The noise 

in the filter response was then suppressed by removing small regions and the 

resulting image was converted into a binary image through an empirically 

determined threshold. Holes were then filled in to create the final region 

mask. To segment the individual cells from the rest of the group, a local 

standard deviation filter and a bandpass filter were applied sequentially to 

the image. A top-hat filter was then used to enhance the edges and the 

bounded regions were subsequently filled. The resulting image was then 

converted to a binary image using an automatically determined threshold 

and further enhanced by removing small objects. The remaining number of 

objects was used for the automated cell count.   
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For experiments requiring a high count accuracy, for instance to 

generate growth curves of primary HSCs, we developed an enhanced cell 

segmentation algorithm based on sets of images taken at 2 different focal 

points (~50 µm apart). One image remained slightly above focus while the 

other was taken below the focal plane for use in segmentation. After 

segmenting the well as described above, the portion of the image that was 

hidden by edge shadows was identified by comparing the intensity of the 

region inside the perimeter to the global mean intensity of the well. The 

shadow was removed by calculating a brightness gradient mask around the 

obstructed region, combining it with the well mask, and applying it to the 

original image. Next, the high contrast image was used to identify the center 

of cells which appeared as high intensity spots by applying a brightness 

threshold. The centers were then dilated to achieve accurate cell size 

representation. The focused image was used to identify cell boundaries. The 

image intensity was inverted and sharpened using a negative Laplacian filter 

to enhance the cell edges. The sharpened image was then subtracted from the 

original, leaving only the cell contours and well. A bandpass size filter was 

then applied to remove objects that did not correspond to cell perimeters. The 

mask containing the cell contours was combined with the cell center mask 

and the image was dilated. A watershed cut algorithm was then applied to 

separate adjacent cells that may have been connected during the dilation and 

filling processes. Finally, the segmented image was compared to an initial 

image without cells and objects common to both were removed.  

 

2.2.6 Live Cell Immunostaining 

For live cell immunostaining, the microscope incubator was turned off 

and the main body containing the microfluidic device was placed on ice. For 

each step, at least 25 µl (fourfold the volume of the entire array) was pumped 
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into the array. The device was filled with blocking solution for 20 min. The 

biotinylated antibody cocktail (anti-B220-, Gr-1-, and Mac-1-biotin) was 

pumped into the device, incubated on ice for 40 min and then flushed with a 

solution of Hank’s balanced salt solution supplemented with 2% fetal bovine 

serum (2% FBS-Hanks). A phycoerythrin (PE)-Texas-Red-streptavidin 

solution was then pumped into the device, incubated on ice for another 40 

min and flushed again with 2% FBS-Hanks until all background fluorescence 

had disappeared. The array was then filled with fresh medium and placed on 

the microscope for imaging. Bright field and fluorescent images (exposure 

time, 1 s) were taken for the entire array. 

 

2.2.7 Cell Recovery 

Micropipettes were pulled from glass capillaries to a tip diameter 

ranging between 80 to 140 µm. At the end of an experiment, the cover layer 

was delaminated from the chip, and selected colonies were recovered by 

piercing the membrane with a micropipette. To recover the entire cell content 

from the microfluidic device, the chip was flipped upside down and flushed 

with medium by pumping backwards at a rate of 1 µl min-1. Cells were then 

recovered from the PTFE tube and placed in a suspension culture plate for 

further analysis. To assess the efficiency of recovery, the plate was 

centrifuged for 5 min at 400g, the cells were allowed to settle for 1 h and then 

manually counted using an inverted microscope. 

 

2.2.8 Macroscale Cultures 

ND13 cells140 were cultured in the same medium as in the microfluidic 

device (see above). Cells were passaged every 2-3 days and kept in culture for 

at most 60 days post-transduction. Control growth curves were generated 



 40	  

using an automated cell counter (Cedex, Roche Innovatis). For single-cell 

control cultures, cells were diluted to a concentration of 5 cells ml-1, and 

distributed into 200 µl of medium per well in U-shaped 96-well plates. The 

cells were centrifuged at 400g for 5 min and allowed to settle for an 

additional hour in the incubator. Wells observed to contain single cells at the 

start of the experiment were counted manually every 12 h. For the colony-

forming cell (CFC) assays, cells were incubated for 14 days following 

suspension in methylcellulose (MethoCult 3484, STEMCELL Technologies), 

after which the number of colonies obtained was manually counted under a 

microscope. 

 

2.2.9 In Vivo Hematopoietic Reconstitution Assays 

50 E-SLAM cells (containing ~25 HSCs) were isolated from 

C57Bl/6Ly-Pep3b mice to be transduced with a NUP98-HOXA10hd 

retroviral vector and then cultivated for 11 days as previously described141. 

On day 11, the cells were harvested and split equally between cultures in a 

96-well dish (control) or a microfluidic array for a further 3 days of culture. 

Cells were harvested from both conditions, and then fractions representing 

1/1,520th or 1/15,200th of the starting cells (estimated as a limiting dose of 

HSCs assuming a minimum of 60-fold or 600-fold expansion during the 

culture period respectively) were transplanted into lethally irradiated (810 

cGy of x-rays) C57Bl/6-C2J mice along with 100,000 bone marrow helper 

cells. Six weeks, and 3 and 5 months later, peripheral blood samples obtained 

from each recipient were analyzed for evidence of donor-derived (GFP+) 

lymphoid and/or myeloid cells as follows. Erythrocytes were lysed with 

ammonium chloride (STEMCELL Technologies) and leukocytes were 

suspended in 2% FBS-Hank’s (STEMCELL Technologies) and then incubated 

with a combination of PE-labeled anti-Gr-1/Mac-1, perCP-Cy5.5-labeled anti-
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B220 and APC-labeled anti-CD4/CD8 (BD Pharmingen). Flow cytometric 

analysis was then performed on a FACSAria (Becton-Dickinson).  

 

2.2.10 Statistical Analysis 

Error bars were calculated using standard deviation of the mean. 

Relative risk and 95% confidence intervals for the Cox proportional hazard 

model were calculated using the 'coxph' function from the R package 

'survival' with tied times of death being handled using the Efron 

approximation. 

 

2.3 Results 

2.3.1 Microfluidic Device Design 

We have created a 1,600 chamber-array system constructed from 

PDMS. Each chamber in our device had a volume of 4.1 nl and an integrated 

system of microvalves11,16,17 was used to enable precise control and exchange 

of media (Fig. 2.1). PDMS has the advantage of being a transparent and 

biocompatible silicone elastomer261 with a high gas permeability that makes 

the exchange of oxygen and carbon dioxide highly efficient. However, this 

property also allows rapid transport of water vapor, causing 

dehydration262,263, a problem that is further aggravated by the high surface-

to-volume ratio characteristic of nano-volume culture chambers. In addition, 

small hydrophobic molecules can be exchanged between the medium and the 

elastomeric material, leading to a possible depletion of medium components 

over time96,263,264. Thus, the material properties of available microfluidic 

culture devices typically promote changes in the composition of the medium 

that can produce spurious biological responses, reduced growth rates and 
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even death in the time frames relevant to the assessment of the cell 

responses of interest.   

To circumvent these problems, we incorporated an integrated iso-

osmotic bath into the device design, an approach previously applied to the 

optimization of protein crystallization265,266. This was achieved by fabricating 

the nano-volume chambers and control structures under a 150 µm thick 

PDMS membrane that separates the culture chambers from an iso-osmotic 

bath consisting of a macroscopic chamber filled with medium (~1 ml) enclosed 

by a gas-permeable PDMS cover layer (Figs. 2.2a,b). The high volume ratio 

of the iso-osmotic bath to the culture volume (~200), the low surface-to-

volume ratio of the iso-osmotic bath and the near-saturation humidity 

provided by the microscope incubator together maintained the desired 

osmotic strength in each microculture chamber over many days. Assuming a 

relative humidity of 90% in the microscope incubator, we calculated the water 

losses from the bath to be in the order of ~1% over the course of a 5-day 

experiment (Appendix C). Continuous exchange through the membrane also 

kept PDMS-permeable medium components in equilibrium and the large 

volume of the iso-osmotic bath served as a means to reduce the effect of 

potentially toxic molecule leaching from the PDMS to the culture chambers96.   

 

2.3.2 Cell Immobilization 

This microfluidic cell culture system also provides an important 

advantage over conventional 96-well plate or microwell-based imaging 

systems by allowing for media perfusion without disturbing cell positions. 

This capability can be exploited when dynamic medium exchange or 

immunolabeling of cells in the device is required either during or at the end 

of an experiment62,74.  Although mechanical trapping has been proposed as a 

strategy for immobilizing cells45,186,267, these methods are poorly suited for 
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non-adherent mammalian cells that can be deformed to pass through small 

openings and also can be deleteriously affected by mechanical stress. Our 

device employs a non-perturbing cell capture mechanism that uses gravity to 

trap cells as previously reported for well-based cultures55,59,268-270. Here we 

use a design in which the cell culture chambers are inverted with flow 

channels running over the top of cubic volumes having dimensions of 160 µm 

× 160 µm × 160 µm (Fig 2.3a). This allows laminar flow to deliver cells to the 

chambers and then ensure that the cells are not disturbed by subsequent 

perfusion of the device. During cell loading or medium exchange processes, 

the large volume expansion from the flow channels (<13 µm × 100 µm) to the 

chambers (160 µm × 160 µm) results in a rapid reduction of the flow velocity 

with minimal values near the bottom of the culture chambers (Fig. 2.3b). 

Cells are loaded into the array using the microfabricated peristaltic pump 

(Fig. 2.1) at an overall flow rate of 1 µl min-1. This flow rate corresponds to a 

maximum velocity of ~1 mm sec-1 (Fig. 2.3c) with shear stresses of <0.3 Pa 

(Fig. 2.3d); i.e., below levels that elicit a physiological response271. During 

loading, cells essentially follow the streamlines at the top of the chambers 

and thus pass through the array without having time to settle into the 

chambers. Once the array is filled with cells, the pumping is stopped. The 

cells then settle to the bottom of the chambers and hence become sequestered 

away from the flow streamlines. As desired, this loading process can be 

repeated to achieve more concentrated loading. For example, loading 

efficiencies of 10-30% of 1,600 chambers enable 160-480 cells to be distributed 

as single cells in chambers for clonal analyses. Cell distribution across the 

array is generally uniform and can be modulated by changing the loading 

speed, the cell density, and the number of loading cycles. In the case of larger 

arrays (described below), the inclusion of upstream valves allows for direct 

control over the total number of cells loaded in each array region.  
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Medium exchange through the array is performed at a flow rate of 2 µl 

min-1 without any observable disturbance of the spatial positions of cells 

(Figs. 2.4a,b). This provides an important advantage for tracking individual 

cells through time or for monitoring the growth of individual clones. The 

capability to immobilize non-adherent cells is demonstrated in Figure 2.4c 

where frequent imaging (every 5 min) was used to track the progeny of 3 

individual input primitive hematopoietic cells (from the ND13 line described 

below) while replacing the medium every 6 h. The chamber geometry 

prevented appreciable shear stress from the perfusion flow with shear 

stresses calculated to be only up to ~10-4 Pa at a distance of one cell diameter 

from the chamber bottom (Fig. 2.4d). From the images obtained, cell 

genealogical trees spanning a period of 60 h could thus be generated.     

Despite the low flow rates, the small length-scale of the chambers 

allows for efficient exchange of nutrients, growth factors and metabolites 

through a combination of convection and diffusion. For larger molecules such 

as cytokines (D~10-10 m2 sec-1)272, this diffusion time is approximated by τ ~ 

x2/D where x is one half the chamber height (80 µm), giving exchange times of 

~1 min. These exchange times are significantly shorter than the 10-15 min 

periods used for medium perfusion. Tests with fluorescent dye showed that 

replacing fourfold the total volume of the array was sufficient to replace the 

medium from the device (Fig. 2.4e). 

 

2.3.3 Recovery of Cells After Culture 

Cell recovery is often desirable to enable subsequent assays to be 

performed on the progeny of the input cells. This is particularly important for 

assessing HSC responses where retention of in vivo hematopoietic 

reconstituting activity must be demonstrated. Our cell immobilization 

method allows for cells to be recovered from the entire array by simply 
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inverting the device, causing the cells to settle into the higher flow rate 

regions of the chambers (Fig. 2.3c). Cells are then collected as a pooled 

population by flushing back through the input port. This recovery method is 

simple and efficient, allowing for the harvesting of approximately 90% of the 

cells with losses mainly attributable to non-specific adherence of cells on the 

chamber surfaces. To recover the contents of selected individual chambers, 

the layer of PDMS covering the osmotic bath may be removed (Fig. 2.5a) and 

the contents of the desired chamber aspirated after piercing the overlaying 

membrane with a micropipette (Fig. 2.5b). This method was found to be 

remarkably reliable and easy, allowing more than 90% of the cells in single 

chambers to be harvested as determined by cell counts before and after 

recovery (Figs. 2.5c,d). 

 

2.3.4 Microfluidic Culture of Single Hematopoietic Cells  

To evaluate the utility of our device for supporting the growth of single 

primitive hematopoietic cells, we first compared the growth rate of a 

preleukemic murine cell line (ND13)140,141 in the microfluidic device and in 

conventional cultures. These were set up in 24-well plates seeded with 

150,000 cells ml-1, 96-well plates seeded with single cells (in 200 µl), and 

microfluidic cell culture arrays with or without the integrated iso-osmotic 

bath. The growth kinetics of individual clones inside the device were 

monitored by time-lapse imaging (e.g. Fig. 2.6a). In the presence of the iso-

osmotic bath the population doubling time averaged over all chambers loaded 

with single cells faithfully reproduced the bulk exponential growth rate seen 

in the 24-well plates, indicating comparable conditions had been achieved. 

This was also the same as the average growth rate obtained in the 96-well 

single-cell cultures (Fig. 2.6b). In contrast, in devices that lacked the iso-

osmotic bath, cell survival and division were both severely compromised (e.g. 
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Fig. 2.6b) despite humidity control in the microscope incubator and the 

initiation of medium exchanges 24 hours after starting the experiment.  

A single cell in a 4 nl isolated chamber is at an effective concentration 

~2.5 × 105 cells ml-1. At confluence, a chamber contains ~150 cells, 

corresponding to a concentration of ~4 × 107 cells ml-1. This concentration 

greatly exceeds the limits of what can be sustained in conventional batch 

cultures. As could be expected, cultures exhibited a strongly inverse 

correlation between the number of cells inoculated into each isolated chamber 

and the duration over which cell growth was maintained in the absence of 

perfusion (Fig 2.6c). Thus, medium exchange is required for the long-term 

culture (days) of proliferating mammalian hematopoietic cells in nanolitre 

volumes with a progressively increasing rate of medium exchange to 

accommodate the exponential growth rates obtained. For single-cell cultures 

of ND13 cells, we found that medium exchanges at 24, 36, 48, 54, 60, 66 and 

72 h were sufficient to avoid conditions that led to decreased growth rates 

(due to nutrient limitations and/or build-up of growth-inhibiting metabolites). 

The growth of both ND13 cells and the progeny of primary HSCs could be 

sustained well past confluency by exchanging the medium every 2 h, and this 

ultimately resulted in much more densely packed 3-dimensional cultures (~ 

108 cells ml-1). 

We next undertook a similar experiment using freshly isolated CD45+ 

CD48-EPCR+CD150+ (E-SLAM) adult mouse bone marrow cells that are 

approximately 50% pure HSCs8. Time course measurements of the 

proliferation of these cells and their clonal progeny over 5 days showed that 

the kinetics of 3 successive divisions were comparable to those obtained in 

macroscale cultures55,171 (Fig. 2.7). Together these results establish the 

ability of the microfluidic system to support similar rates of growth of both 

genetically engineered and primary normal HSCs as when these cells are 

cultivated in conventional systems. 
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2.3.5 Assessment of Growth Heterogeneity in Cell Populations 

To manage the large number of images generated per experiment, we 

developed a custom image analysis software program able to automatically 

count the cells at each time point in individual chambers (Fig. 2.8a). The 

resulting automated cell count was generally in agreement with the manual 

quantification of the cells. At higher cell numbers, however, the chamber 

edge shadow would interfere with the cells near the border, thereby resulting 

in a slight underestimate of cell numbers using the image algorithm (Fig. 

2.8b). We used time-lapse imaging and automated image analysis to generate 

individual growth curves for 243 single ND13 cells over a period of 72 h (Fig. 

2.9a). After that time, the fastest growing clones became multilayered and 

too large for further tracking by image analysis. Although the average 

doubling time for all cells was 16.8 h, we observed substantial heterogeneity 

in the growth characteristics of individual clones. 52% of the input cells 

either did not divide or produced progeny that died before the end of the 

experiment. This widespread death was offset by the rapid proliferation of 

other cells that divided as frequently as every 12 hours, but with large 

variability between clones (Fig. 2.9b). These variable clone size expansion 

rates were also observed for ND13 cells generating clones in the 96-well 

plates (Fig. 2.9b). 

To further investigate the cellular basis of this heterogeneity, we first 

immunostained the input ND13 cells for their expression of 3 lineage (lin) 

markers (Gr-1, Mac-1, and B-220) and then compared the clonal growth 

kinetics after 72 h of those that were initially positive (lin+, differentiated) 

and those that were initially negative (lin－, primitive) (from images taken 

every 5 min). We also used the perfusion capabilities to perform a second 

lineage staining of the clones present at the end of the experiment. This 

showed that most of the lin+ cells did not produce colonies (Fig. 2.10a), 

replicating the failure of lin+ cells to form colonies in 96-well cultures. In 
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contrast, the lin－ cells produced clones efficiently but these were of different 

sizes and included different phenotypes (Fig. 2.10b). Some of the lin－ cells 

gave rise to exclusively lin+ or lin－ clones. Others contained a mixture of 

phenotypes (Fig. 2.10c). This finding suggests that ND13 cells maintain a 

population of lin－ clonogenic progenitor cells that produce both more of 

themselves (i.e., lin－ cells) as well as more mature non-clonogenic lin+ cells. 

Further support for this model was obtained by isolating lin－ cells by FACS, 

expanding them in macroscale cultures and then demonstrating after 12 days 

that a new lin+ population had again been produced (Fig. 2.11).  

 

2.3.6 Preservation of Functional Properties of Primitive Cells 

As a first assessment of the biological state of cells cultivated in our 

microfluidic system, we evaluated the progenitor population of ND13 cells 

using a standard semi-solid colony-forming cell (CFC) assay in which the cells 

are suspended in a viscous methylcellulose-containing medium. Unseparated 

ND13 cells were first cultivated in the microfluidic device for 72 h and then 

approximately 720 cells from 5 chambers (corresponding to 11 starting cell 

equivalents) were recovered and plated into triplicate CFC assays. Parallel 

methylcellulose assays were set up with the progeny of 11 starting cell 

equivalents generated in conventional macrocultures. The number of colonies 

obtained from each source was similar, further demonstrating the ability of 

the microfluidic device to support an equivalent expansion of ND13 cells with 

sustained progenitor activity (Fig. 2.12). 

To test the ability of our microfluidic cell culture device to support self-

renewal divisions of primitive hematopoietic cells with long-term in vivo 

reconstituting potential, we examined the growth of mouse bone marrow cells 

transduced with a NUP98-HOXA10 homeodomain (NA10hd) fusion gene.  
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This strategy potently stimulates the expansion of HSCs in vitro without any 

signs of leukemic transformation139,141. To obtain these cells, we first isolated 

E-SLAM cells from adult mouse bone marrow (~50% pure HSCs) and then 

transduced the cells with a NA10hd-encoding retroviral vector. The 

transduced cells were then expanded for 11 days in a macroscale culture. At 

the end of this period, replicate aliquots were transferred either to the 

microfluidic array or a control macroscale vessel and cultivated for an 

additional 60 h. The cells from each of these two cultures were recovered and 

decreasing fractions of the same starting equivalent cell numbers injected 

into groups of 6 irradiated mice each. The total number of cells obtained from 

the microfluidic chambers and the control macrocultures were similar (Fig. 

2.13a). All mice showed comparable reconstitution levels by the transplanted 

cells for >16 weeks post-transplantation, indicative of an overall >600-fold 

expansion of HSC numbers as compared to the HSC content of the cells 

initially transduced (Fig. 2.13b). Reconstitution of both the myeloid and 

lymphoid compartments was also equivalent for both sources of expanded 

HSCs (Fig. 2.13c). Notably, the expanding NA10hd HSC population 

contained a greater proportion of fast growing cells compared to the ND13 

cells (Fig. 2.13d), consistent with the most primitive nature of NA10hd cells. 

 

2.3.7 Growth Kinetics of NA10hd-Transduced Cells 

The important in vitro expansion characteristic of NA10hd-transduced 

HSCs can be due to an increase in HSC symmetric self-renewal, a decrease in 

HSC death, an increase in cell cycle time or a combination of all the above. 

These events can be hard to distinguish from one another as transformed 

populations initially contain a mixture of both transduced and non-

transduced cells that eventually become dominated by NA10hd-expressing 

cells several days post-transduction. We used the microfluidic array to 
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examine the growth kinetics of NA10hd-transduced cells at the single-cell 

level in early days following transduction. It was possible to retrospectively 

identify which cells had been successfully transduced by analyzing the GFP 

fluorescence of each clone at the end of the culture (e.g. Fig 2.14a). We first 

looked at the first division of mouse HSCs that had been transduced with a 

lentiviral vector. NA10hd-transduced cells showed a faster entry into cell 

cycle than their non-transduced counterpart. However, a similar behavior 

was observed in the control population transduced with a Tomato vector (Fig. 

2.14b), which suggests that lentiviral vectors preferentially infect cells that 

have a faster entry into cell cycle. Thus, NA10hd-GFP-transduced cells were 

compared to GFP-transduced cells in the subsequent experiment. We asked 

whether the marked in vitro expansion induced by NA10hd in mHSCs 

transduced with a retroviral vector could be attributed to a decrease in cell 

cycle time. The division kinetics of NA10hd-GFP and GFP-transduced single 

cells was tracked in the microfluidic array 2 days following transduction and 

there was no significant difference in cycling transit times between the two 

populations (P-values = 0.27 and 0.48 for the second and third divisions 

respectively) (Fig. 2.14c). Both populations also had similar survival rates 

(90.2% and 90.9% of single cells for the NA10hd-GFP and GFP control 

populations respectively). Together these results suggest that the growth 

advantage of NA10hd-transduced cells is not due to faster cycling or reduced 

death, but rather to an increase in stem cell self-renewal that over time leads 

to sustained proliferation. 

 

2.3.8 HSCs Response to Temporally Varied SF Stimulation 

Steel factor (SF) is a cytokine critical for promoting HSC self-renewal 

in vitro134 and in vivo273. Previous work has shown that in vitro exposure of 

HSCs to low concentrations of SF (1 ng ml-1) leads to rapid loss of HSC 
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functionality and later delayed proliferation and death compared to culture in 

higher concentrations (300 ng ml-1)171. However, the reversibility of the effect 

of low SF concentrations on subsequent HSC survival and proliferation is not 

known. To address this question we used the capabilities of the microfluidic 

system to test how long quiescent adult HSCs could be exposed to a low SF 

concentration before rescue by exposure to a high concentration was no 

longer possible. In order to compare the responses of groups of single HSCs 

exposed to multiple conditions in parallel, we introduced a modification to the 

original microfluidic system. This modified system was enlarged to contain 

6,144 individual chambers and these were provided with multiple additional 

inlets and flow control valves to examine many temporally varying conditions 

simultaneously (Fig. 2.15). This allowed us to study 6 different conditions in 

which primary mouse HSCs (E-SLAM isolates of adult mouse bone marrow) 

were exposed to 20 ng ml-1 of IL-11 plus either 1 ng ml-1 SF for the first 8, 16, 

24 or 48 h followed by 300 ng ml-1 SF for the remainder of the experiment, or 

constant SF concentrations of 1 ng ml-1 or 300 ng ml-1 for the entire 12-day 

experiment (Fig. 2.16a). The experiment was repeated twice yielding 5 days 

of imaging data for a total of 769 single E-SLAM cells cultivated in the 

device. By day 5, the fastest growing clones reached confluence and we could 

no longer quantitatively monitor their size. The growth rates of all clones 

were compared to the results for the constant high SF concentration. As a 

control, we grew the same cells in conventional macrocultures in 20 ng ml-1 

IL-11 plus either 1 or 300 ng ml-1 SF and these yielded the same growth 

kinetics as in the microfluidic device. A Cox proportional hazard analysis of 

the cell survival over time, defined as the fraction of starting cells that 

remained viable or gave rise to clones, showed no significant difference (P 

value > 0.1) in survival when the cells were rescued from 1 ng ml-1 SF 

exposure within the first 16 h of culture (Table 1.1). However, more 

prolonged initial exposure to 1 ng ml-1 SF led to a rapid decrease in viability 

between 16 and 24 h and, after that time, the cells could no longer be rescued 
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by exposure to 300 ng ml-1 SF (Fig. 2.16b). Interestingly, most dividing cells 

completed a first mitosis between 24 and 60 h of culture for all conditions and 

the SF concentration did not affect these cell division kinetics (Fig. 2.16c). 

Analysis of the second division showed comparable kinetics, with more than 

80% of the clones remaining viable after a first division regardless of the SF 

concentration to which they had been initially exposed. To generate 

individual growth curves of primary cells with higher accuracy, we developed 

a cell count algorithm based on images taken at 2 different focal points. This 

enhanced bifocal algorithm gave high accuracy cell counts with excellent 

correspondence to cell counts determined by manual counting (Figs. 

2.17a,b). Individual growth curves showed similar growth kinetics patterns 

regardless of the conditions cells had been exposed to (Fig. 2.18). Thus, 

although a high SF concentration influenced the viability of HSCs as they 

exited quiescence, it did not directly impact the subsequent division kinetics 

of cells that had completed a first division. 

 

2.4 Discussion 

Microfluidic technology combines the advantages of dynamic control of 

the culture medium, high-throughput experimental designs and automation 

of image data acquisition. This creates new opportunities for applying the 

power of clonal analysis to investigations of population responses to multiple 

extracellular cues that vary in nature and schedule of exposure. Despite 

increasing improvements in microfluidic technologies, device development to 

achieve conditions that can support the sustained growth characteristics and 

biological responses of non-adherent mammalian cells obtained in traditional 

cultures have not been reported. The device described here introduces several 

novel design features that are generally applicable to investigate 

heterogeneous populations of mammalian cells that have stringent medium 
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requirements. These features include the incorporation of an iso-osmotic bath 

to control unwanted permeation and dehydration effects, the use of high 

aspect ratio wells to contain and immobilize non-adherent cells during 

perfusion, and the use of a reverse perfusion strategy to recover the cells for 

subsequent analysis or, using selective aspiration, to recover clones of 

interest.   

Using this system, we demonstrate for the first time the successful 

culture in microfluidic devices of cytokine-dependent hematopoietic cells with 

expansion and enhanced HSC function consistent with observations in 

conventional cultures having volumes that are larger by more than 4 orders 

of magnitude. When compared to previous microfluidic culture of suspension 

cells, our device provides the highest number of chambers, the longest 

demonstration of sustained culture, the smallest reported chamber volumes, 

and the first application to investigate responses of highly purified primary 

HSCs. The combination of throughput and small chamber volume is 

particularly attractive for the analysis of such rare cell types or minority 

subpopulations at high effective cell concentrations. Scalable nanoliter 

volume cultures could also allow for the investigation of autocrine signaling 

by single cells using integrated valves to isolate chambers of different 

volumes during culture. This strategy should thus have the potential to 

increase the plating efficiency of cell types with unknown requirements 

and/or impractically high minimum input cell densities. Similarly, the 

analysis of different cell seeding densities or the co-culture of different cell 

types at limiting dilution could be used to directly investigate the cell-cell 

influences of secreted factors. It is also worth noting that with sufficient 

medium exchange, we were able to produce and maintain densely packed 3-

dimensional cell populations, offering new opportunities for the study of 

HSCs under conditions that may more closely resemble the in vivo stem cell 

niche. 
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A combination of time-lapse imaging with programmable medium 

exchanges that do not disturb the spatial position of cells offers unique 

abilities for measuring the responses of single non-adherent cells to 

dynamically changing medium conditions. Here we apply this feature to gain 

new and unanticipated insights about the role of SF exposure in regulating 

cell survival with both temporal precision and single-cell resolution. Our 

results show that SF plays a critical role in regulating the survival of 

cytokine-activated HSCs within a small window between 16 and 24 h of being 

placed in vitro, without affecting the early division kinetics of the cells that 

survive. These findings suggest that SF may be involved in an early 

regulatory checkpoint when HSCs exit G0 to enter G1. It has been reported 

that fetal liver HSCs, which are already cycling, respond to lower SF 

concentrations in vitro compared to quiescent adult bone marrow HSCs274. 

The comparable division kinetics of cycling cells regardless of SF 

concentration is consistent with this observation. 

The ability to replace the culture medium without disturbing cells is 

essential to avoid nutrient limitations that occur in longer-term experiments, 

especially at such small culture volumes where even a few cells rapidly grow 

to high concentrations. In the future, we anticipate it will be possible to 

further couple emerging image processing tools for the identification of new 

morphologically defined phenotypes275 and to track different progeny types 

identified by specific markers or fluorescent reporters175. The added 

advantages of high throughput and automated medium exchange control will 

be powerful assets for undertaking previously impossible investigations of the 

mechanisms controlling cell fate choices and genealogical relationships of 

rare cell types responding to environmental cues.  

Although not unique to microfluidic systems, the throughput and 

automation of our system also allows for more detailed studies of colony 

growth and variability that would be impractical using traditional culture 
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methods. The results presented here provide multiple examples of how 

macroscale culture performance can be matched in these devices as well as a 

robust demonstration of how the system can be readily modified to expand 

the size and complexity of experimental designs to be performed. A recurring 

theme in both normal and transformed populations is that only a small 

fraction of the cells is responsible for the long-term maintenance of the 

overall population. The technology described here can be easily adapted to 

investigate many such cell types/organisms as well as modified for other 

applications including drug-response screens, culture optimization, cell 

characterization and clone selection.  
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Table 2.1 Cox proportional hazard analysis of primary HSC 
survival  

Condition n Relative risk 
(95% CI) 

P value 

    

High [SF] (300 ng ml-1) 294 1.00 – 

8 h in low [SF] 107 0.82 (0.64-1.06) 0.13 

16 h in low [SF] 76 1.03 (0.78-1.36) 0.84 

24 h in low [SF] 24 1.27 (0.81-1.99) 0.29 

48 h in low [SF] 79 1.78 (1.37-2.31) <0.0001 

Low [SF] (1ng ml-1) 189 1.53 (1.25-1.86) <0.0001 

    

Relative risks and P values were calculated based on the high [SF] condition 
CI, confidence interval 
–, not applicable 
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Figure 2.1 Microfluidic cell culture array 

The cell culture layer contains 1,600 chambers (pink) connected by flow 
channels (grey). Hydration lines are located on each side of the array to 
minimize edge effects. The control lines (blue) consist of an isolation valve 
and a peristaltic pump to control cell loading and perfusion rates. Scale bars, 
1 mm (left) and 100 µm (right). 
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Figure 2.2 Iso-osmotic bath in microfluidic cell culture device 

(a) The integrated iso-osmotic bath was filled with medium to prevent 
evaporation and maintain constant osmolarity inside the chambers. When 
necessary, the bath content was replaced by removing the plug and 
introducing fresh medium from the syringe. Positive pressure was 
maintained by the syringe to prevent the formation of air bubbles. The array 
inlet and outlet were pressurized by air and the control lines were connected 
to solenoid actuators. (b) Devices were fabricated using PDMS, a transparent 
and gas permeable polymer. The cell culture layer, control layer and 
membrane were bound to each other by multilayer soft lithography. The 
membrane and cover layer enclosing the iso-osmotic bath were assembled by 
PDMS stamping.   
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Figure 2.3 Flow simulations during medium exchange and cell 
loading  

(a) Suspension cells settle down to the bottom of each chamber (pink) by 
gravity. Control lines (blue) are located above the flow channels (grey) (b) 
Numerical simulation of flow profile through a culture chamber shows that 
chambers are deep enough to ensure that cell spatial positions are not altered 
during medium exchange.  Each chamber is 160 µm deep and 4.1 nl in 
volume. (c) The velocity magnitude (m s-1) during cell loading is modeled for a 
total flow rate of 1 µl min-1. The maximum velocity in the flow channels does 
not exceed 1.2 × 10-3 m s-1. (d) For the same conditions, the shear stress (Pa) 
on the flow channel walls is modeled. The maximum shear stress exerted on 
the cells is 0.26 Pa. 
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Figure 2.4 Cell immobilization during medium exchange  

(a) Manual cell counts (ND13 cells) in individual chambers before and after 
medium exchange (2 µl min-1 for 10 min) remained similar (slope = 1.02, R2 = 
0.998). (b) Variations in clone size after medium exchange. The time between 
both image sets was approximately 15 min (5 min acquisition + 10 min 
perfusion). In this timeframe, it is frequent to see cells divide or die. Small 
differences are due to cell death or division and not to the addition or loss of 
cells. (c) Cell immobilization allows lineage tracing of individual ND13 clones 
without disturbance from the medium exchange process. Cells were imaged 
every 5 min and medium was exchanged every 6 h. Genalogical pedigrees of 3 
clones were built by manual inspection of the videos. (d) The shear exerted on 
the cells while at the bottom of the chamber during medium exchange is 
calculated for a total flow rate of 2 µl min-1. The maximum shear stress does 
not exceed 3.1 × 10-4 Pa. (e) The microfluidic cell culture array was loaded 
with medium supplemented with PE-TexasRed-streptavidin and the inlet 
was replaced by medium only. Pictures of the last 3 columns of the array 
were taken during perfusion and fluorescence intensity was quantified using 
Image J. This experiment shows that perfusing fourfold the volume of the 
array (26 µl) is sufficient for medium exchange. Each data point represents 
the average of 9 wells and error bars represent the standard deviation.  
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Figure 2.5 Recovery of selected clones   

(a) Individual clones can be recovered from individual chambers by 
delaminating the cover layer of the device and (b) transpiercing the 
membrane with a micropipette. (c) The efficiency of recovery was measured 
by counting the number of cells in individual chambers and recounting the 
number of cells that were successfully transferred in a well. On average, 91% 
of the cells from individual colonies of different sizes could be recovered. (d) 
Cell losses from recovery ranged from 0 to 5 cells per clone. 
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Figure 2.6 Robust clonal culture of ND13 cells in the perfusion 
microfluidic cell culture array 

(a) Time-lapse imaging of clonal ND13 cell expansion in a chamber. Cells 
were automatically imaged every 6 h. Scale bar, 100µm. (b) Average clonal 
cell growth rates of ND13 cells in the microfluidic cell culture array (n = 2 
experiments) were the same as those in macroscale dish cultures (n = 3 
experiments) and single cells plated in 96-well plates (n = 3 experiments). 
The culture medium was refreshed with increasing frequency (arrows) in the 
microscale experiment. The absence of an iso-osmotic bath rapidly altered cell 
growth. (c) Cell death in the absence of medium exchange was inversely 
correlated to the initial number of cells per chamber. Nanoliter-volume 
chambers at different seeding density were isolated with no medium feeding 
and no iso-osmotic bath in batch mode.  
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Figure 2.7 Robust clonal culture of primary HSCs in the perfusion 
microfluidic cell culture array 

Highly purified murine HSCs E-SLAM were cultured in serum-free media 
supplemented with 300 ng ml-1 SF and 20 ng ml-1 IL-11 in the microfluidic 
cell culture array. Single cells were imaged every 4 min and the times for the 
first, second and third divisions were identified by manual inspections of the 
videos (n = 46 cells). 
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Figure 2.8 Automated image analysis algorithm for cell 
quantification 

 
(a) Cells segmentation scripts were written in MATLAB (MathWorks).  
Segmentation was accomplished through three main steps: chamber 
segmentation (A-E), cell-containing region segmentation (F-J), and then 
single-cell isolation (K-O). First, the individual chambers (A) were segmented 
from the image background.  This step of the segmentation was accomplished 
by applying a bandpass filter (B) and then creating a binary image through 
an automatically determined threshold (C). The resulting binary image was 
enhanced by removing objects touching the image borders and suppressing 
noise by removing small objects (D). The chambers were segmented from the 
rest of the background by filling in the holes created by the edges of the 
chambers. Next, the regions containing cells were separated from the rest of 
the chamber. This was achieved by first applying a local standard deviation 
filter to enhance the highly variable regions (G). The noise in the filter 
response was then suppressed by removing small regions, and the result was 
converted into a binary image through an empirically determined threshold 
(H). Any holes in the resulting image were then filled in to create the final 
region mask (I). To segment the individual cells from the rest of the group, a 
local standard deviation filter followed by a bandpass filter were applied to 
the image (K). A top-hat filter was then used to enhance the edges (L), and 
the bounded regions were subsequently filled (M). This result was then 
converted to a binary image using an automatically determined threshold, 
and further enhanced by removing small objects (N). (b) Comparison between 
automated and manual cell counts. The straight line represents the 1:1 slope. 
Deviations at higher cell numbers were caused by the shadow around the 
edges some chambers, which was corrected in the enhanced bifocal algorithm. 
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Figure 2.9 Growth rate heterogeneity within ND13 cell 
populations 

(a) Individual ND13 clones showed highly variable growth curves. The 
apparent decline in cell counts for large clones at the end of the experiment 
was due to cells growing in multiple layers, leading to undercounting by 
image analysis. (b) Analysis of ND13 clonal average doubling times after 72 h 
in culture revealed a highly heterogeneous population where only a small 
fraction of fast-growing cells contributed to the overall population growth 
rate and 52% of the cells did not divide or died. Similar distributions were 
obtained in microscale and macroscale cultures. 
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Figure 2.10 Clonal heterogeneity of primitive and mature 
subpopulations of ND13 cells 

(a) Time-lapse analysis of clones followed by immunostaining showed that 
the majority of lin+ cells either died or did not give rise to colonies. Colored 
lines represent individual growth curves from single cells. (b) Individual 
growth curves as represented by colored lines showed that lin– cells gave rise 
to clones of highly heterogeneous sizes. (c) Perfusion enabled live 
immunostaining to assess heterogeneity within small clonal populations, as 
shown for ND13 clones stained for lin markers (B220, Gr-1 and Mac-1) after 
72 h inside the microfluidic array.  Lin– cells gave rise to lin– progeny, lin+/– 
progeny or entirely lin+ progeny. Scale bar, 100 µm.  
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Figure 2.11 Transient differentiation from ND13 lineage negative 
cells 

A mature myeloid population was derived from lineage negative ND13 cells. 
ND13 cells were stained for Gr-1, Mac-1 and B220 and sorted by flow 
cytometry. The lin– fraction was cultured for 9 days and gave rise to a new 
lin+ population. 
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Figure 2.12 Maintenance of progenitor content as measured by 
colony-forming cell assays 

ND13 cells were cultivated in the microfluidic device for 72 h and then 
approximately 720 cells from 5 chambers (corresponding to 11 starting cell 
equivalents) were recovered and plated into triplicate colony-forming cell 
(CFC) assays. Parallel methylcellulose assays were performed with the 
progeny of 11 starting cell equivalents generated in conventional macro-
cultures.  The progenitor content of the ND13 cells was comparable between 
microfluidic culture (25.7 ± 3.3 CFC, mean ± s.d., n = 3) and control (20.4 ± 
2.9 CFC, mean ± s.d., n = 3). 
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Figure 2.13 Maintenance of HSC activity in hematopoietic 
populations cultivated in the microfluidic array 

(a) Primary HSCs were transduced with NA10hd, cultured for 11 days, and 
then introduced into a microfluidic array or a macroscale culture and 
incubated for 60 h. The entire contents of the device were recovered and the 
cells were used for in vivo competitive repopulating unit (CRU) assays. The 
same number of starting cell equivalents was injected into each mouse. (b) 
NA10hd-transduced cells maintained functional HSC activity after being 
cultivated in the microfluidic array and were able to reconstitute the blood-
forming system of irradiated mice as measured by peripheral blood analysis 
of white blood cells (WBCs) 16 weeks post-transplantation (P values = 0.624 
and 0.432 for 60× for 600× expansion respectively). (c) HSCs cultured in the 
microfluidic array (n = 6 mice) or control multiwell plate (n = 6 mice) 
maintained the ability to produce both myeloid and lymphoid lineages 16 
weeks after transplantation. (d) Distribution of clonal average doubling 
times for NA10hd cells after 60 h in culture. 
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Figure 2.14 Growth kinetics of NA10hd-transduced mHSCs 

(a) Time-lapse imaging of a single HSC transduced with NA10hd-GFP. Times 
of first, second and third divisions are pictured (hours). A fluorescent image 
was taken at the end of the culture to confirm expression of the vector. (b) 
Division kinetics of mHSCs transduced with NA10hd (n = 39 GFP+ cells and 
n = 21 non-transduced cells) or Tomato control (n = 28 Tomato+ and n = 13 
non-transduced cells) as they enter cell cycle. The lentiviral vector 
preferentially infects cells with earlier entry into cell cycle. (c) Cell cycle 
transit times of mHSCs transduced with NA10hd (n = 41 cells) or GFP 
control (n = 77 cells) using a retroviral vector are comparable. 
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Figure 2.15 Microfluidic cell culture array for temporal stimulation 
and parallelization of experiments  

This microfluidic cell culture array contains 6,144 chambers and can support 
up to 8 different conditions simultaneously. Two populations of cells can be 
loaded from the left side of the array using the pump located downstream of 
the array. The multiplexer can be used to direct cells in specific rows and 
obtain a more even distribution of cells across the different conditions. Up to 
6 different reagents can be loaded from the right side of the array. Only the 
top half of the array was used to study murine HSCs due to the relatively 
small cell numbers. The 6 different conditions were distributed across the 
array as shown. Medium was automatically exchanged every 2 h for each 
condition.  
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Figure 2.16 Culture of primary murine HSCs under dynamic 
conditions in microfluidic cell culture arrays  

(a) Quiescent adult mouse HSCs (E-SLAM cells) were exposed to 20 ng ml-1 
IL-11 plus low SF (1 ng ml-1) for 8, 16, 24 or 48 h before switching to addition 
of high SF (300 ng ml-1). Controls cells were maintained continuously in 1 or 
300 ng ml-1 SF. Cells were cultured in a device containing 6,144 chambers 
and medium was exchanged every 2 h for all conditions. (b) HSCs exposed to 
1 ng ml-1 SF for up to 16 h could be rescued by transfer to 300 ng ml-1 SF 
without affecting their subsequent viability. Most cell death in the 1 ng ml-1 
SF condition occured between 16 and 24 h after initiation of the culture. Cells 
were imaged every 12 min and survival curves were normalized to a third-
order polynomial fit for the high SF condition (300 ng ml-1). (c) Cumulative 
division kinetics of cycling primary HSCs (excluding dead and quiescent cells) 
in static and dynamically changing in vitro conditions for the first (black 
outline) and second divisions.  
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Figure 2.17 Bifocal image analysis algorithm 

(a) Comparison between automated and manual cell counts. The straight line 
corresponds to a linear least square regression. (b) Absolute differences 
between the algorithm and manual counts.  
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Figure 2.18 Individual growth curves of primary murine HSCs 
under different SF exposure conditions 

Growth curves were generated using the enhanced bifocal image analysis 
algorithm. The analysis was started after 21 h to allow small quiescent cells 
to reach a suitable size for detection by image analysis. 
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CHAPTER 3 Analysis of Genealogical Pedigrees to 
Assess Clonal Heterogeneity 
 

In the previous chapter it was established that the microfluidic cell 

culture system had the necessary robustness to study the growth and 

survival of rare HSCs in temporally varying conditions. The current chapter 

presents a different application of the technology whereby the image 

acquisition capabilities of the system are brought to higher temporal 

resolution and combined with powerful image analysis algorithms to track 

cells over time. The genealogical pedigrees of single HSCs and their progeny 

coupled with live immunostaining and clone recovery are used to obtain new 

insights on HSC characteristics and division patterns in vitro. 

 

3.1 Introduction 

In-depth cell cycle and division kinetics analyses can lead to a better 

understanding of the mechanisms regulating HSC self-renewal and 

differentiation. The benefits of tracking single cells and their progeny 

through time has been well documented276-278 and clonal analysis has already 

provided important insights on the division kinetics of both murine and 

human HSC populations59,164,165,169,174,253,279. However, the identification of in 

vitro characteristics specific to HSCs is complicated by the presence of 

abundant progenitor cells in purified populations. While several 

combinations of surface markers have been identified to enrich for stem cells, 

none have been found to be exclusively associated with HSCs. The more 

recent use of endothelial protein C receptor (EPCR) combined with SLAM 

family receptors has enabled purities of up to ~50% to be obtained in the 

mouse system151. The EPCR－ fraction is devoid of any stem cell activity but 

not all EPCR+ cells exhibit in vivo repopulating activity280. The level of 
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heterogeneity in purified populations is further augmented by the presence of 

HSC subtypes with different responses and in vivo repopulation 

patterns153,154,281. The assessment of stem cell activity using in vivo 

competitive repopulating unit (CRU) assays requires several months, after 

which the cells are no longer available for further characterization. An 

alternative is to cultivate HSCs on stromal cells for several weeks to reveal 

long-term colony-initiating cells (LT-CIC)282. However, this assay is also only 

retrospective, involves differentiation of the cells and is less specific than in 

vivo CRU assays. More recently, short-term cultures combined with the 

identification of genealogical phenotypes such as slower division and small 

clone size have been used to increase the probability of successful clonal 

transplantation55,283. These methods of enrichment demonstrate the potential 

of in vitro clonal characterization as a tool for the identification of HSC 

properties.   

 

The availability of time-lapse imaging systems with high 

computational power now allows multiple cells to be monitored with high 

temporal resolution, hence making the generation of genealogical pedigrees 

possible. However, continuous tracking of several cells after multiple 

divisions rapidly becomes prohibitively laborious and difficult to perform 

reliably. As such, algorithms have been developed to facilitate tracing of 

genealogical pedigrees. Such analyses require very high accuracy with little 

room for cell tracking errors. Different levels of automation have been 

demonstrated but the accurate generation of genealogical pedigrees 

ultimately relies on human-assisted input174,179,284. Tracking large number of 

cells after multiple divisions becomes difficult as cells from different clones 

crowd the area and move from one imaging frame to another, thereby 

increasing the probabilities of tracking errors. To mitigate this problem, some 

have used microwells to confine clones and facilitate manual genealogical 

tracing47,55,56. In this study, we exploit the microfluidic cell culture system 
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presented in Chapter 2 to clonally expand single HSCs in nanoliter-volume 

chambers and to continuously monitor their progeny. We have developed a 

custom tracking algorithm to automatically generate genealogical pedigrees 

along with a graphical user interface (GUI) that allows for rapid manual 

curation when needed. We combine two features of the microfluidic cell 

culture array, clonal expansion and live immunostaining, to distinguish 

HSCs clones based on the persistence of EPCR after short-term culture and 

then use genealogical pedigrees for improved characterization of the in vitro 

growth behavior of HSCs. 

 

3.2 Materials and Methods 

3.2.1 Purification of HSCs 

Adult bone marrow was extracted from the pelvis, femurs and tibia of 

8-21 week old C57Bl/6J (B6) mice, subjected to a 10 min red blood cell lysis 

on ice by NH4Cl (STEMCELL Technologies) and blocked with rat serum 

(Sigma-Aldrich) and anti-mouse CD16/32 antibody (clone 2.4G2; Becton 

Dickinson). Cells were then stained using rat anti-mouse antibodies for CD48 

(APC, clone HM48-1, Biolegend), CD150 (PE-Cy7, clone TC15-12F12.2, 

Biolegend), CD45 (FITC, clone 30-F11, eBioscience) and EPCR (PE, clone 

RMEPCR1560, STEMCELL Technologies). CD45+CD48－EPCR+CD150+ (E-

SLAM cells, ~ 50% HSCs) cells were then double sorted using an Influx cell 

sorter (BD Biosciences). Cells were maintained overnight in conditioned 

medium from the UG26-1B6 cell line supplemented with 100 ng ml-1 

recombinant mouse SF and 20 ng ml-1 recombinant human IL-11 (both from 

STEMCELL Technologies) prior to loading into the microfluidic device. Cells 

were cultivated in the conditioned media described above for all experiments. 
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3.2.2 Microfluidic Cell Culture 

The microfluidic device presented in Chapter 2 (1,600 chambers) was 

primed with conditioned medium from the UG26-1B6 cell line supplemented 

with 100 ng ml-1 recombinant mouse SF and 20 ng ml-1 recombinant human 

IL-11 (both from STEMCELL Technologies) and incubated for 2 days prior to 

cell loading. The bath was filled with phenol red-free DMEM (Gibco, Life 

Technologies). Purified HSCs were introduced into the microfluidic device as 

described in Chapter 2. After loading, the array was scanned and 47 frames 

containing wells with single cells were selected for genealogical tracing. The 

number of frames was limited by the speed of image acquisition. Two bright 

field images, one above and one below focus, were acquired every 2 min for 

each frame for 5 days. Medium was automatically exchanged every 4 h by 

pumping fourfold the volume of the device at 2 ul min-1. 

 

3.2.3 Live Immunostaining  

At the end of the experiment, cells were incubated with a blocking 

solution of rat serum (Sigma-Aldrich) and anti-mouse CD16/32 antibody 

diluted with equal parts of culture medium for 10 min. Cells were then 

incubated with a solution of anti-EPCR-biotin diluted in culture medium for 

20 min, then washed with culture medium and incubated with culture 

medium containing streptavidin-PE-Texas Red for 10 min. Cells were washed 

again with phenol red-free DMEM (Gibco, Life Technologies) until 

background fluorescence was no longer detectable. A set of bright field and 

fluorescent images was acquired for every frame. All steps were performed in 

the microincubator at 37 oC to maintain focus and cell viability. Bright field 

and fluorescent images (1 s exposure) were taken for each frame. Culture 

medium was reintroduced in the array immediately after image acquisition. 

Cells were segmented as described below and a mask of the cells was made. 
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Fluorescent images were flat field-corrected based on frames containing 

empty wells. The cell mask was then multiplied with the fluorescent image 

and the average fluorescence intensity of each cell was calculated as the total 

pixel intensity of the cell divided by its projected area. The average intensity 

of a clone was calculated as the sum of the average cell intensities divided by 

the number of cells. 

 

3.2.4 In Vivo Reconstitution Assay 

Clones were recovered with a pulled glass micropipette in suspension 

U-shaped 96-well plates containing 200 μl of culture medium supplemented 

with 100 U ml-1 of penicillin and 100 mg ml-1 of streptomycin. Harvested 

colonies were transplanted intravenously into congenic, sublethally 

irradiated (4 Gy) W41/W41 recipients. Peripheral blood was collected from 

transplanted animals 8 and 16 weeks post-transplantation, red blood cell 

lysed (10 min exposure to NH4Cl on ice), blocked with rat serum and anti-

mouse CD16/32, and stained for CD45.2 (FITC, clone 104, eBiosciences), 

CD45.1 (APC, clone A20, eBiosciences) in addition to either Mac-1 (PE, clone 

M1/70, BD) and Ly6G (PE, clone 1A8, BD), CD19 (PE, clone eBio1D3, 

eBioscience), or CD3ε (PE, clone 145-2C11, Biolegend). Positive clones were 

defined as those capable of contributing >1% of circulating white blood cells 

(WBCs) at 16 weeks post-transplantation with durable self-renewing clones 

defined as those that additionally contributed ≥1% to the myeloid WBCs at 

this time point. 

 

3.2.5 Genealogical Tracing Algorithm 

Custom scripts for genealogical tracing and data analysis were all 

written in Matlab (MathWorks). The generation of genealogical pedigrees 
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required two major steps: (1) the identification of cells in an image frame and 

(2) the tracking of cells across frames in time. The cell segmentation 

algorithm was based on two images separated by a focal offset (~50 µm). The 

first image, taken slightly above the focal plane, was used to find cell 

boundaries. These were identified using the Sobel Operator, a commonly used 

tool in image processing to detect edges by computing gradients to identify 

regions of abrupt intensity changes. The second image was taken below the 

focal plane, where cells appeared as bright spots due to diffraction, and was 

used to find cell centroids. An empirically determined brightness threshold 

was applied to create a mask by setting pixels above the threshold to one and 

those below to zero. The objects in the mask were then dilated to better 

represent the actual size of the cells. The edge and centroid masks were 

combined and holes were filled. The edge mask was then subtracted to 

separate connected cells and to remove pixels on the cell boundary. A final 

watershed cut was performed to separate any remaining cell clusters and a 

size threshold was applied to remove small debris. The segmentation 

algorithm took approximately 0.15 s per frame to complete using an Intel 

Core duo CPU (2.53 GHz), including loading the image and saving the 

segmented mask. 

 

After segmentation, cells were tracked across adjacent frames in time. 

The centroid position of each cell was recorded in every image. The Euclidian 

distance between a cell centroid in one frame to all other centroids in the 

following frame was calculated and stored in a matrix. This step was 

repeated for all cells to complete a distance matrix. In the matrix, each row 

represented the distance from a specific cell in the current frame to all the 

cells in the next frame. Tracking across adjacent frames was achieved by 

assigning a cell match across two frames that minimized the total distance 

traveled by all cells between the frames. This standard optimization problem 
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was solved in polynomial time using the Hungarian algorithm. After 

matching was found, the cell size and position were recorded to determine 

growth rates and motility. The algorithm contained mechanisms to 

automatically correct for segmentation errors. For instance, if a cell was 

missing for less than 10 time points, its label could be reassigned when it 

reappeared. Objects that were too far away in the previous frame to be a cell 

were not assigned labels. The tracking algorithm was able also to identify cell 

division and death. Cell divisions were recognized by two features: a decrease 

in eccentricity as the cell became more circular in preparation for division 

and a rapid decrease in area after division. When these conditions were met, 

the two nearest cells with approximately the same area were recorded as 

daughters and added to the genealogical pedigree. Cell death was identified 

by a sharp decrease in cell size, a lack of motility and darkening of the cell 

interior.  

 

The algorithm had a 50% probability of making a mistake before the 

4th division. Causes of errors included debris falsely labeled as cells, cells not 

segmented properly, cells obscured by the well wall shadows and highly 

motile cells incorrectly tracked. To achieve much more reliable genealogical 

tracing, we developed a graphical user interface (GUI) to correct these errors. 

The GUI cycled through the frames while highlighting and labeling cells in 

each image for the user. The user could pause on a frame and either switch 

labels or modify the segmentation by adding, deleting or splitting cells. The 

cell tracking assignment algorithm then recalculated label matches given the 

user changes and updated the genealogical pedigree accordingly. Parameters 

including division times, death times, cell motility, relationship to mother 

and cell-projected area were saved for each cell at different time points and 

later used for data analysis. 
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3.3 Results 

3.3.1 Persistence of EPCR as a Prospective Indicator of Clonal 

Repopulating Activity 

 Since HSCs are known to be absent from EPCR－ populations, we 

asked whether cell fate could be revealed after a short period of in vitro 

culture by analyzing the persistence of this surface marker in clonal progeny. 

E-SLAM (CD45+CD48－EPCR+CD150+) cells were purified and cultivated from 

single cells in the microfluidic array for 5 days in conditions promoting stem 

cell self-renewal using conditioned media from stromal cells supplemented 

with cytokines (300 ng ml-1 SF and 20 ng ml-1 IL-11). Only colonies arising 

from single cells, referred to as clones, were considered in the analysis. In 

total 71 clones were cultivated and imaged every 2 min, corresponding to the 

tracking of 1,880 cells. Only one clone did not produce viable progeny as both 

cells died after the first division. At the end of the experiment, live 

immunostaining was performed to identify the clones that had conserved 

EPCR expression (e.g. Fig. 3.1). Out of the 70 viable clones, 18 were 

recovered and injected into mice for in vivo reconstitution assays (Fig. 3.2a). 

The average EPCR fluorescence intensity of each clone was measured at the 

end of the culture. As expected, all clones that had lost EPCR expression 

failed to engraft in irradiated mice (Fig. 3.2b). Remarkably, aside from one 

exception, all clones that had maintained EPCR expression above an 

empirically determined clone average intensity threshold (Fig. 3.3a) also had 

in vivo reconstituting ability. Interestingly, the only clone that showed 

myeloid-biased engraftment associated with durable self-renewal was also 

the clone with the highest average EPCR fluorescence intensity (Table 3.1). 

We then looked at the intensity of each cell within clones (Fig. 3.3a). Since 

clones that had lost EPCR expression generally contained a larger number of 

cells (Fig. 3.3b), only a minority (21%) of the entire cell population at the end 

of the culture was EPCR+ (Fig. 3.4a). However, more than half of the clones 
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showed persistent EPCR expression (53%) (Fig. 3.4b), a ratio comparable to 

the purities generally obtained from E-SLAM cells151. This data demonstrates 

the importance of single-cell and clonal analysis in order to distinguish 

important phenotypes that could be masked in average population 

measurements. 

 

3.3.2 In Vitro Phenotypic Characterization of HSCs from 

Genealogical Pedigrees 

We separated the clones into EPCR+ and EPCR－ groups based on their 

average EPCR intensity relative to the threshold. Some cells above the 

threshold could be found in EPCR－ clones and conversely, EPCR+ clones could 

contain cells below the threshold. Since the persistence of EPCR was a good 

predictor of repopulating activity based on the clonal average after 5 days of 

culture, we looked for genealogical characteristics that could differ between 

the two clonal populations. To achieve this, we developed an automated 

genealogical tracing algorithm that could track single cells and their progeny. 

The algorithm performed automated segmentation and was able to track cells 

throughout culture, identify division and death events and generate 

genealogical pedigrees for each clone. A graphical user interface allowing for 

manual editing of segmentation and cell labeling was also developed to 

manually correct any mistake incurred by the algorithm. An example of 

analyzed time-lapse images and the associated genealogical pedigree is 

presented in Figs. 3.5a and 3.5b respectively. Genealogical pedigrees of all 

analyzed clones can be found in Appendix D. The probability of death for 

each new cell was comparably low in both populations (3.75% and 2.55% for 

EPCR+ and EPCR－ populations respectively), suggesting the presence of a 

permissive cell culture environment.  
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We first investigated the differences in division kinetics between the 

EPCR+ and EPCR－ groups of clones. Clones that had maintained EPCR 

expression had a slightly delayed entry in cell cycle compared to the EPCR－ 

group and a marked increase in cell cycle time between the first and second 

divisions (Fig. 3.6). This delayed division kinetics was propagated to 

subsequent divisions even though differences in cell cycle times were less 

pronounced. Cells from the EPCR+ population exhibited significantly longer 

first (P value < 0.05), second (P value < 0.0001) and third (P value < 0.01) 

division times compared to those in the EPCR－ population. As well, the cell 

cycle time of all cells that had divided during the experiment was 

significantly shorter (P value < 10-18) in the EPCR－ population (25.0 ± 13.2 h) 

compared to the EPCR+ population (41.0 ± 19.1 h) (Fig. 3.7). These results 

were consistent with previous observations that have reported slower division 

rates for mouse HSCs55,283.  

We then analyzed the relationship between mother and daughter pairs 

for the first and second divisions. Interestingly, cells from EPCR－ clones 

followed a distinct pattern whereby the first daughter cells had shorter cell 

cycle times than their mother exiting quiescence (Fig. 3.8a) but also a 

shorter cycle time than their daughter progeny (Fig. 3.8b). The few cells that 

did not follow this pattern had a sibling that did. In contrast, the EPCR+ 

population exhibited much more heterogeneous patterns for cell cycle times 

between the first and second generations (Fig. 3.8c) as well as between the 

second and third generations (Fig. 3.8d). The average difference in cell cycle 

time between the daughter cells and their mother after the first division was 

significantly different (P value < 0.001) between the EPCR－ (－4.5 ± 13.3 h) 

and EPCR+ populations (10.7 ± 26.8 h).  

We then looked at the synchrony between all siblings for each 

population. After the first division, EPCR－ clones exhibited highly 
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synchronous behavior, with 78.1% of daughter pairs having less than 5 h 

difference in their cell cycle time (Fig. 3.9a). In contrast, only 54.2% of the 

cells in the EPCR+ population divided synchronously (≤5 h difference) after 

the first division (Fig 3.9b). We found a similar trend for all the daughter 

pairs generated in the experiment (Fig. 3.9c,d). A majority of daughter pairs 

divided synchronously in EPCR－ clones (81.0%) (Fig. 3.10) and asynchronous 

divisions only occurred in cells with longer cell cycle times with important 

differences between siblings. This behavior differed from the EPCR+ 

population where only 50% of daughter pairs were synchronous. On average, 

the differences between cell cycle times of daughter pairs were significantly 

larger (P value = 0.002) in EPCR+ clones (8.7 ± 9.6 h, mean ± s.d.) compared 

to EPCR－ clones (4.6 ± 8.8 h, mean ± s.d.) (Fig. 3.10).  

 

 3.3.3 Analysis of Cell Size Growth Rates 

In order to better understand the mechanisms behind longer cell cycle 

times, we tracked cell size based on the projected area throughout the cell 

cycle. The growth profiles of 9 cells with the longest lifespan in both EPCR－ 

(Fig. 3.11) and EPCR+ (Fig. 3.12) populations were examined. Interestingly, 

a common pattern was observed in both populations where cells would grow 

minimally and even decrease in size before a period of rapid cell size growth 

in the 25-40 h preceding division. We looked at cells with cell cycle times 

ranging from 20 h to 60 h and found a similar behavior for cells with a 

lifespan greater than 40 h while cells with cell cycle times smaller than 40 h 

went directly into the cell size growth phase (Fig. 3.13 and Fig. 3.14). These 

results suggest that rather than growing at a slower pace, slow dividing cells 

have the propensity to enter a “quiescent” state where there is little or no 

increase in cell size. We then looked at the 9 cells with the shortest cell cycle 

time in both populations and noticed that the EPCR－ population (Fig. 3.15) 
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contained cells with both shorter cell cycle times and greater cell size growth 

rates than cells in the EPCR+ population (Fig. 3.16). When we measured the 

average projected area of each cell in the hour preceding division, we found 

that faster cycling in EPCR－ clones was associated with larger cells (Fig. 

3.17a). Short cycling times were generally accompanied by higher cell size 

growth rates (e.g. Fig. 3.15), which in turn led to larger cells prior to division. 

The average cell size growth rate was twofold greater for the fast cycling cells 

in the EPCR－ population (22.7 ± 3.4 μm2 h-1) than in the EPCR+ population 

(11.2 ± 3.3 μm2 h-1). This population of large cells with rapid proliferation was 

only prominent in the EPCR－ population and not in the EPCR+ population 

(Fig. 3.17b), which suggests that this particular phenotype may be 

associated with differentiating cells. When we looked at the cell size for each 

generation of cells, we found that cells reached a relatively constant size for 

the first 3 generations, and then started to gradually increase in size for 

subsequent generations (Figs. 3.17c,d). EPCR+ clones never reached more 

than 5 complete generations, which may explain why they did not contain 

cells with this particular phenotype.  

 

3.4 Discussion 

The combination of short-term culture with live cell surface marker 

immunostaining at the clonal level has led to the identification of a 

phenotype closely associated with in vivo repopulating activity. Assuming 

that a clone with in vivo repopulating potential after in vitro culture must 

have originated from a stem cell, it was possible to retrospectively determine 

the fate of the initial mother cell based on the analysis of the average EPCR 

fluorescence intensity of its clonal progeny. It is conceivable that clones 

without in vivo repopulating potential could have been derived from HSCs 

that became differentiated over time. However, the high proportion of clones 
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with stem cell activity, comparable to the purities obtained with freshly 

isolated cells from this population, suggests that such an event is infrequent 

under the conditions studied. Clones may have a higher probability of 

engraftment than single cells if self-renewal events lead to HSC expansion. 

However, cycling cells may also fail to engraft if they are in the S/G2/M phase 

at the time of injection250,285,286, which may explain why one clone with high 

EPCR intensity (containing 3 cells only) did not engraft. Our results did not 

provide a clear distinction between long-term and short-term repopulating 

cells. More experiments are needed to confirm whether the level of EPCR 

intensity can be an indicator of durable self-renewal. Multiplexing the assay 

with other surface markers such as CD150 could perhaps also help to predict 

the in vivo repopulation patterns of the cells. It has been shown that long-

term HSCs respond differently to transforming growth factor (TGF)-β than 

short-term HSCs154. The differential response to cytokine exposure, coupled 

with the microfluidic characterization techniques described herein, could be 

another avenue to investigate the factors responsible for the heterogeneity of 

the stem cell compartment.  

 

The separation of cells into EPCR+ and EPCR－ populations combined 

with in-depth analysis of genealogical pedigrees has revealed different 

characteristics between the two populations. Since all cells were cultivated 

with frequent medium exchange, the differences in division kinetics and 

growth phenotypes were likely intrinsically generated. While we observed a 

common pattern of division kinetics in EPCR－ clones, EPCR+ clones had much 

more heterogeneous profiles than progenitor populations. This diversity is 

consistent with the high in vivo functional heterogeneity in the HSC 

compartment151,153,154. However, the asynchronous behavior that we observed 

in HSC populations was different from the previously reported high 

synchrony between daughter cells pairs55. Clones in our system were 

monitored for a longer period, thereby allowing the inclusion of cells with 
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longer lifespan in the analysis. The use of conditioned medium may have 

allowed a higher proportion of cells to self-renew and exhibit a different 

behavior. It is possible also that the more abundant and synchronous 

population of committed cells in the previous study had concealed the 

asynchronous behaviour of repopulating cells. The analysis of in vitro 

persistence of EPCR to identify clones with repopulating potential has 

revealed subtle HSC phenotypes that otherwise would have been masked in 

population measurements. Our data included instances where daughter cells 

had unequal levels of EPCR. However, it is not clear whether this was due to 

asymmetric segregation of EPCR during division or subsequent differential 

expression. This could be answered by performing daily live immunostaining 

or by using low concentrations of anti-EPCR labeled antibody in the culture 

medium combined with frequent fluorescence imaging175. While the later 

method has the advantage of allowing for continuous monitoring, 

phototoxicity and permanent binding to the targets, often receptors, can 

potentially affect cell metabolism. Other groups have instead performed 

immunostaining on fixed cells to monitor asymmetric segregation180,183,287. 

However, the probability of catching division events at the fixation stage can 

be very low, especially for small populations of cells with long cell cycle times. 

The use fluorescent reporters would greatly increase the extent of 

information that can be extracted from cellular genealogies180.  

 

The unique propensity of HSCs to return to a quiescent state compared 

to committed cells has been suggested by others288. The absence of cell size 

growth observed with long cell cycle times supports this hypothesis. The 

EPCR+ population contained a higher proportion of slow cycling cells, and 

therefore more cells having the capacity to enter this “quiescent” state where 

there was no size increase. Further experimentation is needed to determine 

whether cells in this phase are indeed going back to G0. This could be 
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achieved by tracking cells for at least one division and then staining fixed 

cells for the intracellular expression of a proliferation marker such Ki-67, 

which is present in active cell cycle phases (G1,S,G2/M) but not quiescent cells 

(Go)289. It could be possible also to transduce HSCs with a fluorescence-

ubiquitination cell cycle indicator (fucci) vector in order to identify cell cycle 

phases throughout cell growth curves290. We have shown that cell size growth 

analysis of single cells can reveal important information on the relationship 

between cell cycle regulation and stem cell fate and have found that 

differentiated cells were larger than primitive cells. The decrease in cell size 

that was observed for some cells may be an artifact of the variations in cell 

shape affecting the projected area or an indication of biological events such as 

secretion or autophagy. A more detailed analysis of cellular morphologies as 

was demonstrated for neural stem cells could perhaps leads to the 

identification of more characteristics associated with HSCs291. While 

undeniably useful, image analysis can only provide an approximation of cell 

size. New technologies enabling absolute measurement of cell mass and 

growth at the single-cell level using microfluidic cantilevers49 could be 

particularly appropriate to obtain accurate measurements of cell growth in 

HSCs populations292.  

 

We have shown that with the right image processing tools, continuous 

cell tracking and genealogical tracing can reveal unique characteristics of 

cellular behavior that cannot be observed otherwise. In addition to surface 

marker analysis, microfluidic technologies could further increase the data 

content that can be extracted from these experiments by the integration of 

genomic analysis, transcript quantification, intracellular protein analysis and 

measurement of protein secretion at the clonal level.  
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Table 3.1 In vivo repopulating activity of recovered clones 

    

Clone rank 
Average EPCR 

intensity 

% donor-derived 
WBCs at 16 weeks 

post-transplantation  

% donor-
derived GM of 
total GM cells 

    
    

1 1117.5 30.73 80.50 
2 1070.8 0.06 0.11 
4 982.3 1.61 0.04 
5 942.0 7.71 0.08 

11 834.5 31.50 0.97 
17 685.0 10.38 0.33 
22 619.6 3.90 0.25 
35 474.7 6.48 0.10 
36 469.0 4.73 0.65 
41 410.4 0.09 0.18 
47 391.9 0.08 0.28 

58** 360.4 0.03 0.05 
59* 358.9 0.03 0.05 
65* 344.8 0.03 0.05 
66** 339.9 0.03 0.05 
67** 335.3 0.03 0.05 
68** 335.2 0.03 0.05 
69* 328.8 0.03 0.05 

    

*These clones were pooled and injected in the same mouse 
**These clones were pooled and injected in the same mouse 
WBC: White blood cell 
GM: Granulocytes-monocytes 
B/T: B cells/T cells 
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Figure 3.1 Immunostaining of EPCR on live clones 

Example of EPCR immunostaining of a clone originating from a single E-
SLAM cell after 5 days of culture in the microfluidic device. Bright field (left) 
and fluorescent (right) images are presented. Red false color was applied to 
the fluorescent image for better visualization. Capping was observed on cells 
since the staining procedure was performed at 37 oC.  
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Figure 3.2 In vivo repopulating activity of cultivated clones based 
on EPCR expression 

(a) Schematic of the experimental design. E-SLAM cells were purified and 
introduced in the microfluidic device after a short overnight culture. Time-
lapse imaging of 71 single cells was started after 22 h for 5 continuous days 
in the microfluidic cell culture array. Clones were then stained for EPCR and 
selected clones were recovered for in vivo CRU assays. (b) Repopulating 
activity of harvested clones based on the average EPCR fluorescence 
intensity of cells in each clones. 
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Figure 3.3 Clones ranked by average EPCR intensity 

(a) EPCR expression of cells and clones based on fluorescence intensity after 
5 days of culture in the microfluidic cell culture array. One clone out of 71 did 
not survive the experiment and was excluded from analysis. Each data point 
(black) represents the average fluorescence intensity of one cell. The average 
EPCR fluorescent intensity from all cells in a clone is also presented (blue 
bar). The threshold that distinguished EPCR+ from EPCR－ cells was set to 
450 (red line) based on the differences between recovered clones for in vivo 
CRU assays with (shaded red) and without (shaded grey) repopulating 
activity. (b) Distribution of the number of cells at the end of the experiment 
in each clone.  
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Figure 3.4 Clonal and cell distributions based on EPCR 
fluorescence intensity 

 

(a) Distribution of all cells present at the end of the experiment based on 
their average EPCR fluorescent intensity. Only 21.1% of the entire 
population was EPCR+. (b) Distribution of clones based on their average 
fluorescence intensity. More than half (52.8%) of the clones had an average 
EPCR intensity above the threshold (450), demonstrating the importance of 
in vitro clonal analysis to reveal distinct populations of input cells. 
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Figure 3.5 Genealogical tracing of HSCs 

(a) Time lapse imaging of a HSC clone. Cells are segmented and assigned a 
label throughout their lifetime. Division and death events as well as 
relationships between mother and daughter cells are also tracked as the 
clone proliferates. Segmented cells are outlined in blue and red lines 
represent division events. Live cells are labeled in green while dead cells are 
labeled in red. Segmentation, labeling, division and death errors can be 
corrected manually using the GUI if necessary. (b) Genealogical pedigree 
generated from the clone in (a). Each T-junction represents a cell division 
from one mother cell into 2 daughter cells.  
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Figure 3.6 Division kinetics of EPCR+ and EPCR－ clones  

Cumulative division kinetics for the first (30.3 ± 7.3 h, mean ± s.d.), second 
(51.4 ± 14.2 h, mean ± s.d.) and third divisions (77.4 ± 29.3 h, mean ± s.d.) in 
EPCR－ clones (n = 33 clones) and for the first (38.6 ± 18.6 h, mean ± s.d.), 
second (77.4 ± 29.3 h, mean ± s.d.) and third (99.3 ± 23.9 h, mean ± s.d.) 
divisions for in EPCR+ clones (n = 37 clones). P values between EPCR+ and 
EPCR－ populations are 0.017, 0.000033 and 0.0013 for the first, second and 
third divisions respectively.  
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Figure 3.7 Cell cycle time of individual cells  

Distribution of cell cycle times for all cells in EPCR－ (n = 677 cells; 25.0 ± 13.2 
h, mean ± s.d.) and EPCR+ clones (n = 159 cells, 41.0 ± 19.1 h, mean ± s.d.). 
Cell cycle times were significantly different (P value < 10-18) between the two 
populations. Only cells that had divided before the end of the experiment 
were included in the analysis. 
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Figure 3.8 Relationship between mother and daughter cell cycle 
time 

(a) Relationship between cell cycle times of initial mother single cells (i.e. 
time to first division) and their daughters (i.e. time between first and second 
divisions) in EPCR－ clones (n = 65 pairs). The cell cycle time difference 
between a daughter cell and its mother was on average –4.5 ± 13.3 h. (b) 
Relationship between the cell cycle time of the new daughter cells, now 
mothers (i.e. time between first and second divisions), and their daughter 
progeny (i.e. time between second and third divisions) in EPCR－ clones (n = 
105 pairs). The cell cycle time difference between a daughter cell and its 
mother was on average 13.8 ± 17.9 h. (c) Relationship between cell cycle 
times of initial mother single cells (i.e. time to first division) and their 
daughters (i.e. time between first and second divisions) in EPCR+ (n = 61 
pairs) clones. The cell cycle time difference between a daughter cell and its 
mother was on average 10.7 ± 26.8 h. (d) Relationship between the cell cycle 
time of the new daughter cells, now mothers (i.e. time between first and 
second divisions), and their daughter progeny (i.e. time between second and 
third divisions) in EPCR+ clones (n = 62 pairs). The cell cycle time difference 
between a daughter cell and its mother was on average 9.9 ± 22.6 h. Only 
cells that had divided before the end of the experiment were included in the 
analysis. Black lines represent a perfect relationship between mothers and 
daughters.  
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Figure 3.9 Synchrony of daughter cell pairs  

Cell cycle times for each daughter cell pair following the first division are 
presented for (a) EPCR－ (n = 32 pairs) and (b) EPCR+ populations (n = 24 
pairs) for EPCR+ clones. (c) Cell cycle times for all daughter pairs in EPCR－ 
(n = 321 pairs) and (d) EPCR+ clones (n = 66 pairs). Only cells that had 
divided before the end of the experiment were included in the analysis. Black 
lines represent the theoretical limit of perfect synchrony. 
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Figure 3.10 Cell cycle time differences between daughter cell pairs  

Distribution of cell cycle time differences between daughter pairs in EPCR－ (n 
= 321 daughter pairs; 4.6 ± 8.8 h, mean ± s.d.) and EPCR+ (n = 66 pairs; 8.7 ± 
9.6 h, mean ± s.d.) clones. Cell cycle time differences were significantly larger 
in the EPCR+ population (P value = 0.002). Only cells that had divided before 
the end of the experiment were included in the analysis. 
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Figure 3.11 Cell size growth rate of slow cycling cells from EPCR－ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
with the longest cell cycle times in the EPCR－ population are shown. 
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Figure 3.12 Cell size growth rate of slow cycling cells from EPCR+ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
with the longest cell cycle times in the EPCR+ population are shown. 
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Figure 3.13 Cell size growth rate of selected cells from EPCR－ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
from EPCR+ clones with varying cell cycle times are shown. 
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Figure 3.14 Cell size growth rate of selected cells from EPCR+ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
from EPCR+ clones with varying cell cycle times are shown. 
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Figure 3.15 Cell size growth rate of fast cycling cells from EPCR－ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
with the shortest cell cycle times in the EPCR－ population are shown. The 
average cell size growth rate of these cells was 22.7 ± 3.4 μm2 h-1 (mean ± 
s.d.). 
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Figure 3.16 Cell size growth rate of fast cycling cells from EPCR+ 
clones 

The cell-projected area was averaged for every hour of cell cycle. Nine cells 
with the shortest cell cycle times in the EPCR+ population are shown. The 
average cell size growth rate of these cells was 11.2 ± 3.3 μm2 h-1 (mean ± 
s.d.). 
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Figure 3.17 Variations in maximum cell size before division 

The maximum cell-projected area was measured by averaging cell area one 
hour before division and compared to the cell cycle time of the cells for (a) 
EPCR－ clones (n = 710 cells) and (b) EPCR+ clones (n = 195 cells). Blue boxes 
highlight the population of large and fast cycling cells. Cells that died or did 
not divide were excluded from this analysis. The maximum cell-projected 
area before division is shown as a function of the generation of each cell for 
(c) EPCR－ clones (n = 710 cells) and (d) EPCR+ clones (n = 195 cells). Blue 
bars represent the average for each generation. 
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CHAPTER 4 High-Throughput Screening and 
Selection of Clones for Recombinant mAb 
Production 
 

This work has shown that microfluidic cell culture coupled with high-

resolution time-lapse imaging can be a powerful tool to monitor the in vitro 

behavior of mammalian cells. However, experiments in previous chapters 

have been limited to hematopoietic cells with analysis of intracellular or 

surface proteins only. In this chapter, the flexibility of the system is 

demonstrated by the clonal culture of a different suspension cell type, 

Chinese hamster ovary cells, and the integration of single-cell secreted 

proteins analysis. 

 

4.1 Introduction 

Recombinant monoclonal antibodies (mAbs) are essential components 

of biological assays for applications ranging from cell characterization to 

diagnostic testing. Over the past 2 decades the use of mAbs for therapeutic 

purposes has grown to dominate the biotechnology industry with a variety of 

mAbs coming to market and many more in clinical trials293, most of them 

targeting cancer294,295, autoimmune and inflammatory disorders195,296. 

Chinese Hamster Ovary (CHO) cells are widely used to produce mAbs189, now 

favored in large part due to the demonstrated clinical safety and efficacy of 

their protein products. 

An important bottleneck in the development of mAb production 

processes is the need to generate cell lines that produce large quantities of 

antibodies. After transfection of the gene of interest, the generation of a 

stable clone with the desired product quality can take several months. This is 

normally the longest step in the development of a new protein production 
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process216. Most production cell lines have been generated by performing 

limiting dilution of a transduced pool of cells in multiwell plates197,216,220, with 

often >1,000 wells screened due to the low cell plating efficiency217,297 and the 

need to analyze many clones. This method requires at least 2 weeks of 

culture to allow accumulation of detectable mAbs concentrations before a first 

measurement can be made. Lowest producing clones are eliminated while 

highest producers are advanced to the next phase of scale-up, a laborious 

process that is often repeated in subsequent rounds of sub-cloning to ensure 

the generation of clonal cell lines298.  

In an effort to increase throughput and to accelerate the identification 

of high-producing cells, several FACS-based methods have been developed. 

Cell sorting strategies can be coupled with single-cell deposition, hence 

eliminating the need for sub-cloning. These strategies involve 

immunolabeling surface-bound mAbs227 or integrating a reporter gene into 

the vector223-225,299, which can be engineered to minimize the impact of the 

fluorescent protein on the translation of the desired product226. However, in 

some systems the fluorescence levels of reporter proteins or surface-bound 

mAbs are poorly correlated to the amounts of secreted mAbs232. Therefore, 

methods have been developed to directly measure the secreted proteins using 

gels or semi-solid medium that limit diffusion and maintain the secreted mAb 

molecules in the vicinity of the producing cells. For instance, single cells can 

be encapsulated in gel microdrops that are subsequently labeled with a 

fluorescent antibody and sorted to select for high-producing cells229. A similar 

approach is used with matrix-based secretion assays but the product is 

captured directly onto biotinylated cells using an avidin-bound antibody230,231 

and is then fluorescently labeled before cell sorting. Other secretion assays 

involve cultivating cells in semi-solid medium over multiple days to allow 

concentration of the product around the clones, resulting in a visible halo of 

fluorescently tagged antibody232,233. These methods require cells to be seeded 
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at low densities to ensure clonality in the semi-solid medium such that these 

conditions may not select cells that will perform well after scale-up in 

suspension culture medium.  

Miniaturization can accelerate secretion assays by rapidly 

concentrating the products from single cells while providing the throughput 

needed for large screens. Microwell arrays have been reported to screen for 

large numbers of antibody-secreting single cells34,300-302. For instance, using 

microengraving cells can be trapped into a microwell array while the secreted 

antibody is captured onto a functionalized glass cover that is then removed 

and fluorescently stained prior to being scanned. This method has been 

multiplexed to assess levels of glycolysation in addition to secretion301. 

However, selected cells must be cultivated in an open array or transferred to 

multiwell plates for clonal expansion, both dilute conditions. Microfluidic 

devices capable of identifying single antibody-secreting cells isolated in 

picoliter-volume aqueous droplets or chambers have also been reported36,39. 

An underexploited feature of these enclosed systems is the use of small 

volumes to carry out clonal expansion at high seeding densities. Cloning by 

inoculating one cell into 4 nl yields a concentration of 250,000 cells ml-1, thus 

a comparable seeding density to conventional macroscale passaging. This 

high concentration can provide a conditioning of the culture environment to 

potentially enhance the cloning efficiency compared to limiting dilution 

cultures. Furthermore, the isolation of clones in nanoliter volumes using 

integrated micro-valves16 has the advantage of concentrating secreted 

proteins without the need for a semi-solid matrix, thus allowing for rapid 

detection of mAb production. Most importantly, the immobilization of 

suspension cells by sequestering clones in high aspect ratio microfluidic 

chambers303 allows the cells to be assayed and cultivated in liquid medium 

under conditions similar to bioreactor cultures. The operation of these 

microfluidic devices can easily be automated and combined with time-lapse 
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imaging to confirm clonality and to track proliferation. We have adapted the 

microfluidic cell culture platform presented in Chapter 2 to rapidly assay the 

amount of secreted mAb from single cells and to grow hundreds of clones 

simultaneously without the need for a semi-solid matrix. Here, we 

demonstrate the use of this platform to generate clonal cell lines from a pool 

of suspension-adapted CHO cells producing a recombinant IgG1 mAb. 

 

4.2 Materials and Methods 

4.2.1 CHO Cell Pool Generation 

Suspension CHO-S cells (Life Technologies, Invitrogen) were 

transfected with a CET 1019 HS puromycin vector (EMD Millipore) encoding 

the light and heavy chains of a human IgG1 monoclonal antibody using an 

electroporator (Neon Transfection System, Life Technologies). Both the light 

and heavy chain DNA expression vectors contained the puromycin selection 

gene marker. A heterogeneous pool of cells was generated after a selection 

process using puromycin at 15 µg ml-1 (Sigma-Aldrich). Cell cultures were 

scaled up to shake flasks and banked in freezing media containing 95% CD 

OptiCHO (Life Technologies) and 5% DMSO (Sigma-Aldrich).  

 

4.2.2 Maintenance Culture and Medium 

Cells were maintained in shake flasks with growth medium consisting 

of CD OptiCHO (Gibco, Life Technologies) supplemented with 15% CHO CD 

EfficientFeed A (Gibco, Life Technologies), 15% CHO CD EfficientFeed B 

(Gibco, Life Technologies), 4.5 mM L-glutamine (EmbryoMax, Millipore), 15 

µg ml-1 puromycin (Sigma-Aldrich), 0.1 mM hypoxantine and 16 µM 

thymidine (Gibco, Life Technologies). Shake flasks were maintained at 37 oC 

in a shaking incubator at 125 rpm (Minitron, Infors) with 6 or 10% CO2. Cells 
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were passaged every 2-3 days and seeded at a concentration ranging from 2-5 

× 105 cells ml-1.   

 

4.2.3 Growth Controls in Cloning Medium 

For batch growth controls, cells were seeded at a concentration of 2.5 × 

105 cells ml-1 and cultivated in 20 ml of cloning medium consisting of RPMI 

medium (Gibco, Life Technologies) supplemented with 17% CD OptiCHO 

(Gibco, Life Technologies), 3.75% CHO CD EfficientFeed A (Gibco, Life 

Technologies), 3.75% CHO CD EfficientFeed B (Gibco, Life Technologies), 1 

mM L-glutamine (EmbryoMax, Millipore), 10 μg ml-1 insulin (EMD 

Millipore), 5 μg ml-1 transferrin (CellPrime rTransferrin AF, Millipore), 2 g l-1 

albumin (Cell Prime rAlbumin AF-G, Millipore) and 15 μg ml-1 puromycin 

(Sigma-Aldrich). Samples were taken daily and the viable cell concentration 

was measured by an automated cell counter (Cedex, Illumina). To measure 

growth rates from single cells, a U-shaped suspension 96 well-plate (BD 

Falcon) was rinsed with cloning medium. Cells were diluted to a 

concentration of 5 cells ml-1 and 200 µl was deposited in each well, equivalent 

to 1 cell per well. Cells were centrifuged for 5 min at 400g and left in the 

incubator for 1-2 h. Wells were manually scored using a microscope to 

identify the starting number of cells in each well and then the number of cells 

in colonies originating from single cells was counted every day. 

 

4.2.4 Clone Selection Using Limiting Dilution 

 A parallel study was performed using conventional limiting dilution in 

96-well plates. Two flat-bottom plates were seeded at a concentration of 0.5 

cells per well in cloning medium. Colonies were evaluated under the 

microscope on day 7 and based on their shape, only those that appeared to 
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come from a single cell were transferred to wells of a 24-well plate in growth 

medium for subsequent titer evaluation. The highest titer clones were scaled 

up to 125 ml shake flasks and banked as described above. These clones were 

used for comparison to the clones generated from the microfluidic cell culture 

array platform.   

 

4.2.5 Microfluidic Cell Culture 

Microfluidic cell culture arrays containing 1,600 chambers of 4.1 nl 

(160 µm × 160 µm × 160 µm) were fabricated as described in Appendix B. 

Two days prior to cell loading, the iso-osmotic bath was filled with cloning 

medium supplemented with penicillin (100 U ml-1) and streptomycin (100 µg 

ml-1). The device was connected, primed with cloning medium and 

maintained in an environmental chamber (Chamlide, LiveCellInstruments) 

at 37 oC and with 5% humidified CO2. Two Petri dishes filled with water were 

added in the environmental chamber to maintain the humidity. Cells were 

centrifuged for 5 min at 167g and resuspended at a concentration of 2 × 106 

cells ml-1 in fresh cloning medium. Cells were then loaded in the microfluidic 

cell culture array by an approximately 1 µl min-1 flow using an integrated 

micro-pump. Once the array was filled, cells were allowed to settle by gravity 

to the bottom of the chambers for ~3 min. If needed, this process was 

repeated until a desired number of single cells was obtained. After the bead 

immunocapture assay, the cells were cultivated in a batch mode with the 

isolation valve kept open. Microvalves and image acquisition were controlled 

by custom scripts (LabVIEW, National Instruments).  
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4.2.6 Bead Immunocapture Assay 

Cloning medium supplemented with 100 U ml-1 penicillin and 100 µg 

ml-1 streptomycin was used throughout the bead immunocapture assay. 

Polystyrene protein-A coated beads with an average diameter of 4.9 µm 

(ProActive® Microspheres, Bangs Laboratories) were washed at least 4 times 

with cloning medium by successive rounds of centrifugation at 7431g. The 

beads were resuspended at a concentration of 2 mg beads ml-1 and 

immediately loaded into the device at a flow rate of 2 µl min-1 from a PTFE 

tubing maintained in an upright position. Once the array was filled, the flow 

was stopped and the beads were allowed to settle by gravity to the bottom of 

the chambers, resulting in an average of 100-150 beads per chambers. Excess 

beads in the channels were flushed with cloning medium for 5 min at a flow 

rate of 2 µl min-1. The isolation valves were then closed to sequester each 

chamber and the beads were incubated with cells for 2 h at 37 oC. The array 

was then flushed with cloning medium for 15 min at a flow rate of 2 µl min-1. 

A solution of 20 µg ml-1 labeled antibody (Dylight 594-conjugated AffiniPure 

F(ab’)2 fragment of rabbit anti-human IgG (H+L) (Jackson Immunoresearch) 

diluted in cloning medium was first desalted by centrifugation (Amicon Ultra 

0.5-ml 100K, Millipore) and then pumped into the device for 15 min at 2 µl 

min-1. The fluorescent antibody was incubated for 15 min, and then washed 

with cloning medium for 30 min at 2 µl min-1 before imaging.  

 

4.2.7 Automated Image Acquisition  

Custom scripts (LabVIEW, National Instruments) were developed to 

allow automated image acquisition of the array divided into 400 frames 

containing 4 chambers each. The location of every frame was determined by 

selecting the four array corners, and then extrapolating the coordinates of 

each frame. The alignment script described in Chapter 2 was used to correct 
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for the minor distortions in the devices that can be introduced during 

fabrication so as to position the chambers correctly within each frame. After 

loading the beads, the focus on each frame was automatically determined by 

taking a stack of images and identifying the focal point providing the 

maximum pixel standard deviation within the chambers. Following the bead 

immunocapture assay, a bright field image and a red fluorescent image (10 

ms exposure) were taken for every frame. Frames were subsequently imaged 

in bright field every 30 min during cell culture. 

 

4.2.8 Image Analysis Algorithms 

A graphical user interface (GUI) was developed in Matlab 

(MathWorks) to quantify the CHO cell protein production by measuring the 

fluorescence intensity emitted from the beads. Since each frame contained 4 

chambers, the well boundaries were first identified by blurring the bright 

field image and subtracting it from the original. This process enhanced areas 

of high spatial frequency such as the well edges. The wells were then filled 

and any object smaller than 1,250 pixels were eliminated using a size filter. 

Artifacts caused by the presence of beads were corrected by dilation and the 

well edges were adjusted by erosion before creating a mask image of the 

wells. A bead mask was also created from the bright field image. The beads 

appeared to be much darker than the background, which allowed their 

segmentation using an empirically determined brightness threshold. All 

pixels with intensity below the threshold were set to one, indicating the pixel 

was part of a bead, while those above the threshold were set to zero. Often, 

the center of the beads appeared as bright spots in the mask image due to 

diffraction, causing the beads to look like rings. These rings were closed and 

filled by a dilation step followed by erosion. Finally, any lone pixels, i.e. a 

single pixel with a value of one surrounded by pixels with values of zeros, 
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were removed from the mask. A series of 6 fluorescent images containing 

empty wells were taken for flat-field correction. The pixel intensity at each 

location was averaged for the set of images and used to correct for 

background fluorescence. Next, the bead and well masks were combined and 

applied to the fluorescent image by multiplying each pixel in the mask image 

with the corresponding pixel in the fluorescent image. The total fluorescence 

intensity was calculated by summing the values of all the pixels in the 

resulting image. The GUI enabled the user to correct for segmentation errors 

when needed. For the quantification of surface-bound mAb, the GUI allowed 

the user to make a cell mask by tracing the contours of each cell. This mask 

was then applied to the fluorescent image to measure the intensity of each 

cell. The total intensity of the beads and the cells were saved for analysis. 

The mean intensity of each well was calculated as the total intensity divided 

by the total bead area. For the selection of antibodies and the generation of 

the antibody-binding curve, stained beads were deposited on glass slides 

under a coverslip and imaged. The same algorithm was used to generate the 

bead mask from bright field images and to measure the fluorescence of the 

beads (no chamber mask was applicable). 

 

4.2.9 Clone Recovery and Expansion 

Micropipettes with a tip diameter ranging from 50-100 μm were made 

from glass capillaries. Prior to cell recovery, the cover layer of the chip was 

cut inside the area of the bath and removed. Selected clones were recovered 

with the micropipette using an oil microinjector (IM-9B, Narishige) and 

deposited in a U-shaped non tissue-culture-treated 96-well plate containing 

200 µl of cloning medium supplemented with 100 U ml-1 of penicillin and 100 

mg ml-1 of streptomycin in each well to prevent contamination from the 

recovery process. Clones were centrifuged for 5 min at 400g and incubated for 
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11 days. Viable clones were then transferred to a 24-well plate containing 1 

ml of growth medium. After 5 days of culture, the plate was centrifuged for 5 

min at 400g and the supernatant was recovered for titer analysis. The clones 

were then transferred to 6 ml of culture medium in 6-well plates. Once 

confluent, the selected clones were scaled up to 20-ml shake flask cultures 

and banked as described above. 

 

4.2.10 Batch Shake Flask Cultures 

The selected clones were thawed rapidly and resuspended in 20 ml of 

growth medium in shake flasks. The cells were cultivated and passaged until 

the viability exceeded 95%. The day before starting shake flask studies, the 

cells were seeded at a concentration of 5 × 105 cells ml-1. The next day, the 

cells were seeded at 5 × 105 cells ml-1 in 20 ml of growth medium in duplicate 

flasks. Cell concentration was measured with an automated cell counter 

(Cedex, Illumina) on days 5 and 7 for clones generated by limiting dilution 

and on days 3, 5 and 7 for clones generated from the microfluidic platform. As 

well, a 1 ml-sample was taken from each flask, centrifuged at 7,341g and the 

mAb concentration in the supernatant titer was measured as described 

below. The integral viable cell density (IVC) was calculated as follows: 

€ 

IVCi+1 = 0.5 × Ci+1 +Ci( ) × (ti+1 − ti) + IVCi  (4.1) 

where C is viable cell concentration (cell ml-1) and t is the time in culture 

(days). The titer was plotted against the IVC and the slope up to day 5 was 

used to calculate the cell specific productivity (SPR). 
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4.2.11 Measurement of mAb Titers  

Secreted mAb titers were measured by biolayer interferometry using 

the Octet RED96 Analysis System (Forté Bio, Pall Life Sciences) with Protein 

A Biosensors (Forté Bio, Pall Life Sciences). A standard curve from a purified 

mAb standard of known concentration was generated with each run, ranging 

from 0-50 µg ml-1 for low concentration samples and 0-500 µg ml-1 for high 

concentration samples. Supernatants exceeding the dynamic range were 

diluted appropriately and reanalyzed.  

 

4.2.12 Statistical Analysis 

The error bars were calculated using the standard deviation of the 

mean. A two-tailed unpaired t-test with unequal variance calculated the 

cloning efficiency P values. The coefficients of determination (R2) were based 

on least-square linear regressions. The coefficient of variation (CV) was 

calculated as the standard deviation over the mean. The theoretical Poisson 

distribution was calculated as follows: 

€ 

P(x) =
e−µc µc

x

x!
     (4.2) 

where  P(x)  = probability of having a chamber containing x cells 

  x  = number of cells per chamber 

  µc = average number of cells per chamber 

 

The antibody binding curve to the bead was calculated using the following 

Langmuir equation:  

€ 

I = Imax
K ⋅ cAb
1+K ⋅ cAb

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟     (4.3) 
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The constants Imax and K were determined by a Langmuir regression using 

the following equation: 

€ 

cAb
I

=
cAb
Imax

+
1

K ⋅ Imax
    (4.4) 

 

where  I = bead fluorescence intensity 

  Imax = maximum bead fluorescence intensity 

  K = equilibrium constant (ml µg-1) 

  cAb = IgG1 antibody concentration (µg ml-1) 
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4.3 Results 

 

4.3.1 Microfluidic Secretion Assay and Clonal Expansion 

In clonal cultures the accumulation of secreted antibody sufficient for 

detection normally requires many days (e.g. 2 weeks), considerably extending 

the duration of initial cell specific productivity screens. This analysis is 

confounded by varied clonal growth rates at low seeding density and 

influenced by evaporation from small volume cultures. To address these 

challenges we developed a system to analyze within a few hours the 

productivity of single cells by taking advantage of the far more rapid product 

accumulation and the high cell seeding density provided by nanoliter-volume 

chambers. Our microfluidic platform was fabricated using multilayer soft 

lithography as described in Chapter 2. Each of the 1,600 chambers in the 

array was 4.1 nl in volume, thus providing single-cell seeding concentrations 

comparable to conventional macroscale passages. The microfluidic device 

included micro-pumps downstream of the array to control loading rates and 

isolation valves to sequester all of the chambers when needed. In a first step, 

a pool of transfected CHO cells producing varied levels of a recombinant 

monoclonal human IgG1 antibody was loaded into the array. Different 

seeding concentrations were tested and samples at 2 × 106 cells ml-1 yielded a 

high proportion of chambers filled with single cells (typically 300-400 out of 

1,600), close to the theoretical maximum of a Poisson distribution for this 

stochastic loading process (Fig 4.1). The high aspect ratio of the chambers 

sequestered suspension cells by gravity (Fig 4.2a). Cells were then washed 

thoroughly to remove antibodies in the medium. Cloning medium containing 

polystyrene beads coated with protein A (diameter: 4.9 µm) was then 

introduced into the device and these beads were allowed to settle (Fig. 4.2b). 

A medium wash was performed to clear beads that had not been captured 

(e.g. in the channels between chambers) and the isolation valve was then 
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closed for 2 h (Fig. 4.2c). Following the incubation period, the array was 

washed with medium (Fig. 4.2d) and a solution of labeled detection antibody 

was loaded into the device. The chambers were isolated for an additional 15 

min (Fig. 4.2e). We tested multiple antibodies and observed that F(ab’)2 

fragments generally showed lower non-specific binding, consistent with their 

lack of constant region with affinity for Protein A (Fig. 4.3). The Dylight 594-

conjugated F(ab’)2 fragment of rabbit anti-human IgG (H+L) gave the highest 

signal-to-noise ratio and was selected for the assay. The array was washed 

extensively to remove any unbound fluorescent antibody (Fig. 4.2f). A custom 

algorithm was then used to automatically focus on the beads and sets of 

bright field and fluorescent images were acquired from the entire array. After 

the assay, the isolation valve was left open and the cells were cultivated in 

batch mode for 4.5 days (Fig. 4.2g). High-producing clones with good 

proliferative capacity were then recovered from the device for further 

expansion. 

 

4.3.2 Assessment of Productivity from Single Cells 

Custom scripts were developed to automatically segment the beads 

from bright field images and to measure the fluorescence intensity in bead-

covered areas (Fig. 4.4). The mean bead intensity was calculated by dividing 

the total bead intensity in a chamber by the total projected area of the beads. 

Since beads often merged during segmentation, we estimated the numbers of 

beads by dividing the total bead area by the theoretical projected area of one 

bead. Using a concentration of 2 mg beads ml-1 typically resulted in on 

average 100-150 beads per chamber. An example of the bead distribution is 

provided in Fig. 4.5. We have developed a custom software to assess the 

accuracy of our image analysis algorithm and to manually correct bead 

segmentation errors. Aside from a few outliers, our bead immunocapture 

algorithm identified the top producer cells from a population (Fig. 4.6), 
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thereby demonstrating the possible rapid automation of the assay. We 

generated a curve of the mean bead intensity by making serial dilutions from 

a known concentration sample of the secreted IgG1 antibody.  The bead 

saturation occurred at 8 µg of antibody (mg beads)-1 (Fig. 4.7), consistent 

with the manufacturer specifications. Typical mean intensity values obtained 

in the bead immunocapture assay for the top 5% producing cells fell below 

the saturation level of the beads, thus providing sufficient dynamic range to 

distinguish the highest producers from the rest of the population. Assuming 

infinite association and no dissociation, we calculated that the maximum 

time constant for mAbs to be captured onto a single bead in one chamber 

with a homogeneous starting concentration is ~50 min (Appendix E). This 

suggests that a 2-hour assay with an average of 130 beads should be 

sufficiently long to enable efficient antibody capture.   

We asked whether the bead immunocapture assay had enough 

sensitivity to distinguish producing cells from a pool of CHO cells transfected 

to secrete a human IgG1 monoclonal antibody. Since the stochastic loading 

process introduced few cells into the array, it was possible to compare the 

mean bead intensities of chambers containing single cells to the intensities of 

cell-free chambers. Highest producers had mean bead intensities that were 2 

orders of magnitude larger than non-producing cells and the detectable 

producing cell population (32.7% of the cells) was easily distinguished from 

the low or non-producing population whose chamber intensity distribution 

matched that of the cell-free chambers (Fig. 4.8a). We performed a 

traditional limiting dilution assay in parallel on the same pool of cells and 

found similar fractions of producing clones (34.4%) (Fig. 4.8b).  
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4.3.3 Enhanced Cloning Efficiency 

To test whether the microfluidic array could sustain maximal growth 

rates in clonal cultures, we compared the average growth rates of single cells 

in the microfluidic array to the average growth rates of single cells in 

multiwell plates (culture volume: 200 µl) and shake flask cultures seeded at 

2.5 × 105 cells ml-1. The cells had reduced growth rates when seeded as single 

cells in multiwell plates compared to shake flask cultures. In contrast, clonal 

cultures in the microfluidic device had growth rates comparable to the shake 

flask cultures (Fig. 4.9a). A single cell in a 4-nl microfluidic chamber is at an 

effective concentration of ~2.5 × 105 cells ml-1, and thus quickly provides a 

conditioned medium environment as these concentrations do in shake flask 

cultures. We then asked whether the microfluidic array could increase the 

cloning efficiency due to this higher seeding concentration. We used the 

percentage of clones with more than 8 cells after 72 h of culture to calculate 

the cloning efficiency. Clones in multiwell plates on average doubled every 

23.2 h, and therefore clones with normal growth were expected to have gone 

through at least 3 divisions after 3 days. Single cells cultivated in the 

microfluidic array had a significantly higher cloning efficiency than those 

seeded in multiwell plates (P value = 0.06), most likely due to medium 

conditioning effects amplified by the 4-nl volumes (Fig. 4.9b). This enhanced 

cloning efficiency could allow the recovery of high-producing clones that 

would not survive limiting dilution in multiwell plates. 

 

4.3.4 Relationship Between Surface-Bound and Secreted mAb 

 Membrane-bound antibody staining has been used as a tool to enrich 

for high-producing cells227,304. However, there have been contradicting reports 

as to whether membrane-bound antibody is a reliable indicator of the amount 

of secreted proteins227,228,232. Our technology can conveniently measure 
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membrane-bound and secreted mAbs produced by single cells simultaneously. 

We observed many instances where secreting cells did not stain for antibodies 

on their surface (e.g. Fig. 4.10a) and, inversely, where non-secreting cells 

exhibited surface antibodies (e.g. Fig 4.10b). We did not see a strong 

correlation (R2 = 0.22) between the specific cell productivity and cell intensity 

(Fig. 4.10c). While the population with high levels of surface-bound antibody 

appeared to contain a greater fraction of high-producing cells, our results 

showed that surface mAb staining often excludes cells with high productivity 

and includes cells with low productivity. 

 

4.3.5 Recovery and Expansion of High-Producing Clones 

Clones from the same pool of CHO cells were isolated and analyzed for 

their antibody productivity in the microfluidic array, cultivated for 4.5 days 

and then transferred into 96-well plates. Out of the 308 clones, 60 were 

recovered including the 10% top producers as well as medium, low and non-

producing clones that had met the proliferation criteria (>8 cells at 72 h). Of 

the 60 clones, 95 % continued to proliferate in the 96-well plates (e.g. Fig. 

4.11). They were cultured for 9 additional days, then transferred into 1 ml of 

medium in 24-well plates and after 5 days of culture, the supernatant was 

recovered for titer analysis. As shown in Fig. 4.12a, all single cells without 

productivity in the microfluidic screening were also negative after recovery, 

suggesting that there was no cross-contamination during the recovery 

process. The microfluidic and multiwell measurements followed similar 

trends. We further scaled up to batch shake flask cultures 10 of the top 12 

clones identified by the single-cell microfluidic assay. Four of these clones had 

already decreased their productivity at the 24-well plate stage (Fig. 4.12b) 

and likewise did not perform well in the shake flasks (Fig. 4.13a,b). The six 

high-ranked clones that had maintained their productivity at the 24-well 

plate stage (within the top 3.9% of the initial population) gave titers between 
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200-500 mg ml-1 (Fig. 4.12c) with maximum specific productivities averaging 

7.2 ± 1.5 pg cell-1 day-1 (Fig. 4.12d). The highest single-cell productivity 

identified with the microfluidic assay also gave the highest cell specific 

productivity in shake flask cultures, demonstrating the ability of the 

microfluidic single-cell secretion assay to identify and generate highly 

productive cell lines. The 2 highest ranked clones generated by limiting 

dilution, corresponding to the top 3.1% of 64 clones, had a comparable 

average SPR of 7.6 ± 1.4 pg cell-1 ml-1 (P value = 0.74) (Fig. 4.14). The 

recovery, analysis and expansion of 10 high-ranked clones from the device led 

to 6 clones with SPR above 6 pg cell-1 day-1. In contrast, by limiting dilution 

the analysis of 64 wells led to only 3 clones with such productivities. The 

initial screening using the microfluidic cell culture array led to a 13-fold 

enrichment of high-producing cells, thereby greatly reducing the burden of 

expanding and sampling large numbers of clones. In addition, 24-well plate 

titers of clones recovered from the microfluidic array were much more 

predictive of shake flask titers (R2 = 0.93) than clones generated by limiting 

dilution (R2 = 0.01) (Figs. 3.15a,b). The productivity of several clones 

generated by the later method was underestimated at the 24-well plate stage, 

likely due to the impaired growth associated with limiting dilution cloning.   

 

4.4 Discussion 

Our microfluidic platform provides many advantages for the selection 

of high-producing clones. Single-cell analysis allows hundreds of cells to be 

screened in a few hours, thereby eliminating the need to expand large 

numbers of clones in multiwell plates. This results in considerable economies 

in culture medium, culture vessels, time and labor. The prototype used in this 

study contained 1,600 chambers, enabling the analysis of 300-400 single cells 

per experiment. The design is easily scalable and the number of chambers 

could be increased several fold for populations where more clones need to be 
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analyzed. With the current dimensions, up to 20,000 chambers could fit on a 

single glass slide. Screening for a larger number of cells could identify clones 

with higher productivities without increasing the number of clones to be 

scaled up. This microfluidic approach differs from other single-cell secretion 

assays by allowing the analysis and culture of cells directly in medium 

without the need for a semi-solid matrix to contain the colonies and their 

secreted product. As described in Chapter 2, this cell culture system was 

initially optimized and tested on hematopoietic stem cells to obtain robust 

growth rates and cellular functions comparable to large-scale cultures. The 

sensitivity of CHO cells to media conditioning has revealed that another 

benefit of miniaturization is the rapid establishment of an adequate culture 

environment for small numbers of cells. Nanoliter-volume chambers allowed 

cells to be assayed and cultivated at seeding concentrations comparable to 

shake flask cultures. The higher cloning efficiency obtained from 

sequestering cells in small volumes can select additional clones that only 

thrive at high cell concentrations. Extending the culture for 4-5 days allowed 

clones to expand to cells numbers that made them more likely to survive 

when they were transferred to a multiwell plate, in turn increasing the 

number of high-producing clones recovered. Since cells were analyzed within 

2 hours of being retrieved from a shake flask culture, they were more likely to 

be in a similar state to suspension cultures than if they were assayed after 

multiple days of static culture (e.g. 96-well plate). Together these features 

bring the right environment to obtain good prediction of the cell specific 

productivity in batch shake flasks cultures from single-cell measurements. As 

opposed to multiwell limiting dilution screens that are the result of both 

productivity and growth performance, our microfluidic system independently 

measures cell productivity. While growth is an important factor in obtaining 

high titers, growth rates in static cultures starting from low seeding density 

often differ from suspension cultures that can be optimized by subsequent 

medium improvement. Indeed, the high seeding concentrations provided by 
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the microfluidic array allowed better prediction of shake flask titers at the 

24-well plate stage by minimizing the confounding effects of lower clonal 

growth rates observed in limiting dilution experiments. It could be possible to 

further exploit the flexibility of the system by retrieving cells from a fed-

batch culture for analysis and assaying them in conditioned media, leading to 

an even closer match to the conditions typically used for large-scale mAb 

production.  

Microengraving methods provide great flexibility to make secretion 

measurements at different time points34,35. However, the bead 

immunocapture assay in an enclosed microfluidic device has distinct 

advantages for applications where clonal expansion and recovery are needed. 

With its integrated iso-osmotic bath the microfluidic cell culture array 

provides an adequate cell culture environment for long-term in situ clonal 

expansion at non-diluted concentrations. In contrast, microengraving 

methods cannot sustain long-term proliferation in enclosed chambers and 

require either single-cell recovery followed by expansion in multiwell plates 

or immersion of the open microwell array in a large volume of medium. In 

addition, fibronectin coating and attachment periods of up to 6-12 h are 

needed to ensure that single cells are not lost when the glass slide is 

removed, after which cells are trypsinized for recovery300. Our high-aspect 

ratio chambers gently capture the cells by gravity, enabling suspension-

adapted cell lines to be rapidly assayed on a non-adhesive surface and to be 

gently recovered without enzymatic dissociation.  

The easy coupling of microfluidic devices with time-lapse imaging 

allowed clonal tracking over time, including the initial verification of 

clonality. That colonies arose from single cells was confirmed by visual 

observation. Alternatively, the process could be automated with high 

accuracy using a live stain on the cells. The use of programmable microfluidic 

systems makes this platform well suited for industrial applications and 
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easier to automate than microengraving methods. For the production of 

therapeutic mAbs, the detection antibody could be replaced by a labeled 

recombinant Protein A and hence provide a process devoid of animal 

components. It could be possible also to capture the secreted antibody directly 

onto Protein A- or Protein G-coated PDMS chambers instead of using bead 

immunocapture. However, the hydrophobic nature of PDMS provides a low-

binding surface, which can be a desirable feature to maintain cells that have 

been adapted for suspension culture. Moreover, the use of beads in proximity 

of the cells concentrates the signal and possibly leads to better sensitivity.  

Predicting the performance of an entire clone from a single cell within 

2 hours could be influenced by significant temporal variations in mAb 

secretion. Reports have shown that variations in secretion levels throughout 

cell cycle are mainly attributed to changes in cell size299,305 but since those 

were made on population measurement it is not clear whether the 

productivity of a single cell changes as it grows. Single-cell protein secretion 

in yeast has been measured by microengraving and no relation was found 

between productivity and cell cycle stage but stochastic variations were 

observed35. Single-molecule analysis of mRNA transcripts have shown bursts 

of transcription by CHO and other cell types306,307, leading to large 

fluctuations in transcript expression. However, simultaneous measurements 

of transcript and protein levels have shown that transcriptional fluctuations 

are not entirely propagated to secretion levels299 with the secretion 

machinery being the limiting factor at high transcriptional levels308,309. This 

suggests that even though secretion rates can be influenced by stochastic 

variations35, screening results based on single-cell secretion are less prone to 

be confounded by temporal variations than would be measurements obtained 

from transcriptional analysis at the single-cell level (e.g. fluorescent 

expression vectors)299. Our platform can measure both surface and secreted 

mAb levels simultaneously. The assay could further be combined with 
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fluorescent reporters to gain a better understanding of the factors regulating 

mAb production at the transcription, translation and secretion levels.  

 The generation of stable clones is an important aspect of cell line 

selection. Generally, the assessment of stability is performed over multiple 

passages. A decline in productivity will propagate to a detectable fraction of 

the population much faster if the initial assay is done on a single cell rather 

than a bigger colony. Indeed, a fraction of the highly ranked clones exhibited 

lower productivities in multiwell plates than in the microfluidic assay. These 

discrepancies can be due to production instability or stochastic variations at 

the time of the assay. These clones can readily be identified and eliminated at 

the 24-well plate stage to avoid investing resources and efforts on the scale 

up of either poor producers or unstable clones. Single-cell analysis is a 

powerful tool to assess the heterogeneity in cell populations. Analysis of 

intracellular mAb using FACS is used by some as a tool to identify unstable 

clones215. Our platform could enable secretion analysis on single cells from 

clonal population to obtain an early assessment of clone homogeneity and 

detect signs of instability.  

The throughput, sensitivity, flexibility and ease of automation of 

microfluidic single-cell analysis systems bring new tools to accelerate the 

development of mAbs. Cell line selection is only one example from a plethora 

of immunological applications that could benefit from the combination of 

clonal cell culture and high-throughput secretion screens. These include 

hybridoma generation, isolation of rare activated T cells, selection of new 

antibodies from primary cells or directed evolution in B cells. With the ability 

to obtain robust and, as shown in this work, more efficient culture conditions 

in small volumes, microfluidic devices have the potential to become platforms 

of choice for identifying rare cells in heterogeneous populations.  
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Figure 4.1 Typical seeding density 

Around 25% of the 1,600 chambers contained single cells at a loading 
concentration of 2 × 106 cells ml-1 (total: 1,034 cells), close to the expected 
Poisson distribution and the theoretical maximum of a Poisson distribution 
for an average of 1 cell per well (total: 1,600 cells). The discrete theoretical 
distributions are shown as lines for clearer representation. 
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Figure 4.2 Bead immunocapture assay to measure antibody 
secretion from single cells  

(a) Cells were loaded stochastically into an array of 1,600 chambers (4.1 nl). 
(b) Protein A-coated beads (diameter: 4.9 µm) were introduced and (c) the 
chambers were isolated for 2 h using microvalves. (d) The array was then 
washed and (e) Dylight 594-conjugated F(ab’)2 fragment of rabbit anti-human 
IgG (H+L) was introduced for 15 min. (f) The array was washed again and 
fluorescent images were taken to identify producing cells. (g) Example of 
fluorescent and bright field images from the bead immunocapture assay (top 
left) followed by time-lapse imaging of the clone for 4.5 days. The polystyrene 
beads are the darker objects (black arrow) while the cells are more 
transparent (white arrow). Cloning medium was used throughout this assay. 
Scale bar, 100 µm. 
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Figure 4.3 Antibody selection for the bead immunocapture assay 

Fluorescence intensity was compared for beads exposed to cloning medium 
only (non-specific binding) and supernatant from a 3-day batch culture of 
CHO cells (antibody signal). The following polyclonal labeled antibodies were 
tested at a concentration of 20 µg ml-1: (1) Dylight 594-conjugated F(ab')2 
fragment of rabbit anti-human IgG (H+L), (2) Dylight 594-conjugated F(ab')2 
fragment of goat anti-human IgG (H+L), (3) Dylight 594-conjugated F(ab')2 
fragment of donkey anti-human IgG (H+L), (4) Dylight 594-conjugated F(ab')2 
fragment of goat anti-human IgG, F(ab')2 fragment-specific (5) Alexa 594-
conjugated goat anti-human IgG (H+L) (6) Biotin-conjugated F(ab')2 fragment 
of chicken (H+L) labeled with Dylight 594-neutravidin and (7) FITC-
conjugated F(ab')2 fragment of chicken (H+L). Lines 8 and 9 show bead 
autofluorescence in the red and green channels respectively. The Dylight 594-
conjugated F(ab')2 fragment of rabbit anti-human IgG (H+L) had the highest 
signal-to-noise ratio and was chosen for the assay. 
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Figure 4.4 Automated bead segmentation and measurement of 
mean bead intensity 

(a) The bright field image was first used to locate the well contours using 
blurring and subtraction of the original image. (b) The well contour was filled 
to create a mask of the well. (c) The bright field image was segmented using 
a set threshold and (d) beads were filled by a combination of dilation and 
erosion. (e) Both images (b) and (d) were multiplied to obtain a bead mask. (f) 
The bead mask in (e) was used to segment the beads and to obtain the total 
bead area. (g) The fluorescent image was multiplied by the bead mask in (e), 
resulting in (h) the measurement of the total fluorescence intensity. The 
mean bead intensity was measured by dividing the total intensity by the total 
bead area. 
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Figure 4.5 Typical bead distribution  

(a) Typical bead distribution in the microfluidic cell culture array. On 
average, 129 beads per chamber were loaded using a solution containing 2 mg 
beads ml-1.  
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Figure 4.6 Accuracy of the bead intensity measurement algorithm 

Images were manually curated to correct for segmentation errors and 
compared to the automated measurement. The automated image analysis 
algorithm accurately measured the bead mean fluorescence intensity. The 
outlier is due to poor segmentation caused by shadow from the iso-osmotic 
bath. 
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Figure 4.7 Mean bead intensity as a function of the antibody 
concentration 

The antibody solutions were mixed to constant amounts of beads in tubes (0.5 
mg ml-1), incubated for 2 h, washed, and incubated for 15 min with the 
labeled antibody. After multiple washes, the beads were mounted on glass 
slides. Bright field and fluorescent picture sets were taken to measure the 
mean bead intensity for each concentration. The red line represents the data 
fit to a Langmuir equation (Imax = 3,592; K = 1.50 ml µg-1). Typical mean 
intensities for chambers containing the top 5% producer cells (shaded area) 
fell below saturation levels, corresponding to local concentrations of ~0.3-0.8 
µg ml-1. Saturation occurred at around 4 μg ml-1, corresponding to 8 μg 
antibody (mg bead)-1 (dashed line), consistent with the manufacturer 
specifications.  
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Figure 4.8 Quantification of antibody secretion using microfluidic 
and limiting dilution methods  

(a) The mean bead intensity distinguishes high-producing cells from non-
producing cells by several orders of magnitude. Analysis of wells that did not 
contain cells (n = 848 chambers) compared to chambers that contained single 
cells (n = 397 chambers) showed minimal cross-contamination between 
chambers. Empty wells had a distribution of mean bead intensities (µ = 2.96; 
CV = 3.58) comparable to the distribution of non-producing cells (µ = 2.70; CV 
= 3.17). 32.7% of single cells had levels of mAb above the intensity of empty 
wells. (b) Distribution of clones generated by standard limiting dilution 
method. Cells were seeded at 0.5 cells ml-1 in 96 well plates and cultured for 
14 days before being transferred to 24-well plates. Antibody titers in the 
supernatants from 24-well plates were measured after 5 additional days of 
culture. Of the 64 clones, 22 (34.4%) had detectable levels of mAb.  
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Figure 4.9 Improved cell growth and cloning efficiency in the 
microfluidic cell culture array 

(a) Growth curves (error bars, s.d.) of CHO cells cultivated in shake flasks (n 
= 3 experiments in triplicate seeded at 2.5 × 105 cells ml-1), as single cells in 
96 well plates (n = 3 experiments; 27-36 clones per plate) or in the 
microfluidic array (n = 3 experiments; 50 clones tracked per experiment) (b) 
Improved cloning efficiency in the microfluidic cell culture array (n = 3 
experiments; error bars, s.d.; P value = 0.06). The cloning efficiency was 
measured as the percentage of clones that had more than 8 cells at 72 h. This 
criterion was selected based on the doubling rate of clones growing in 
multiwell plates (23.2 h) from (a) as clones growing at a normal rate should 
have undergone at least 3 divisions by 72 h. 
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Figure 4.10 Simultaneous measurement of membrane-bound and 
secreted mAbs 

(a) Example of a secreting cell with no antibody bound on its membrane. (b) 
Example of a non-secreting cell with membrane-bound antibody. Cell outlines 
are highlighted in green. Scale bar, 100 µm. (c) Membrane-bound antibody 
shows poor correlation with secretion levels. 
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Figure 4.11 Recovery of selected clones 

Example of a CHO cell cultivated in the microfluidic array for 5 days and 
recovered in a 96-well plate for further expansion. 
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Figure 4.12 Selection of high-producing clones 

(a) Comparison of microfluidic secretion assay (red) with titers at the 24-well 
plate stage (blue). Single cells from one experiment (n = 308 cells) were 
ranked based on the mean fluorescence bead intensity in each microfluidic 
chambers (red). Out of these, 60 clones were recovered and scaled up to the 
24-well plate stage (blue). (b) Out of the 10 clones that were scaled up, 4 
clones were already showing signs of decreased productivity at the 24-well 
plate stage (shaded area) and were excluded from the screen. (c) Batch shake 
flask titers of the remaining 6 clones are shown after 3, 5 and 7 days in 
culture (n = 2 flasks; error bars, s.d.). (d) Maximum cell specific productivity 
measured after 5 days in batch shake flask culture shown as a function of the 
microfluidic mean fluorescence intensity measured from the single cell that 
gave rise to the clone (n = 2 flasks; error bars, s.d.).  
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Figure 4.13 Batch shake flask titers of eliminated clones 

Clones that scored high in the microfluidic assay but showed drops in 
productivity at the 24-well plate stage are presented. (a) Titers after 3, 5 and 
7 days in culture (n = 2 flasks; error bar, s.d.) and (b) cell specific 
productivities (n = 2 flasks; error bar, s.d.) at day 5 are shown. 
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Figure 4.14 Performance of clones selected by limiting dilution 

Two 96-well plates were screened using standard limiting dilution, resulting 
in 64 clones. Cell specific productivities after 5 days of batch shake flask 
culture are presented for the top 8 clones identified by limiting dilution (n = 2 
flasks; error bar, s.d.).  
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Figure 4.15 Relationship between 24-well plate assay and batch 
shake flask titers using microfluidic and limiting dilution methods 

(a) Correlation between titers in 24-well plates and batch shake flask 
cultures from clones recovered from the microfluidic cell culture array (n = 2 
flasks; error bar, s.d.). (b) Correlation between titers in 24-well plates and 
batch shake flask cultures from clones generated by limiting dilution (n = 2 
flasks; error bar, s.d.).  
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CHAPTER 5 Conclusions and Recommendations  
 

Microfluidic technologies based on multilayer soft lithography have 

advanced at an impressive pace since the fabrication of the first micro-

valve17. In the past decade, the field has grown from several proof-of-concept 

reports to a variety of practical applications allowing new biological insights 

to be revealed. Microfluidic gene expression analysis has progressed the most 

rapidly and has already been adopted by several laboratories7,310 while cell 

culture applications have been much slower to develop into useful 

technologies. This is due in part to the limited accessibility of microfluidic cell 

culture systems outside of engineering laboratories but also to the reluctance 

of biologists to risk sacrificing rare and precious samples with an unproven 

technology. Living systems and mammalian cells in particular can be very 

sensitive to fluctuations in environmental conditions that are a more likely to 

occur in small volumes, hence making it difficult to obtain robust and 

reproducible data. This work has tackled this problem by providing solutions 

to the major hurdles limiting long-term microfluidic cell culture. In addition, 

the chamber design has allowed live suspension cells to be studied and 

characterized using features such as reagent exchange, live immunostaining, 

secretion assays, time-lapse imaging, genealogical tracing and cell recovery. 

The technology has enabled interesting discoveries in HSC biology to be made 

and has led to the establishment of a new method that facilitates the 

generation of clonal cell lines. 

 

5.1 Significance of the Work 

 Creating an environment that can sustain normal cellular behavior is 

a critical step before attempting to address biological questions. Otherwise, 

cellular responses may be hard to distinguish under sub-optimal conditions 
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or worse, lead to erroneous conclusions. There are abundant reports on 

adherent cells cultivated in microfluidic devices but very limited progress had 

been made with suspension cells prior to this work. This research effort is the 

first demonstration of long-term clonal culture of mammalian suspension 

cells in microfluidic devices. We used HSC-enriched populations containing 

cytokine-dependent and sensitive cells as the most rigorous test to 

demonstrate our ability to perform mammalian cell culture, and showed that 

the microfluidic system can sustain normal cell viability and growth rates as 

well as stem cell function using in vivo CRU assays. These assays are the 

gold standard for assessing stem cell activity and among the most stringent 

methods for the analysis of mammalian cell properties. Most of the 

considerations presented to obtain robust microfluidic cell culture are also 

relevant to other cell types, including adherent cells, therefore increasing the 

impact of this work to a wide range of applications.  

The establishment of a robust microfluidic system has allowed us to 

perform with confidence experiments involving small numbers of rare cells. 

The microfluidic cell culture platform has yielded new insights on factors 

regulating HSC cell cycle and survival in vitro. The ability to perform 

automated temporal stimulation and monitoring of clones has enabled 

experiments that would have been very hard to execute otherwise. This has 

led to the discovery that a high SF concentration is required for cell survival 

at the time of exit from quiescence, after which cells can no longer be rescued 

from low SF concentrations. Furthermore, tracking clonal cultures 

immediately after transduction with NA10hd has enabled the measurement 

of growth kinetics without interference from non-transduced cells, 

demonstrating that the increased stem cell expansion mediated by NA10hd 

overexpression is not due to reduced cell cycle times. We also found that in 

vitro persistence of EPCR in progeny derived from single cells could be an 

indicator of repopulating activity in a clone. By developing the right 
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analytical tools, we have shown that clonal studies with increased time-

resolution can reveal interesting patterns in the genealogical pedigrees of 

these cells, for instance that cells from clones with persistent EPCR 

expression have longer cell cycle times and a more asynchroneous behavior 

that clones that have lost EPCR after in vitro culture. 

For some cell types, the high cell concentrations reached in nanoliter-

volume chambers is a problem that can generally be addressed by perfusion. 

We have shown that this limitation can be turned into an asset for other cell 

types (e.g. CHO cells) that do not thrive at low seeding concentrations and for 

which high levels of perfusion may be detrimental. In addition to the growth 

advantage conferred by small volumes, the rapid concentration of secreted 

proteins was exploited to reduce from weeks to hours the time required to 

reach detectable concentrations. These two features were combined to target 

the longest step in the race to large-scale production from a candidate mAb 

sequence, decreasing the workload of the otherwise tedious and cumbersome 

cell line selection process. We have demonstrated that the microfluidic cell 

culture array is not only a relevant tool for research but also a technology 

with great potential for industrial applications. This work has shown that 

robust microfluidic mammalian cell culture could be achieved and exploited 

to characterize clones in ways that would often not be possible using 

macroscale techniques. 

 

5.2 Practical Considerations for Microfluidic Cell Culture 

The integration of an iso-osmotic bath inside the device has been a key 

element to enable long-term culture of mammalian cells. Before the bath was 

introduced, cell viability and growth were both impaired and experiments 

were impossible to reproduce. The bath solved these issues, providing 

consistent results and growth performance that matched or exceeded 
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macroscale cultures. One hypothesis to explain the bath efficacy is that it 

serves as a reservoir that equilibrates with the medium to greatly reduce the 

amount of water vapor that would otherwise escape from the culture through 

highly gas-permeable PDMS. Priming the device for 1-2 days prior to cell 

loading in the microincubator with humidified air seemed to leave enough 

time for the vapor permeation equilibrium to be reached, and therefore 

prevent osmolarity shifts from occurring during cell culture. Mathematical 

modeling could be used to further characterize the system, for instance by 

identifying the minimum time required to reach this equilibrium and reduce 

the preparation time before each experiment. Since PDMS is also permeable 

to small hydrophobic molecules98, the media-filled bath may also bring faster 

equilibrium of any small hydrophobic components in the cell culture medium. 

Replacing the bath with PBS could determine whether the loss of medium 

components in PDMS should really be a concern for mammalian cell culture. 

Another benefit of the bath may be that it replaces a considerable 

amount of PDMS with culture medium, thereby reducing the flux of uncured 

molecules that could leach into the medium where they could be toxic for the 

cells80. In some cases PDMS has to be used at off-stochiometric ratios for 

multilayer bonding. However, the integration of 10:1 PDMS layers whenever 

possible using alternative bonding strategies such as stamping and plasma 

bonding can help minimize the levels of uncured molecules. The use of PDMS 

that has a short curing time (Sylgard 184, Dow Corning) combined with 

curing over multiple days, autoclaving and exchange of the priming culture 

medium prior to cell loading can together reduce the likelihood of generating 

a toxic culture environment. However, more methodical testing could be done 

to determine whether each of these steps is necessary. When setting up the 

system around the microfluidic device, special care should be taken to avoid 

using plastics, sealants or adhesives that could release toxic solvents. PTFE 

tubing is preferred to Tygon tubing for its low reactivity and low gas 
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permeability. Another key element to enable robust cell culture is to 

minimize perturbations from the surrounding environment as these can 

quickly propagate to small culture volumes. This can be achieved by 

enclosing the microscope and incubator in an opaque heated box, thereby 

shielding the microfluidic system from often-considerable laboratory 

temperature and humidity fluctuations.  

Stress should also be minimized as much as possible during the cell 

loading process. Although other approaches may work as well, in our system 

controlling the pumping speed instead of using dead-end filling or pressure-

driven flow and maintaining the right incubator temperature ensured that 

cells were intact when they entered the device. Likewise, inlet and outlets 

were both pressurized to avoid the formation of air bubbles. When working 

with small numbers of cells, these should be concentrated in the smallest 

volume possible for loading (<10 µl). Many cells will enter the device at the 

beginning of cell loading but those remaining will tend to concentrate at the 

end meniscus of the fluid line. Therefore, it is important to load the entire 

volume into the device to obtain a maximum number of cells. This can be 

done by replacing the empty tubing with new tubing filled with medium as 

soon as the fluid interface enters the stainless steel pin connected to the 

device, thereby pushing the cell contents with medium without introducing 

air into the device.  

In many microfluidic cell culture reports, high perfusion rates have 

been used to mitigate evaporation and toxicity problems on adherent 

cells74,258. By following the techniques described above, batch cultures on 

CHO cells can be performed for at least 5 days with normal growth rates and 

without perfusion. However, there is a need to perform medium exchange for 

other cell types and applications. Perfusion of suspension cells can be difficult 

since it requires a trapping mechanism to immobilize the cells. The 

positioning of a small flow channel at the top of larger chambers with high 
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aspect ratio is a gentle and efficient way to retain clones by gravity while 

allowing medium exchange. This configuration also brings great flexibility to 

flow the reagents needed for assays such as live immunostaining or secretion 

bead immunocapture. In addition, the use of deep chambers enables the 

selective recovery of clones, an important feature for applications that require 

clonal expansion or subsequent in vivo analysis.  

 

5.3 Future Directions 

The microfluidic cell culture arrays presented in this work had 

sufficient flexibility to study and characterize different cellular systems. 

However, several technical improvements could be made to increase the 

reproducibility of the devices and facilitate full automation. For instance, the 

bottom layer containing the cell culture chambers is currently made of 5:1 

PDMS. Uneven PDMS height and alignment of this layer during fabrication 

can cause distortions and lead to shifts in frames or focal planes. In addition, 

the presence of the PDMS layer underneath the cells limits the focal depth 

and generates background fluorescence at lower wavelengths, making it 

difficult to multiplex several fluorescent antibodies. In a recent review, 

Berthier et al. explains how PDMS causes challenges for mammalian cell 

culture in a field where polystyrene has been the standard for years311. 

Alternatives combining hot-embossed plastics with the flexibility of PDMS-

based MSL could provide significant advantages. Chambers could instead be 

fabricated using a biocompatible, highly transparent thermoplastic (e.g. 

cyclin olefin polymer or copolymer) that could also replace the glass 

slide312,313. The use of plastic would enable greater reproducibility from device 

to device and facilitate its translation to a commercial product. The device 

mounted on plastic could be made entirely out of 10:1 PDMS using plasma 

bonding, thereby reducing the need for long curing periods required for cell 

culture on PDMS at off-stochiometric ratios.  
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We have shown that manual cell recovery is an efficient method to 

retrieve clones from the device. However, it requires highly trained personal 

with good technical skills and the speed of clone recovery (~30 clones h-1) 

limits the number of clones that can be retrieved after each experiment. 

Increased standardization of device fabrication would facilitate the 

development of a cell recovery robot to automate clone retrieval. A robot 

would eliminate the potential for human errors and allow the microfluidic 

system to be operated by researchers with minimal training.  

Abundant cell numbers are available when working with cells lines 

whereas purified primary cell populations are often much smaller, especially 

for rare cells sorted from precious clinical samples. Loading small numbers of 

cells (<1,000 cells) into the device with high efficiency can be difficult as they 

can be left in the multiwell or original tube, or lost in the inlet tubing, the 

channels and the inlet port. The design could be improved to enable better 

loading efficiency by either fabricating the inlet port at the same depth as the 

inlet channel, building inlet ports with a conical shape or integrating a pre-

loading chamber where cells could be directly loaded into the device with a 

micropipette.  

In this work, we have presented two devices, containing 1,600 and 

6,144 chambers respectively. A number of applications such as cell line 

selection could benefit from higher throughput. The scalability of 

microfluidics could easily allow devices with up to 20,000 chambers to be 

designed and making smaller chambers than those presented in this work 

could further increase the throughput. However, the duration of experiments 

may be limited if cell counting is required since the cells would no longer be 

distinguishable in a monolayer past confluence. The current serial design 

allows a maximum number of chambers to be placed in a given area. 

However, it also means that content from upstream chambers goes through 

all downstream chambers. Since medium exchange occurred relatively 
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quickly, this configuration did not affect cellular behaviour and assays in this 

work. However, for applications where cross-contamination needs to be 

entirely avoided, a parallel configuration may be optimal. The device could 

also be modified to address each chamber individually, albeit these 

improvements would require a reduction of throughput.  

Most immunostaining experiments were performed in small devices 

with only one inlet and one outlet. Multiple inlets could be added to fully 

automate the process and avoid manual exchange of reagent lines. The need 

for these modifications is specific to the cellular system being studied and the 

questions being asked by each experiment. The improvements suggested 

above would greatly facilitate the operation of the microfluidic platform. The 

development of user-friendly, automated and easy-to-operate systems is 

important to encourage the adoption of microfluidic cell culture platforms by 

more biologists314.  

Some of the experiments presented here could also have been done in 

microwell arrays. However, unique advantages of programmable microfluidic 

cell culture systems reside in the ability to perform automated reagent 

exchanges, temporal stimulation of cells and to increase effective 

concentrations by confining cells in small volumes. For instance, it was 

shown in Chapter 2 that HSCs could be rescued from low SF concentration 

before 16 h of culture. An interesting follow up experiment would be to expose 

cells to a pulse of high SF concentration between 16 and 24 h and see 

whether exposure to high SF concentration when most of the cells exit 

quiescence is sufficient to maintain survival. Lutolf and colleagues have 

shown that functionalizing microwells with ligands could lead to stem cell 

expansion59,60. Combining both temporal stimulation and surface-bound 

molecules could lead to a closer simulation of the stem cell niche.  
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Surface markers can provide information about the state of HSCs but 

only a fraction of proteins are expressed at the membrane surface. Some 

genes that are associated with stem cell activity are expressed internally, and 

fluorescent reporters, either transiently expressed or integrated into mice 

genome, would be powerful tools to combine with our microfluidic system. 

Reliable reporters could give new insights on the mechanisms of cytokine 

responses during self-renewal and differentiation. For instance, Schroeder 

and his group have demonstrated the instructive mechanism of cytokines in 

lineage choice by combining genealogical tracing of cells with fluorescent 

reporters179. An interesting experiment would be to perform genealogical 

tracing on normal and NA10hd-transduced cells, and then to evaluate if the 

HSC expansion characteristic of NA10hd cells results in more EPCR+ clones 

with longer cell cycle times.  

Microfluidic devices also are great tools to study autocrine and 

paracrine signaling66,71. The current designs could be adapted for such 

studies, for instance by placing multiple cells types in isolated chambers or 

eliminating cell-cell contact interactions by physically isolating cells in 

chambers while enabling diffusion of secreted factors through a connecting 

top flow channel. With proper surface coating, the microfluidic cell culture 

array could also be used to grow adherent cells, enabling the co-culture of 

different cell types. This approach could be employed for sensitive cellular 

systems requiring feeder cells or stimulation from other cell types. 

The cell line selection platform presented in Chapter 4 has already 

received great interest from the biotechnology sector. As many patents are 

approaching their expiry date, a number of biosimilars are expected to enter 

the market196,315. The downward pressure on the price will force 

biotechnology companies to find innovative ways to produce these products at 

a lower cost. Tools to enable faster progression to market at lower expenses 

will be part of the solution. The cell line selection platform is one example on 
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how this cumbersome step can be simplified by screening large numbers of 

cells in conditions comparable to bioreactor cultures. Potentially, one could 

also look at the clonal distribution of secreted antibodies on a few hundreds 

cells to detect early signs of instability. There is a general trend in the 

industry to analyze clones in small fed-batch cultures as early as possible to 

accurately predict titers in fed-batch processes. Deep-well 96 well plates (e.g. 

BioLector, m2pLabs) and miniature bioreactors (e.g. ambr, TAPBiosystems) 

are examples of increasing popularity. Thanks to the high cell seeding 

concentration in nanovolume chambers, microfluidic devices could be used to 

start fed-batch cultures even at the single-cell level. Devices could be 

fabricated with feed chambers that could mimic fed-batch protocols. Clones 

would condition their own culture early in the process, potentially leading to 

better prediction of their performance in fed-batch cultures. The use of 

intracellular reporters of mAb expression would greatly ease the monitoring 

of cellular behavior in real-time using microfluidic systems299.  

The recent publication of the CHO genome will open new avenues for 

cell line engineering to generate mAb-producing clones with desired 

properties316. New technologies enabling site-specific integration are poised to 

be adopted by industry202,204,317-319. Zinc-finger endonucleases and targeted 

genome editing can lead to a high fraction of producing cells, therefore 

limiting the number of clones screened for cell line generation. These 

methods could also be designed to generate more stable cell lines. Some of the 

biotechnology industry leaders are already incorporating these strategies in 

their process development. However, current platforms are limited to one site 

of integration and therefore tend to yield lower productivities than clones 

generated by random integration320. Even with these technologies, variations 

in titers and stability are observed within populations and the need for clonal 

selection remains. The integration of multiple hot spots could lead to 
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increased titers in the future but the heterogeneity of CHO cells should 

remain a positive attribute to exploit. 

Obtaining higher titers has long been a major goal in the industry. For 

most mAbs, current titers are sufficient and in some old facilities designed for 

much lower titers they do not even have the capacity to benefit from higher 

titers. Another priority is to obtain sufficient product quality. For biosimilars 

in particular, the clone selection criteria also require product quality 

attributes such as antibody binding affinity and glycosylation patterns. The 

bead immunocapture assay could be improved to assess mAb quality, for 

instance by using labeled antibodies against specific glycans and assessing 

binding characteristics using different labeled antigen concentrations36. 

Glycosylation patterns can be influenced by optimizing medium and culture 

conditions but it should be beneficial to start assessing product quality 

earlier in a high-throughput fashion under small-scale conditions similar to 

bioreactors.  

The potential applications of this technology in immunology go beyond 

cell line selection. The platform could be used, for instance, to find rare 

activated T cells in co-culture with antigen-presenting dendritic cells by 

modifying the assay to screen for clones that are both proliferating and 

secreting IL-2. The microfluidic cell culture array could also be amenable to 

other antibody-producing cell types such as B cells and hybridomas. A 

modified platform with higher throughput could for instance be used to 

screen for rare antibody-secreting cells with the goal of finding new mAbs 

specific to relevant antigens. The platform could also be useful for directed 

evolution studies in B cells321 by allowing rapid protein characterization and 

sub-cloning. 

When designing microfluidic devices for new biological systems, it is 

strongly advisable to involve biologists early in the design process to make 



 161	  

devices capable of answering the right questions. Too often, engineers tend to 

develop technologies first and then try to find the right application for it. This 

work arose from a close collaboration with a strong team of stem cell 

biologists, whose input throughout the technology development phase has 

been an invaluable element for the success of this research effort. This project 

is a clear demonstration that interdisciplinary research is essential to bridge 

the gap between engineering and biology and to transform proof-of-concept 

ideas into technologies that can provide new biological findings.  
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Appendix A Mold Fabrication Protocol 
 

Each new microfluidic design was created with a drawing software 
(AutoCAD, Autodesk). A micro-pump was located downstream of the array to 
avoid crushing the cells and control the speed during the loading process. 
Depending on the application, microfluidic cell culture arrays contained from 
1,600 to 6,144 chambers in the order of ~4 nl each. Multiplexers, isolation 
valves and hydration lines were added when necessary to offer a better 
control of the microenvironment. Designs were printed at 20,000 dots per 
inch (d.p.i) on transparent masks. The fabrication of molds on a silicone 
substrate was performed using common photolithography techniques as 
described below. 

 

Flow Wafer 

The flow wafer contained higher inlet channels (40 µm) to minimize 
clogging, flow channels with reflow to allow valving (12 µm) and cell culture 
chambers (160 µm). Each layer was built onto the flow wafer as described 
below. 

 

Flow channels 

1. Dehydrate a wafer for 10-15 min at 150 oC. 
2. Treat the wafer with vapor phase hexamethyldisilazane (HMDS) for at 

least 2 min. 
3. Pour SPR220-7.0 resist on half the diameter of the wafer. 
4. Ramp at 500 rpm for 10 seconds, then spin at 1,500 rpm for 90 s. 
5. Pre-bake the wafer at 115 oC for 120 s. 
6. Expose for 30 s. 
7. Wait 30 min to rehydrate the resist.  
8. Develop in MF319 primary bath for around 5-10 min, then rinse in an 

MF319 secondary bath. 
9. Rinse with DI water and dry the wafer with compressed nitrogen. 
10. Ramp from room temperature to 190 oC and leave overnight for hard 

bake. 
 

Aim: 11-13 µm after reflow 
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Inlet channels 

1. Pour SU8-50 resist on half the diameter of the wafer. 
2. Ramp at 500 rpm for 30 s, then spin at 2,500 rpm for 30 s. 
3. Soft bake the wafer for 2 min at 65 oC, 10 min at 95 oC, and 2 min at  

65 oC. 
4. Expose for 7 s. 
5. Perform a post-exposure bake for 2 min at 65 oC, 10 min at 95 oC, and 

2 min at 65 oC. 
6. Develop in an SU8 developer primary bath for around 4 min, then 

rinse in a SU8 developer secondary bath. 
7. Rinse with IPA and dry the wafer with compressed nitrogen. 

 

Aim: 40 µm 

 

Chambers  

1. Pour SU8-100 resist on half the diameter of the wafer. 
2. Ramp at 500 rpm for 10 s, then spin at 1,300 rpm for 50 s. 
3. Soft bake the wafer for 5 min at 65 oC, 70 min at 95 oC, and 5 min at 65 

oC. 
4. Expose for 25 s. 
5. Perform a post-exposure bake for 5 min at 65 oC, 18 min at 95 oC, and 

5 min at 65 oC. 
6. Develop in an SU8 developer primary bath for around 20 min, then 

rinse in a SU8 developer secondary bath. 
7. Rinse with isopropyl alcohol (IPA) and dry the wafer with compressed 

nitrogen. 
8. Ramp up and down from room temperature to 135 oC for 20 min. 
 

Aim: 160 µm 
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Control Wafer 

The control wafer consisted of only one layer containing all lines for valves 
and pumps lines and was fabricated as follows. 

1. Dehydrate a wafer for 10-15 min at 150 oC. 
2. Pour SU8-50 resist on half the diameter of the wafer. 
3. Ramp at 500 rpm for 10 s, then spin at 4,200 rpm for 40 s. 
4. Soft bake the wafer for 2 min at 65 oC, 4 min at 95 oC, and 2 min at 65 

oC. 
5. Expose for 2 min. 
6. Perform a post-exposure bake for 2 min at 65 oC, 6 min at 95 oC, and 2 

min at 65 oC. 
7. Develop in an SU8 developer primary bath for around 2 min, then 

rinse in a SU8 developer second bath. 
8. Rinse with IPA and dry the wafer with compressed nitrogen. 
9. Ramp up and down from room temperature to 135 oC for 20 min. 
 

Aim: 25 µm 
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Appendix B Device Fabrication Protocol 
 

Wafers were reused to make devices as long as the structures remained 
intact. The procedure below was followed to fabricate devices with an 
integrated iso-osmotic bath using Sylgard 184 (Dow Corning) PDMS. 

 

Cleaning 

1. If the wafers are not coated with parylene, place them in a plastic box 
with trimethylchlorosilane (TMCS) for at least 2 min. 

2. Pour 15.0 g RTV-A and 1.5 g RTV-B (10:1 ratio) per wafer into a cup, 
then place the cup in the mixer and mix together. 

3. While mixing, wrap one Petri dish per wafer with aluminum foil. 
4. Pour PDMS onto each wafer and tilt the dish so that wafer is covered 

with PDMS and that PDMS overflows on the foil. 
5. If the flow layer requires cleaning, place the wafer in the degasser 

until no air bubble remains. 
6. Place at 80 oC in oven for at least 20 min. 

 

Wafers can be left overnight after performing this step. 

 

Flow Layer 

1. If the flow wafers are not coated with parylene, place them in a plastic 
box with TMCS for at least 2 min. 

2. Pour 12.5 g RTV-A and 2.5 g RTV-B (5:1 ratio) per wafer in a cup, then 
place cup in the mixer and mix together. 

3. While mixing, prepare aluminum wrap using a metal dish with a 3-
inch diameter. 

4. Place wafers in aluminum holders and press wafer down on the bottom 
of the holder by folding the aluminum foil on top of wafer edges.  

5. Pour PDMS onto each wafer, and level the aluminum holder with 2 
micropipette tips. 

6. Place into degasser, start vacuum, and degas until no visible bubbles 
are left. Prepare control layer during that time. 

7. Remove from degasser and level again with 2 micropipette tips. Let sit 
for at least 15 min. 

8. Place in 80 oC oven for 18 min with the control layer. 
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Control Layer 

1. Cut around the cleaned wafer with a surgical knife and peel off the 
PDMS to release the cleaned wafer. 

2. Place cleaned control wafer in plastic box with TMCS for at least 2 
min. 

3. Pour 15.0 g RTV-A and 0.75 g RTV-B (20:1 ratio) into a cup, then place 
the cup in the mixer and mix. 

4. Turn on gas and vacuum for spinner. 
5. Set spinner recipe to ramp in 5 s to 500 rpm, dwell at 500 rpm for 10 s, 

ramp to 1630 rpm in 10 s, dwell at 1630 rpm for 60 s, and ramp down 
to 0 rpm in 5 s. The PDMS height should be 10 µm higher than the 
control features. Adjust accordingly using a spin curve. 

6. Place wafer carefully on the centre of spinner chuck, then close lid and 
secure with copper slab and execute the spinner recipe. 

7. After spinning, remove the wafer from the spinner and place in a 
clean, new Petri dish. Let sit for at least 15 min. 

8. Place in 80 oC oven for 18 min. The control and flow layers should both 
go into the oven at the same time. 

 

Membrane 

1. Cut around cleaned wafer with surgical knife and peel off PDMS. 
2. Pour 15.0 g RTV-A and 0.75 g RTV-B (20:1 ratio) in a cup, then place 

cup in the mixer and mix. 
3. Turn on gas and vacuum for spinner. 
4. Set spinner recipe to ramp in 5 s to 500 rpm, dwell at 500 rpm for 10 

seconds, ramp to 500 rpm in 10 s, dwell at 500 rpm for 60 s, and ramp 
down to 0 rpm in 5 s. A thinner membrane will result in leaky valves 
while a membrane too thick does not spread evenly on the wafer. 

5. Place wafer carefully on the centre of the spinner chuck, then close lid 
and secure with copper slab and execute the spinner recipe. 

6. After spinning, remove wafer from the spinner and place in clean, new 
Petri dish.   

7. Let sit for at least 15 min and align the flow and control layers during 
that time. 

8. Place in 80 oC oven for 12 min (13 min after the flow/control duo has 
been placed in the oven). 
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Flow/Control Alignment 

1. Remove both flow and control wafers from the oven. 
2. Cut inside the edge of the flow wafer with a surgical knife, then peel off 

the PDMS layer from the wafer. 
3. Place control wafer under the microscope. 
4. Align flow layer to control layer, trying to work quickly and not peeling 

off and on too much. 
5. Push down any bubbles that remain between the two layers and place 

in 80 oC oven for 25 min. The blank should come out of the oven at the 
same time as the flow/control combo. Time out accordingly. 

 

Membrane/Duo Alignment 

1. Remove both flow/control duo and blank wafers from the oven. 
2. Cut around the edge of the control/flow wafer with a surgical knife, 

then peel off PDMS layer from silicon wafer 
3. Place flow/control duo onto blank layer. 
4. Push down any bubbles that remain between the two layers, and place 

in 80 oC oven for at least 1 h. 
 

Wafers can be left in the oven overnight after this step. 

 

Bath Layer 

1. Pour 40.0 g RTV-A and 4.0 g RTV-B (10:1 ratio) in a cup, then place 
the cup in the mixer and mix. This amount of PDMS gives a sufficient 
height to provide good support structure for inlet and outlet ports. 

2. While mixing, prepare aluminum wrap using a metal dish with a 3-
inch diameter. 

3. Press down wafer to the bottom by folding the aluminum foil on top of 
wafer edges.  

4. Pour PDMS onto blank wafer, and level the aluminum holder with 2 
micropipette tips. 

5. Place into degasser, start vacuum and degas until no visible bubbles 
are left. 

6. Remove from the degasser and level again with 2 micropipette tips. 
7. Place in 80 oC oven for 20 min. 
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Cover Layer 

1. Pour 14.0 g RTV-A and 1.4 g RTV-B (10:1 ratio) in a cup, then place 
cup in the mixer and mix. 

2. While mixing, prepare aluminum wrap using a metal dish with a 3-
inch diameter. 

3. Press down wafer to the bottom by folding the aluminum foil on top of 
wafer edges.  

4. Pour PDMS onto each wafer, and level the aluminum holder with 2 
micropipette tips. 

5. Place into degasser, start vacuum and degas until no visible bubbles 
are left. 

6. Remove from degasser and level again with 2 micropipette tips. 
7. Place in 80 oC oven for 20 min. 

 

Chip Assembly 

1. Remove flow/control/membrane wafer, and blank wafers from the oven 
and let cool for about 5 min. 

2. Dice layers into individual chips and place the chips on a ball bearing 
bed, flow layer down. 

3. Dice the bath layer and cut inside to create a bath having the area of 
the array. Leave enough space for the ports and the edges. 

4. Punch holes that go in the corner of each side of the bath. 
5. Dice the cover layers into pieces bigger that each chip. 
6. Clean all surfaces with scotch-tape. 
7. Mix together about 10.0 g RTV-A and 1.0 g RTV-B (10:1 ratio) in a cup, 

then place in mixer and mix. 
8. Set spinner to spin at 6,000 rpm for 6 min. 
9. Remove blank wafer from the oven, place on spinner, pour PDMS and 

spin. 
10. Remove from spinner and place in Petri dish. 
11. Stamp the bath portion onto the liquid blank wafer and leave for 30 s. 

Make sure to stamp the right side of the bath. 
12. Remove from wafer, and stick together with the flow/control portion. 
13. Remove bubbles between layers. 
14. Mix together about 10.0 g RTV-A and 1.0 g RTV-B (10:1 ratio) in a cup, 

then place in mixer and mix. 
15. Set spinner to spin at 6,000 rpm for 6 min. 
16. Remove blank wafer and place on spinner, pour on PDMS, and spin. 
17. Remove from spinner and place in Petri dish. 
18. Stamp the cover layer portion onto the liquid blank wafer and leave for 

30 s.  
19. Remove from wafer, and stick on top of the bath portion. 
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20. Remove bubbles between layers. 
21. Leave chips to cure at room temperature overnight on ball bearings 

and place them in the oven the next day. 
 

After this step, the chips can be left in the oven. 

 

Hole Punch and Bonding to Glass 

22. Remove chips from the oven and punch appropriate holes with a clean 
bit. 

23. Clean glass slides with IPA and PDMS chips with Scotch tape. 
24. Use plasma bonder to bond together chips and glass slides (25 s). 
25. Cure at 80 oC in oven overnight. 

 

The total curing time at 80 oC should equal at least 5 days before testing of 
chips, and chips should be 12 days old and autoclaved before use for cell 
culture. 
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Appendix C Rate of Water Loss from the Iso-
Osmotic Bath 
 

Water vapor loss from the osmotic bath may be modeled as a near-Fickian 

diffusion and has a flux given by: 

 

J = -D∇C    (C.1) 

 

where D is the diffusion constant of water vapor in PDMS (~8.5 × 10-10 m2 s-

1)87 and C is the concentration of water vapor in the bulk PDMS. 

 

The iso-osmotic bath covers the area of the array (20 mm × 11 mm) and has a 

height of ~5 mm. The majority of vapor loss occurs through the top surface of 

the chamber that is sealed with a 1 mm thick layer of PDMS and through the 

long and short sides of the bath that are sealed with 5 mm and 3 mm thick 

edges of PDMS respectively.  This is well approximated as a one-dimensional 

diffusion for problem given by: 

 

J = -DΔC/L    (C.2) 

 

where L is the thickness of the PDMS sealing the top and 4 sides of the 

osmotic bath.  
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We assume a saturated water vapor concentration on the inside surface of the 

PDMS membrane (~40 mol m-3)87. Assuming a 90% relative humidity in the 

incubator, the approximated water vapor concentration at the outside surface 

of the chip is 0.9 × 40 mol m-3 = 36 mol m-3, giving a total vapor flux of ~2 × 

10-8 g s-1. This corresponds to a loss of 9 µl over a 5-day experiment. Given a 

total osmotic bath volume of 1.1 ml this results in approximately 0.8 % 

change in osmotic strength during an experiment.  
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Appendix D Genealogical Pedigrees of E-SLAM 
Cells 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
7 4 1 EPCR+ 1117.5 Yes 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
25 4 2 EPCR+ 1070.8 No 

 

 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
35 4 3 EPCR+ 996.8 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
40 3 4 EPCR+ 982.3 Yes 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
45 2 5 EPCR+ 932.0 Yes 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
41 1 6 EPCR+ 927.1 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
23 2 7 EPCR+ 901.7 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
44 3 8 EPCR+ 901.0 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
38 1 9 EPCR+ 870.1 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
31 2 10 EPCR+ 853.5 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
10 2 11 EPCR+ 834.5 Yes 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
46 3 12 EPCR+ 826.0 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
16 2 13 EPCR+ 745.4 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
46 4 14 EPCR+ 733.0 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
42 3 15 EPCR+ 702.6 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
46 2 16 EPCR+ 685.8 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
14 1 17 EPCR+ 685.0 Yes 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
12 1 18 EPCR+ 680.6 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
8 3 19 EPCR+ 656.9 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
39 1 20 EPCR+ 647.2 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
31 3 21 EPCR+ 620.8 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
15 2 22 EPCR+ 619.6 Yes 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
27 3 23 EPCR+ 594.6 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
44 1 24 EPCR+ 591.8 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
45 1 25 EPCR+ 579.4 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
13 1 26 EPCR+ 574.7 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
39 2 27 EPCR+ 574.2 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
7 1 28 EPCR+ 572.1 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
1 4 29 EPCR+ 569.0 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
43 3 30 EPCR+ 568.6 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
10 1 31 EPCR+ 553.9 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
47 2 32 EPCR+ 545.5 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
3 4 33 EPCR+ 543.2 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
42 4 34 EPCR+ 479.3 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
22 2 35 EPCR+ 474.7 Yes 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
20 1 36 EPCR+ 469.0 Yes 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
10 4 37 EPCR+ 463.7 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
37 3 38 EPCR－ 426.5 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
38 3 39 EPCR－ 422.6 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
26 1 40 EPCR－ 417.6 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
13 2 41 EPCR－ 410.4 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
19 1 42 EPCR－ 409.8 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
9 1 43 EPCR－ 405.5 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
28 4 44 EPCR－ 404.4 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
35 2 45 EPCR－ 397.3 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
47 3 46 EPCR－ 392.4 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
11 1 47 EPCR－ 391.9 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
28 1 48 EPCR－ 390.9 N/A 

 

 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
18 2 49 EPCR－ 381.2 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
4 3 50 EPCR－ 380.0 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
5 4 51 EPCR－ 375.3 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
34 2 52 EPCR－ 374.3 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
30 3 53 EPCR－ 373.2 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
24 3 54 EPCR－ 371.9 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
2 4 55 EPCR－ 371.1 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
47 1 56 EPCR－ 370.2 N/A 

 

 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
41 2 57 EPCR－ 361.6 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
41 4 58 EPCR－ 360.4 No 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
43 4 59 EPCR－ 358.9 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
33 3 60 EPCR－ 358.7 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
36 1 61 EPCR－ 358.4 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
17 3 62 EPCR－ 355.0 N/A 

 

 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
21 1 63 EPCR－ 348.5 N/A 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
34 4 64 EPCR－ 345.4 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
7 3 65 EPCR－ 344.8 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
20 2 66 EPCR－ 339.9 No 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
6 1 67 EPCR－ 335.3 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
29 2 68 EPCR－ 335.2 No 

 

 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
29 3 69 EPCR－ 328.8 No 
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Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
32 1 70 EPCR－ 302.0 N/A 

 

 
 
 

Frame Well Clone rank Population EPCR intensity 
Repopulating 

activity 
37 2 N/A N/A N/A N/A 
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Appendix E Estimation of Maximum Time 
Constant for Bead Antibody Capture  
 

The maximum time constant for antibody capture can be estimated by 

modeling a single bead in a chamber containing a homogeneous concentration 

of mAb. Assuming infinite association and no dissociation, the flux for 

antibody diffusion to a bead can be estimated using Fick’s law.  

 

J = -D∇C    (E.1) 

 

where D is the diffusion constant of a human IgG antibody molecule in a 10% 

serum solution (4.4 × 10-11 m2 s-1)322 and C is the antibody concentration in 

the culture medium. 

 

A region of depletion can be estimated to be one radius larger than the bead, 

whereby the distance travelled by molecules in the region of depletion 

correspond to the bead radius a (2.45 × 10-6 m). Assuming that all antibody 

molecules are captured when they reach the surface of the bead, the antibody 

concentration around the bead (r = a) is zero. The antibody concentration at 

the boundary of the region of depletion (r = 2a) is assumed to be the same as 

the concentration in the chamber C(t). Therefore, the rate of diffusion I to one 

bead can be estimated by the following equation: 

 

I = -4πDC(t)a   (E.2) 
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Assuming a constant initial antibody concentration in the chamber C0, the 

concentration at time t (Ct) can be calculated by the following equation: 

€ 

Ct = C0e
−
4πDa
V

t
    (E.3) 

where V is the volume of the chamber (4.1 × 10-12 m2). Therefore, the time 

constant (τ) can be calculated as: 

€ 

τ =
V

4πDa
    (E.4)  

For one bead only, this corresponds to a time constant of 50 min. In a typical 

assay, a chamber would contain on average 130 beads, which would yield a 

time constant well below the 2-hour incubation period of the assay. 
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