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Abstract 

 The ability to culture individual cells provides a unique method to assess the 

heterogeneity of mammalian cell populations. However, there are many challenges when 

scaling down culture systems due to the complexity of re-creating a stimulating 

environment at the clonal level. Small volume culture systems such as integrated 

microfluidic platforms offer the potential to radically alter the throughput of clonal 

screening through the use of time-lapse imaging, dynamic stimulus control and economy 

of scale. In particular, the use of automated fluidic control allows for the characterization 

of single cells in a dynamic microenvironment similar to large-scale culture. This thesis 

describes how small volume cell culture practices such as the use of conditioned medium 

and microfluidic technology can be implemented to isolate large numbers of cells in 

small volumes and evaluate clonal populations under precise medium conditions. For a 

Chinese Hamster Ovary (CHO) cell system normal growth kinetics and specific 

productivity were sustained in small volumes. When exposed to conditioned medium 

from a parental CHO line, clones cultured at sub-mL scales matched the performance of 

large-scale cultures. A microfluidic bead assay was developed to detect Immunoglobulin 

G titers secreted from clones in nL volumes. The combination of microfluidic 

conditioned medium perfusion with the magnetic bead assay allowed for clonal 

productivity to be evaluated under simulated fed-batch conditions. Lastly, microfluidic 

cell culture was demonstrated on a human embryonic stem cell (hESC) system through 

the robust generation of colonies derived from single cells. hESCs propagated in the 

microfluidic system were observed to match the growth kinetics, marker expression and 

colony morphologies of larger cultures, while resolving response heterogeneity during 
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differentiation induction. This thesis demonstrates how high-throughput, small volume 

culture systems can be used to screen clonal populations for therapeutic applications 

under complex culture conditions. 
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Chapter 1 Introduction 

1.1 Thesis Outline 

The first observation of a cell by Robert Hooke in 1665 led to the concept of cells 

as the basic units of life1. Subsequent understanding of cells, including their intra and 

intercellular interactions, has led to whole classes of medical breakthroughs including 

pharmaceutical small molecules that regulate gene expression2, biologic proteins 

produced by cells3 and most recently cellular immunotherapies4. By nature, populations 

of mammalian cells are genotypically and phenotypically heterogeneous, often 

complicating the treatments of a variety of diseases5,6. Even genetically identical cells 

display considerable functional diversity7,8,9, a trait that is observed frequently in clonal 

cell lines10,11,12. Since cell lines are ubiquitously used to produce biologics, model disease 

and study gene regulatory networks, understanding phenotypic variations in clonal 

populations is needed for their effective use as well as of fundamental biological 

importance. 

The field of microfluidics is particularly applicable to clonal analysis and offers 

numerous advantages over conventional methods such as scalability, high cell or template 

concentrations in small volumes, higher-throughput and parallelization13,14. In particular, 

microfluidic cell culture platforms provide the ability to examine the clonal responses in 

situ through the use of live-cell imaging and dynamic fluidic control14. While mammalian 

cells have been cultured in vitro using microfluidics, the cell culture of single clones in 

small volumes has yet to accurately match results achieved at larger scales for a variety 
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of cell types15. This thesis describes how scalable cell culture techniques can be used to 

accurately assess clonal populations in small volumes. 

The following chapter reviews microfluidic technology in the context of 

mammalian cell culture and clonal analysis. It also introduces two cell types whose clonal 

analysis is of great importance and reviews recent work to assess these populations 

clonally. 

The second chapter develops a technique to mimic bioreactor conditions by re-

suspending small volumes cultures of Chinese Hamster Ovary cells in conditioned media 

from large-scale fed-batch cultures. This technique is tested and validated on multiple 

clones and cell lines in 24-well deep well plates and finally applied in a microfluidic 

setting. 

The third chapter presents a microfluidic magnetic bead assay capable of 

detecting antibody titers in nanoliter volumes. The assay is then combined with 

microfluidic cell culture and the conditioned medium re-suspension technique of the 

second chapter to make productivity assessments of Chinese Hamster Ovary cells at the 

clonal level. 

The fourth chapter applies microfluidic cell culture to the clonal analysis of 

adherent mammalian cells. In this case, clonal populations of human embryonic stem 

cells are cultured in a microfluidic device and their responses to self-renewing and 

differentiating conditions are analyzed in terms of growth kinetics, morphology and 

transcript expression. 
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The final chapter describes the significance of the work done while concluding 

the thesis. Recommendations for subsequent experiments and approaches to carry on this 

work are also described. 

1.2 Recombinant Protein Production in Mammalian Cells 

The cost of developing a new drug was estimated in 2010 to be from 0.8 and 1.8 

billion USD16. To reduce costs, microbial systems are often preferred for the production 

of simple recombinant proteins such as insulin17. However, most recombinant proteins 

must be synthesized with post-translational modifications such as mammalian types of 

glycosylations18,19. Mammalian cell culture systems are needed for the production of 

recombinant proteins (referred to as biologics) due to their ability to perform complex 

protein synthesis, folding and post-translational modifications20,21. Recombinant proteins 

produced by mammalian cells are being used for the treatment of many diseases 

including many forms of cancer22,23,24, arthritis25 and autoimmune disorders26,27; valued at 

100 billion dollars in sales with many more biologics undergoing clinical trials28,29.  

Chinese Hamster Ovary (CHO) cells have been widely used to produce top selling 

biologics30. In order to meet the market demand, biologics produced in the CHO cell 

system undergo a long, costly and complex cell line and culture process development to 

ultimately scale-up production31. The process as well as the recombinant protein must 

pass rigorous regulatory approval requirements to ensure the safety and efficacy of 

treatments32. Accelerating the development of promising biologics in the CHO cell 

system should yield both commercial and public health benefits (e.g. effective drugs 

reach the market sooner to provide more successful treatments). 
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1.2.1 Chinese hamster ovary cells 

In 1957 Theodore Puck successfully established the first CHO cell line in culture 

by isolating an ovary from a female Cricetulus griseus specimen33. Although initially 

isolated for genetic purposes, favorable metabolism, growth characteristics and 

performance in bioreactors during in vitro culture established CHO cells as a model host 

cell line34. Early mutagenic studies performed on the original CHO cell line were 

particularly successful at isolating auxotrophic behavior (for proline in particular)35. 

Ensuing experiments with CHO cell mutants lacking the dihydrofolate reductase (DHFR) 

gene demonstrated dependence on thymidine and glycine, providing the foundation for a 

widely used genetic selection methodology36. In the DHFR CHO expression system, 

transfection with a vector containing DHFR prevents methotrexate (MTX), a DHFR 

inhibitor, from poisoning transfected cells (with selection occurring in the absence of 

glycine and thymidine)37. Another widely used CHO cell expression vector system makes 

use of glutamine synthetase (GS) with methionine sulfoximine (MSX) based selection38. 

Since GS is responsible for the synthesis of glutamine from ammonium and glutamate, 

transfection of CHO cells with a GS vector (while inhibiting endogenous GS activity 

with MSX) can allow for selection in the absence of glutamine39,40. The ease of 

integrating genetic selection coupled with their familiarity and adaptability to varied 

culture conditions have since established CHO cell lines as the preferred system for 

recombinant protein manufacturing. 

Several CHO cell variants such as CHO-S and CHO-K1 have been easily 

adaptable to suspension culture and serum free media for the purpose of manufacturing 

biologics41. The first lines used for recombinant protein production included those 
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capable of secreting human interferon42,43 and tissue-type plasminogen activator (tPA)44. 

Many more manufactured proteins used the CHO cell system, producing glycoforms 

similar to those found in humans34; an example of this can be found in the consistency 

between CHO produced and human Imunnoglobulin G1 (IgG1)45. In the case of 

immunoglobulins, variations in species-specific glycosylation can substantially impact 

biological activity46,47. Today the CHO expression system is used in the production of the 

majority of top selling biologics including Humira (Abbvie)25, Rituxan 

(Roche/Biogen)22,48, Enbrel (Amgen/Pfizer)49, Avastin (Roche)23 and Herceptin 

(Roche)24. The majority of new target recombinant proteins are also produced using CHO 

cells50. With the expectation that the CHO expression system remains the primary 

producer of blockbuster pharmaceuticals, improving the efficiency and efficacy of cell 

line selection and scale-up is of utmost importance51. 

1.2.2 Selection of high-producing cell lines 

The large-scale production of a biologic requires the selection of a high-

producing, stable cell line that reaches a high viable cell number that can be maintained 

for an extended period of bioreactor culture to achieve a high product yield52. The 

process of going from a transfected CHO cell pool to selecting the clone for full-scale 

biologic production can involve the screening of up to thousands of clones53. Cell line 

selection is normally the slowest step in the overall process development, with a duration 

of ~6 months to ~1 year54,55. Thus, the efficient selection of high-producing, stable cell 

lines is crucial for the rapid and cost-effective scale-up of biologics production. 

Typically, cell line development begins by transfecting cells with a gene of 

interest and performing limiting dilutions on the transfected pool in order to isolate single 
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clones56,57. An initial productivity assessment is usually performed on hundreds to 

thousands of clones in static 96-well plates (grown in cloning medium) followed by an 

initial clone ranking58,59. Selected clones are then expanded into successively larger 

volumes (such as 24- and 6-well plates, shake flasks and then bioreactors that are meant 

to simulate large-scale biologic fed-batch production)60,61. It is not uncommon for the 

manufacturing of biologics to reach scales of up to 20000 L62. A representative schematic 

outlining typical cell line selection process is described in Figure 1.1. 

During scale up, the number of cell lines examined at each stage is reduced as 

high-producing clones are selected while low-producing clones are discarded63. Unstable 

productivity is often witnessed as high producing clones are scaled-up. This can be due to 

expression instability or poor adaptation to suspension culture, production medium or 

fed-batch culture53. In the case of expression instability, the losses in productivity are 

often due to epigenetic transcriptional silencing from DNA methylation in the cDNA 

promoter region or due to the loss of recombinant gene copies as the cells 

proliferate10,64,65,66,67. Gene amplification procedures have been shown to increase cell 

line instability as well as increase clonal productivity as much as 400-fold10,68.  

In addition to cellular stability issues, the clonal microenvironment is 

continuously changing during scale up; starting from static cloning in medium designed 

to promote clone survival in dilute conditions, to a suspension fed-batch medium 

designed to maximize productivity69,70. Thus, the changing culture conditions from 

cloning to scale-up result in a poor predictability of early productivity measurements71. 

Porter et al. examined the rankings of 175 individual clones in 96-well plate, 24-well 

plate, 125 mL batch and 125 mL fed-batch cultures and found that the top 10 highest 
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producing clones at the fed-batch stage were variably ranked throughout each of the 

previous stages71, such that the highest-performing clones can easily be rejected early 

during the screening process72. Providing a more accurate assessment of how a clone will 

perform in a large-scale fed-batch bioreactor would be most valuable at the cloning 

stage73. Such a process would ideally screen candidate clones in fed-batch conditions at 

the single-cell level. However, fed-batch evaluation in small volumes can be challenging 

due to limitations such as assay sensitivity74, evaporation from small volumes75 and 

conditioning effects when working at limiting dilutions76,77. 

1.2.3 Fed-batch culture and small volume evaluation 

Fed-batch cultures are processes in which nutrients are added (fed) over the 

course of the cultivation78, either discretely (e.g. daily feeds) or continuously. These feed 

additions cause substantial changes in volume, osmolality as well as product, nutrient and 

cell concentrations79. Nutrient consumption and waste accumulation are considered when 

designing feed strategy, to maximize the overall process productivity80. The result is a 

culture ideally suited to processes where productivity and cell growth are sensitive to the 

limiting nutrient81. 

Large-scale fed-batch culture technology has advanced substantially over the past 

few decades and is now considered to be quite robust and reliable82. Nonetheless, there is 

increasing pressure to speed up fed-batch process development and reduce costs due to 

pipeline concerns, patent expiry and competition83. A variety of small-volume bioreactors 

have become available to provide accurate simulations of production conditions down to 

µL volumes84,85,86,87. For example, Legmann et al. used hundreds of 700 µL micro-

bioreactors to mimic a 3L bioreactor system and reported excellent correlations between 
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the two scales for pH, dissolved oxygen (dO2), viability, and product titer over a 14-day 

fed-batch86. The introduction of deep-well microtiter plates (ranging from 6 to 96 wells 

per plate) coupled with robotic fluid handling have simulated larger bioreactors in 

volumes ranging from 0.1 – 10 mL84,88,89. However, at these volumes control over 

parameters such as pH, dO2 and osmolarity are more difficult due to differences such as 

limited feedback control and increased evaporation90,91,92. Potential solutions to these 

limitations include optical sensors to measure dO2 in situ and re-designing the plate 

lid93,94. Nonetheless, parallel small-scale systems still have the potential to accelerate the 

development pipeline by providing early fed-batch evaluation of promising clones84. In 

these systems the fed-batch should ideally be performed clonally to identify the clones 

that will ultimately perform the best in fed-batch bioreactors20,95,96. 

1.2.4 Heterogeneity in CHO cell lines 

To make predictive productivity assessments early in the scale-up process, it is 

important to understand the causes of variations in productivity. For example, intrinsic 

mammalian cell heterogeneity causes cells to display a range of performances and growth 

characteristics53. Between cell lines, differences in specific productivity have been noted 

for varying gene copy number, promoter/enhancer type, cell type/sub-type and expression 

vector construction97,98,99,100. However, even within a genetically homogeneous cell line, 

variations can be expected due to at least the cell cycle101,102,103,104. A report by Pilbrough 

et al. found no productivity dependence on cell cycle, although the half life of the 

fluorescent molecules used were longer than the typical generation time thereby limiting 

the readout to greater than one division time105. Other inherent effects may also cause 

higher or lower producing sub-populations to arise within cell lines, such as genetic 
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heterogeneity106,107,108,109. Due to the large variability observed, all mammalian cell lines 

that produce recombinant proteins are required to be clonal11. 

Stochastic fluctuations in gene expression have also been shown to contribute to 

observed protein expression changes110,111,112,113. By using a dual reporter, intra-clonal 

variations in protein expression (of as much as 70% of the mean) have been shown to 

contribute to expression instabilities over time105,114. Such variations were dynamic, when 

the highest and lowest 5% producing sub-clones were isolated, these sub-populations 

returned to the original productivity distribution after 18 days105. Thus, they represent a 

temporary high/low-expression state resulting from random fluctuations, unlike 

epigenetic silencing where there is a greater and more permanent decrease in 

productivity67,110. The difference between stochastic variations and expression instability 

will therefore be dependent on both the amplitude and the persistence of the fluctuation 

and any technology seeking to precisely evaluate clones will ultimately have to address 

these fluctuations over their respective timescales. Whatever the causes of productivity 

measurement variability, a reliable productivity assessment at early stages will need to 

select the highest fed-batch performance clones, despite both genetic and environmental 

sources of variability. 

1.2.5 Single CHO cell measurements and limitations 

Cloning at limiting dilutions in multiwell plates has been the most widely used 

method to evaluate populations arising from single cells52,53. In traditional multiwell plate 

formats, the earliest productivity measurement on a clonal population are usually feasible 

2 – 3 weeks post-transfection (due to limited sensitivity) in the form of an enzyme-linked 

immunosorbent assay71,115. Fluorescence activated cell sorting (FACS) has also been used 
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prior to depositing clones into microwells, however this only provides a rough 

assessment of productivity, based on membrane associated recombinant 

protein116,117,118,119. Using fluorescent reporters analyzed by FACS, an indirect 

measurement of single cell productivity can be obtained. However, the reporter levels are 

not always indicative of recombinant protein secretion rates and the reporter expression 

may also influence productivity as well as clonal stability such that cell lines of this type 

are generally not used in manufacturing105,114,117. 

Recently, techniques that make use of semi-solid media have been developed to 

increase the throughput and efficiency of clone selection120,121. Some of these procedures 

make use of cell-surface affinity matrices wherein the secreted recombinant product is 

captured on or near the surface of the producing cell, labeled with a fluorescent marker 

and FACS sorted58,122. When combined with automation and robotics, semi-solid medium 

techniques such as the ClonePix FL have the ability to replace limiting dilution cloning 

while enriching for high performing clones59,123,124. However, fluorescence measurements 

using the ClonePix FL often do not correlate well to later productivity assessments59. In 

addition, the methodology and automation of ClonePix FL type systems is often quite 

stringent and costly125,126. 

An additional limitation is that clone selection using limiting dilution and 

automated systems (eg. ClonePix FL) is generally done under static batch conditions, that 

are known to correlate poorly with later suspension fed-batch productivity 

measurements71. Current early productivity assessments also are performed at low 

seeding concentrations, much lower than the cell concentrations and thus medium 

conditioning in a manufacturing setting53. Other operational parameters such as the O2, 
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pH and osmolarity levels may also be drastically different due to the difficulty in 

quantifying them at the clonal level. Consequently, there is a strong motivation to 

develop technologies capable of precisely quantifying productivity at the single cell level 

in conditions that are more representative of large-scale bioreactors. 

1.3 Human Embryonic Stem Cells 

1.3.1 Stem cell potential and pluripotency 

In human development, the zygote and the blastomere are the only structures 

known to be totipotent, with the ability to form all tissue types in an organism including 

extra-embryonic tissues such as the placenta127. This level of potency has yet to be fully 

harnessed in vitro128. The discovery and isolation of human embryonic stem cells 

(hESCs) by James Thomson in 1998 from the inner cell mass of blastocysts did 

demonstrate the ability to propagate human pluripotent cells indefinitely as immortalized 

cell lines129,130. hESCs are a quintessential pluripotent cell and are characterized by their 

ability to differentiate into all 3 germ layers, proliferate extensively in vitro, form 

teratomas and demonstrate telomerase activity131. Due to their potency, hESCs hold vast 

therapeutic potential in the form of cell replacement and transplantation therapies but this 

potency also adds to the risks of any hESC-derived cell therapy132. Since most medical 

applications will require specific lineages and pluripotent cells have the potential to 

produce all cells in an organism, directed differentiation of hESCs into multipotent and 

unipotent cells will be needed128. 

Several approaches have been used to assess the self-renewal potential and 

differentiation capacity of putative pluripotent cells; these include but are not limited to: 
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growth capacity, morphology, specific antigen and transcription factor expression as well 

as a variety of functional assays129,133,134. When in culture, hESCs are known to have a 

high nucleus-to-cytoplasm ratio, a compact colony morphology and doubling times 

between 24 and 48 h135. hESCs also express molecular markers including Octamer 

binding protein (OCT) 3, OCT4 (also known as POU5F1), Stage Specific Embryonic 

Antigen (SSEA) 3, SSEA4, NANOG, teratocarcinoma related antigen (TRA)-1-60, TRA-

1-81 and alkaline phosphatase136,137,138. Based on their specific expression patterns in 

pluripotent cells, OCT4, SOX2 and NANOG in particular have been found to be essential 

in maintaining pluripotency139,140, with OCT4 functioning as a heterodimer with 

SOX2141. The necessity of a core set of highly expressed transcription factors regulating 

pluripotency was highlighted by the ability to derive induced pluripotent murine and 

human cells via the ectopic expression of only 4 factors: NANOG OCT4, SOX2 and C-

MYC142,143,144,145. During early differentiation hESCs have been shown to lose their 

pluripotency-associated properties at different rates146,147. Thus, in order to gain a full 

understanding of cell state, the use of both molecular markers and functional assays is 

necessary. 

1.3.2 Heterogeneity in ESC populations 

A major obstacle preventing the proper characterization of any cell potential is 

that cell populations rarely act as a homogenous entity148,149. ESCs in particular display 

considerable inherent heterogeneity at the molecular level and manifest sub-populations 

with functionally distinct phenotypes150,151,152,153. As an example, the transcription factor 

NANOG is only expressed in roughly 80% of ESCs in a typical population154,155. When 

NANOG+ and NANOG- populations are isolated and propagated, both fractions were 
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able to reestablish the original expression pattern, suggesting that NANOG expression is 

dynamic even though NANOG- populations demonstrate bias towards differentiation156. 

In addition to molecular variations, ESCs also demonstrate heterogeneity at the functional 

level as dynamic sub-populations have been found within OCT4+ undifferentiated cells 

that exhibit distinct behaviors in vitro and in vivo when differentiation is induced153. Such 

fluctuations have the potential to destabilize the pluripotent state and make them more 

susceptible to differentiation without making a lineage commitment157. The dynamic 

nature of these results suggest that pluripotent cells may move between different states 

due to stochastic fluctuations in transcription factor gene expression7. 

The stochastic nature of gene expression implies that chance may play a role in 

hESC fate decisions and the heterogeneity observed in hESC populations8,9,158,159,160. 

Alternatively, heterogeneity could infer the co-existence of several stable states within 

the hESC populations, each with a specific molecular expression pattern152,161,162. 

Heterogeneous transcription factor expression could also be a fundamental component of 

future cell fate decisions where a factor reaching an expression threshold could impose a 

specific differentiation outcome163. Examples have already been seen in the 

hematopoietic system where multilineage gene expression has been observed to precede 

commitment164. Thus, distinguishing between these causes of variation is needed for the 

proper understanding of cell potency160. In order to determine whether the variations 

observed in hESC populations are reversible, the ability to analyze multiple dynamic 

clonal cultures is vital. 
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1.3.3 Clonal analysis of hESCs 

The ability to assess clonal cells is critical when attempting to understand cell 

population heterogeneity165. The clonal analysis of hESCs has not yet become widespread 

due to difficulties in effectively isolating subsets of clonogenic populations166,167. One 

complication is that stem cells often reside in complex microenvironments involving 

many niche interactions168,169. Moreover, pluripotent stem cells have extremely low 

survival and plating efficiencies when re-suspended as single cells during 

passaging130,170,171. Several methods to circumvent this poor survival have included 

modifying signaling pathways such as Rac-Rho172 and IGF-AKT173 or plating cells onto 

murine or human derived fibroblasts174. Sub-lines of hESCs have also been adapted to 

culture at low densities while still retaining the fundamental pluripotent properties 

including normal karyotype, pluripotency marker expression, and the ability to 

differentiate into all three germ layers175. However, such cell lines are also associated 

with forms of neoplastic progression (e.g. amplification on chromosome 20) that may 

provide a selective advantage176,177,178. Regardless of the drawbacks, use of the above 

hESCs can provide functional readouts of stem cell renewal capacity179.  

When successful, clonal interrogation has the ability to uncover the cellular 

hierarchies that exist within hESC populations165. For example, the isolation of SSEA3+ 

and SSEA3- cells demonstrated that they both had the ability to initiate further pluripotent 

cultures, but retained differing levels of core transcription factors, clonogenic capacities 

and cell cycle properties174. Similarly, retroviral marking of individual cells has allowed 

for the in situ observation of the propensity of single hESCs to commit to different 

lineages and functional assay results180. When clonal tracking was used on single hESCs, 



 15 

it revealed two self-renewing sub-populations: one that lacked clonogenic ability but 

contributed to in vitro embryoid body (EB) differentiation and another with high 

clonogenic capacity that contributed substantially in teratoma formation yet was less 

frequently observed to contribute towards EB differentiation181. These studies highlight 

the need to examine hESCs clonally through the in situ tracking and imaging of single 

cells and clonal populations182. 

1.4 Microfluidics 

1.4.1 Microfluidic large scale integration 

Today’s information age results from the invention of integrated circuits and 

microchips, which owe their existence to the application of microfabrication to the 

electronics industry183. Virtually all integrated circuits are now made using 

photolithographic microfabrication; this technology is also being applied to produce 

fluidic circuits with impressive results as well184,185. When coupled with a technique 

called soft lithography, replica molding of photolithographic features provides a low-cost, 

rapid prototyping method of manufacturing microstructures for the purpose of addressing 

biological problems186,187. For this process, patterns are drawn using computer assisted 

design (CAD) and then printed (via high resolution photoplotting) to create a 

photolithographic mask188. This mask is placed between a UV light source and a thin 

layer of photoreactive polymer known as a photoresist (usually coated on a silicon 

wafer). Exposure of the photoresist to UV light then transfers the mask pattern to the 

wafer with the exposed photoresist crosslinking and becoming insoluble in a developing 

solution (for a negative photoresist such as SU8)189. Finally, unexposed photoresist is 
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washed off in developer solution leaving a patterned silicon wafer. Repeating the above 

process with more photoresist layers produces three-dimensional structures, with the 

height of each feature determined by the thickness of the corresponding photoresist 

layer190. 

A single silicon wafer with photolithographic features can serve as a master for 

replica molding via soft lithography, to produce hundred of copies.  In this procedure a 

liquid elastomer called polydimethylsiloxane (PDMS) is poured onto the master and 

thermally cured at 65 to 80oC. After curing, the solid polymer layer of PDMS (containing 

the inverse photolithographic pattern) can be peeled off the wafer. When sealed against a 

surface, the topographical features in the PDMS act as chambers and channels, 

facilitating the rapid prototyping of microfluidic systems187. 

A significant advancement in the area of soft lithography occurred in 2000 when 

Stephen Quake demonstrated the off-ratio bonding of multiple layers of PDMS191. This 

technique, termed multilayer soft-lithography (MSL), made way for the incorporation of 

intricate flow mechanisms into PDMS devices including valves, multiplexers, pumps and 

mixers192. The basic microfluidic valve unit consists of two perpendicular channels 

stacked one on top of another and separated by a thin membrane of PDMS; by applying a 

positive pressure to one of the channels, the thin membrane is deflected, thereby blocking 

flow in the second channel193. Coupling replica molding with the scale-up of valve 

density allows for large-scale integration of microfluidic platforms that, though with 

much larger features, are analogous to current integrated circuits (i.e. contain thousands 

of control components and valves)194. Integrated fluidic circuits are now used in many 
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areas of chemistry and biology and provide numerous advantages including impressive 

parallelization, multiplexing, automation and scalability195. 

1.4.2 Single cells and microfluidic chips 

 The ability of microfluidics to precisely control picoliter sample volumes has 

facilitated an entire new field of small volume single cell manipulation14,196,197. For 

example, the physical trapping of individual cells can now be performed through a 

variety of means198,199,200,201,202. As a result, integrated fluidic platforms have been able to 

demonstrate outstanding capacity to precisely quantify DNA and RNA levels in single 

cells203,204,205,206. Measurement sensitivity has even been extended into the range of single 

molecule resolution when coupled with techniques such as digital PCR203,207,208,209. Such 

microfluidic measurements have also been applied to single cell whole genome and 

transcriptome analysis205,210,211,212,213,214.  

At the translational level, intracellular and secreted proteins have also been 

measured on single cells in microfluidic devices211,215,216,217. By confining cells in small 

volumes, protein concentrations around single cells can reach detectable levels orders of 

magnitude sooner than would be attainable by conventional methods14. For example, 

microfluidic antibody bead capture assays developed by Singhal, et al. confirmed 

detection sensitivities on the order of 8 x 104 molecules secreted from single hybridoma 

cells216. Similarly, microfluidic droplet encapsulation has facilitated the quantification of 

secreted proteins in single T cells218 and tumor cells219, and paracrine signaling effects 

have been quantified by co-encapsulating multiple cells in droplets or beads220. Thus, 

ultrasensitive protein detection methods have established microfluidics as a technology 

for the molecular characterization of single cells221. 
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When coupled with live-cell imaging, microfluidics additionally offers the 

potential to assess single cells in situ with advantages of compartmentalization, 

parallelization as well as dynamic and spatial control over medium conditions14. The 

properties of PDMS are such that microfluidic devices can be gas permeable, optically 

transparent, elastomeric and biocompatible, thus making them suitable for cell 

culture13,222,223. Recent reports of microfluidic cell culture devices have examined 

important biological responses in prokaryotes (E. coli)224 and simple eukaryotes (S. 

Cerevisiae)225,226. For example, Falconnet et al. were able to discern that variable 

phenotypic responses of yeast to pheromone were not by chance but due to genetic and 

non-genetic heritability226. Moreover, the use of spatial or temporal gradients and 

combinatorial screening in microfluidic devices allow for investigations of gene 

expression and regulation responses that would be extremely difficult, if not impossible 

to reproduce otherwise227,228,229,230. Overall, the above reports exploit the significant 

advantages of microfluidic cell culture, including clonal analysis, high cell 

concentrations, dynamic stimulus control, ease of automation, live-cell imaging and 

lineage tracing. 

1.4.3 Challenges of microfluidic mammalian cell culture 

Many reports have examined heterogeneous responses in mammalian cell 

populations using microfluidic cell culture14,15. To date, the mammalian cell types that 

have been propagated using microfluidic platforms include but are not limited to: 

neurons231, neural stem cells232, embryonic stem cells233,234,235,236,237, endothelial cells238, 

hepatocytes239, mesenchymal stem cells240 and hematopoietic stem cells241; with some of 

these studies performing single cell culture241,242,243,244. However, the challenges of 
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mammalian cell culture have restricted most microfluidic reports to high perfusion rates 

and relatively large chamber volumes233,234,235,238,240,245,246,247,248. Also, when cultured in 

microfluidic systems the cell doubling times are often reported to be significantly lower 

than in large-scale cultures and often not even measured233,234,247,248,249. 

Although the high working concentrations of cells in small microfluidic chambers 

allows for greater cell medium conditioning, due to the permeability of PDMS these 

small chambers are very sensitive to evaporation and the resulting increase in 

osmolarity223,250. Significant increases in osmolarity have been shown to inhibit the 

growth of mammalian cells due to evaporation through PDMS251. Additionally, diffusion 

of small molecules between the PDMS and the microfluidic chamber allows for toxins to 

leach into and nutrients to be absorbed out of the medium, and this can affect cell 

growth252,253. To buffer such effects and grow mammalian cells robustly, many groups 

have resorted to the use of osmotic baths and reservoirs located in geometrical proximity 

to culture chambers241,250,254,255. 

Numerous accounts have outlined the ability of microfluidic platforms to control 

O2, CO2, Temperature and pH conditions on chip for the purpose of robust cell 

culture256,257,258,259,260,261,262. However, microfluidic osmotic baths coupled with sufficient 

perfusion can maintain the osmotic and other conditions needed in the culture chambers 

to mimic larger-scale in vitro concentrations of nutrients and wastes, without a need for 

on-chip pH/O2/CO2 sensors241,254,255. As a result, high-throughput microfluidic platforms 

can approximate larger and more complex bioreactors simply by continuously perfusing 

fresh or conditioned medium at high enough rates263,264. With the preliminary successes 

of the above platforms to cultivate sensitive cell types (such as hematopoietic and 
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embryonic stem cells) using precise microenvironmental control, there is little doubt that 

the culture of CHO clones (that proliferate well under a wide range of conditions) and 

individual hESCs should be successful241,265. 

1.5 Thesis Objectives 

Effective clonal analysis of mammalian cells is essential for understanding the 

states of heterogeneous populations and for identifying important clonal and sub-

populations165. Traditional methods of clonal expansion are often restricted to techniques 

such as limiting dilution, which lack sensitivity and differ greatly from the 

microenvironments found in vivo169 and eventual large-scale bioreactors71. Microfluidic 

cell culture systems offer numerous advantages including scalability, parallelization, high 

effective concentrations in small volumes and dynamic stimulus control13,14. This thesis 

aims to develop small volume cell culture techniques to assess clonal populations of 

mammalian cells in microenvironments that mimic large-scale cultures.  

The thesis addresses the following specific objectives: 

1. Use perfusion and re-suspension in conditioned media along with the 

effective high concentrations and increased survival of small volume 

culture to mimic large-scale conditions, allowing for predictive clonal 

measurements. 

2. Establish a microfluidic assay capable of dynamic detection of IgG titers 

in nL volumes. 

3. Develop a microfluidic cell culture platform capable of live-cell imaging, 

growth measurement, dynamic fluidic control, cell recovery, and 
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transcript/protein quantification of clonal populations. Apply the 

technology to the culture and dynamic assessment of CHO clones.   

4. Use microfluidic cell culture technology to perform clonal measurements 

on hESC clones during early differentiation conditions. 

 
The integration of microfluidic cell culture with dynamic perfusion conditions, 

sensitive assays and cell recovery will allow for hundreds of clones to be analyzed in 

parallel. Thus, through the combination of sensitivity and precision in mimicking 

complex microenvironments, microfluidic cell culture represents a significant 

contribution to the field of clonal interrogation. 
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Figure 1.1 Schematic of typical cell line selection 

In a typical cell line selection process the initial transfected pool is cultured under 

selective pressure to prevent non-transformed cells from proliferating. Approximately 

200 – 300 clones are then examined in a static 96-well plate format via an ELISPOT 

assay with the top ~120 clones being scaled up to 24-well plates for a static ELISA 

evaluation71. The top ~60 clones from the 24-well plate stage are then scaled up to 125 

mL shake flasks, subcultured and a batch performance evaluation is made. The top ~10 

clones from the batch assessment are then evaluated under fed-batch conditions with a 

few top clones being selected for large-scale (3+ L) bioreactor assessment62. 
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Chapter 2 Simulating Fed-batch CHO Cell 

Cultures using Conditioned Medium for Clonal 

Analysis 

2.1 Introduction 

 Chinese Hamster Ovary (CHO) cells are ubiquitously used for the production of 

recombinant therapeutics30. However, scale up of CHO cells from transfected pools 

commonly requires the screening of hundreds to thousands of clones to select those with 

favorable attributes266. The clones selected for large-scale biologic production ideally 

demonstrate high specific productivity, growth rate, expression stability and product 

quality53. Identifying robust clones and constructing an industrially relevant cell line can 

take up to ~1 year; this is labor intensive, costly and the process development step that 

most delays the market launch of valuable new therapeutics82. A major challenge in this 

process is that clones with promising characteristics at initial screening stages often do 

not maintain their performance in a bioreactor setting or when tested over 50 doublings 

(40 – 45 days)34. These drops in cell line performance are attributed to intrinsic properties 

of the clones and only partially understood65.  

 Transfected CHO cell pools exhibit considerable transfection site and copy 

number heterogeneity due to the indiscriminate nature of transgene integration267,268,269. 

Losses in transgene copy number over time have historically been linked to decreases in 

cell specific productivity10,67. Recently, powerful targeted integration site transfection 

methods have been developed, such as using clustered regularly interspaced short 
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palindromic repeats (CRISPR)270 and zinc-finger endonucleases271,272, in an effort to 

yield more homogeneous populations but are limited to a single integration locus leading 

to lower productivities when compared to random integration273. Expression changes 

have also been known to occur without the loss of the transgene due to epigenetic 

silencing274,275,276,277. Additionally, gene expression can be stochastic in nature, so even a 

fully functional transgene that is not silenced may be expressed at varied levels over 

time105,111,113. Numerous innate factors thus contribute to temporal CHO cell 

performance, adding to environmental pressures that also play a role. 

 A major extrinsic cause of changing clonal performance between culture scales is 

the changing bioprocess medium conditions62. For the initial productivity assessment, 

clones are often screened at limiting dilution in a batch culture and static medium 

environment, vastly different from the eventual suspension based fed-batch production 

medium conditions59. Clones that perform well under static conditions may not do so in 

suspension and fed-batch culture while, conversely, others that may perform well in a 

large-scale bioreactor may not perform well in a static batch culture72. For example, in 

Porter et al. major changes in clone rankings were observed between batch and fed-batch 

cultures62. Thus, static batch selection can often not select the clones that would have the 

highest performance in fed-batch bioreactor conditions. A consequence of this is that 

many clones need to be tested at least under small-scale fed-batch conditions after a first 

screening in batch cultures. 

 Many types of scale-down culture systems have been developed for the evaluation 

of clones under medium conditions more similar to large-scale production14,84,85,86,87,88,278. 

Recently, deep well microtiter plates (DWPs) have demonstrated an ability to culture 
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cells in suspension fed-batch, with similar gas exchange rates and shear forces as greater 

volume bioreactors89,90,91,92,279. Such culture systems do have drawbacks such as the 

absence of pH and oxygen feedback control as well as high evaporation rates due to their 

high surface to volume ratios90,91,92,279. Small scale pH and oxygen controlled bioreactors 

have also been used to evaluate clonal performance, but are limited by throughput and 

high cost280. At far smaller nL scales, integrated microfluidic cell culture systems have 

the potential to advance scale-down screening by providing single cell sensitivity for 

large numbers of clones13,14,241,244. The ability to screen clones accurately early during 

process scale up should make more use of technologies to accurately reproduce the 

manufacturing scale medium conditions. 

 If scale-down technologies are to properly screen for large-scale clonal 

performance, they will need to examine culture parameters such as medium conditioning. 

Medium conditioning has long been used to culture primary mammalian cell types281,282 

where conditioned media have been found to contain a range of cytokines and growth 

factors283,284,285,286. In the recombinant protein expression field, investigation into cell-

conditioned medium components has been used to identify additives to improve defined 

single-cell cloning media287. Although advances have been made in CHO cell medium 

conditioning analysis, individual components are not always completely defined, 

resulting in inconsistencies during cloning and scale-up288,289. Nevertheless, the use of 

conditioned medium provides a means to improve early stage productivity assessments 

by allowing clones to be evaluated in cultures that more closely resemble large-scale 

production. 
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 In this work semi-automated methods for simulating bioreactor conditions in 

small volumes were developed by exposing clonal populations to larger-scale fed-batch 

conditioned medium. Conditioned media harvested daily from 125 mL parental CHO cell 

fed-batch cultures were either used to re-suspend clones in 3 mL deep well plate cultures 

or perfused in microfluidic cultures. Deep well plates using conditioned media were 

compared to shake flask fed-batch cultures while optimizing protocols to improve the 

similarity of the culture outcomes. This was tested with several clonal cell lines and then 

in a microfluidic device. The use of this system to analyze clonal performance in small 

volumes under simulated production conditions should accelerate the scale-up of biologic 

manufacturing by improving the assessment of clones earlier in the process. 

2.2 Materials and Methods 

2.2.1 Cell lines and cell culture 

 Several CHO cell types were used for this study including CHO-S clones D2 and 

D4, derived from CHO-K1 (ATCC CCL61), secreting human IgG1 (containing a VL 

Kappa chain) while proportionally expressing EGFP and mCherry intracellularly114. In 

these cell lines an hMet IIA promoter drives expression of the heavy or light chain of a 

recombinant IgG while an attenuated internal ribosomal entry site promotes cap-

independent translation of EGFP and mCherry reporters; vector information for the cell 

lines can be found in Sleiman et al.114. Clones D2 and D4 were cultured in CD FortiCHO 

medium (Thermo-Fisher Scientific, Waltham, MA) supplemented with 25 µM L-

methionine sulfoximine (Sigma-Aldrich, St Louis, MO), 20 µg/mL puromycin (Thermo-

Fisher Scientific, Waltham, MA) and 4X anti-clumping agent (Thermo-Fisher Scientific, 
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Waltham, MA). These cells were passaged at either 1.25 x 105 or 2.5 x 105 cells/mL (for 

either 4 or 3 days of culture respectively), in 125 mL shake flasks (Dow Corning, 

Midland, MI), 50 mL shake tubes (TPP, Leeds, UK) or 10 mL round bottomed 24-well 

DWPs (VWR, Radnor, PA). 

 An untransfected parental CHO-S line, derived from CHO-K1114, was cultured in 

CD CHO (Thermo-Fisher Scientific, Waltham, MA) or CD FortiCHO medium that was 

supplemented with 4 mM L-glutamine (Sigma-Aldrich, St Louis, MO) and 4X anti-

clumping agent. These cells were passaged at either 0.75 x 105 or 1.5 x 105 cells/mL (for 

4 or 3 days of culture respectively) in 50 mL shake tubes or 500 mL shake flasks (Dow 

Corning, Midland, MI). 

 The final cell type used was the CHOm56 clone (derived from CHO-K1SV) that 

expresses a human IgG1 monoclonal antibody named 4A1 (Pfizer, St. Louis, MO) 

containing VH Gamma and VL Lambda chains57. CHOm56 was maintained in CD CHO 

medium supplemented with 4 mM L-glutamine and 4X anti-clumping agent. The cells 

were passaged at either 1.25 x 105 or 2.5 x 105 cells/mL (for 4 or 3 days of culture 

respectively) in 50 mL shake tubes or 10 mL round bottomed 24-well DWPs. 

 All CHO cell lines were maintained in orbital shaking incubators (Kuhner, Basel, 

Switzerland) at 37oC, 5% CO2, 85% relative humidity and either 125 rpm (125 or 500 mL 

shake flasks) or 225 rpm (50 mL shake tubes, 24-well DWPs) with a 5 cm shaking 

diameter.  All cell concentrations and viabilities were measured using Trypan Blue 

(Thermo-Fisher Scientific, Waltham, MA) exclusion in a Cedex automated cell counter 

(Roche Innovatis, Bielefeld, Germany). Prior to cell counting, culture samples were 

diluted with an equal amount of 0.25% trypsin/EDTA (Thermo-Fisher Scientific, 
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Waltham, MA) and topped up to 1 mL with 1X PBS (Thermo-Fisher Scientific, 

Waltham, MA) followed by incubation for 15 min at 37°C to break up cell aggregates.  

2.2.2 Fed-batch culture 

 CHO-S clone (D2 & D4) fed-batch cultures were inoculated at 2.5 x 105 cells/mL 

in CD FortiCHO medium supplemented with 25 µM L-methionine sulfoximine, 20 

µg/mL puromycin and 4X anti-clumping agent. CHO-S parental line fed-batch cultures 

were inoculated at 0.9 x 105 cells/mL in either CD CHO or CD FortiCHO medium 

depending on whether medium was harvested for the CHOm56 or CHO-S (D2 & D4) 

clones, respectively. CHOm56 clone fed-batch cultures were inoculated at 2.5 x 105 

cells/mL in CD CHO medium. 

 Starting volumes for fed-batch cultures were 3 mL (24-well DWP), 25 mL (50 

mL tube or 125 mL flask) or 125 mL (500 mL flask). Fed-batch cultures in flasks (125 

mL & 500 mL) and tubes (50 mL) were sampled daily starting on day 3 with 0.5 mL 

taken for automated cell counting (Cedex, Roche Innovatis, Bielefeld, Germany) at a 1:2 

dilution with 0.5 mL of 0.25% trypsin/EDTA while another 0.25 mL was taken for 

supernatant analysis (ELISA, glucose, lactate, osmolarity, etc.). Deep well plate fed-batch 

cultures were also sampled daily with 0.05 mL taken for automated cell counting (Cedex, 

Roche Innovatis, Bielefeld, Germany) at a 1:20 dilution with 0.05 mL of 0.25% 

trypsin/EDTA and 0.9 mL of 1X PBS while another 0.25 mL was taken for supernatant 

analysis (ELISA, glucose, lactate, osmolarity, etc.). Starting on day 3, cultures were fed 

daily (after sampling) with CD EfficientFeed A (Feed A) or CD EfficientFeed C (Feed C) 

AGT (adjusted to a pH of 7.02) (Thermo-Fisher Scientific, Waltham, MA) at a rate of 

6.7% of the initial culture volume. For pH controlled cultures, 6% NaHCO3 was added 
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when the pH dropped below 6.8. Fed-batch cultures were run for up to 14 days 

(minimum 8 days) until cell viabilities dropped below 70%. 3 mL scale-down fed-batch 

cultures in 24-well DWPs were run using the Duetz Microflask system90,290. 

 To adjust for dilution caused by cell removal and feed addition, the following 

formulae were used to calculate the adjusted viable cell density (VCDadj) in all fed-batch 

cultures: 

𝑉𝐶𝐷!"# = 𝑉𝐶𝐷!  ×  𝐷𝐹!   (2.1) 

where VCDx is the viable cell density on day x and DFx is the cumulative dilution factor 

defined as: 

𝐷𝐹! = 𝐷𝐹!!!  ×    1+   
!!""#
!!

  (2.2) 

where DFx-1, is the previous day’s dilution factor, Vfeed is the feed volume and Vx is the 

volume on day x expressed as: 

Vx = Vx-1 – Vevap – Vsample + Vfeed  (2.3) 

where Vx-1, Vevap, and Vsample are the volume on day x-1, the evaporated volume and the 

sampled volume respectively. 

2.2.2 Conditioned medium harvesting and re-suspension 

 Conditioned medium (CM) was harvested daily (starting on day 3) from parental 

CHO cell fed-batch cultures in 500 mL flasks and then re-suspended in 3 mL DWP 

cultures.  After sampling and feeding the parental flask, the CM (3 mL x number of DWP 

wells + 5 mL) was harvested and transferred into 50 mL centrifuge tubes (Thermo-Fisher 

Scientific, Waltham, MA). Harvested medium was then spun down at 1000 rpm for 7 min 

(to remove cells) in a Beckman GS-6 series centrifuge (Beckman Coulter, Brea, CA) 
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followed by supernatant removal and filtration through a 0.22 µm filter (Dow Corning, 

Midland, MI). CM was kept at 4°C until later use. As relatively large volumes were 

removed from the 500 mL flask cultures, feed volumes were adjusted down to the new 

decreased volume. Thus for parental cultures where media harvesting occurred, the 

adjusted feed volume on day x (Vfeed,Adj) can be described by: 

𝑉!""#,!"# = 0.067  ×   𝑉! − 𝑉!,!!
!    (2.4) 

where V0 is the initial culture volume and Vh is the volume of CM harvested daily. 

 Following harvesting and storage, 24-well DWP cultures were re-suspended daily 

in CM starting on day 3. All DWP cultures were inoculated at 3 x 105 cells/mL with a 

starting volume of 3 mL/well. In the case that less than 24 wells per plate were used for 

cell culture, the remaining wells were filled with CD FortiCHO to buffer against 

evaporation loss. Beginning on day 3, DWPs were sampled daily with 0.05 mL taken for 

automated cell counting (Cedex, Roche Innovatis, Bielefeld, Germany) at a 1:20 dilution 

with 0.05 mL of 0.25% trypsin/EDTA and 0.9 mL of 1X PBS. Next, DWPs were spun 

down at 1000 rpm for 7 min (to remove cells) in a Beckman GS-6 series centrifuge, 

followed by either automated or manual supernatant removal for downstream analysis 

(ELISA, glucose, lactate, osmolarity, etc.). Finally cell pellets in each well were re-

suspended in 3 mL of CM from the corresponding parental flask cell concentration. 

Control batch and fed-batch wells in DWPs on the same plate were re-suspended in their 

original medium to ensure that centrifugation was not responsible for differences between 

culture methods. 
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2.2.3 Cell culture and assay automation 

  A Microlab NIMBUS instrument (Hamilton Robotics, Reno, NV) equipped with 

a 1 mL 96-CORE pipetting head and 4 independent variable span 1 mL channels was set 

up for automated liquid handling. To increase the pipetting precision (and thus 

experimental reproducibility) all aspiration, dispensing, mixing and trituration steps were 

automated with fixed volumes and pipetting speeds. All steps were programmed using 

custom algorithms generated through Hamilton Method Editor (Appendix A). 

2.2.4 ELISA 

 Antibody titers for CHO-S clones were measured according to previously 

reported ELISA methodologies114. Supernatant samples were collected by spinning down 

culture samples for 3 min at 1000 rpm in a Spectrafuge 16M microcentrifuge (Labnet 

International, Edison, NJ); the resulting supernatant was collected and stored at -20°C 

prior to analysis. Nunc-Immuno 96-well Maxisorb plates (Sigma-Aldrich, St Louis, MO) 

were coated with a goat anti-human IgG Fcγ-specific primary antibody (Jackson 

ImmunoResearch, Baltimore, MD) and incubated overnight at 4°C. The next day, plates 

were washed 3 times with wash buffer (1X PBS, 0.1% Tween-20) followed by blocking 

with a blocking solution (1X PBS, 0.02% Tween-20, 0.5% skim milk) for 1 h at room 

temperature prior sample loading. Measurements were standardized to IgG1 from human 

serum (Sigma-Aldrich, St Louis, MO) loaded at concentrations ranging from 2.5 ng/mL 

to 10 µg/mL. Once all standards and samples were loaded, wells were incubated with a 

sheep anti-kappa light chain HRP-conjugated secondary antibody (The Binding Site, 

Birmingham, UK). Bound antibodies were quantified by incubating with 3,3′,5,5′-
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Tetramethylbenzidine substrate (Sigma-Aldrich, St Louis, MO) for 8 min at room 

temperature in the dark. The reaction was terminated with 2 M H2SO4 followed by plate 

reading at 450 nm using a microplate reader. Titer measurements were adjusted for 

dilution caused by feed addition by multiplying the cumulative dilution factor by the 

measured titer. 

2.2.5 Microfluidic cell culture 

 Microfluidic cell culture arrays were fabricated according to Lecault et al. 

protocols and contained 4 arrays of 2048 chambers for a total of 8192 microbioreactors 

per device; all microfluidic platforms also contained an iso-osmotic bath to buffer against 

osmolarity changes due to evaporation during culture241. Protocols for fabricating the 

microfluidic cell culture platforms can be found in Appendix B. 

 Prior to each experiment, a newly fabricated, sterile device was mounted onto an 

Axiovert 200 inverted microscope (Carl Zeiss, Oberkochen, Germany) then dead-end 

filled with filter-sterilized 1% FBS and incubated overnight at 37°C in humidified 5% 

CO2 to prime the channels and chambers for cell culture. The osmotic bath was then 

filled with CD FortiCHO medium supplemented with 25 µM L-methionine sulfoximine, 

20 µg/mL puromycin and 4X anti-clumping agent to equilibrate the osmotic strength 

throughout the device. The next day, a sterile solution of fresh CD FortiCHO medium 

supplemented with 25 µM L-methionine sulfoximine, 20 µg/mL puromycin and 4X anti-

clumping agent was incubated in the culture chambers for 45 min at room temperature. A 

single-cell suspension (at 106 cells/mL) of CHO-S D2 clones114 was then stochastically 

loaded into the device. Once microscopic monitoring of the microfluidic array indicated 

that it was filled, the cells were allowed to settle for 5 – 10 min (to prevent wash out 
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during subsequent flushing steps). The chambers were then flushed again for 7 – 10 min 

with fresh CD FortiCHO medium supplemented with 25 µM L-methionine sulfoximine, 

20 µg/mL puromycin and 4X anti-clumping agent to remove any leftover cells in the 

channels. This process was repeated as many times as necessary until the desired number 

of single clones was obtained. Devices were then incubated in a custom designed 

incubator (described in Chapter 4) at 37°C in humidified 5% CO2 overnight next to 

several 22 mm dishes filled with water to maintain humidity. Cell growth was 

subsequently monitored for 96 – 192 h depending on when chambers became confluent. 

During this period, the entire system (including the Axiovert 200 inverted microscope) 

was contained in a custom environmental chamber heated to 37°C and supplied with 

humidified 5% CO2 at a rate of 46 mL/min to maintain this CO2 level in the device. 

Custom Labview (National Instruments, Austin, TX, USA) software was used to image 

the cells in each chamber with a 10× objective every 24 h using differential interference 

contrast (DIC) microscopy. The medium in each chamber was replaced daily with either 

fresh CD FortiCHO medium supplemented with 25 µM L-methionine sulfoximine, 20 

µg/mL puromycin and 4X anti-clumping agent or parental CHO cell line CM 

corresponding to the day of culture harvested under pressure driven flow. 

2.2.6 Statistical analysis 

 Pooled two-sample t-tests were used to identify whether maximum viable cell 

densities, specific productivities and antibody titers were significantly different from 

positive (25 mL fed-batch) and negative (batch) controls. Bonferroni’s method was used 

to ensure an overall confidence of >95% when multiple t-tests were performed. This 

resulted in each test being performed with (100 × (1 – 0.05/n)) %-confidence where n is 
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the number of comparisons made, implying that p must be less than 0.05/n for a response 

to be deemed significantly different from a control with 95% confidence291. 

2.3 Results 

2.3.1 Feed screening and pH control 

 Prior to simulating fed-batch conditions with CM, feed strategies were explored in 

an attempt to improve CHO cell fed-batch performance and maximize harvested CM 

quality. The CHO-S D2 clone was evaluated under fed-batch conditions using Feed A or 

Feed C. With Feed C, the need for pH control was also tested by comparing the addition 

of NaHCO3 when the pH dropped below 6.8 to non-pH controlled cultures. The viable 

cell densities (VCDs) and viabilities for all feed conditions were analyzed over 13 days of 

fed-batch culture and compared to batch culture (Figure 2.1A and B). No significant 

difference (p ~ 0.4) was observed in the peak viable cell densities achieved by the fed-

batch cultures at ~20 x 106 viable cells/mL, at double the peak batch culture cell 

concentration. However, the viability of the Feed A cultures dropped significantly (p = 

0.004) after day 7 when compared to the Feed C cultures. After day 7 the Feed C cultures 

(1.85 pg/cell/day) maintained a higher specific productivity than the Feed A culture (1.58 

pg/cell/day) (Figure 2.1C). The human IgG1 titers at the end of the Feed C cultures were 

0.41 g/L and 0.39 g/L with and without pH control respectively, and both were higher 

than the Feed A titers (0.35 g/L) and significantly higher than the batch titers (0.12 g/L, p 

= 0.0001). In the Feed A cultures the pH dropped below 6.8 on day 5 and did not recover, 

while the Feed C cultures without pH control maintained their pH above 6.8 (Figure 

2.1D). The controlled pH Feed C cultures dropped below 6.8 once, only requiring base 
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addition on day 4. Since the Feed C cultures had greater pH stability and high specific 

productivity, the Feed C without pH control process was chosen for the subsequent fed-

batch studies. 

2.3.2 Automating conditioned medium re-suspension 

 To use CM in DWP fed-batch cultures the cells needed to be centrifuged and re-

suspended. Preliminary experiments on 3 mL DWP batch cultures demonstrated no 

significant difference in the peak VCD between uncentrifuged (4.9 x 106 cells/mL) and 

daily-centrifuged (4.1 x 106 cells/mL) DWPs (p = 0.5) (Figure 2.2A). However, over days 

6 – 8 the centrifuged plates demonstrated lower VCDs suggesting that there may be some 

acceptable cell losses due to cumulative re-suspension over 7+ days of culture. 

Additionally, the 25 mL shake flask batch control reached a higher maximum VCD of 8 x 

106 cells/mL) than the 3 mL batch cultures, indicating differences between these culture 

scales. 

 The next experiments proceeded to determine whether re-suspended CM DWP 

cultures would match the performance of 3 mL DWP and 25 mL shake flask fed-batch 

cultures. When compared to 25 mL shake flask fed-batch cultures, viable cell densities 

for manually re-suspended CM DWP cultures were significantly lower (p = 0.016) but 

not significantly different from the 3 mL DWP fed-batch (p = 0.85) or 25 mL batch (p = 

0.51) cultures. The 25 mL fed-batch cultures reached a maximum VCD of ~18 x 106 

cells/mL whereas the other cultures had significantly lower (p = 0.016) maxima at 7 – 8 x 

106 cells/mL (Figure 2.2B). Bonferroni’s method was used to ensure an overall 

confidence of >95% for the 3 simultaneous t-tests being performed (resulting in each test 

requiring 98.33% confidence, or p < 0.017 for a response to be deemed significant)291. 
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The viabilities were similar, with the exception of the 25 mL batch culture that had a 

greater viability drop on day 8 (Figure 2.2C) and all specific productivities were similar 

(Figure 2.2D). The observed difference between 3 mL and 25 mL fed-batch cell 

concentrations revealed the need for optimization at the DWP scale. 

 In an effort to improve 3 mL DWP culture performance plate sampling, CM 

harvesting and re-suspension was automated using robotic fluid handling (Figure 2.3). 

Using 4 pipettes at one time, 4 DWP wells were handled simultaneously. This enabled 

more rapid as well as more accurate and reproducible sampling and re-suspension, 

through programmed aspiration, dispensing, mixing and trituration. After sampling, the 

DWPs were centrifuged followed by removal of 85% of the initial volume and re-

suspension in CM. In addition, the fed-batch cultures were reduced to 8 days from 14 to 

double the experimental throughput (such that they could be performed weekly rather 

than biweekly). 

2.3.3 Effect of cell concentration on conditioned medium re-suspension 
 
 The automation of DWP sampling, feeding and re-suspension resulted in the 

automated DWP fed-batch cultures achieving a peak VCD of 16 x 106 cell/mL (Figure 

2.4A) whereas the initial manual protocol only achieved 8 x 106 cell/mL (Figure 2.2B). 

However, even after fed-batch culture optimization the CHO-S D2 clone cultures re-

suspended in CM reached less than half of the maximum cell concentrations compared to 

the 3 mL DWP (p = 0.01) and 25 mL fed-batch (p = 0.05) cultures. 

 It was realized that the parental cell line medium conditioning was more rapid 

because the parental CHO cell line (µmax = 0.033 h-1) grew at a higher rate than the CHO-

S D2 clone (µmax = 0.025 h-1) (Figure 2.4A and B). Thus, the protocol was changed to re-
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suspend the clonal cells in CM from the parental culture at the same cell concentration 

rather than the same day of culture. Using this method, the DWP cultures re-suspended in 

CM had cell growth profiles (Figure 2.4B) and viabilities (Figure 2.4C and D) that much 

more closely matched the 25 mL fed-batch, and these cultures reached a maximum of 20 

x 106 viable cells/mL. This was significantly greater than the 3 mL DWP fed-batch 

culture (14 x 106 viable cells/mL, p = 0.003) and the 3 mL batch control (5 x 106 viable 

cells/mL, p = 0.0004). Again, to ensure an overall confidence of >95% for the multiple t-

tests being performed, Bonferroni’s method was used (resulting in each test requiring 

98.75% confidence across 4 tests, or p < 0.013)291. This result suggests that the CM may 

contain factors that promote cell growth as the CM re-suspended CHO-S D2 clones were 

observed to reach peak VCD at the same time as the parental line when cell 

concentrations were matched (Figure 2.4B). However, exposing clones to CM from high 

VCD cultures too early during culture could also have an inhibitory effect on growth 

(Figure 2.4A), which could be due to the buildup of waste products in the medium. 

Consequently, when re-suspending clones in CM the cell concentrations from both the 

harvested CM and the re-suspended clone should be monitored closely to ensure that 

clones achieve a high VCD and maximize specific productivity over the course of the 

culture. 

2.3.4 Conditioned medium re-suspension applied to other clones and cell 

lines 

 This CM cell concentration matching method was then tested on a lower 

productivity CHO-S D4 clone and produced the same overall result (Figure 2.5A and C) 

as did a biological replicate for the D2 clone (Figure 2.5B and C). The 3 mL CM re-
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suspended CHO-S D4 cell culture reached a maximum VCD of ~18 x 106 cells/mL, not 

significantly different from the 25 mL CHO-S D4 and 125 mL parental fed-batches (~20 

x 106 cells/mL, p = 0.1) while significantly outperforming the 3 mL batch control (5 x 

106 cells/mL, p = 0.002) but not the 3 mL DWP fed-batch (12 x 106 cells/mL, p = 0.03). 

In this case, each test again required 98.75% confidence across 4 tests, or p < 0.013 to 

achieve an overall confidence of >95%291. Specific productivities were analyzed for both 

clones to determine if the CM re-suspension protocol could distinguish their IgG 

productivities (Figure 2.5D). Specific productivities for all CHO-S D2 cell cultures (3 mL 

CM re-suspended, 3 mL batch, 3 mL fed-batch and 25 mL fed-batch) varied between 1.5 

and 2.5 pg/cell/day. The CHO-S D4 cell specific productivities for all cultures varied 

from 0.4 to 1 pg/cell/day (differences between CHO-S D4 cultures were not significant), 

which was significantly lower (p = 3 x 10-12) than the range for the CHO-S D2 clone (in 

FortiCHO based medium). The reproducibility of this method was also demonstrated 

further on the CHO-S D2 clone across 3 independently replicated experiments (Figure 

2.6A and B). 

 To test a different medium and cell line, the CM re-suspension technique was 

tested with CD CHO medium and a CHO K1SV derived cell line, CHOm56 (Figure 2.6C 

and D). As in previous experiments, the peak VCD for the 3 mL CM re-suspended 

CHOm56 clone (~18 x 106 cells/mL) significantly outperformed the 3 mL DWP fed-

batch and batch controls (~10 x 106 cells/mL, p = 0.004 and ~7 x 106 cells/mL, p = 0.002 

respectively) with p < 0.013 required to achieve an overall confidence of >95% across 4 

tests291. However, the 3 mL CM re-suspended CHOm56 clone growth even somewhat 

outperformed the 25 mL CHOm56 and 125 mL parental fed-batch flasks (with peak 
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VCDs of  ~14 x 106 cells/mL and ~15 x 106 cells/mL respectively) but the differences 

were not significant (p = 0.06 & p = 0.08 respectively). Overall, the ability of this 

technique to simulate large-scale (25+ mL) fed-batch conditions across multiple cell lines 

and media types suggests a robust protocol that could be widely applicable.  

2.3.5 Microfluidic conditioned medium perfusion 

 Though CM re-suspension has been demonstrated at the 3 mL scale, an ideal 

system would first screen clones at the single cell level in CM followed by scale up to 

DWPs. However, single cell culture can be challenging due to poor growth observed at 

low seeding density, which is further exacerbated by high evaporation rates in small 

volumes. Microfluidic cell culture offers the advantage of more rapid product 

accumulation and high cell seeding density through the use of nanoliter sized chambers. 

Thus, to demonstrate its applicability to clone selection and single cell culture, the CM 

re-suspension technique was tested in microfluidic perfusion cultures (Figure 2.7). 

However, it should be recognized that microfluidic cell culture systems are static and 

normally fixed in volume so that simple addition of feeds or CM re-suspension during 

single cell culture are not feasible. These systems are ideally suited for perfusion culture 

such that CM could be introduced periodically via perfusion to simulate a larger scale 

fed-batch. For this procedure, PDMS microfluidic devices were fabricated according to 

Lecault et al. and contained 4 arrays of 2048 culture chambers, each 4 nL in volume (160 

µm x 160 µm x 100 µm)241. An “iso-osmotic bath” was also included above the 

individual culture chambers to minimize evaporation and enable robust culturing of CHO 

clones224,241,250. Culture chambers were designed with an inverted geometry so that the 

flow velocity was minimal at the bottom of the chambers; this allowed for near complete 
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medium exchange without perturbing the cells241. Environmental control was achieved 

using a custom heated enclosure (described in Chapter 4). 

 In this procedure CHO-S D2 clones were loaded onto a microfluidic cell culture 

device and either fresh FortiCHO or CM from a 125 mL parental CHO cell line fed-batch 

culture (as performed in Figure 2.5 and Figure 2.6) was perfused through the device 

daily. A batch culture was set up beside the microfluidic chip to provide a control. The 

cells cultured with the CM perfusion technique significantly outgrew both the fresh 

medium perfusion condition (p = 0.01) as well as the batch plate control (p = 0.01) over 

several days of culture (Figure 2.7A and B). A comparison to batch plate controls was 

used over these timescales since both fed-batch and CM re-suspended cultures are not 

fed/re-suspended until day 3. Additionally, phase contrast images taken of the 

microfluidic cultures also showed a noticeable difference between the fresh medium and 

CM conditions, with the former undergoing more apoptosis (Figure 2.7C and D). This 

result demonstrates that our CM re-suspension technique can readily be scaled down and 

adapted to culture clones in perfusion conditions that mimic a large-scale fed-batch 

environment. At the end of Chapter 3 this technique will be combined with a microfluidic 

secretion assay in order to furthermore make clonal productivity assessments under 

simulated bioreactor conditions. 

2.4 Discussion 

In summary, the feasibility of a conditioned medium re-suspension/perfusion 

technique to simulate large-scale production at the 3 mL DWP and microfluidic culture 

scales was demonstrated. By using CM harvested to equal the cell concentration of a 

parental fed-batch, the CM perfusion and re-suspension cultures matched the VCDs and 
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specific productivities of larger cultures (25 and 125 mL). DWP CM re-suspension was 

demonstrated to be feasible across multiple clones (CHO-S D2 & D4), cell lines (CHO-S 

& CHOm) and media types (CD CHO and FortiCHO). When applied to a microfluidic 

system, the perfused CM growth rates were greater than both static microfluidic and 

batch controls. Thus, methods for simulated fed-batch of prospective candidate clones or 

transfected pools have been developed. The coupling of microfluidic CM perfusion with 

single cell secretion assays (Chapter 3) will allow for the screening of hundreds to 

thousands of individual clones under simulated fed-batch conditions, thereby vastly 

accelerating the window to discover high-producing clones that are of manufacturing 

relevance. Beyond CHO cells, this capability might also be useful for the analyses of and 

selection from other populations of cells where simulated larger-scale medium screening 

conditions are required.	    
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C      D 

  	  
	  
Figure 2.1 CHO-S D2 performance comparison for different feed strategies 

(A) VCDs for CHO-S D2 clones in 25 mL flask cultures over a 14 day fed-batch 

experiment. (B) Viabilities for all conditions (Feed A, Feed C, Feed C with pH control 

and batch) over 14 days of culture. (C) 48 h specific productivities for the 3 different feed 

strategies (Feed A, Feed C and Feed C with pH control). (D) pH profiles for all 

conditions (Feed A, Feed C, Feed C with pH control and batch) over 13 days of culture. 
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C      D 

	  	  	  
 
Figure 2.2 3 mL deep well plate and 25 mL shake flask CHO-S D2 performance 

comparison 

(A) VCD profiles for centrifuged and uncentrifuged CHO-S D2 clone batch controls. (B) 

VCDs for all conditions (CM re-suspension, FB and batch) for 12 days of culture. (C) 

Viabilities for all conditions (CM re-suspension, FB and batch) over 12 days of culture. 

(D) 24 h specific productivities for 3 mL CM re-suspension cultures compared to 3 and 

25 mL FB cultures. 
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A       

 
B 

 
Figure 2.3 Schematic for automated conditioned medium perfusion/re-

suspension 

(A) Schematic of CM sampling and perfusion/re-suspension process. Daily samples are 

first retrieved from a parental fed-batch in a 500 mL flask. For microfluidic cultures, nL 

volume wells are perfused daily using the harvested CM. In the case of DWPs, 3 mL 

cultures are pelleted and re-suspended in harvested CM according to the automated 

protocol in (B). (B) Schematic for robotic sampling and cell pellet re-suspension of 3 mL 

DWP cultures using Hamilton NIMBUS instrument.  
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Figure 2.4 Concentration matching for conditioned medium re-suspension 

method 

(A) VCD profiles for CHO-S D2 clones with CM cultures re-suspended in harvested CM 

from the same day of culture. (B) VCD profiles for CHO-S D2 clones with CM cultures 

re-suspended in harvested CM with a matching cell concentration. (C) Viabilities for all 

conditions (CM re-suspension, FB and batch) over 8 days of culture for the matching day 

of culture experiment. (D) Viabilities for all cultures (CM re-suspension, FB and batch) 

over 8 days of culture for the matching cell concentration experiment.   
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Figure 2.5 Conditioned medium re-suspension performance for multiple clones 

(A) VCD profiles for CHO-S D4 clones over an 8-day fed-batch experiment. (B) 

Independently replicated VCD profiles for CHO-S D2 clones over an 8-day fed-batch 

experiment. (C) Viabilities for all clones (D2 & D4) over 8 days of culture. (D) Specific 

productivities for all clones (D2 & D4) over 8 days of culture. 
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C      D 

 
 
Figure 2.6 Conditioned medium re-suspension reproducibility for CHO-S D2 

and applicability to CHOm56 cell line. 

(A) VCD profiles for CHO-S D2 clones for 8 days of culture across 3 independently 

replicated experiments. (B) Viabilities for CHO-S D2 clones for 8 days of culture across 

3 independently replicated experiments. (C) VCD profiles for CHOm56 clones over an 8-

day fed-batch experiment. (D) Viabilities for CHOm56 clones over 8 days of culture.  
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      Day 0      Day 1      Day 2         Day 0         Day 1         Day 2 
 
Figure 2.7 Conditioned medium perfusion in microfluidic CHO-S cultures. 

(A) Doubling times for microfluidic cultures perfused in either conditioned medium or 

fresh medium compared to batch plate controls. (B) Average VCD profiles across all 

chambers for CHO-S D2 microfluidic cultures perfused in either conditioned medium or 

fresh medium compared to batch plate controls. (C) Phase contrast images of typical 

CHO-S D2 clones grown in daily fresh medium perfusion conditions. (D) Phase contrast 

images of typical CHO-S D2 clones grown in daily conditioned medium perfusion 

conditions.    
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Chapter 3 A Dynamic Microfluidic Bead Assay to 

Detect IgG in nL Volumes 

3.1 Introduction 

 The use of Chinese Hamster Ovary (CHO) cells is of fundamental importance to 

the production of recombinant therapeutics due to their ability to generate high titers of 

molecules that contain complex post-translational modifications as well as for reasons of 

bioprocess convention and regulatory precedent20,21. During scale-up, clones are selected 

for model characteristics such as high growth rate, stability, specific productivity, and 

product quality53. However, the scale up of CHO lines from transfected pools commonly 

requires the screening of hundreds to thousands of clones and is nontrivial in nature52. 

Some of the challenges associated with clonal screening include limited assay 

sensitivity74, evaporation from small volumes75, and conditioning effects at limiting 

dilutions76,77. Thus, when clones are screened as early as possible during scale-up, they 

are not always evaluated in the most effective manner and many clones drop off in 

performance as they progress to larger culture scales71,72.  

 The drop off in clonal productivity between culture scales can be traced to a 

variety of microenvironmental causes as well as innate genetic or epigenetic changes71. 

For example, simply changing from batch to fed-batch culture has been shown to 

significantly affect productivity62. Initial clonal screening conditions at limiting dilution 

in static batch medium differ greatly from the final fed-batch bioreactor environment59. 

However, even in identical medium conditions, CHO pools are very heterogeneous due to 
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the randomness of transgene integration292,293,294. Intrinsic causes of decreased CHO 

performance include changes in transgene copy number10,65,67 and epigenetic 

silencing295,296,297. Moreover, stochastic fluctuations of a fully functional and unsilenced 

transgene have been known to result in dynamic protein expression105,111,113. Specifically, 

temporary states of high and low antibody expression have been observed to relax back to 

the population mean over time105. Thus if a technology is to be able to precisely quantify 

secretion at the clonal level it should be sensitive enough to detect dynamic fluctuations 

while doing so in a microenvironment reflective of large-scale culture as clones with 

reduced protein expression will have a selective advantage.  

Another obstacle to successful early clonal performance evaluations is the 

imprecision of single-cell measurements. Traditionally, the first productivity 

measurement during scale-up is performed a few weeks post-transfection via enzyme-

linked immunosorbent spot (ELISPOT) assay; prior to this point there are not enough 

cells to generate a detectable level of antibody by conventional enzyme-linked 

immunosorbent assay (ELISA) methods71,74,115. Semi-solid medium techniques have 

recently increased the throughput of clone selection by making use of cell-surface affinity 

matrices; clones are ranked based on the level of secreted recombinant product that is 

captured by the matrix on the cell surface58,120,121,122. This technique can be combined 

with automated systems such as Clonepix FL to replace limiting dilution cloning and 

enrich for high producers but issues of fluorescence correlation to later productivity 

measurements still remain59,123,124. These measurements are also performed in a low 

concentration static environment that differs greatly from the medium conditions they 

will experience later during scale-up53. In any case, highly sensitive technologies that are 



 51 

able to dynamically measure protein titers in small volumes will likely form the basis for 

advances in early CHO clone screening. 

 Microfluidic technology allows for the manipulation of picoliter sized volumes 

thereby increasing biological measurement sensitivity while reducing the time, labor and 

cost of analysis14,194,195. Single cells can now be manipulated in microfluidic settings 

through a variety of means facilitating genomic, transcriptomic and proteomic 

analysis13,200,203,204,206,207,208,209. At the protein level, microfluidic technology has 

simplified the detection of both secreted and intracellular proteins, achieving sensitivities 

down to 8 x 104 molecules secreted from single hybridoma cells215,216,217,221. More 

advanced techniques such as droplet encapsulation have allowed for the analysis of 

secreted proteins from T-cells218 and tumors cells219 with paracrine signaling even being 

quantified in the case of co-encapsulation220. Although microfluidic secretion 

measurements have been performed on single cells216, they have yet to be combined with 

robust long-term microfluidic cell culture241 to accurately assess single high performing 

clones under large-scale production conditions. The unification of small volume cell 

culture with microfluidic assay sensitivity offers the potential to assess clonal variations 

in protein expression in situ while possessing the advantages of increased throughput, 

parallelization, automation and reduced reagent consumption224,225,226,240,241,242,243,244. 

A semi-automated, dynamic, microfluidic assay is presented to detect human 

Immunoglobulin G secreted from single CHO clones in nanoliter volumes under 

conditions similar to large-scale bioreactors. Through the use of magnetic beads, the 

assay is used to assess fixed quantities of Immunoglobulin G in microfluidic volumes 

over multiple days. This assay is also coupled with automated bead segmentation 
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algorithm to speed up image analysis. Microfluidic measurements on CHO-S clones were 

performed to test the applicability of the microfluidic assay for therapeutic screening 

under conditioned medium perfusion. The microfluidic assay combined with automated 

imaging and bead segmentation has the potential to streamline the process of clone 

selection by allowing productivity assessments at the single cell level in a simulated 

bioreactor production environment. 

3.2 Materials and Methods 

3.2.1 Dynamic microfluidic bead assay protocol 

  CD FortiCHO medium (Thermo-Fisher Scientific, Waltham, MA) supplemented 

with 25 µM L-methionine sulfoximine (Sigma-Aldrich, St Louis, MO), 20 µg/mL 

puromycin (Thermo-Fisher Scientific, Waltham, MA) and 4X anti-clumping agent 

(Thermo-Fisher Scientific, Waltham, MA) was used for the duration of the magnetic bead 

assay. Magnetic protein-G coated beads with an average diameter of ~3 µm (ProActive® 

Microspheres, Bangs Laboratories) were washed 2 times with PBS followed by re-

suspension in CD FortiCHO medium. The beads were aliquoted at a concentration of 1 

mg/mL and immediately loaded into the device at a flow rate of 10 µL/min from PTFE 

tubing maintained in an upright position. Once a concentration of ~100 – 200 beads per 

chamber was achieved for the majority of the array (after approximately 7 – 10 min of 

flow), the flow was stopped and the beads were allowed to settle at the base of chambers 

via gravity. The remaining beads in channels between chambers were washed away with 

CD FortiCHO for 7 min at 10 µL/min. Chambers were then isolated by closing all valves 

on the device. For microfluidic clonal productivity measurements beads were incubated 
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with cells at 37oC for 2 h. Otherwise, microfluidic arrays were loaded with standard 

concentrations (between 0 and 100 µg/mL) of purified human IgG1 (Thermo-Fisher 

Scientific, Waltham, MA) diluted in CD FortiCHO medium for 7 min at 10 µL/min; then 

incubated at 37oC for 2 h. 

 Following incubation with primary or secreted antibody, the array was flushed 

with CD FortiCHO for 7 min at 10 µL/min. Next, arrays were loaded with 2 µg/mL of 

labeled secondary antibody (Dylight 594-conjugated AffiniPure F(ab’)2 fragment of 

rabbit anti-human IgG (H+L) (Jackson Immunoresearch) diluted in CD FortiCHO 

medium for 7 min at 10 µL/min. Secondary antibody was incubated at 37oC for 15 min, 

followed by a washing step with CD FortiCHO for 7 min at 10 µL/min prior to imaging. 

The final step of the assay consisted of magnetic removal of beads whereby a magnet was 

held 2 – 5 mm above the device while the entire array was flushed with CD FortiCHO for 

15 – 20 min at 10 µL/min (until the majority of beads were visibly removed). 

3.2.2 Image acquisition and assay automation  

 The microfluidic platform and environmental enclosure were fixed onto an 

inverted Axiovert 200 microscope (Carl Zeiss, Oberkochen, Germany). Custom software 

developed using Labview (National Instruments, Austin, TX, USA) was used to image 

the cells/antibody in each chamber with a 10× objective lens and an Orca ER CCD 

camera (Hamamatsu, Naka-ku-Hamamatsu, Japan) prior to incubation, after incubation 

and after magnetic bead removal. The entire microfluidic device was scanned 

automatically with a ProScan II motorized XY stage (Prior Scientific, Rockland, MA); 

temporal resolution for imaging was 20 min for each image set (~1024 chambers). All 
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flushing, washing and incubation steps were also automated and controlled through the 

use of custom Labview software.  

3.2.3 Bead segmentation 

  All bead segmentation algorithms were written in MATLAB (MathWorks, 

Natick, MA) and can be found in Appendix C. Beads segmentation sought to achieve 3 

main things: background subtraction, noise reduction and thresholding to produce a 

binary mask. First, the starting image was morphologically opened to get an estimate of 

the background noise. The resulting image was then subtracted from the original to 

generate a more uniform background. Next, a 10 x 10 median filter was applied to 

remove additional particulate noise and enhance edge detection of the beads. This filtered 

image was then contrast enhanced. Finally, a threshold (empirically determined) was 

applied to produce a binary mask and small objects (<50 pixels) were removed. The final 

mask was then applied to the original image so that only regions containing beads were 

taken into account when summing the pixel intensity across the image. The summed pixel 

intensity for each image (after the binary mask was applied) was taken as the total bead 

intensity and automatically exported into a spreadsheet. The summed pixel intensity 

value prior to incubation was subtracted from the post incubation image to determine the 

total change in bead intensity due to incubation with antibody and divided by the total 

bead area to result in a mean bead pixel intensity output. 

3.2.4 Cell culture 

 Several CHO cell types were used for this study. CHO-S clones D2 and D4 

(derived from CHO-K1 ATCC CCL61), secreting human IgG1 (containing a VL Kappa 
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chain) while proportionally expressing EGFP and mCherry intracellularly114, were 

maintained in CD FortiCHO medium supplemented with 25 µM L-methionine 

sulfoximine, 20 µg/mL puromycin and 4X anti-clumping agent. In these cell lines an 

hMet IIA promoter drives expression of the heavy or light chain of a recombinant IgG 

while an attenuated internal ribosomal entry site promotes cap-independent translation of 

EGFP and mCherry reporters; vector information for the cell lines can be found in 

Sleiman et al.114. Clones were propagated by seeding every 72 – 96 h with either 1.25 x 

105 or 2.5 x 105 cells/mL (for either 4 or 3 days of culture respectively) in either 10 mL 

round bottomed 24-well DWP wells (VWR, Radnor, PA), 50 mL shake tubes (TPP, 

Leeds, UK) or 125 mL shake flasks (Dow Corning, Midland, MI). 

 An untransfected parental CHO-S line (derived from CHO-K1 ATCC CCL61) 

that does not secrete any product114, was maintained in CD FortiCHO medium that was 

supplemented with 4 mM L-glutamine (Sigma-Aldrich, St Louis, MO) and 4X anti-

clumping agent. The parental CHO-S line was propagated by seeding every 72 – 96 h 

with either 0.75 x 105 or 1.5 x 105 cells/mL (for either 4 or 3 days of culture respectively) 

in either 50 mL shake tubes or 500 mL shake flasks (Dow Corning, Midland, MI). 

 All CHO lines were maintained in orbital shaking incubators (Kuhner, Basel, 

Switzerland) at 37oC, 5% CO2, 85% relative humidity and either 125 rpm (125/500 mL 

shake flask) or 225 rpm (50 mL shake tube, 24-well DWP) with a 5 cm shaking diameter. 

All cell concentrations and viabilities were measured via Trypan Blue (Thermo-Fisher 

Scientific, Waltham, MA) exclusion in a Cedex automated cell counter (Roche Innovatis, 

Bielefeld, Germany). Prior to cell counting, culture samples were diluted with an equal 

amount of 0.25% trypsin/EDTA (Thermo-Fisher Scientific, Waltham, MA) and topped 
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up to 1 mL with 1X PBS (Thermo-Fisher Scientific, Waltham, MA) followed by 

incubation for 15 min at 37°C to break up cell aggregates.  

3.2.5 Parental cell line fed-batch culture 

 CHO-S parental line fed-batch cultures in 500 mL shake flasks were inoculated 

with 100 mL at 0.9 x 105 cells/mL in CD FortiCHO medium supplemented with 4 mM L-

glutamine and 4X anti-clumping agent. Flasks were sampled daily starting on day 3 with 

0.5 mL taken for automated cell counting (Cedex, Roche Innovatis, Bielefeld, Germany) 

at a 1:2 dilution with 0.5 mL of 0.25% trypsin/EDTA while another 0.25 mL was taken 

for supernatant analysis (ELISA, glucose, lactate, osmolarity, etc.). Starting on day 3, 

cultures were fed daily (after sampling) with CD EfficientFeed C AGT (adjusted to a pH 

of 7.02) (Thermo-Fisher Scientific, Waltham, MA) at a rate of 6.7% of the initial culture 

volume. Parental fed-batch cultures were run for up to 14 days (minimum 8 days) until 

cell viabilities dropped below 70%. To adjust for dilution caused by cell removal and 

feed addition, viable cell densities were adjusted according to Equations 2.1 - 2.4. 

3.2.5 Conditioned medium harvesting 

 Conditioned medium was harvested daily (starting on day 1) from parental CHO 

line fed-batch cultures in 500 mL flasks for the purpose of perfusing microfluidic 

cultures. After sampling and feeding the parental flask, the necessary volume of CM (1 

mL per day of culture on the device) was harvested and transferred into 1 mL 

microcentrifuge tubes (Thermo-Fisher Scientific, Waltham, MA). Harvested medium was 

then spun down at 1000 rpm for 7 min (to remove cells) in a Beckman GS-6 series 

centrifuge (Beckman Coulter, Brea, CA) followed by supernatant removal and filtration 
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through a 0.22 µm filter (Dow Corning, Midland, MI). CM was kept at 4°C (for up to 2 

weeks) until later use. 

3.2.6 ELISA 

 Antibody titers for CHO-S clones were measured according to previously 

reported ELISA methodologies114. Supernatant samples were collected by spinning down 

cell culture samples for 3 min at 1000 rpm in a Spectrafuge 16M microcentrifuge (Labnet 

International, Edison, NJ); the resulting supernatant was collected and stored at -20°C 

prior to analysis. First, Nunc-Immuno 96-well Maxisorb plates (Sigma-Aldrich, St Louis, 

MO) were coated with a goat anti-human IgG Fcγ-specific primary antibody (Jackson 

ImmunoResearch, Baltimore, MD) and incubated overnight at 4°C. The next day, plates 

were washed 3 times with wash buffer (1X PBS, 0.1% Tween-20) followed by blocking 

with a blocking solution (1X PBS, 0.02% Tween-20, 0.5% skim milk) for 1 h at room 

temperature prior sample loading. Measurements were standardized to IgG1 from human 

serum (Sigma-Aldrich, St Louis, MO) loaded at concentrations ranging from 2.5 ng/mL 

to 10 µg/mL. Once all standards and samples were loaded, wells were incubated with a 

sheep anti-kappa light chain HRP-conjugated secondary antibody (The Binding Site, 

Birmingham, UK). Bound antibodies were quantified by incubating with 3,3′,5,5′-

Tetramethylbenzidine substrate (Sigma-Aldrich, St Louis, MO) for 8 min at room 

temperature in the dark. The reaction was terminated with 2 M H2SO4 followed by plate 

reading at 450 nm using a microplate reader. Titer measurements were adjusted for 

dilution caused by feed addition by multiplying the cumulative dilution factor by the 

measured titer. 
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3.2.7 Flow cytometry 

 All CHO samples were washed 2 times with PBS followed by re-suspension in 

PBS + 10% FBS solution for flow cytometry. Positive live (propidium iodide-negative, 

PI-; Sigma-Aldrich, St Louis, MO) cells were gated using an untransfected CHO-l (a 

non-reporting cell line) sample as a negative control using FlowJo software (Tree Star, 

Ashland, OR, USA). 

3.2.8 Microfluidic cell culture 

 Microfluidic cell culture arrays were fabricated according to Lecault et al. 

protocols and contained 4 arrays of 2048 chambers for a total of 8192 microbioreactors 

per device; all microfluidic platforms also contained an iso-osmotic bath to buffer against 

osmolarity changes due to evaporation during culture241. Protocols for fabricating the 

microfluidic cell culture platforms can be found in Appendix B. 

 Prior to each experiment, a newly fabricated, sterile device was mounted onto an 

Axiovert 200 inverted microscope then dead-end filled with filter-sterilized 1% FBS and 

incubated overnight at 37°C in humidified 5% CO2 (in a custom enclosure described in 

Chapter 4) to prime the channels and chambers for cell culture. The osmotic bath was 

then filled with CD FortiCHO medium supplemented with 25 µM L-methionine 

sulfoximine, 20 µg/mL puromycin and 4X anti-clumping agent to equilibrate the osmotic 

strength throughout the device. The next day, a sterile solution of fresh CD FortiCHO 

medium supplemented with 25 µM L-methionine sulfoximine, 20 µg/mL puromycin and 

4X anti-clumping agent was incubated in the culture chambers for 45 min at room 

temperature. A single-cell suspension (at 106 cells/mL) of CHO-S D2 clones, secreting 
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human IgG1 (containing a VL Kappa chain) while proportionally expressing EGFP and 

mCherry intracellularly114, was then stochastically loaded into the device (with 

microscopic monitoring). Once the microfluidic array appeared to be filled, cells were 

allowed to settle to the bottoms of chambers for 5 – 10 min (to prevent wash out during 

subsequent flushing steps). The chambers were then flushed again for 7 – 10 min with 

fresh CD FortiCHO medium supplemented with 25 µM L-methionine sulfoximine, 20 

µg/mL puromycin and 4X anti-clumping agent to remove any leftover cells in the 

channels. This process was repeated as many times as necessary until the desired number 

of single clones was obtained. Devices were then incubated at 37°C in humidified 5% 

CO2 overnight next to several 22 mm dishes filled with water to maintain humidity. Cell 

growth was subsequently monitored 96 – 192 h depending on when chambers became 

confluent. During this period, the entire system (including the Axiovert 200 inverted 

microscope) was contained in an environmental chamber heated to 37°C with a smaller 

microfluidic enclosure being supplied with humidified 5% CO2 at a rate of 46 mL/min to 

maintain this CO2 level in the device (described in Chapter 4). Custom software 

developed using Labview (National Instruments, Austin, TX, USA) was used to image 

the cells in each chamber with a 10× objective lens every 24 h using differential 

interference contrast (DIC) microscopy. The medium in each chamber was replaced daily 

with either fresh CD FortiCHO medium supplemented with 25 µM L-methionine 

sulfoximine, 20 µg/mL puromycin and 4X anti-clumping agent or parental CHO line CM 

corresponding to the day of culture harvested under pressure driven flow. 
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3.3 Results 

3.3.1 Microfluidic secretion assay development 

 Prior to setting up a robust bead assay protocol, various assay parameters were 

explored. Starting from previous reports using polystyrene beads, the incubation time, 

objective lens, and bead type were varied in an attempt to improve sensitivity and assay 

throughput (Figure 3.1)14,216. All preliminary bead measurements were performed off-

chip with bead intensities acquired by manually drawing line profiles through images and 

recording the maximum fluorescence amplitude of each bead (Figure 3.1A). This method 

was chosen to ensure that analysis times were reasonable and it has been shown to be 

reliable in previous reports216. For example, taking the mean intensity over the entire 

projected area of the bead would have required manually outlining each bead individually 

and this could have cause greater technical variation if not performed systematically or in 

an automated fashion. To obtain an adequate sample size, a minimum of 10 line profiles 

were recorded for each field of view with at least 4 fields of view analyzed per condition. 

Initial observations on 10 µm Protein A coated polystyrene beads incubated for 2 h 

showed saturation above 10 µg/mL human FITC IgG with a dynamic range of roughly 2 

orders of magnitude (0.1 – 10 µg/mL) (Figure 3.1B). This dynamic range was also 

compatible with the intended cell line (CHO-S D2) which would be expected to generate 

titers of ~0.04 µg/mL in 2 h (assuming a mean specific productivity of 2 pg/cell/day in 4 

nL). No significant difference was observed between objective lenses and exposure times 

suggesting a lower magnification objective and shorter exposure could be used for the 

assay to reduce imaging time. 
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 Next, the feasibility of a shorter incubation time was tested; 10 µm polystyrene 

beads were exposed to fixed concentrations of human FITC IgG (0.001 – 100 µg/mL) for 

15 min (Figure 3.1C). With the shorter incubation time decreased sensitivity was 

observed along with less saturation at higher concentrations suggesting that a shorter 

incubation time would be more suitable screening for higher producing clones (eg. a 

clone producing at a rate of ~20 pg/cell/day would generate a titer of ~0.05 µg/mL in 15 

min in 4 nL and be detectable by the assay). The shorter incubation time would not be 

suitable for the intended cell line (CHO-S D2) which would only be expected to generate 

~0.005 µg/mL in 15 min (assuming a mean specific productivity of 2 pg/cell/day in 4 

nL). In addition, although the 10 µm polystyrene beads proved to be sensitive enough for 

the assay, bead recovery for repetitive assays proved to be non-trivial, resulting in 

magnetic bead removal being explored. 

 3 µm Protein G coated magnetic beads were then compared to Protein A coated 

polystyrene beads of similar size (4 µm) by incubating for 2 h with either human IgG 

(followed by 15 min incubation with Alexa-594 secondary antibody) or rabbit FITC IgG 

(Figure 3.1D). Similar sensitivity for both types of beads was observed (~0.1 µg/mL), 

however the magnetic beads had a slightly higher background autofluorescence. In both 

cases negative controls, whereby beads were incubated for 2 h with 1% BSA containing 

no antibody followed by 15 min incubation with Dylight 594-conjugated AffiniPure 

F(ab’)2 fragment of rabbit anti-human IgG (H+L), produced signal in the same range as 

incubating with 0.001 – 0.01 µg/mL of human IgG for 2 h (Figure 3.1D). While the 

concentration of secondary antibody was sufficient to a generate a robust dilution series, 

the higher background bead autofluorescence could be due to non-specific binding of the 
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F(ab’)2 secondary antibody fragment to Protein G on the magnetic beads. Thus, 

modifying the secondary antibody type, concentration or incubation time could further 

improve the assay. Nevertheless, the advantage of being able to magnetically separate 

beads from cells in microfluidic chambers far outweighed the drawback of higher 

autofluorescence. Thus, the assay was developed using 3 µm Protein G coated magnetic 

beads whereby clones (CHO-S D2) were incubated with the beads for 2 h followed by 

incubation with secondary antibody for 15 min and magnetic removal (Figure 3.2). 

 The microfluidic bead assay incorporated elements from previous high sensitivity 

measurements of single cell secretion216 and combined them with robust microfluidic cell 

culture practices241. In particular, a method was sought after whereby clones could be left 

to proliferate in microfluidic chambers while beads were repeatedly brought into 

chambers to perform a productivity measurement and removed magnetically when 

complete. By incorporating magnetic removal into the assay, the beads could be 

separated from the cells simply by introducing a magnet to the system. This key step 

offers the potential for multiple productivity assessments to be performed during cell 

culture while minimally disturbing the cells. For this procedure, CHO-S D2 clones were 

loaded into the array at a concentration of 106 cells/mL with high aspect ratio chambers 

allowing cells to be sequestered to the bottom of chambers via gravity (Figure 3.2A). 

Chambers were then flushed thoroughly with FortiCHO medium to remove excess 

antibody, and 3 µm Protein G coated magnetic beads in fresh FortiCHO were introduced 

and allowed to settle to the bottom of chambers (Figure 3.2B). FortiCHO medium was 

then used to wash away excess beads in the channels between chambers, and cells were 

isolated and incubated for 2 h in order to capture secreted antibody (Figure 3.2C). 
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Subsequently, chambers were again washed with FortiCHO to remove unbound antibody 

(Figure 3.2D). A secondary antibody (labeled with Alexa-594) was then loaded into 

chambers and incubated for 15 min (Figure 3.2E). Finally, the chamber array was washed 

with FortiCHO to remove unbound secondary antibody and all chambers were imaged 

(Figure 3.2F). For imaging, a custom Labview algorithm was used to focus the beads 

while taking DIC and fluorescent images of the entire chamber array. All imaging was 

performed using an Axiovert 200 inverted microscope under a 10× objective lens. 

Following the assay, a magnet was then used to pull the beads to the chamber roof and 

flushed away with FortiCHO medium (Figure 3.2G). New beads could then be 

reintroduced into the chamber array to repeat the measurement (Figure 3.2H). This assay 

could theoretically be performed several times daily under physiological conditions with 

the only bottleneck being the speed with which images could be manually processed. 

3.3.2 Automated bead segmentation 

 In an attempt to further increase assay sensitivity and throughput an automated 

bead segmentation algorithm was developed (Figure 3.3). The motivation for automation 

was the labor-intensive nature of manual bead intensity analysis, which would not be 

feasible for analyzing hundreds to thousands of clones. Several image processing steps 

were performed to produce a mask which could be applied to the original image 

including morphological opening, background subtraction, median filtering, contrast 

enhancement and thresholding (code can be found in Appendix C). When applied to 

fixed concentrations of human IgG on chip, the algorithm achieved a segmentation 

efficiency of 82% (n = 2048 chambers), which was defined as the percentage of total 

chambers that were segmented correctly. The algorithm was also found to be sensitive to 
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the number of beads in the chamber with the likelihood of improper segmentation 

increasing when the number of beads in the chamber dropped below ~50. Since the 

laminar flow through the microfluidic chip resulted in faster flow through the center of 

the chamber array, the majority of the improperly segmented images were chambers 

containing little to no beads at the edges of the array; segmentation efficiency could thus 

be increased by omitting the last few columns of the microfluidic array. Additionally, 

extremely high signal was observed when the algorithm failed to segment the beads due 

to the summation of pixel intensities across the masked image (improperly segmented 

masks included both the area of the beads as well as the entire background of the image 

producing an abnormally high value); the simple application of a threshold to omit 

chambers containing artificially high signal prior to antibody incubation solved this issue. 

Overall, the bead segmentation algorithm greatly increased the speed and efficiency of 

image analysis, reducing analysis time down to minutes from hours or days of manual 

labor. 

3.3.3 Dynamic precise measurements of IgG in nL chambers 

 Subsequently, the microfluidic assay was validated on fixed quantities of human 

IgG (0.001 – 100 µg/mL) and manually analyzed images were compared to the results of 

the automated bead segmentation algorithm (Figure 3.4A and B). Unlike the manual case 

described above, mean bead intensity (using the segmentation algorithm) was calculated 

by dividing the total intensity of all the beads in the chamber by the total bead area. This 

method produced a much smaller standard deviation and higher signal to noise than the 

manual intensity analysis (Figure 3.4B). Although superior to manual intensity analysis 

the automated result could be due to the different metric used to assess bead intensity; 
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regardless, automation of bead segmentation significantly reduced image analysis time. 

Similar to previous manual results off chip (Figure 3.1), the assay with automated 

segmentation was observed to have a dynamic range of ~3 orders of magnitude (0.01 – 

10 µg/mL) with the ability to detect as little as ~106 molecules of IgG (0.06 µg/mL in 2 h) 

(Figure 3.4B). Again, this dynamic range was compatible with the intended cell line 

(CHO-S D2 which would generate ~0.04 µg/mL in 2 h in 4 nL). 

 The ability to reproducibly detect the same quantity of antibody across multiple 

measurements was also tested on chip by alternating fixed concentrations of IgG in the 

same microfluidic chambers over multiple days. This test alternated high (10 µg/mL) and 

low (0.1 µg/mL) concentrations of antibody daily over 4 days to ensure that a high 

antibody titer measured on one day did not bleed over into or cross contaminate the 

subsequent measurement (Figure 3.4C). During these measurements it was observed that 

the introduction of high (10 µg/mL) antibody concentration into a microfluidic chamber 

did not significantly affect subsequent low (0.1 µg/mL) antibody measurements and vice 

versa. Additionally, concentrations of high and low antibody matched values obtained in 

previous experiments, further validating the reproducibility of the assay. Negative control 

chambers (whereby 0 µg/mL was incubated with beads daily) also did not differ 

significantly across 4 days of measurements (Figure 3.4D). On top of this, the magnetic 

bead removal efficiency during all experiments was found for be >99% (measured by 

counting the number of beads initially loaded in the chamber and comparing that to the 

number remaining after magnetic removal). Leftover beads also did not significantly 

affect subsequent measurements (Figure 3.4C), further demonstrating the robustness of 

the magnetic removal process. This ability of the microfluidic assay to discriminate 
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between fixed antibody concentrations across multiple measurements demonstrates its 

technical precision and applicability to clonal screening. 

3.3.4 Evaporation considerations and cell culture optimization 

 Following assay validation on fixed antibody quantities, the microfluidic system 

was adapted so that the assay could be performed on live clones in culture. First, the 

entire microscope setup was contained in a custom heated enclosure (to maintain the 

temperature at 37°C) while the microfluidic device was surrounded in a secondary 

enclosure supplying the platform with humidified 5% CO2 (described in Chapter 4). A 

major design feature allowing for the culture of single clones was the inclusion of an 

“iso-osmotic bath” above the microfluidic array; an approach previously found to work 

for the clonal culture of hematopoietic cells224,241,250. Without the use of the osmotic bath 

CHO clones did not proliferate in the microfluidic setting with growth significantly 

underperforming larger scale cultures (in agreement with previous mammalian cell 

reports)241. The lack of proliferation during preliminary growth testing was traced to the 

substantial evaporation occurring in the enclosure (Figure 3.5A). Substantial osmolarity 

changes were observed when cell culture dishes or the osmotic bath containing medium 

or PBS were left uncovered in the enclosure. When covered, the osmotic strength of the 

bath was maintained within the physiological range of 285 - 295 mOsm/kg (Figure 3.5A). 

As the osmotic bath was only separated from the cell culture chambers by a thin 

permeable PDMS membrane, any osmotic changes in the bath should reflect similar 

changes in the osmotic strength of medium in the microfluidic array. Thus, for all 

subsequent experiments the osmotic bath remained covered so as to buffer any osmotic 

changes in the microfluidic chambers due to evaporation. 



 67 

 Next cell culture under magnetic bead assay conditions was attempted and it was 

discovered that clones did not proliferate when chambers were loaded with the bead 

concentration (1 mg/mL) used in the fixed IgG concentration experiments (Figure 3.5B). 

Increased apoptosis per cell was observed at higher bead concentrations with beads 

aggregating around the cells suggesting that physical contact with the beads could be a 

possible cause of increased cell death (eg. cell surface proteins interacting with the 

protein G coating of beads). When bead concentrations were reduced to 0.1 mg/mL less 

cell death was observed and cells proliferated normally compared to large-scale batch 

controls (Figure 3.5B). This result was repeated when the full assay was performed under 

physiological conditions (37°C, 90% RH, 5% CO2) on cells in the device suggesting that 

the microfluidic setting should be ideal for assessing single cell productivity. 

3.3.5 Microfluidic productivity assessment of CHO-S D2 clones 

 To demonstrate applicability to clone selection, the assay was tested on CHO-S 

D2 clones under simulated fed-batch conditions using the conditioned medium perfusion 

technique developed in Chapter 2 (Figure 3.5C). Under this process CHO-S D2 clones 

were loaded onto the microfluidic device and CM from a 125 mL parental cell line fed-

batch culture (from the day of culture corresponding to the matching cell concentration) 

was perfused into the device daily with the microfluidic assay being performed on day 1 

and 3 of culture. Due to the bead toxicity observed at 1 mg/mL, beads were loaded at a 

concentration of 0.1 mg/mL for all experiments to ensure robust cell growth. The reduced 

bead concentration was observed to be too low for the bead segmentation algorithm to 

properly segment the beads. Thus all images in the cell experiments were analyzed 

manually (the same method used in previous reports) by drawing line profiles through the 
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beads and taking the maximum bead intensity216. Although manual analysis was proven 

to be less precise in the earlier titer measurements, it has still been proven to be 

sufficient216 for a proof-of-concept demonstration of titer measurements on single cells. 

Titers were calculated using this method by comparing bead intensities to a standard 

curve generated by incubating fixed concentrations (0 – 100 µg/mL) of IgG in 

microfluidic chambers and analyzing images manually (Figure 3.6A). 

 Using the above manual bead segmentation method, the specific productivities of 

27 clones (with 5 blank chamber controls containing no cells) were calculated across 2 

days of measurements (Figure 3.6B). All negative chamber controls (located in proximity 

to chambers containing cells) were observed to have no detectable amount of antibody 

present suggesting that there was no cross-contamination between chambers or bleed 

over from chambers containing cells. For the chambers containing cells, specific 

productivities varied widely across multiple measurement days signifying that clonal 

production could be dynamic and highlighting the need to assess clones over multiple 

days. Close attention was paid to the number of cells in each chamber before and after 

each assay was performed to ensure that differences in specific productivities across 

multiple measurements were not due to cells being washed away during the flushing 

steps of the assay. Although chambers were designed to be deep enough (>100 µm) such 

that once settled cells could not be washed away241, when chambers became confluent or 

clones grew on top of each other this broke down and there was the potential for the top 

cells to enter the flow streamlines near the roof of the chamber. All situations where some 

clones were washed away during one of the assays were omitted from analysis. Even 

when no washing away was observed, some clones were observed to drop off production 
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by the second measurement. This could be due to inherent changes in 

productivity/expression stability, technical variation or possible apoptosis during the 

measurement (potentially artificially causing a higher first measurement). Similarly, 

clones were observed that increased productivity between the first and second 

measurements. These could be low producers that aren’t detectable until enough sub-

clones are generated in the chamber or evidence of dynamic clonal expression. In either 

case, the results from these measurements demonstrate the importance of evaluating 

clones more than once over the course of culture as many factors could cause expression 

to change between measurements. 

 Next microfluidic clonal qp results were compared to bulk population productivity 

and intracellular mCherry expression (Figure 3.6C). The combined specific productivity 

across all microfluidic chambers containing CHO-S D2 clones was found to be 2.8 ± 1.4 

pg/cell/day through the use of the magnetic bead assay. This was not significantly 

different than the bulk fed-batch CHO-S D2 specific productivity which was found to be 

1.7 ± 0.7 pg/cell/day (p = 0.30). Similarly, 17/27 clones (63%) were observed to produce 

quantities of antibody above the detectable limit. This was again in agreement with FACS 

profiles of bulk populations of CHO-S D2 where ~64% of clones were observed to 

express mCherry and EGFP at levels above the negative control (Figure 3.6C). Lastly, a 

determination of how closely individual intracellular mCherry expression correlated to 

clonal specific productivity was attempted by recording the mean fluorescence intensity 

of all subclones in each chamber in the 594 nm channel. A positive correlation between 

Day 1 specific productivity and mean intracellular mCherry expression was observed 

demonstrating the usefulness of using a reporter cell line in this study (Figure 3.6D)114. 
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While this observation was noteworthy, it should be added that the half-life of the 

mCherry molecules is greater than the division time of the cells105 so the specific 

productivity at the time of the assay would change more rapidly than the reporter 

fluorescence. Thus, the microfluidic assay has the added capability to measure clonal 

changes in productivity on timescales shorter than on cell division. As the observed 

microfluidic clonal specific productivities matched those of bulk populations across 

multiple temporal measurements this technique demonstrates a precise method to screen 

CHO clones in conditions similar to large-scale bioreactors. 

3.4 Discussion 

 In summary, proof of concept functionality of a magnetic bead assay that 

dynamically detects IgG secretion from single CHO clones in nL volumes has been 

demonstrated. The assay was specifically designed to make multiple temporal titer 

measurements over the course of clonal culture by combining removable magnetic beads 

with a microfluidic cell culture system capable of time-lapse microscopy and 

programmable medium exchange under physiological conditions. The design was 

combined with an automated bead segmentation algorithm providing a quick and 

reproducible method of daily IgG titer quantification in 4 nL volumes. When validated on 

fixed concentrations of IgG, the semi-automated assay (coupled with automated bead 

segmentation) repeatedly demonstrated sensitivity down to 106 molecules. When the bead 

assay was combined with CHO clones, clonal growth did not significantly differ from 

batch controls in CM perfusion conditions however bead toxicity was observed above 1 

mg/mL. The clonal dual reporter CHO line (CHO-S D2) was found to be very 

heterogeneous when repeated measurements were performed over multiple days. Clones 
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evaluated in the microfluidic setting matched bulk productivity measurements made at 

larger scales while specific productivity correlated positively to intracellular mCherry 

fluorescence, which was in agreement with previous reports105,114. Thus, the combination 

of clonal microfluidic cell culture and in situ measurement of secretion product provides 

a technique to assess single cell productivity that would not be possible via other methods 

such as the collection and analysis of supernatant from microfluidic wells due to the 

limited sample size from single cells and the lack of sensitivity of traditional off-chip 

ELISA methods74. 

 This study addresses the need for early clonal evaluation during the scale-up of 

production cell lines. The coupling of microfluidic CM perfusion with a single cell 

secretion assay provides the potential to screen hundreds to thousands of clones in 

conditions similar to the large-scale fed-batch microenvironment, thus fast-tracking the 

ability to uncover high-performing clones that could be used in a manufacturing setting. 

The combination of single cell resolution and a dynamic secretion assay should provide 

great potential for screening transfected pool population dynamics in simulated bioreactor 

conditions. Additionally, this single cell screening capability is also applicable to other 

populations of cells that secrete valuable products in conditions where precise 

microenvironmental control is needed. 
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Figure 3.1 Bead assay development 
 
(A) Typical bead image with line profiles (yellow) manually drawn through beads to 

calculate maximum bead intensity (scale bar = 100 µm). (B) Isotherm of maximum bead 

intensities for 10 µm protein A coated polystyrene beads incubated with human FITC 

labeled IgG for 2 h using different objective lenses (10× and 40×) and camera exposures 

(0.1 s and 1 s).  (C) Isotherm of maximum bead intensities for 10 µm protein A coated 

polystyrene beads incubated with human FITC labeled IgG for 15 min using different 
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objective lenses (10× and 40×) and camera exposures (0.1 s and 1 s).  (D) Isotherm of 

maximum bead intensities for 4 µm protein A coated polystyrene beads and 3 µm protein 

G coated polystyrene beads incubated with either rabbit FITC labeled IgG for 2 h or 

human IgG for 2 h followed by 15 min incubation with Alexa-594 labeled secondary 

antibody.  
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Figure 3.2 Schematic for dynamic microfluidic bead assay 
 
(A) Cells are initially loaded into microfluidic chambers. (B) Magnetic Protein-G coated 

beads are loaded into chambers and array is imaged to obtain background fluorescence 

level. (C) Beads are incubated for 2 h to capture human IgG secreted from clones. (D) 

Chamber array is washed with medium to clear unbound antibody. (E) Clones are 

incubated for 15 min with Alexa-594 labeled secondary antibody. (F) Chamber array is 

washed with medium to clear unbound secondary antibody and chambers are imaged to 

obtain fluorescence readout. (G) Beads are raised with magnet and washed away with 

medium. (H) New magnetic beads are loaded and assay is repeated as necessary. 
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Figure 3.3 Automated bead segmentation 
 
(A) Original unfiltered image and typical signal and noise levels. (B) Image is 

morphologically opened to estimate background noise. (C) Background is subtracted 

from morphologically opened image. (D) A 10 x 10 pixel median filter is applied to 

further reduce noise. (E) The contrast of the filtered image is enhanced for the purpose of 

thresholding. (F) Threshold is applied to the image and small objects are removed (<50 

pixels) to produce the final mask. The final mask is then applied to the original to 

segment the beads. 
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Figure 3.4 Magnetic bead assay validation on fixed IgG concentrations 
 
(A) Distribution of manually calculated background subtracted bead intensities for 

0.0001 – 100 µg/mL of IgG. (B) Isotherm of mean bead intensities using the automated 

bead segmentation algorithm (0.0001 – 100 µg/mL of IgG). (C) Bead intensities for the 

same chambers exposed to alternating concentrations of human IgG (0.1 and 10 µg/mL) 

over 4 daily assays. (D) Bead intensities for the same chambers exposed to 0 µg/mL of 

human IgG over 4 daily assays. 
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Figure 3.5 Microfluidic productivity assessments during clonal CHO culture 
 
 (A) Osmolarity of batch pate controls and osmotic bath over 4 days of microfluidic cell 

culture under varying conditions. (B) CHO-S D2 doubling times during microfluidic cell 

culture with varying concentrations of magnetic beads (0 – 1 mg/mL). (C) Brightfield 

and fluorescent images over 3 days of clonal cell culture in conditioned medium. 
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   The generation of genetically engineered production CHO cell lines is normally the longest step in the race to scale-up protein manufacturing.  This labor-
intensive screening includes the expansion of hundreds of clonal cultures to sufficient numbers for their growth and productivity to be evaluated. Unfortunately, 
many clones that perform well when screened at the batch cloning stage display reduced performance under fed-batch conditions. Thus, screening potential 
clones under conditions more similar to the ultimate production cultures provides an opportunity for more effective clone selection. 
    We combined the advantages of precise measurements in microfluidic nL volume cultures with our ability to modify the medium during cultures where clones 
are retained in thousands of isolated chambers. Our bead assay coupled with an automated image analysis pipeline quickly and reproducibly detected as little as 
106 human IgG molecules in 4 nL chambers after 2 h of incubation.  Thus, it is possible to evaluate the production of a single high performance CHO cell at the 
very start of the microfluidic culture.  To further evaluate the performance of CHO-S clones under production conditions, we perfused media from untransfected 
parental CHO-S fed-batch cultures into the microfluidic device daily.  This conditioned medium (CM) perfusion technique was developed using an automated 
robotic 24-well deep well plate culture system to demonstrate that clones in perfused fed-batch medium matched the growth profiles and specific productivities of 
those in larger scale fed-batches.  This was replicated for multiple clonal CHO-S and CHO-K1 cell lines.  Analysis of both the growth rate and productivity of the 
microfluidic cultures enabled the screening of hundreds of cultures in parallel under simulated fed-batch conditions. The dynamic nature of our microfluidic assay 
coupled with the perfusion of conditioned medium in nL volumes enables more rapid and effective characterization of clonal CHO cell performance, thereby 
accelerating progress towards the manufacturing of valuable products.  

•   Anupam Singhal
•   Dan Da Costa
•   Hansen Lab

•   Veronique Lecault
•   Chris Sherwood
•   Piret Lab

m
C

he
rr

y 
Fl

uo
re

sc
en

ce
 (A

.U
.) 

EGFP fluorescence (A.U.) 

0.0001 

0.001 

0.01 

0.1 

-5 -4 -3 -2 -1 0 1 2 3 

M
ea

n 
B

ea
d 

In
te

ns
ity

 (A
.U

.) 

Log10[IgG] 

0.0001 

0.001 

0.01 

0.1 

0 500 1000 1500 2000 

M
ea

n 
B

ea
d 

In
te

ns
ity

 (A
.U

.) 

Chamber 

Day 1: 0.1 ug/mL 
Day 2: 10 ug/mL 
Day 3: 0.1 ug/mL 
Day 4: 10ug/mL 

C 

0.0001 

0.001 

0.01 

0.1 

0 500 1000 1500 2000 

M
ea

n 
B

ea
d 

In
te

ns
ity

 (A
.U

.) 

Chamber 

Day 1: 0 ug/mL 
Day 2: 0 ug/mL 
Day 3: 0 ug/mL 
Day 4: 0 ug/mL 

1.5 

2 

2.5 

3 

3.5 

-5 -4 -3 -2 -1 0 1 2 3 

Lo
g 1

0(
B

ea
d 

flu
or

es
ce

nc
e)

 

Log10[IgG] 

Dilution Series 
Linear Approx. 

0 

5 

10 

15 

20 

25 

30 

1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

B
la

nk
 1

 
B

la
nk

 2
 

B
la

nk
 3

 
B

la
nk

 4
 

B
la

nk
 5

 

q p
 (p

g/
ce

ll/
da

y)
 

Day 1 clone rank 

Day 1 
Day 3 

Day 0 Day 1 Day 3 

B
ri

gh
tf

ie
ld 

59
4 

nm
 (R

ed
) 

Conditioned medium perfusion/re-suspension technique 

Dynamic microfluidic assay schematic 

Magnetic bead assay validation on fixed IgG concentrations 

Microfluidic CHO cell culture using conditioned medium (CM) perfusion 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

1 2 

D
ou

bl
in

g 
Ti

m
e 

(h
) 

Day 

Microfluidic Array (Fresh Media) 

Microflidic Array (CM Perfusion) 

Plate Control 

A 
B 

Preliminary microfluidic clone ranking 

Summary & Acknowledgements 

Semi-automated bead segmentation 

Morph. 
opening 

BG 
subtracted 

Med. 
filtered 

Contrast 
enhanced 

Background 
Estimate 

Signal vs Pixel 
Position 

Starting Image 

Final Mask 

1.  Starting Image 

2.  Morphologically open image to 
estimate background 

3.  Subtract background 

4.  Apply 10x10 median filter 

5.  Enhance contrast 

6.  Threshold image to create mask 

7.  Remove noise (small objects < 50 
pixels) 

8.  Apply mask to original 

Signal vs Pixel 
Position 

Signal vs Pixel 
Position 

Signal vs Pixel 
Position 

0 

5 

10 

15 

20 

25 

30 

35 

400 600 800 1000 

q p
 (p

g/
ce

ll/
da

y)
 

mCherry Fluorescence (A.U.) 

•   Charles Haynes
•   Trent Munro
•   Peter Gray

A.  Manual bead intensity analysis for  
fixed IgG concentrations in 
microfluidic chambers. Linear 
approximation is used to calculate 
titers in linear region of isotherm.  

B.  27 clones grown in microfluidic 
chambers ranked by day 1 qp via 
manual bead intensity analysis 

C.  Intracellular fluorescence FACS 
profile of dual reporting (Heavy 
Chain = eGFP, Light Chain = 
mCherry) CHO-S D2 clone 

D.  Correlation between measured qp 
and intracellular fluorescence on 
Day 1 for CHO-S D2 clones in 
microfluidic device 

A.  Fluorescent and brightfield images of CHO-S D2 clones over 3 days of microfluidic culture in conditioned medium 
B.  Conditioned medium perfusion in the microfluidic device improves growth kinetics 

Post 20Ab Post 20Ab Pre 20Ab Pre 20Ab 

A.  Automated bead intensity analysis of 0 – 100 ug/mL of human IgG1 in microfluidic chambers 
B.  Repeat measurements of different IgG concentrations (0.1 or 10 ug/mL) in the same microfluidic chambers over 4 days 
C.  Repeat measurements of no antibody controls (0 ug/mL) in the same microfluidic chambers over 4 days 

•  Conditioned medium (CM) is harvested from untransfected parental cell line fed-batch culture and stored at 4oC for later use 
•  3 mL Deep Well Plate (DWP) cultures are centrifuged and re-suspended in parental cell line conditioned medium to improve small-scale performance  
•  Parental cell line conditioned medium perfused in microfluidic cultures allows for clonal evaluation in a simulated fed-batch microenvironment 

1.  Load cells in chambers 

2.  Load magnetic Protein-G coated beads & 
image chambers to obtain background 

3.  Incubate for 2 h to capture secreted IgG 

4.  Wash with media 

5.  Incubate for 15 min with Alexa-594 labeled 
secondary antibody 

6.  Wash with media and image chambers 

7.  Remove beads with magnet & wash with 
media 

8.  Load new magnetic beads and repeat assay 

- Magnet 

A B C D 

E F G H 

- CHO cell 

•  Developed a conditioned medium re-suspension technique to evaluate clonal CHO fed-batch performance in 
small volumes 

•  Clonal performance in deep well plates using conditioned media matched large-scale fed-batch cultures 
•  Developed a semi-automated dynamic microfluidic bead assay to detect IgG secretion in nanoliter volumes  
•  Microfluidic bead assay coupled with conditioned medium perfusion is capable of evaluating growth kinetics and 

IgG secretion in hundreds of clonal CHO cultures under production conditions 
•  Preliminary microfluidic production measurements match large scale fed-batch results and are positively 

correlated to intracellular fluorescence in dual reporting cell line 

Day 1 Day 2 Day 3 Day 0 

Daily CM  
re-suspension in 

24-well DWPs 
500 mL parental cell 

line fed-batch 

Daily CM Perfusion in 
microfluidic chip 

CM FB 

3 mL/well 

Deep Well Plate 
FB Batch 

Tube FB  

50 mL 

Controls 

3 mL/well 

Deep Well Plate 

+ 

- Magnetic bead - Secreted IgG - 2o Antibody 



 78 

 
 
A      B 

  
C      D 

     
 
Figure 3.6 Microfluidic clone ranking in fed-batch conditioned medium 
 
(A) Manual bead intensity analysis for fixed IgG concentrations in microfluidic 

chambers. Linear approximation is used to calculate titers in linear region of isotherm. 

(B) 27 clones grown in microfluidic chambers ranked by day 1 qp via manual bead 

intensity analysis. (C) Intracellular fluorescence flow cytometry profile of dual reporting 

(Heavy Chain = EGFP, Light Chain = mCherry) CHO-S D2 clone. (D) Correlation 
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between measured qp and intracellular fluorescence on day 1 for CHO-S D2 clones in 

microfluidic device. 
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Chapter 4 Microfluidic Cell Culture for the 

Clonal Analysis of hESC Populations 

4.1 Introduction 

 Human embryonic stem cells (hESCs) are defined by their ability to generate 

precursors of all three germ layers as well as undifferentiated progeny with the same 

potentialities129. The self-renewal property of hESCs allows them to serve as an 

essentially unlimited source of cells for research and therapeutic purposes. hESCs and 

their derivatives also display heterogeneity in their outputs as they expand in 

microenvironments or specialized niches that induce their differentiation168,169,298, and 

this heterogeneity is also seen when hESCs are induced to differentiate in vitro. 

Heterogeneity within hESC cultures also affects the fate of their progeny149,152,181, and 

this can result in the manifestation of diverse self-renewal and differentiation capacities at 

a clonal level151,174,299. For clinical applications, such heterogeneity is a significant issue, 

as incompletely differentiated cells carry a risk of tumorigenesis300. Thus there is a real 

need for an improved understanding of the determinants of hESC heterogeneity, and 

analytical methods to analyze their extent and control165,301,302,303. 

The very low survival and plating efficiency of isolated hESCs (<1%) has 

historically posed a significant obstacle to assessing their growth and differentiation at a 

clonal level130,170,171. Typical hESC protocols have thus involved passaging cells in 

clumps, and averaging results from many colonies304. Attempts to circumvent 

conventional passaging techniques or improve plating efficiencies tend to promote 
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chromosomal abnormalities such as trisomy 12 and 17305,306,307. Culturing cells with Y-

27632 Rho-associated kinase inhibitor (ROCK inhibitor) has been shown to increase 

plating efficiencies, but can also be accompanied by other effects that compromise the 

usefulness of this approach172,308,309,310. A subline of CA1 hESCs (CA1S) was recently 

isolated that had been adapted to grow efficiently at low densities to enable colony 

formation from approximately 25% of plated cells, while still retaining essential hESC 

properties, including a normal karyotype, expression of standard pluripotency markers, 

and the ability to generate cells of all three germ layers175. However, detailed genome 

analysis did reveal that the increased plating efficiency was associated with the 

duplication of a 3.8MB segment of chromosome 20, a known hESC mutation hotspot 

previously associated with enhanced hESC survival176,177,178. Nevertheless, the high 

plating efficiency of this cell line and its generally preserved hESC properties make it 

very useful for clonal studies of the heterogeneous growth patterns displayed by the 

progeny of individual hESCs. 

Integrated microfluidic systems have been widely recognized for their utility in 

implementing large numbers of single-cell cultures while providing enhanced control 

over medium conditions, and minimizing reagent costs, time and labor13,14,206,311,312. 

These features have been exploited in the design of various types of cell culture devices 

for analyzing the growth of single bacteria224, yeast225 and various types of mammalian 

cells237,240,241,249,313, including mouse ESCs that are normally passaged as single cells243. 

However, the use of microfluidic devices to analyze hESC growth has been largely 

restricted to devices containing small numbers of relatively large chambers (>1 mm2 in 
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area)233,234,235,248,314,315,316,317,318, with limited reports of single hESC colony cultures in 

<650 nL volumes234,248,315.  

The design and use of a semi-automated microfluidic device capable of culturing 

and analyzing up to 160 clonal CA1S hESCs in 25 nL chambers at single-cell resolution 

is now described. This device includes an automated Matrigel coating step, manual 

loading of hESCs in single-cell suspensions, dynamic and automated scheduling of 

medium perfusion, recoverability of cells for downstream analyses, and live-cell imaging 

of the cultures over a one week period of incubation. The use of this device to analyze the 

clonal growth of CA1S hESCs175 demonstrates its ability to reveal the heterogeneity of 

differentiation patterns displayed by clonally tracked hESC. 

4.2 Materials and Methods 

4.2.1 Microfluidic device design and operation 

 A 160-chamber microfluidic device (Figure 4.1A) was fabricated out of 

polydimethylsiloxane (PDMS) (RTV 615, GE Advanced Materials, Wilton, CT) using 

standard multilayer soft lithography techniques191,194 and the push-up valve geometry; it 

included a 3 cm by 1.5 cm iso-osmotic bath (to accommodate ~2 mL of medium)241. 

Microfluidic channels were 200 µm wide and 25 – 30 µm high with a rounded profile (for 

valving) made by re-reflowing the photoresist layer. This channel height allowed for the 

unrestricted flow of single hESCs (~17 µm in diameter measured using an automated cell 

counter) (Cedex, Roche Innovatis, Bielefeld, Germany) into the culture chambers. Six 

fluidic inputs (connected to a binary tree multiplexer) enabled single cells (or other 

reagents) to be delivered to 16 columns of 10 culture chambers. The multiplexer valves 
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were also connected to a binary tree at the waste end of the device to keep reagents from 

reaching any of the other chambers via backflow during switches in valve actuation. 

Inclusion of a series of 10 row selector valves along the right side of the device allowed 

individual chambers to be separately addressed. A peristaltic pump, consisting of three 

valves in series located above the waste outlet, controlled the separate delivery of 

materials into each chamber. Pump dosage was restricted using the number of pump 

actuation cycles and the flow speed (given by the pressure drop across the system, 

usually 10 psi). Typically, the pump delivered ~0.4 nL per cycle, with each cycle lasting 

100 – 1000 milliseconds. 

4.2.2 Cell culture 

 CA1S cells175 were maintained in mTESR1 basal medium (STEMCELL 

Technologies, Inc., Vancouver, BC, Canada) with added penicillin (100 U/mL), 

streptomycin (100 µg/mL) and amphotericin B (0.25 µg/mL) (Invitrogen, Carlsbad, CA, 

USA). As in previous reports, ROCK inhibitor172,319 was not used for the culture of CA1S 

cells175. For passaging, the cells in 4 – 8 day cultures were washed with PBS prior to 

being detached with TrypLE Express (Invitrogen, Carlsbad, CA, USA) at 37°C for 10 

min, counted and transferred into new tissue culture dishes containing a pre-coated layer 

of 1:30 diluted Matrigel (Becton Dickinson, San Jose, CA, USA) and mTeSR1. To 

induce differentiation, the mTeSR1 medium was replaced 24 or 72 h later with 

Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 (DMEM/F12) (Invitrogen, 

Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Sigma, St Louis, MO) 

and the same antibiotics. 
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4.2.3 Microfluidic hESC culture 

 Prior to each experiment, a newly fabricated (Appendix B), sterile device (chips 

were cured at 80°C for a minimum of 3 days) was dead-end filled with filter-sterilized 

PBS and incubated overnight at 37°C in humidified 5% CO2 in a custom incubator 

system to prime the channels and chambers for substrate coating (Figure 4.1B). The 

osmotic bath was then filled with mTESR1 to equilibrate the osmotic and gaseous 

content throughout the device. The next day, a sterile solution of Matrigel (1:30 diluted in 

DMEM/F12; Becton Dickinson, San Jose, CA, USA) was incubated in the culture 

chambers for 45 min at room temperature while the separate cell inoculation channels 

were flushed with mTESR1. The chambers were then also flushed with mTESR1 to 

prevent the Matrigel from solidifying in the chambers. A single-cell suspension of 106 

CA1S cells/mL was then manually seeded into the separate inoculation channels (with 

microscopic monitoring), one chamber at a time to achieve the deposition of a single cell 

into each chamber. The channels were then flushed again with mTeSR1 to remove any 

leftover cells in the channels and the microfluidic device then incubated at 37°C in 

humidified 5% CO2 overnight to allow for the cells to attach. Cell growth was 

subsequently monitored for 96 – 192 h depending on when chambers became confluent. 

During this period, the entire system (including the Leica DMI6000B microscope [Leica 

Microsystems GmbH, Wetzlar, Germany] equipped with a motorized X-Y stage used to 

image the cells) was contained in an environmental chamber heated to 37°C and supplied 

with humidified 5% CO2 at a rate of 46 mL/min to maintain this CO2 level in the device. 

Custom software developed using Labview (National Instruments, Austin, TX, USA) was 

used to image the cells in each chamber with a 10× objective every 3 h using differential 
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interference contrast (DIC) microscopy. The medium in each chamber was replaced 4 

times daily with ~100 nL of medium via peristaltic pumping under the control of custom 

Labview software. At the end of each experiment, cells in the device were incubated with 

5 µg/mL Hoechst 33342 dye for 10 min at room temperature to stain the nuclei and 

obtain a final cell count. Hoechst stained colonies were imaged using DIC and 

fluorescence microscopy. Individual nuclei were manually counted using ImageJ 

software (NIH, Bethesda, MD, USA) to determine the final cell count for each chamber 

image. Specific growth rates were calculated using the initial cell count (a single cell), the 

final Hoechst stained cell count, and the time of culture. Colony areas were derived from 

DIC images by manually tracing out each colony using ImageJ software, returning a 

value in pixels. The areas in pixels were converted to µm2 by using the channel width 

(200 µm) in each image as a reference. Final area per cell was calculated by dividing the 

colony area in the final DIC image by the final cell count for that chamber (calculated via 

Hoechst 33342 staining). 

4.2.4 Colony recovery and RT-qPCR 

 To recover live cells from the device, the chambers were first flushed with PBS to 

remove floating (dead) cells or extra-cellular debris. The adherent cells were then 

detached using TrypLE (30 min at 37°C) and eluted with mTeSR1 through the outlet port 

into PTFE tubing connected to a 2 mL syringe. The contents of each syringe were then 

expelled into a well of a 24-well plate (pre-coated with Matrigel and containing 0.5 mL 

of mTESR1) and the cells expanded further for 7 days for additional analyses. 

 For RT-qPCR analyses, the cells in all chambers were lysed simultaneously in the 

device using a chemical lysis buffer (100 µL lysis re-suspension buffer + 10 µL lysis 
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enhancer solution) from the Cells Direct kit (Invitrogen, Carlsbad, CA, USA). The lysis 

reaction was performed with the device at room temperature for 10 min, followed by heat 

inactivation of the lysis reagent at 70°C for 10 min (on a flatbed thermocycler). Extracts 

from each chamber were then eluted through the outlet port into individual 0.5 mL micro-

centrifuge tubes using 7 – 10 µL Ultrapure H2O with thorough flushing between separate 

chamber harvests to minimize chamber cross-contamination.  

OCT4 and GAPDH transcript levels were measured in a one-step RT-qPCR 

reaction using the Cells Direct kit in 25 µL reactions and cycles of 20 min at 50°C for 

RT, followed by a hot-start at 95°C for 2 min, and 50 cycles of 15 s at 95°C and 45 s at 

60°C. GAPDH transcripts were measured using Assay: Hs02758991_g1 from ABI (kit 

primer sequences were proprietary and not disclosed). OCT4 (POU5F1) primer 

sequences (obtained from RTPrimerDB* and synthesized by Biosearch Technologies) 

were ACC CAC ACT GCA GCA GAT CA (forward) and CAC ACT CGG ACC ACA 

TCC TTC T (reverse), the detection probe was Quasar670-CCA CAT CGC CCA GCA 

GCT TGG-BHQ-2 and the RT primer was TTG TGC ATA GTC GCT GCT TGA T. 

OCT4 transcript levels were normalized to GAPDH values using the ΔΔCT method320 

where the mean ΔCT (OCT4 CT – GAPDH CT) for recovered clones grown in mTESR1 

was taken to be ΔCTctrl and any chambers with GAPDH CT values greater than 23.6 (i.e., 

2 SDs below the mean no template control (NTC) cycle threshold) were considered 

below the noise level of the assay and omitted from further analysis (Figure 4.2A and B). 

It should be noted that the OCT4 primer sequences were found to bind to multiple 

genomic sequences suggesting that non-specific amplification may have occurred during 

this assay. Control experiments omitting the reverse transcription step would be able to 
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determine the magnitude of non-specific amplification. However, a previous report has 

measured 988 ± 368 copies of the OCT4 mRNA in undifferentiated CA1S cells, so any 

non-specific amplification would be ~2 orders of magnitude lower than the signal 

observed from the assay206. Off-chip dilution series for both GAPDH (Figure 4.2A) and 

OCT4 (data not shown) mRNA demonstrated detection sensitivity down to single-cell 

equivalents, and material recovered from different chambers showed little to no evidence 

of cross-contamination (Figure 4.2C-F). 

4.2.5 Immunostaining 

 Cells in the device were washed with PBS, fixed in 4% paraformaldehyde for 10 

min at room temperature and then blocked with a solution of 10% FBS, 1% BSA, 0.1% 

Triton X-100 in PBS for 45 min. Primary antibodies used were anti-OCT3/4 (2 µg/mL 

Rat IgG; R&D systems, Minneapolis, MN, USA), anti-SSEA3 (4 µg/mL Rat IgM; R&D 

systems, Minneapolis, MN, USA) and anti-TRA-1-60 (4 µg/mL Mouse IgM; Abcam, 

Cambridge, MA, USA) diluted in PBS and incubated with cells overnight at room 

temperature. These were then detected using appropriate secondary antibodies (Cy5, Goat 

Anti-Rat IgG, 10 µg/mL; Cedarlane Laboratories, Burlington, NC, USA; Alexa 488, Goat 

Anti-Mouse IgM, 4 µg/mL; Invitrogen, Carlsbad, CA, USA; and Alexa 488, Goat Anti-

Mouse IgM, 4 µg/mL; Invitrogen, Carlsbad, CA, USA) diluted in PBS and incubated 

with the cells in the dark for 2.5 h at room temperature. The primary antibody was 

omitted as a negative control. Cell nuclei were stained with 1 µg/mL of DAPI 

(Invitrogen, Carlsbad, CA, USA) for 10 min at room temperature in the dark. Samples 

were imaged using DIC and fluorescence microscopy. 
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4.2.6 Flow cytometry 

 Cells were incubated with anti-SSEA3 (10 µg/mL Rat IgM; R&D systems, 

Minneapolis, MN, USA) or anti-TRA-1-60 (10 µg/mL Mouse IgM; Abcam, Cambridge, 

MA, USA) and then Alexa-488, Goat Anti-Mouse IgM (4 µg/mL; Invitrogen, Carlsbad, 

CA, USA) and positive live (propidium iodide-negative, PI-; Sigma-Aldrich, St Louis, 

MO) cells gated using CA1S cells that had been induced to differentiate for 3 weeks on 

gelatin in FBS as a negative control using FlowJo software (Tree Star, Ashland, OR, 

USA). 

4.2.7 Statistical analysis 

 Data are reported as mean ± standard deviation unless otherwise noted. Statistical 

comparison of the cloning efficiency between microfluidic devices and reported values 

compared 143 clones over 2 microfluidic experiments to published results performed in 

triplicate; a two-tailed t-test was used to determine significance. Comparison of the 

OCT4 expression data included a Kruskal-Wallis test to see if there was a significant 

difference between all groups, followed by a Dunn test to find significant pairwise 

comparisons. Multiple comparisons were accounted for by using Bonferroni’s method291. 

143 clones (2 experiments) in mTESR1 conditions were compared to 22 and 4 clones 

exposed to 110 and 134 h of 10% FBS respectively. Validation of microfluidic growth 

rates was performed in triplicate when comparing with plate controls in mTESR1 

conditions; a single experiment comparing plate controls to the microfluidic chip was 

also performed under DMEM/F12 + 10% FBS conditions for 72 h (Figure 4.3A). 
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4.3 Results 

4.3.1 Design features and clonal culture performance 

 A multilayer soft lithography PDMS microfluidic device was designed with 160 

culture chambers, each 25 nL in volume (500 µm x 500 µm x 100 µm). To enable 

scalable and robust culturing of hESC clones that would display comparable proliferation 

kinetics and plating efficiencies to those seen in macro-scale cultures, several additional 

design elements were incorporated. This included an “iso-osmotic bath” above the 

individual culture chambers that mimicked a strategy that was previously found to work 

for primary hematopoietic cells224,241,250. Separate flow channels were designated for 

Matrigel coating and cell loading to prevent upstream cell attachment in channels during 

inoculation. Integrated microvalves were also used to control a fluidic de-multiplexer to 

allow each chamber to be individually supplied with up to 6 different reagents during an 

experiment, and a peristaltic pump to allow precise flow control. Finally, environmental 

control during cell culture was achieved using a custom heated enclosure, used to 

maintained the entire microscope at 37°C, and a secondary enclosure, surrounding only 

the microfluidic device, through which humidified 5% CO2 in air was passed (Figure 

4.1B). 

Using this device, growth rates of CA1S could be obtained that consistently 

matched those measured in 6-well plates under both maintenance (mTESR1) and 

differentiating conditions (DMEM/F12 + 10% FBS) (Figure 4.3A). Immunostaining 

results further showed that undifferentiated cultures of CA1S cells grown in the device 
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maintained expression of OCT4, SSEA3 and TRA-1-60 at levels typical of conventional 

cultures and previous microfluidic reports (Figure 4.3B)236,237.  

The device was then used to compare the clonal growth potential of CA1S cells 

maintained in mTESR1 medium for 165 and 190 h with that of cells maintained in 

parallel (in the same microfluidic device), but exposed for the last 134 and 110 h, 

respectively to DMEM/F12 supplemented with 10% FBS to induce CA1S cell 

differentiation175. Cells initially settled and spread on the Matrigel coated surface of each 

chamber; within 72 h 48 ± 10% of the cells had produced at least two progeny (143 

clones in 2 devices). Notably, this was significantly (p = 0.04, t-test) higher than the 24 ± 

4% cloning efficiency of these cells measured after 24 h in conventional cultures175. 

Single input cells proliferated to form colonies in both mTESR1 and after FBS exposure 

(Figure 4.4A and B). While tracking colonies throughout the experiment, DIC images 

were analyzed to calculate colony areas at multiple time points and this was used as a 

quantitative measure for tracking cellular growth234. Figure 4.4C also shows the evolution 

of colony area for clones under both maintenance and differentiating conditions.  

4.3.2 Quantification of cell proliferation and colony morphology 

Upon reaching confluence in the mTESR1 cultures, final cell numbers were 

determined by introducing Hoechst 33342 dye to count individual nuclei, and this was 

used with end-point DIC images to calculate the final average area per cell for each 

chamber (Figure 4.4D). For cells cultured in only mTESR1, the average cell area was 511 

± 351 µm2, whereas after 110 or 134 h in FBS, the average cell area was increased to 

1240 ± 540 µm2 and 1100 ± 770 µm2, respectively. Most colonies that formed in 

undifferentiated mTESR1 conditions had a well-defined border surrounding the colony 
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and reached confluence after 7 to 8 days (Figure 4.4A, Figure 4.5A). Colonies that 

formed in the FBS-containing medium had much less well-defined borders and did not 

reach confluence (Figure 4.4B, Figure 4.5B). The clones generated in the presence of 

FBS included a subset of more compact colonies with a broader distribution of cells of 

different sizes, as might be expected from a variable differentiation response to FBS 

(Figure 4.4D)321. Hoechst 33342-stained colonies illustrating the morphological transition 

to a decreased nuclear to cytoplasmic area ratio for many of the clones obtained in the 

presence of FBS are shown in Figure 4.6A-C. Clones grown in serum-free mTESR1 

yielded mainly compact colonies with more cells, while cells grown in FBS-containing 

medium yielded many colonies with fewer cells and a larger average cell area (Figure 

4.6A-C). Individual clones also displayed pronounced heterogeneity in their growth 

dynamics (Figure 4.6D), with a decreasing doubling rate following their exposure to FBS 

(0.032 ± 0.006 cells/h in mTESR1 compared to 0.028 ± 0.004 and 0.018 ± 0.009 cells/h 

after 110 and 134 h in FBS, respectively). This trend did not seem to reflect altered 

efficiencies of clone formation, as 49% (35/72) and 30% (21/71) of the chambers with 

cells contained colonies after 1 week in mTESR1, whereas 47% (34/72) and 26% (19/72) 

of the cells exposed individually to 10% FBS in two experiments also generated clones.   

4.3.3 Transcript analysis of recovered samples 

To further assess the growth potential of CA1S cells generated in the microfluidic 

chambers, live cell recovery from a subset of chambers was performed via enzymatic 

dissociation followed by collection at the outlet port. Cell populations that were 

recovered from the device and subsequently expanded in 6-well plates displayed normal 

growth characteristics, as well as expected levels of expression of SSEA3 (>99% 
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positive) and TRA-1-60 (>99%) (Figure 4.7). RT-qPCR was next used to assess OCT4 

transcript levels in extracts of individual colonies generated on the microfluidics chip. 

The levels of the test gene (OCT4) were compared to a housekeeping gene (GAPDH) and 

results are presented as relative gene expression compared to GAPDH using the ΔΔCt 

method320. All chambers on the device were lysed simultaneously followed by the 

separate elution of each chamber into individual micro-centrifuge tube reactions. A total 

of 96 chambers were eluted (across 2 experiments) consisting of 18 NTCs (including 

empty, dead and re-eluted chambers), 41 chambers perfused exclusively with mTESR1, 

as well as 24 and 13 chambers exposed to 10% FBS for 110 and 134 h, respectively.  

OCT4 and GAPDH transcript levels in the cells recovered from each chamber of 

each device were then measured by RT-qPCR, with GAPDH levels and Hoechst 33342 

cell counts used for normalization. The magnitude of the decrease in mean OCT4 

expression (1.00 ± 0.38 for mTESR1 compared to 0.73 ± 0.47 and 0.34 ± 0.56 fold 

expression for cells in FBS for 110 and 134 h, respectively) was similar to previous 

reports147,206, as with the distribution of growth rates. However, the analysis revealed that 

individual clones exhibited considerable heterogeneity in OCT4 expression (Figure 

4.8A)206, and the emergence of OCT4 negative clones as the cells differentiated. The 

distributions of clones exposed to 110 and 134 h of 10% FBS were also significantly 

different than those only exposed to mTESR1 (p = 0.0249 and 0.0242 respectively). A 

bimodal distribution of OCT4 expression in single hESCs differentiated under similar 

conditions has previously been observed206. Here this is extended with evidence that the 

bimodal distribution may also be observed at a clonal level (Figure 4.8A) however the 

data were not significantly bimodal according to Hartigan’s dip test322. It should be noted 
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that while these results raise an intriguing clonal origin of OCT4 heterogeneity in hESC 

populations, experiments testing single cell OCT4 expression across multiple clones, with 

clonal identity maintained, are needed to definitively answer this question.  

Clonal OCT4 expression changes were compared to other on-chip measurements 

to determine the timing of observed shifts and the possibility that some responses were 

correlated. Colonies that proliferated more rapidly contained high OCT4 transcript levels 

(characteristic of undifferentiated hESCs), whereas a more slowly growing/low OCT4 

expressing subpopulation emerged after 110 and 134 h of culture in FBS (Figure 4.8B). 

Slower growing clones were more variable in their OCT4 transcript levels as might be 

expected if a lengthening of the cell cycle preceded the down-regulation of OCT4 

expression, consistent with previous observations that bulk cultures of CA1S cells do not 

normally show a decrease in OCT4 expression until after 7 – 10 days of exposure to 

FBS147,175,323.  

Similarly, clones exposed to FBS yielded mostly intermediate average cell areas 

(~1000 µm2/cell), with a subpopulation of clones having greater average cell areas 

(~2000 µm2/cell) and varied levels of OCT4 transcripts (Figure 4.8C). Clones exhibiting 

the least compact morphology (~2000 µm2/cell) were most likely to have lower OCT4 

transcript levels, particularly after 134 h in FBS. Cell area was also negatively correlated 

with clonal growth rate (Figure 4.8D). Thus, by measuring and comparing several 

endpoints simultaneously in individual colonies produced under different conditions, the 

variable rates and consistency with which slower growing, lower OCT4 expressing, less 

morphologically compact cells emerged could be observed and the heterogeneity that 
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affects the onset of different features of differentiation in clonally tracked hESCs could 

be confirmed. 

4.4 Discussion 

In summary, the utility of microfluidic culture devices has been demonstrated 

through the multi-parameter analysis of hESC heterogeneity at a clonal level by coupling 

time-lapse microscopy with advantages of scalability, programmable and dynamic 

medium exchange, and the ability to recover either lysate or intact cells from specified 

clones. It is shown that by tracking cell proliferation, morphology and transcript levels, 

the heterogeneity of the clonal hESC responses may be resolved. The measurements 

revealed the emergence of an OCT4 negative subpopulation associated with a more 

reduced growth rate and a less compact cell morphology. The proliferative and 

morphological changes appeared to precede the drop in OCT4 transcript level, suggesting 

these could be leading indicators of a loss pluripotency. The loss of detectable OCT4 

expression that is present at the clonal level was observed, suggesting that observed 

single cell variations in the expression of this transcript may be coordinated between cells 

derived from the same colony. On the other hand, clones that persist in an 

undifferentiated phenotype even under prolonged exposure to differentiating conditions 

were also observed. This again highlights the intrinsic heterogeneity of hESC populations 

and the need for clonal analysis.  

It is expected that the main source of the observed inter-clonal variability is due to 

the existence of different classes of pluripotent and self-renewing clones within hESC 

cultures174,181,299. Additional sources of heterogeneity may include differentiation towards 

distinct cell types during FBS exposure321, or stochastic gene expression324. This study 
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highlights how microfluidic-based imaging may be used to evaluate clonal heterogeneity 

in hESC populations during the early stages of differentiation. The combination of single 

cell resolution and fluid-handling control should offer high potential for studying these 

cryptic population dynamics under a variety of directed differentiation protocols, 

including different combinations of cytokines and time-varying medium conditions237. 

Beyond hESCs, this capability might also be informative for analyses of variable 

subpopulation responses in other systems where they are not discerned in ensemble 

measurements performed on large numbers of cells. 
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Figure 4.1 Design of the microfluidic culture device. 

(A) Schematic of the device. Scale bar: 5 mm. Actuation of a column multiplexer and 

row valves connects an addressable array of 160 culture chambers (organized in 16 

columns and 10 rows) to 6 sample inlets. The rectangular box indicates the region 

depicted in B. (B) Optical micrograph of array unit. To demonstrate functionality, the 

fluid path (of an individually addressed chamber) and control channels have been loaded 

with red and green dyes, respectively. Scale bar: 500 µm. (C) Schematic of the 

experimental setup. The device was placed inside an incubation chamber with 46 mL/min 
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flow of 5% CO2/95% air, humidified using gas sparging. The entire system, including the 

microscope, was sealed in an enclosure heated to 37°C. 
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Figure 4.2 Validation of RT-qPCR analysis of clonal CA1S populations. 

(A) Dilution series of GAPDH TaqMan assay performed on 10000, 1000, 100, 10, 1, and 

0 cell equivalents. (B) Histogram of GAPDH CT values for all recovered samples and no 

template controls. (C) GAPDH CT versus number of cells counted using Hoechst 33342 
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for each chamber. Dashed red line is the GAPDH CT cutoff. (D) OCT4 CT versus 

number of cells counted using Hoechst 33342 for each chamber recovered. (E) GAPDH 

CT versus chamber recovery order for the 110 h differentiation experiment. Dashed red 

line is the GAPDH CT cutoff. (F) OCT4 CT versus chamber recovery order for the 110 h 

differentiation experiment. 
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Figure 4.3 Validation of on-chip undifferentiated CA1S cell growth and 

immunohistochemical features. 

(A) Mean cell growth rate (all chambers) compared to macroscale culture controls 

(grown in 22 mm tissue culture treated dishes) in mTESR1 or DMEM/F12 + 10% FBS. 

One 22 mm control dish was placed beside the device while the other was placed in a 

humidified, 37°C, 5% CO2/95% air conventional incubator. (B) Fluorescent images 

performed on typical CA1S colonies after 96 h of culture. Scale bar: 200 µm. Merged 

images of DAPI, OCT4 and TRA-1-60 are shown on the right to illustrate the localization 

of each marker. 
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Figure 4.4 Effect of differentiation induction on CA1S colony formation. 

(A) Phase contrast images illustrating typical undifferentiated colonies (scale bar: 200 

µm). (B) Phase contrast images of CA1S colonies obtained under differentiating 

conditions. FBS was added after 72 h. (C) Evolution of the areas of the colonies shown in 

A (green) and B (orange) calculated by manually tracing the boundaries of the cell-

covered area at each time point. (D) Area per cell for all colonies analyzed. 
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Figure 4.5 Effect of differentiation induction on colony morphology. 

(A) Enlarged phase contrast image illustrating typical undifferentiated morphology after 

134 h in mTESR (scale bar: 200 µm). (B) Enlarged phase contrast image of CA1S colony 

under differentiating conditions at 134 h. FBS was added after 72 h. 
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Figure 4.6 Growth rate heterogeneity of individual CA1S colonies. 

(A) Colony stained with Hoechst 33342 after 190 h of growth in mTeSR1. (B) Colony 

stained with Hoechst 33342 after 190 h of incubation when exposed to 10% FBS for the 

last 110 h. (C) Colony stained with Hoechst 33342 after 165 h of incubation when 

exposed to 10% FBS for the last 134 h. Scale bar for A-C: 200 µm. (D) Distribution of 

growth rates for all colonies generated in mTESR1. Each point shows the data for a 

single colony and the solid and dashed green lines show the mean ± the 95% confidence 

intervals. Histograms showing the distribution of growth rates for each condition 

projected onto the axis. Growth rates for each clone were calculated by enumerating the 

cells at the start (by DIC) and the nuclei (stained by Hoechst 33342) at the end of the 

experiment. 
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Figure 4.7 Flow cytometric analysis of CA1S cells before and after induction of 

their differentiation. 

(A) SSEA3 expression [FL4-H channel] of CA1 cells differentiated in 22 mm tissue 

culture dishes for 3 weeks on gelatin in 10% FBS-supplemented medium. (B) SSEA3 

expression [FL4-H channel] of undifferentiated CA1S hESCs recovered from the 

microfluidic device after 96 h and expanded for a subsequent 7 days in conventional 

cultures. (C) Histogram comparing SSEA3 expression between differentiated CA1 (red) 

and undifferentiated (>99% SSEA3+) CA1S (green) cells. (D) TRA-1-60 expression 

[FL1-H channel] of CA1 cells differentiated in 22 mm tissue culture dishes for 3 weeks 

on gelatin in 10% FBS-supplemented medium. (E) TRA-1-60 expression [FL1-H 

channel] of undifferentiated CA1S cells recovered from the microfluidic device after 96 h 

and expanded for a subsequent 7 days in conventional cultures. (F) Histogram comparing 
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TRA-1-60 expression between differentiated CA1 (red) and undifferentiated (>99% 

TRA-1-60+) CA1S (green) cells. 
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A      B 

  
C      D 

  

 
Figure 4.8 Heterogeneity in OCT4 transcript levels and relation to different 

culture conditions. 

(A) Distribution of OCT4 transcript levels (data pooled from 2 experiments). Each point 

shows the result for a single colony and the green lines show the mean ± the 95% 

confidence intervals. (B) Normalized OCT4 transcript level and growth rates for each 

colony. (C) Normalized OCT4 transcript levels and area per cell for each colony. (D) 

Growth rate and area per cell for each colony.  
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Chapter 5 Conclusions & Future Directions 

 This thesis set out to address the need for precise methods to assess cell 

populations at the clonal level through the use of small volume cell culture technology. 

By developing techniques such as conditioned medium perfusion and re-suspension, a 

dynamic single cell secretion assay and microfluidic clonal cell culture, this research has 

contributed to the tools available for screening and identifying important clones and 

subclones within heterogeneous mammalian cell populations. The efficacy of these 

methods was demonstrated by measuring clonal variability in two important mammalian 

cell systems: CHO cells and hESCs. 

5.1 Significance of work 

 The ability to create a microenvironment capable of sustaining the robust growth 

of single cells is crucial when addressing fundamental questions about clonality and 

mammalian cell population heterogeneity. If clones are evaluated under less than ideal 

conditions, biological responses may be masked by variations due to environmental 

perturbation. This research has made a significant impact through the design and 

implementation of new methods to assess clonal heterogeneity and identify important 

sub-populations in mammalian cell systems. Moreover, these assessments were 

performed in conditions reflective of larger scales by taking advantage of the inherent 

high cell concentration in small volumes and through the perfusion and re-suspension of 

clones in conditioned medium. In particular, a method was devised to screen clonal 

productivity under simulated fed-batch conditions in both deep well plates and in a 

microfluidic setting, which outperformed traditional batch cultures. In the microfluidic 
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case, this technique was combined with a dynamic, sensitive magnetic bead assay to 

detect monoclonal antibodies secreted by single cells in nL volumes. This microfluidic 

system made multiple temporal measurements of the same clone over the course of a 

simulated fed-batch culture. This is superior to traditional early clonal evaluations that 

normally make a single measurement, and these often correlate poorly with scaled-up 

cultures. By combining a sensitive, dynamic microfluidic assay with precise 

microenvironmental control, the platform has the ability to greatly accelerate the time-

consuming, expensive and laborious process of cell line selection. 

 Additionally, the establishment of a robust microfluidic cell culture system has 

allowed for the propagation of difficult to culture cell types such as hESCs. By coupling 

live-cell imaging with clonal recovery and transcript analysis an observation was made of 

the correlation of multiple cell culture variables as clones exited the pluripotent cell state. 

The microfluidic cell culture platform has provided new insight on stem cell fate 

decisions of single hESC colonies through the observed persistence of an undifferentiated 

clonal phenotype during prolonged exposure to differentiation. The research presented in 

this thesis has shown that robust microfluidic cell culture systems coupled with dynamic 

medium perfusion and sensitive single cell assays can evaluate clones in conditions that 

may not be feasible using traditional methods.  

5.2 Future recommendations 

5.2.1 Conditioned medium perfusion and re-suspension 

 The conditioned medium perfusion and re-suspension technique was 

demonstrated to be sufficiently robust when applied to multiple clones and cell lines. 
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However, additional experiments could be made in order to improve and further validate 

the process. For example, even though the 3 mL DWP CM re-suspension matched larger 

fed-batch cultures of the same clone, longitudinal studies expanding and scaling up the 

specific clone to 25 mL, 125 mL and 3+ L have yet to be performed. In the future 

subsequent experiments should scale up the clones tested in the 3 mL system and 

demonstrate that the performance in DWP CM re-suspended cultures is predictive of 

future performance when the same clone is scaled-up to larger volumes. Additionally, 

although 3 mL DWP CM cultures have been shown to match the performance of both 25 

mL and 125 mL shake flask fed-batch cultures, correlation to larger bioreactor scales has 

yet to be demonstrated. Ideally the CM re-suspended cultures would need to be compared 

to industrial sized bioreactors (200 to 20,000 L). A more practical comparison could use 

3 L bench-top bioreactors, which generate results that have been shown to correlate well 

with large-scale manufacturing conditions71. Additionally, larger scale comparisons could 

include product quality assessments into the process to ensure that clones selected using 

the CM technique are secreting antibody that will be of eventual therapeutic value. 

 CM perfusion could be validated further in static culture systems. While CM 

perfusion was tested in a microfluidic setting, the larger 3 mL DWP CM re-suspension 

experiments were performed in suspension. Thus, CM re-suspension could next be 

examined in a static 3 mL system to determine which parameters are required to replicate 

fed-batch conditions in static cultures. As static cultures normally suffer from diffusion 

limitations, replicating a suspension fed-batch environment in a static plate will likely 

prove to be non-trivial. Perhaps a G-Rex culture system should be used, providing 

oxygen through a silicone membrane at the bottom325. Also, microfluidic cultures, which 
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outperformed static batch cultures side-by-side, should be compared to suspension fed-

batch cultures to determine how closely CM perfusion in a microfluidic system can 

mimic bioreactor perfusion. 

 CM culture experiments could also be extended to 14 days to more closely 

replicate a fed-batch system. For reasons of feasibility and to double the experimental 

throughput the experimental time was shortened from 14 to 7 – 8 days. However, as the 

majority of the product titer generation occurs between days 8 and 14 in a fed-batch 

bioreactor it would be prudent to evaluate and further validate the CM re-suspension and 

perfusion technique over the course of 14 days to ensure that the specific productivity is 

maintained later in the culture. Additional experiments could also modify the CM re-

suspension protocol (perhaps including more medium from peak VCD days) to maximize 

the viable cell density and the specific productivity, extending the culture as long as 

possible. Re-suspending cultures in CM from later fed-batch days could reduce the 

culture performance due to depletion of nutrients and buildup of metabolites. 

 Lastly, to further improve the CM perfusion and re-suspension technique, the 

individual medium components of the CM could be examined. A significant effect on 

performance was demonstrated when the cell concentrations of the individual cultures 

were matched as opposed to when the day of parental CM culture was used. Therefore, 

there could be at least several critical medium components at play. Further experiments 

observing the levels of medium components such as glucose, lactate, essential metals or 

minerals and amino acid could provide a mechanistic understanding of the cause for 

increased performance of the cell concentration matching. Possible causes could include 

glucose or amino acid deprivation and lactate inhibition. If the CM perfusion technique is 
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to be widely adopted in a manufacturing setting, complete characterization of medium 

components may be desired. 

5.2.2 Microfluidic clone selection 

 The microfluidic bead assay was sensitive enough to detect IgG secreted from 

single CHO cell clones over multiple culture days. The bulk specific productivities 

measured on the device matched mean productivities of the same clone in larger scale 

cultures (3 mL and 25 mL). While this is a significant advancement in the field of single 

cell analysis, further validation should ensure these measurements reflect true clonal 

productivity. First, subsequent experiments could recover clones from the device and 

scale them up to determine if microfluidic clonal measurements predict later 

performance. Microfluidic clonal recovery and scale up has previously been reported on 

hematopoietic stem cells241. Clones should first be expanded into 3 mL DWP cultures 

where their performance under microfluidic CM perfusion conditions could be compared 

to later 3 mL DWP CM re-suspension productivity. At the DWP stage (and larger scales), 

product quality evaluations could also be incorporated into the selection process to add 

additional stringency. Following this, clones could be scaled up to 125 mL and 500 mL 

shake flasks or even 3 L instrumented bioreactors, to test whether microfluidic 

measurements predict larger scale performance. Results from these experiments could 

explain whether the intraclonal variability observed in the CHO-S D2 line using the 

microfluidic platform is due to permanent high producing subclones or are temporary 

states of high productivity, as reported previously105. These longitudinal scale-up studies 

should also be performed on clones selected from transfected pools to determine if the 
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microfluidic device platform has the ability to generate high producing stable cell lines 

from a transfected population. 

 In addition to scale-up, the microfluidic assay could be modified to assess 

different antibody types or secretion rates. Currently the assay was optimized for a cell 

line (CHO-S D2) producing human IgG1 at ~2 pg/cell/day. As the dynamic range of the 

assay is between ~0.01 and 10 µg/mL in 4 nL volumes, this would roughly correspond to 

clonal detection sensitivity between 0.5 and 500 pg/cell/day assuming a single cell in the 

chamber and a 2 h incubation time. As monoclonal antibody production cell lines can 

readily achieve >20 pg/cell/day20, the assay thus has the dynamic range capable of 

detecting single high producing clones of manufacturing relevance. However, the assay 

may miss single cells producing below 0.5 pg/cell/day in the case of products that are not 

produced at high rates. For high producing clones (>20 pg/cell/day), assay saturation can 

be expected when there are >24 cells in the chamber (i.e. generating >10 µg/mL in 2 h); 

this would occur within 6 days of microfluidic culture assuming a doubling time of ~30 

h. Thus, to observe higher producing clones at later stages of culture, the assay would 

need to be modified to allow for higher titers to be measured; this could be achieved in 

several ways. First, the bead incubation time could be shortened at later culture times to 

avoid saturation. Also, microfluidic chamber volumes could be increased thereby 

effectively decreasing the incubated antibody concentration and increasing the saturation 

point. Increasing microfluidic chamber bottom area would have the added advantage of 

extending the monolayer culture time and allowing for more expansion in the 

microfluidic array prior to recovery and scale-up. Analogously, if the assay needed to be 

specialized to screen clones secreting below the current limit of detection, the assay times 
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could be lengthened and chamber volumes reduced to increase the assay sensitivity. For 

such lower producing clones it should be feasible to wait until the later days of culture 

(when there are up to 100 cells in the chamber) prior to making a measurement. 

 Although designed to detect human IgG1 secreted in a defined productivity range, 

the assay could also be modified to detect other target antibodies. Since Proteins A & G 

non-specifically bind to multiple antibody types (albeit with different affinities), the 

beads could assay a variety of targets with minimal changes to the protocol. For 

applications to other antibody types, the binding kinetics of the target (as well as their 

level of secretion in the clone of interest) would dictate the incubation time required for 

detection (and also possibly the chamber volume required)216. Appropriate fluorescently 

labeled secondary antibodies would be needed to for each new detection system. Lastly, 

downstream product characterization may also have to be incorporated into the screening 

process for other antibodies to ensure that selected clones are also producing a high 

quality product. As long as a new secretion assay is designed with these parameters in 

mind, the technique should be applicable to a wide range of therapeutic monoclonal 

antibodies from many different species. 

 Additional areas of improvement for the microfluidic bead assay relate to 

increasing the throughput and improving automation. Thus far, the assay has a 

demonstrated throughput of 512 – 1024 chambers and up to hundreds of clonal cultures 

when stochastic loading is taken into account (i.e. with chambers being discarded if 0 or 

more than 1 cell at the start). As the current cell culture system contains 4 arrays with 

2048 chambers each, the automated imaging and culture of up to 8192 chambers at a time 

is possible. When coupled with chamber autofocusing, this could allow for data 
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collection from thousands of clonal cultures essentially simultaneously241. One current 

bottleneck in the system is the lack of automated bead segmentation for experiments 

involving cells. For thousands of clonal cultures to be analyzed practically, automated 

bead segmentation will be required. A bead segmentation algorithm was demonstrated 

which functions for fixed quantities of IgG when beads are loaded at 1 mg/mL. However, 

the algorithm does not segment beads properly at lower concentrations. Modification of 

the current bead segmentation algorithm for chambers containing less than ~50 beads (i.e. 

at the 0.1 mg/mL bead concentration used for cell experiments) should provide an 

automated and more precise way to assess titers. An improved algorithm would also 

ideally segment intracellular fluorescence intensities so that reporter expression in the 

CHO-S D2 clones could be analyzed and compared to clonal secretion in an automated 

fashion. 

5.2.3 Microfluidic human embryonic stem cell culture 

 The ability to isolate and culture individual hESCs in nL volumes provides an 

excellent template for further study of individual stem cell fate decisions. By witnessing 

the loss or persistence of detectable OCT4 during early exposure to differentiating 

conditions (<7 days) the results have suggested that transcript expression within the same 

colony may be coordinated. Previous single cell measurements on OCT4 transcript levels 

have demonstrated the same magnitude of down-regulation during the first week of 

differentiation206. However, it is not known whether the single cells losing (or retaining) 

OCT4 expression are derived from the same or different colonies. Future clonal 

experiments could address this issue by recovering single hESC colonies after culture and 

subsequently performing microfluidic single cell RT-qPCR206 for OCT4 on a colony-by-
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colony basis. Results of such experiments could provide valuable information on the 

mechanism of stem cell fate decisions within single hESC colonies and whether 

responses of neighboring cells are correlated. Other hESC transcripts or even 

microRNA’s could be targeted in such experiments (along with current outputs such as 

growth rate and colony morphology), providing a more complete picture of how hESCs 

exit pluripotency during early differentiation. 

 Similarly, the microfluidic cell culture platform could be used in the future to 

examine cellular differentiation on timescales longer than 7 days. In such experiments 

clonal populations could be observed to differentiate towards more specialized lineages 

such as definitive endoderm147 or pancreatic cell types121. Directed differentiation 

protocols would be more difficult to implement, however the dynamic fluidic control in 

the device would provide the advantage of automation and precise control of stimulus 

timing. For longer experiments, larger chambers may be necessary but this would depend 

on the growth and survival responses of the clones. As with previous experiments, it may 

be necessary to allow the hESC clones to establish colonies for 48 – 72 h prior to the 

induction of differentiation in order to increase the number of surviving progeny. The 

microfluidic system could also be used to screen and optimize new directed 

differentiation protocols varying parameters such as the exposure duration and level of 

each growth factor or cytokine241. Brief pulses of stimuli (on the order of minutes to 

hours) are also programmable using this system; this could replace very time-consuming 

and laborious conventional culture methods. 

 Finally, the hESC microfluidic system could be applied to culture a wide range of 

adherent mammalian cell types including but not limited to fibroblasts142, mesenchymal 



 116 

stem cells240 and induced pluripotent cells144. For example, subsequent use of the device 

to culture fibroblasts could observe the transfection of such cells with the four Yamanaka 

factors in situ144. If an inducible system (such as doxycycline) were to be used to transfect 

clones during live-cell imaging, the microfluidic platform could be used to examine the 

dynamics of cellular reprogramming towards induced pluripotency326. Again, the 

dynamic and programmable nature of the system would allow for transient stimulation of 

the starting population potentially uncovering new information about the stimulation 

threshold required to induce pluripotency or revealing a point of no return. When 

combined with temporal stimulation, the ability to culture single clones and subsequently 

analyze growth kinetics, morphology and transcript expression will undoubtedly allow us 

to probe the thresholds of cellular decision making on a variety of adherent cell types. 

5.3 Final thoughts 

 The recent development of low cost, high-throughput single-cell analysis methods 

should lead to the widespread adoption of these technologies across the biotechnology 

industry. Although these tools have the ability to screen large numbers of clones very 

quickly they are often not performed under the proper microenvironmental conditions, 

potentially complicating comparisons to scaled-up cultures. The design and 

implementation of methods to screen clones under conditions reflective of stem cell 

niches and large-scale bioreactors should lead to the accelerated identification and 

selection of important sub-populations in heterogeneous pools of cells. The techniques 

reported in this thesis are a clear illustration how advances in clonal cell culture 

technology can provide new insight into cell line manufacturing and stem cell biology. 
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Appendices 
Appendix A: Hamilton Methods 

Trypsin and Sample Dispense into Cedex Fed-Batch and Batch 16.12.2015 (6 
samples)

 

C:\Users\Hamilton\Desktop\Methods\June Methods\Cedex Sampling Methods\Trypsin and Sample Dispense into Cedex FB

01/09/17 12:10:27 1/6

Method
1 Initialize on NimbusChannel

Sequence: NimbusChannel"Waste"
0 return value(s) .

2 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 'infinite'
Input:
Volume ("How much volume (ul) is in each well?", Integer, 3000, 0, 3000)
PBS_Vol ("What volume of PBS to add to Cedex cups?", Integer, 600, 0, 1000)
TryplE_Vol ("What volume of Trypsin to add to Cedex cups?", Integer, 200, 0, 1000)
Cedex_vol ("What  volume of sample to add to Cedex cups?", Integer, 200, 0, 1000)
mct_vol ("What volume of sample to add to microcentrifuge tubes?", Integer, 100, 0, 1000)
startingposfb ("In which column are your fed-batch cultures?", Integer, 2, 1, 6)
startingposbatch ("In which well does your batch samples start (1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 
23)?", Integer, 17, 1, 23)

3 Assignment with Calculation
'Sample_vol' = 'mct_vol' + 'Cedex_vol'

4 Assignment with Calculation
'mixingnum' = 'Volume' * '0.9'

5 If, Else
(mixingnum is greater than 1000)

6 Assignment
'mixingnum' = '1000'

7 End If
 

8 If, Else
(startingposbatch is equal to 1)

9 Assignment
'side' = '0'

10 Else
 

11 If, Else
(startingposbatch is equal to 5)

12 Assignment
'side' = '0'

13 Else
 

14 If, Else
(startingposbatch is equal to 9)

15 Assignment
'side' = '0'

16 Else
 

17 If, Else
(startingposbatch is equal to 13)

18 Assignment
'side' = '0'

19 Else
 

20 If, Else
(startingposbatch is equal to 17)

21 Assignment
'side' = '0'

22 Else
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Method
23 If, Else

(startingposbatch is equal to 21)
24 Assignment

'side' = '0'
25 Else

 
26 Assignment

'side' = '1'
27 End If

 
28 End If

 
29 End If

 
30 End If

 
31 End If

 
32 End If

 
33 Assignment

'Tip_Cnt1000FTR' = '"Tip_Cnt1000FTR"'
34 Edit2 of HSLTipCountingNimbusLib

TipCount1::Edit2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel, 999)
35 Comment

<Loop for PBS>
36 If, Else

(PBS_Vol is NOT equal to 0)
37 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

38 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0002"
Volume: PBS_Vol
4 return value(s) .

39 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: PBS_Vol
4 return value(s) .

40 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

41 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

42 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0002"
Individual Volumes: (PBS_Vol,PBS_Vol,Disabled,Disabled)
4 return value(s) .
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Method
43 Dispense on NimbusChannel

Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Individual Volumes: (PBS_Vol,PBS_Vol,Disabled,Disabled)
4 return value(s) .

44 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

45 SeqResetSequenceIndexes of HSLSeqLib
SeqResetSequenceIndexes(NimbusChannel.UBC_Cedex_32POS_spaced)

46 End If
 

47 Comment
<Loop for trypsin>

48 If, Else
(TryplE_Vol is NOT equal to 0)

49 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

50 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
Volume: TryplE_Vol
4 return value(s) .

51 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: TryplE_Vol
4 return value(s) .

52 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

53 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

54 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
Individual Volumes: (TryplE_Vol,TryplE_Vol,Disabled,Disabled)
4 return value(s) .

55 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Individual Volumes: (TryplE_Vol,TryplE_Vol,Disabled,Disabled)
4 return value(s) .

56 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

57 SeqResetSequenceIndexes of HSLSeqLib
SeqResetSequenceIndexes(NimbusChannel.UBC_Cedex_32POS_spaced)

58 End If
 

59 Comment
<Sample from DWP>

60 If, Else
(startingposfb is equal to 1)
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61 Sequence: Set Current Position

current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '1'

62 End If
 

63 If, Else
(startingposfb is equal to 2)

64 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '5'

65 End If
 

66 If, Else
(startingposfb is equal to 3)

67 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '9'

68 End If
 

69 If, Else
(startingposfb is equal to 4)

70 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '13'

71 End If
 

72 If, Else
(startingposfb is equal to 5)

73 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '17'

74 End If
 

75 If, Else
(startingposfb is equal to 6)

76 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '21'

77 End If
 

78 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

79 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: Sample_vol
4 return value(s) .

80 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Volume: mct_vol
4 return value(s) .
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81 Dispense on NimbusChannel

Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: Cedex_vol
4 return value(s) .

82 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

83 If, Else
(side is equal to 0)

84 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = 'startingposbatch'

85 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

86 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (Sample_vol,Sample_vol,Disabled,Disabled)
4 return value(s) .

87 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (mct_vol,mct_vol,Disabled,Disabled)
4 return value(s) .

88 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Individual Volumes: (Cedex_vol,Cedex_vol,Disabled,Disabled)
4 return value(s) .

89 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

90 End If
 

91 If, Else
(side is equal to 1)

92 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = 'startingposbatch'

93 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

94 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (Disabled,Disabled,Sample_vol,Sample_vol)
4 return value(s) .

95 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (Disabled,Disabled,mct_vol,mct_vol)
4 return value(s) .

96 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Individual Volumes: (Disabled,Disabled,Cedex_vol,Cedex_vol)
4 return value(s) .
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97 Tip Eject on NimbusChannel

Sequence: "Waste"
0 return value(s) .

98 End If
 

99 Write2 of HSLTipCountingNimbusLib
TipCount1::Write2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel)

100 User Output
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display information 
message icon',
Sound: '',  Timeout: 'infinite'
Output: "Method Complete!"

101
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Trypsin and Sample Dispense into Cedex CM Fed-Batch (16.12.2015) 
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Method
1 Initialize on NimbusChannel

Sequence: NimbusChannel"Waste"
0 return value(s) .

2 Assignment
'PLT_NUM' = '0'

3 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 'infinite'
Input:
SAMPLE_NUM ("How many samples do you have?", Integer, 4, 0, 24)
Volume ("How much volume (ul) is in each well?", Integer, 3000, 0, 3000)
PBS_Vol ("What volume of PBS to add?", Integer, 500, 0, 1000)
TryplE_Vol ("What volume of trypsin to add?", Integer, 250, 0, 1000)
Sample_vol ("What  volume of sample to add?", Integer, 250, 0, 1000)
startingpos ("Which column do your samples start in?", Integer, 2, 1, 6)

4 Assignment with Calculation
'SAMPLE_CHK' = 'SAMPLE_NUM' % '4'

5 If, Else
(SAMPLE_CHK is NOT equal to 0)

6 User Output
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display 
information message icon',
Sound: '',  Timeout: 'infinite'
Output: "Please check your sample number"

7 Abort

8 End If
 

9 Assignment with Calculation
'mixingnum' = 'Volume' * '0.9'

10 If, Else
(mixingnum is greater than 1000)

11 Assignment
'mixingnum' = '1000'

12 End If
 

13 Assignment
'Tip_Cnt1000FTR' = '"Tip_Cnt1000FTR"'

14 Edit2 of HSLTipCountingNimbusLib
TipCount1::Edit2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel, 999)

15 Sequence: Set End Position
end position of sequence 'NimbusChannel.UBC_Cedex_32POS_spaced' = 'SAMPLE_NUM'

16 If, Else
(PBS_Vol is NOT equal to 0)

17 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

18 Loop
over following sequences: 
   - NimbusChannel.UBC_Cedex_32POS_spaced (Controlling), Adjust for '1' times consumption
'loopCounter2' used as loop counter variable

19 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0002"
Volume: PBS_Vol
4 return value(s) .



 146 

 

C:\Users\Hamilton\Desktop\Methods\June Methods\Cedex Sampling Methods\Trypsin and Sample Dispense into Cedex CM

01/09/17 12:11:29 2/4

Method
20 Dispense on NimbusChannel

Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: PBS_Vol
4 return value(s) .

21 End Loop
- Reset sequence after loop: NimbusChannel.UBC_Cedex_32POS_spaced

22 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

23 End If
 

24 If, Else
(TryplE_Vol is NOT equal to 0)

25 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

26 Loop
over following sequences: 
   - NimbusChannel.UBC_Cedex_32POS_spaced (Controlling), Adjust for '1' times consumption
'loopCounter2' used as loop counter variable

27 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
Volume: TryplE_Vol
4 return value(s) .

28 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: TryplE_Vol
4 return value(s) .

29 End Loop
- Reset sequence after loop: NimbusChannel.UBC_Cedex_32POS_spaced

30 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

31 End If
 

32 If, Else
(startingpos is equal to 1)

33 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '1'

34 End If
 

35 If, Else
(startingpos is equal to 2)

36 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '5'

37 Assignment with Calculation
'SAMPLE_NUM' = 'SAMPLE_NUM' + '4'

38 End If
 

39 If, Else
(startingpos is equal to 3)
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40 Sequence: Set Current Position

current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '9'

41 Assignment with Calculation
'SAMPLE_NUM' = 'SAMPLE_NUM' + '8'

42 End If
 

43 If, Else
(startingpos is equal to 4)

44 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '13'

45 Assignment with Calculation
'SAMPLE_NUM' = 'SAMPLE_NUM' + '12'

46 End If
 

47 If, Else
(startingpos is equal to 5)

48 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '17'

49 Assignment with Calculation
'SAMPLE_NUM' = 'SAMPLE_NUM' + '16'

50 End If
 

51 If, Else
(startingpos is equal to 6)

52 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '21'

53 Assignment with Calculation
'SAMPLE_NUM' = 'SAMPLE_NUM' + '20'

54 End If
 

55 Loop
over following sequences: 
   - NimbusChannel.UBC_Cedex_32POS_spaced (Controlling), Adjust for '1' times consumption
'loopCounter2' used as loop counter variable

56 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

57 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: Sample_vol
4 return value(s) .

58 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_Cedex_32POS_spaced"
HxCommandDetailLevel: allDetails
Volume: Sample_vol
4 return value(s) .

59 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

60 End Loop
- Reset sequence after loop: NimbusChannel.UBC_Cedex_32POS_spaced
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61 Write2 of HSLTipCountingNimbusLib

TipCount1::Write2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel)
62 User Output

Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display information 
message icon',
Sound: '',  Timeout: 'infinite'
Output: "Method Complete!"

63
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1 Initialize on NimbusChannel

Sequence: NimbusChannel"Waste"
0 return value(s) .

2 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 'infinite'
Input:
sample_num ("How many samples do you have?", Integer, 4, 0, 16)
column ("Which column do you want to start dispensing feed in?", Integer, 2, 1, 6)
feed_vol1 ("What volume of feed (ul) do you want dispensed into wells in column 1?", Integer, 0, 0, 
1000)
feed_vol2 ("What volume of feed (ul) do you want dispensed into wells in column 2?", Integer, 204, 0, 
1000)
feed_vol3 ("What volume of feed (ul) do you want dispensed into wells in column 3?", Integer, 0, 0, 
1000)
feed_vol4 ("What volume of feed (ul) do you want dispensed into wells in column 4?", Integer, 0, 0, 
1000)3 Assignment with Calculation
'sample_numcheck' = 'sample_num' % '4'

4 If, Else
(sample_numcheck is NOT equal to 0)

5 User Output
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display 
information message icon',
Sound: '',  Timeout: 'infinite'
Output: "Sample number must be divisible by 4."

6 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 
'infinite'
Input:
sample_num ("Please enter the number of samples you have.", Integer, 12, 0, 24)

7 End If
 

8 Assignment
'Tip_Cnt1000FTR' = '"Tip_Cnt1000FTR"'

9 Edit2 of HSLTipCountingNimbusLib
TipCount1::Edit2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel, 999)

10 If, Else
(column is equal to 1)

11 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '1'

12 Assignment
'feed1' = 'feed_vol1'

13 Assignment
'feed2' = 'feed_vol2'

14 Assignment
'feed3' = 'feed_vol3'

15 Assignment
'feed4' = 'feed_vol4'

16 Assignment
'feed5' = 'feed_vol5'

17 Assignment
'feed6' = 'feed_vol6'

18 End If
 

19 If, Else
(column is equal to 2)
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20 Sequence: Set Current Position

current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '5'

21 Assignment with Calculation
'sample_num' = 'sample_num' + '4'

22 Assignment
'feed1' = 'feed_vol2'

23 Assignment
'feed2' = 'feed_vol3'

24 Assignment
'feed3' = 'feed_vol4'

25 Assignment
'feed4' = 'feed_vol5'

26 Assignment
'feed5' = 'feed_vol6'

27 End If
 

28 If, Else
(column is equal to 3)

29 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '9'

30 Assignment with Calculation
'sample_num' = 'sample_num' + '8'

31 Assignment
'feed1' = 'feed_vol3'

32 Assignment
'feed2' = 'feed_vol4'

33 Assignment
'feed3' = 'feed_vol5'

34 Assignment
'feed4' = 'feed_vol6'

35 End If
 

36 If, Else
(column is equal to 4)

37 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '13'

38 Assignment with Calculation
'sample_num' = 'sample_num' + '12'

39 Assignment
'feed1' = 'feed_vol4'

40 Assignment
'feed2' = 'feed_vol5'

41 Assignment
'feed3' = 'feed_vol6'

42 End If
 

43 If, Else
(column is equal to 5)
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44 Sequence: Set Current Position

current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '17'

45 Assignment with Calculation
'sample_num' = 'sample_num' + '16'

46 Assignment
'feed1' = 'feed_vol5'

47 Assignment
'feed2' = 'feed_vol6'

48 End If
 

49 If, Else
(column is equal to 6)

50 Sequence: Set Current Position
current position of sequence 
'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '21'

51 Assignment with Calculation
'sample_num' = 'sample_num' + '20'

52 Assignment
'feed1' = 'feed_vol6'

53 End If
 

54 Sequence: Set End Position
end position of sequence 'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = 
'sample_num'

55 Loop
over following sequences: 
   - NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001 (Controlling), Adjust for '1' times 
consumption
'loopCounter2' used as loop counter variable

56 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

57 If, Else
(loopCounter2 is equal to 1)

58 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed1
4 return value(s) .

59 End If
 

60 If, Else
(loopCounter2 is equal to 2)

61 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed2
4 return value(s) .

62 End If
 

63 If, Else
(loopCounter2 is equal to 3)

64 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed3
4 return value(s) .
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65 End If

 
66 If, Else

(loopCounter2 is equal to 4)
67 Aspirate on NimbusChannel

Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed4
4 return value(s) .

68 End If
 

69 If, Else
(loopCounter2 is equal to 5)

70 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed5
4 return value(s) .

71 End If
 

72 If, Else
(loopCounter2 is equal to 6)

73 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0003"
Volume: feed6
4 return value(s) .

74 End If
 

75 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

76 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

77 End Loop
- Reset sequence after loop: NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001

78 Write2 of HSLTipCountingNimbusLib
TipCount1::Write2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel)

79 User Output
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display information 
message icon',
Sound: '',  Timeout: 'infinite'
Output: "Method Complete!"

80
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1 Initialize on NimbusChannel

Sequence: NimbusChannel"Waste"
0 return value(s) .

2 Comment
<Ask for values>

3 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 'infinite'
Input:
Sample_num ("How many samples do you have?", Integer, 4, 0, 16)
Volume ("How much volume (ul) is in each sample?", Integer, 3000, 0, 3000)
Trituration_num ("How many triturations would you like during cell resuspension?", Integer, 20, 0, 100)

4 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 'infinite'
Input:
Percent_sup1 ("Percentage of supernatant to be removed in wells A2 and B2?", Integer, 70, 0, 100)
Percent_sup2 ("Percentage of supernatant to be removed in wells C2 and D2?", Integer, 70, 0, 100)
Percent_sup3 ("Percentage of supernatant to be removed in wells A3 and B3?", Integer, 70, 0, 100)
Percent_sup4 ("Percentage of supernatant to be removed in wells C3 and D3?", Integer, 70, 0, 100)
Percent_sup5 ("Percentage of supernatant to be removed in wells A4 and B4?", Integer, 70, 0, 100)
Percent_sup6 ("Percentage of supernatant to be removed in wells C4 and D4?", Integer, 70, 0, 100)
Percent_sup7 ("Percentage of supernatant to be removed in wells A5 and B5?", Integer, 70, 0, 100)
Percent_sup8 ("Percentage of supernatant to be removed in wells C5 and D5?", Integer, 70, 0, 100)

5 Comment
<Calculate fraction of volume to be removed>

6 Assignment with Calculation
'Percent_sup1' = 'Percent_sup1' / '100' result as floating point number

7 Assignment with Calculation
'Remove_sup1' = 'Percent_sup1' * 'Volume'

8 Assignment with Calculation
'Percent_sup2' = 'Percent_sup2' / '100' result as floating point number

9 Assignment with Calculation
'Remove_sup2' = 'Percent_sup2' * 'Volume'

10 Assignment with Calculation
'Percent_sup3' = 'Percent_sup3' / '100' result as floating point number

11 Assignment with Calculation
'Remove_sup3' = 'Percent_sup3' * 'Volume'

12 Assignment with Calculation
'Percent_sup4' = 'Percent_sup4' / '100' result as floating point number

13 Assignment with Calculation
'Remove_sup4' = 'Percent_sup4' * 'Volume'

14 Assignment with Calculation
'Percent_sup5' = 'Percent_sup5' / '100' result as floating point number

15 Assignment with Calculation
'Remove_sup5' = 'Percent_sup5' * 'Volume'

16 Assignment with Calculation
'Percent_sup6' = 'Percent_sup6' / '100' result as floating point number

17 Assignment with Calculation
'Remove_sup6' = 'Percent_sup6' * 'Volume'

18 Assignment with Calculation
'Percent_sup7' = 'Percent_sup7' / '100' result as floating point number

19 Assignment with Calculation
'Remove_sup7' = 'Percent_sup7' * 'Volume'

20 Assignment with Calculation
'Percent_sup8' = 'Percent_sup8' / '100' result as floating point number
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21 Assignment with Calculation

'Remove_sup8' = 'Percent_sup8' * 'Volume'
22 Comment

<Factor in rotation day (Cedex sampled wells)>
23 Assignment with Calculation

'Remove_sup1' = 'Remove_sup1' - '250'
24 Assignment with Calculation

'Remove_sup2' = 'Remove_sup2' - '250'
25 Assignment with Calculation

'Remove_sup3' = 'Remove_sup3' - '250'
26 Assignment with Calculation

'Remove_sup4' = 'Remove_sup4' - '250'
27 Assignment with Calculation

'Remove_sup5' = 'Remove_sup5' - '250'
28 Assignment with Calculation

'Remove_sup6' = 'Remove_sup6' - '250'
29 Assignment with Calculation

'Remove_sup7' = 'Remove_sup7' - '250'
30 Assignment with Calculation

'Remove_sup8' = 'Remove_sup8' - '250'
31 Comment

<Calculate volume to be used for mixing>
32 Assignment with Calculation

'mixingnum' = 'Volume' * '0.9'
33 If, Else

(mixingnum is greater than 1000)
34 Assignment

'mixingnum' = '1000'
35 End If

 
36 Comment

<Checking for appropriate sample number.>
37 Assignment with Calculation

'Trituration_num' = 'Trituration_num' / '2'
38 Assignment with Calculation

'Sample_check' = 'Sample_num' % '4'
39 If, Else

(Sample_check is NOT equal to 0)
40 User Output

Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display 
information message icon',
Sound: '',  Timeout: 'infinite'
Output: "Sample number must be in fours."

41 User Input
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Sound: '',  Timeout: 
'infinite'
Input:
Sample_num ("How many samples do you have?", Integer, 0, 0, 16)

42 End If
 

43 Assignment
'Tip_Cnt1000FTR' = '"Tip_Cnt1000FTR"'
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44 Edit2 of HSLTipCountingNimbusLib

TipCount1::Edit2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel, 999)
45 Comment

<Calculate loops>
46 If, Else

(Remove_sup1 is less than OR equal to 1000)
47 If, Else

(Remove_sup2 is less than OR equal to 1000)
48 Assignment

'looper12' = '1'
49 Else

 
50 If, Else

(Remove_sup2 is less than OR equal to 2000)
51 Assignment

'looper12' = '2'
52 Else

 
53 Assignment

'looper12' = '3'
54 End If

 
55 End If

 
56 Else

 
57 If, Else

(Remove_sup1 is less than OR equal to 2000)
58 If, Else

(Remove_sup2 is greater than 2000)
59 Assignment

'looper12' = '3'
60 Else

 
61 Assignment

'looper12' = '2'
62 End If

 
63 Else

 
64 Assignment

'looper12' = '3'
65 End If

 
66 End If

 
67 If, Else

(Remove_sup3 is less than OR equal to 1000)
68 If, Else

(Remove_sup4 is less than OR equal to 1000)
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69 Assignment

'looper34' = '1'
70 Else

 
71 If, Else

(Remove_sup4 is less than OR equal to 2000)
72 Assignment

'looper34' = '2'
73 Else

 
74 Assignment

'looper34' = '3'
75 End If

 
76 End If

 
77 Else

 
78 If, Else

(Remove_sup3 is less than OR equal to 2000)
79 If, Else

(Remove_sup4 is greater than 2000)
80 Assignment

'looper34' = '3'
81 Else

 
82 Assignment

'looper34' = '2'
83 End If

 
84 Else

 
85 Assignment

'looper34' = '3'
86 End If

 
87 End If

 
88 If, Else

(Remove_sup5 is less than OR equal to 1000)
89 If, Else

(Remove_sup6 is less than OR equal to 1000)
90 Assignment

'looper56' = '1'
91 Else

 
92 If, Else

(Remove_sup6 is less than OR equal to 2000)
93 Assignment

'looper56' = '2'
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94 Else

 
95 Assignment

'looper56' = '3'
96 End If

 
97 End If

 
98 Else

 
99 If, Else

(Remove_sup5 is less than OR equal to 2000)
100 If, Else

(Remove_sup6 is greater than 2000)
101 Assignment

'looper56' = '3'
102 Else

 
103 Assignment

'looper56' = '2'
104 End If

 
105 Else

 
106 Assignment

'looper56' = '3'
107 End If

 
108 End If

 
109 If, Else

(Remove_sup7 is less than OR equal to 1000)
110 If, Else

(Remove_sup8 is less than OR equal to 1000)
111 Assignment

'looper78' = '1'
112 Else

 
113 If, Else

(Remove_sup8 is less than OR equal to 2000)
114 Assignment

'looper78' = '2'
115 Else

 
116 Assignment

'looper78' = '3'
117 End If

 
118 End If
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119 Else

 
120 If, Else

(Remove_sup7 is less than OR equal to 2000)
121 If, Else

(Remove_sup8 is greater than 2000)
122 Assignment

'looper78' = '3'
123 Else

 
124 Assignment

'looper78' = '2'
125 End If

 
126 Else

 
127 Assignment

'looper78' = '3'
128 End If

 
129 End If

 
130 Comment

<Start taking up supernatant>
131 Sequence: Set Current Position

current position of sequence 'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '5'
132 If, Else

(Sample_num is greater than OR equal to 4)
133 Loop

'looper12' times
'loopCounter3' used as loop counter variable

134 Comment
<Counting>

135 If, Else
(Remove_sup1 is greater than 1000)

136 Assignment
'sup1' = '1000'

137 Else
 

138 If, Else
(Remove_sup1 is greater than 0)

139 Assignment
'sup1' = 'Remove_sup1'

140 Else
 

141 Assignment
'sup1' = '0'

142 End If
 

143 End If
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144 If, Else

(Remove_sup2 is greater than 1000)
145 Assignment

'sup2' = '1000'
146 Else

 
147 If, Else

(Remove_sup2 is greater than 0)
148 Assignment

'sup2' = 'Remove_sup2'
149 Else

 
150 Assignment

'sup2' = '0'
151 End If

 
152 End If

 
153 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

154 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (sup1,sup1,sup2,sup2)
4 return value(s) .

155 If, Else
(loopCounter3 is equal to 1)

156 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Volume: 0.00
4 return value(s) .

157 Else
 

158 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

159 End If
 

160 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

161 Assignment with Calculation
'Remove_sup1' = 'Remove_sup1' - '1000'

162 Assignment with Calculation
'Remove_sup2' = 'Remove_sup2' - '1000'

163 End Loop

164 SeqIncrement of HSLSeqLib
SeqIncrement(NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001, 4)

165 End If
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166 Comment

<2nd column>
167 Sequence: Set Current Position

current position of sequence 'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '9'
168 If, Else

(Sample_num is greater than OR equal to 8)
169 Loop

'looper34' times
'loopCounter3' used as loop counter variable

170 Comment
<Counting>

171 If, Else
(Remove_sup3 is greater than 1000)

172 Assignment
'sup3' = '1000'

173 Else
 

174 If, Else
(Remove_sup3 is greater than 0)

175 Assignment
'sup3' = 'Remove_sup3'

176 Else
 

177 Assignment
'sup3' = '0'

178 End If
 

179 End If
 

180 If, Else
(Remove_sup4 is greater than 1000)

181 Assignment
'sup4' = '1000'

182 Else
 

183 If, Else
(Remove_sup4 is greater than 0)

184 Assignment
'sup4' = 'Remove_sup4'

185 Else
 

186 Assignment
'sup4' = '0'

187 End If
 

188 End If
 

189 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .
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190 Aspirate on NimbusChannel

Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (sup3,sup3,sup4,sup4)
4 return value(s) .

191 If, Else
(loopCounter3 is equal to 1)

192 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Volume: 0.00
4 return value(s) .

193 Else
 

194 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

195 End If
 

196 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

197 Assignment with Calculation
'Remove_sup3' = 'Remove_sup3' - '1000'

198 Assignment with Calculation
'Remove_sup4' = 'Remove_sup4' - '1000'

199 End Loop

200 SeqIncrement of HSLSeqLib
SeqIncrement(NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001, 4)

201 End If
 

202 Comment
<3rd column>

203 If, Else
(Sample_num is greater than OR equal to 12)

204 Loop
'looper56' times
'loopCounter3' used as loop counter variable

205 Comment
<Counting>

206 If, Else
(Remove_sup5 is greater than 1000)

207 Assignment
'sup5' = '1000'

208 Else
 

209 If, Else
(Remove_sup5 is greater than 0)

210 Assignment
'sup5' = 'Remove_sup5'

211 Else
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212 Assignment

'sup5' = '0'
213 End If

 
214 End If

 
215 If, Else

(Remove_sup6 is greater than 1000)
216 Assignment

'sup6' = '1000'
217 Else

 
218 If, Else

(Remove_sup6 is greater than 0)
219 Assignment

'sup6' = 'Remove_sup6'
220 Else

 
221 Assignment

'sup6' = '0'
222 End If

 
223 End If

 
224 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

225 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (sup5,sup5,sup6,sup6)
4 return value(s) .

226 If, Else
(Day is equal to 3)

227 If, Else
(loopCounter3 is equal to 1)

228 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Volume: 0.00
4 return value(s) .

229 Else
 

230 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

231 End If
 

232 Else
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233 Dispense on NimbusChannel

Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

234 End If
 

235 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

236 Assignment with Calculation
'Remove_sup5' = 'Remove_sup5' - '1000'

237 Assignment with Calculation
'Remove_sup6' = 'Remove_sup6' - '1000'

238 End Loop

239 SeqIncrement of HSLSeqLib
SeqIncrement(NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001, 4)

240 End If
 

241 Comment
<4th column>

242 If, Else
(Sample_num is equal to 16)

243 Loop
'looper78' times
'loopCounter3' used as loop counter variable

244 Comment
<Counting>

245 If, Else
(Remove_sup7 is greater than 1000)

246 Assignment
'sup7' = '1000'

247 Else
 

248 If, Else
(Remove_sup7 is greater than 0)

249 Assignment
'sup7' = 'Remove_sup7'

250 Else
 

251 Assignment
'sup7' = '0'

252 End If
 

253 End If
 

254 If, Else
(Remove_sup8 is greater than 1000)

255 Assignment
'sup8' = '1000'

256 Else
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257 If, Else

(Remove_sup8 is greater than 0)
258 Assignment

'sup8' = 'Remove_sup8'
259 Else

 
260 Assignment

'sup8' = '0'
261 End If

 
262 End If

 
263 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

264 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Individual Volumes: (sup7,sup7,sup8,sup8)
4 return value(s) .

265 If, Else
(Day is equal to 4)

266 If, Else
(loopCounter3 is equal to 1)

267 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_32POS_Microtube_0001"
HxCommandDetailLevel: allDetails
Volume: 0.00
4 return value(s) .

268 Else
 

269 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

270 End If
 

271 Else
 

272 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

273 End If
 

274 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

275 Assignment with Calculation
'Remove_sup7' = 'Remove_sup7' - '1000'

276 Assignment with Calculation
'Remove_sup8' = 'Remove_sup8' - '1000'
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277 End Loop

278 End If
 

279 SeqResetSequenceIndexes of HSLSeqLib
SeqResetSequenceIndexes(NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001)

280 Comment
<END SUPERNATANT REMOVAL
START RESUSPENSION>

281 Comment
<Reset Remove_sup#s>

282 Assignment with Calculation
'Remove_sup1' = 'Percent_sup1' * 'Volume'

283 Assignment with Calculation
'Remove_sup2' = 'Percent_sup2' * 'Volume'

284 Assignment with Calculation
'Remove_sup3' = 'Percent_sup3' * 'Volume'

285 Assignment with Calculation
'Remove_sup4' = 'Percent_sup4' * 'Volume'

286 Assignment with Calculation
'Remove_sup5' = 'Percent_sup5' * 'Volume'

287 Assignment with Calculation
'Remove_sup6' = 'Percent_sup6' * 'Volume'

288 Assignment with Calculation
'Remove_sup7' = 'Percent_sup7' * 'Volume'

289 Assignment with Calculation
'Remove_sup8' = 'Percent_sup8' * 'Volume'

290 Comment
<Recalculate loops>

291 If, Else
(Remove_sup1 is less than OR equal to 1000)

292 If, Else
(Remove_sup2 is less than OR equal to 1000)

293 Assignment
'looper12' = '1'

294 Else
 

295 If, Else
(Remove_sup2 is less than OR equal to 2000)

296 Assignment
'looper12' = '2'

297 Else
 

298 Assignment
'looper12' = '3'

299 End If
 

300 End If
 

301 Else
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302 If, Else

(Remove_sup1 is less than OR equal to 2000)
303 If, Else

(Remove_sup2 is greater than 2000)
304 Assignment

'looper12' = '3'
305 Else

 
306 Assignment

'looper12' = '2'
307 End If

 
308 Else

 
309 Assignment

'looper12' = '3'
310 End If

 
311 End If

 
312 If, Else

(Remove_sup3 is less than OR equal to 1000)
313 If, Else

(Remove_sup4 is less than OR equal to 1000)
314 Assignment

'looper34' = '1'
315 Else

 
316 If, Else

(Remove_sup4 is less than OR equal to 2000)
317 Assignment

'looper34' = '2'
318 Else

 
319 Assignment

'looper34' = '3'
320 End If

 
321 End If

 
322 Else

 
323 If, Else

(Remove_sup3 is less than OR equal to 2000)
324 If, Else

(Remove_sup4 is greater than 2000)
325 Assignment

'looper34' = '3'
326 Else
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327 Assignment

'looper34' = '2'
328 End If

 
329 Else

 
330 Assignment

'looper34' = '3'
331 End If

 
332 End If

 
333 If, Else

(Remove_sup5 is less than OR equal to 1000)
334 If, Else

(Remove_sup6 is less than OR equal to 1000)
335 Assignment

'looper56' = '1'
336 Else

 
337 If, Else

(Remove_sup6 is less than OR equal to 2000)
338 Assignment

'looper56' = '2'
339 Else

 
340 Assignment

'looper56' = '3'
341 End If

 
342 End If

 
343 Else

 
344 If, Else

(Remove_sup5 is less than OR equal to 2000)
345 If, Else

(Remove_sup6 is greater than 2000)
346 Assignment

'looper56' = '3'
347 Else

 
348 Assignment

'looper56' = '2'
349 End If

 
350 Else

 
351 Assignment

'looper56' = '3'
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352 End If

 
353 End If

 
354 If, Else

(Remove_sup7 is less than OR equal to 1000)
355 If, Else

(Remove_sup8 is less than OR equal to 1000)
356 Assignment

'looper78' = '1'
357 Else

 
358 If, Else

(Remove_sup8 is less than OR equal to 2000)
359 Assignment

'looper78' = '2'
360 Else

 
361 Assignment

'looper78' = '3'
362 End If

 
363 End If

 
364 Else

 
365 If, Else

(Remove_sup7 is less than OR equal to 2000)
366 If, Else

(Remove_sup8 is greater than 2000)
367 Assignment

'looper78' = '3'
368 Else

 
369 Assignment

'looper78' = '2'
370 End If

 
371 Else

 
372 Assignment

'looper78' = '3'
373 End If

 
374 End If

 
375 Comment

<Start resuspension>
376 Sequence: Set Current Position

current position of sequence 'NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001' = '5'
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377 If, Else

(Sample_num is greater than OR equal to 4)
378 Loop

'looper12' times
'loopCounter3' used as loop counter variable

379 Comment
<Counting>

380 If, Else
(Remove_sup1 is greater than 1000)

381 Assignment
'sup1' = '1000'

382 Else
 

383 If, Else
(Remove_sup1 is greater than 0)

384 Assignment
'sup1' = 'Remove_sup1'

385 Else
 

386 Assignment
'sup1' = '0'

387 End If
 

388 End If
 

389 If, Else
(Remove_sup2 is greater than 1000)

390 Assignment
'sup2' = '1000'

391 Else
 

392 If, Else
(Remove_sup2 is greater than 0)

393 Assignment
'sup2' = 'Remove_sup2'

394 Else
 

395 Assignment
'sup2' = '0'

396 End If
 

397 End If
 

398 Tip Pickup on NimbusChannel
Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

399 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0004"
Individual Volumes: (sup1,sup1,sup2,sup2)
4 return value(s) .

400 If, Else
(loopCounter3 is less than looper12)
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401 Dispense on NimbusChannel

Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup1,sup1,sup2,sup2)
4 return value(s) .

402 Else
 

403 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup1,sup1,sup2,sup2)
4 return value(s) .

404 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 1000
4 return value(s) .

405 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

406 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 250
4 return value(s) .

407 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

408 End If
 

409 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

410 Assignment with Calculation
'Remove_sup1' = 'Remove_sup1' - '1000'

411 Assignment with Calculation
'Remove_sup2' = 'Remove_sup2' - '1000'

412 End Loop

413 End If
 

414 Comment
<2nd column>

415 If, Else
(Sample_num is greater than OR equal to 8)

416 Loop
'looper34' times
'loopCounter3' used as loop counter variable

417 Comment
<Counting>

418 If, Else
(Remove_sup3 is greater than 1000)

419 Assignment
'sup3' = '1000'
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420 Else

 
421 If, Else

(Remove_sup3 is greater than 0)
422 Assignment

'sup3' = 'Remove_sup3'
423 Else

 
424 Assignment

'sup3' = '0'
425 End If

 
426 End If

 
427 If, Else

(Remove_sup4 is greater than 1000)
428 Assignment

'sup4' = '1000'
429 Else

 
430 If, Else

(Remove_sup4 is greater than 0)
431 Assignment

'sup4' = 'Remove_sup4'
432 Else

 
433 Assignment

'sup4' = '0'
434 End If

 
435 End If

 
436 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

437 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0004"
Individual Volumes: (sup3,sup3,sup4,sup4)
4 return value(s) .

438 If, Else
(loopCounter3 is less than looper34)

439 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup3,sup3,sup4,sup4)
4 return value(s) .

440 Else
 

441 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup3,sup3,sup4,sup4)
4 return value(s) .
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442 Aspirate on NimbusChannel

Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 1000
4 return value(s) .

443 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

444 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 250
4 return value(s) .

445 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

446 End If
 

447 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

448 Assignment with Calculation
'Remove_sup3' = 'Remove_sup3' - '1000'

449 Assignment with Calculation
'Remove_sup4' = 'Remove_sup4' - '1000'

450 End Loop

451 End If
 

452 Comment
<3rd column>

453 If, Else
(Sample_num is greater than OR equal to 12)

454 Loop
'looper56' times
'loopCounter3' used as loop counter variable

455 Comment
<Counting>

456 If, Else
(Remove_sup5 is greater than 1000)

457 Assignment
'sup5' = '1000'

458 Else
 

459 If, Else
(Remove_sup5 is greater than 0)

460 Assignment
'sup5' = 'Remove_sup5'

461 Else
 

462 Assignment
'sup5' = '0'
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463 End If

 
464 End If

 
465 If, Else

(Remove_sup6 is greater than 1000)
466 Assignment

'sup6' = '1000'
467 Else

 
468 If, Else

(Remove_sup6 is greater than 0)
469 Assignment

'sup6' = 'Remove_sup6'
470 Else

 
471 Assignment

'sup6' = '0'
472 End If

 
473 End If

 
474 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

475 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0005"
Individual Volumes: (sup5,sup5,sup6,sup6)
4 return value(s) .

476 If, Else
(loopCounter3 is less than looper56)

477 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup5,sup5,sup6,sup6)
4 return value(s) .

478 Else
 

479 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup5,sup5,sup6,sup6)
4 return value(s) .

480 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 1000
4 return value(s) .

481 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .
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482 Aspirate on NimbusChannel

Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 250
4 return value(s) .

483 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

484 End If
 

485 Tip Eject on NimbusChannel
Sequence: "Waste"
0 return value(s) .

486 Assignment with Calculation
'Remove_sup5' = 'Remove_sup5' - '1000'

487 Assignment with Calculation
'Remove_sup6' = 'Remove_sup6' - '1000'

488 End Loop

489 End If
 

490 Comment
<4th column>

491 If, Else
(Sample_num is equal to 16)

492 Loop
'looper78' times
'loopCounter3' used as loop counter variable

493 Comment
<Counting>

494 If, Else
(Remove_sup7 is greater than 1000)

495 Assignment
'sup7' = '1000'

496 Else
 

497 If, Else
(Remove_sup7 is greater than 0)

498 Assignment
'sup7' = 'Remove_sup7'

499 Else
 

500 Assignment
'sup7' = '0'

501 End If
 

502 End If
 

503 If, Else
(Remove_sup8 is greater than 1000)

504 Assignment
'sup8' = '1000'
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505 Else

 
506 If, Else

(Remove_sup8 is greater than 0)
507 Assignment

'sup8' = 'Remove_sup8'
508 Else

 
509 Assignment

'sup8' = '0'
510 End If

 
511 End If

 
512 Tip Pickup on NimbusChannel

Sequence: "NimbusChannel.Ham_FTR_1000_0001"
Tip Type: 1000ul High Volume Tip (Ham org. name)
0 return value(s) .

513 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RGT_CONT_50mL_0005"
Individual Volumes: (sup7,sup7,sup8,sup8)
4 return value(s) .

514 If, Else
(loopCounter3 is less than looper78)

515 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup7,sup7,sup8,sup8)
4 return value(s) .

516 Else
 

517 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Individual Volumes: (sup7,sup7,sup8,sup8)
4 return value(s) .

518 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 1000
4 return value(s) .

519 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

520 Aspirate on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
Volume: 250
4 return value(s) .

521 Dispense on NimbusChannel
Sequence: "NimbusChannel.UBC_RoundBottom_DeepWell_Sq_24POS_0001"
HxCommandDetailLevel: allDetails
Volume: 0
4 return value(s) .

522 End If
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523 Tip Eject on NimbusChannel

Sequence: "Waste"
0 return value(s) .

524 Assignment with Calculation
'Remove_sup7' = 'Remove_sup7' - '1000'

525 Assignment with Calculation
'Remove_sup8' = 'Remove_sup8' - '1000'

526 End Loop

527 End If
 

528 Write2 of HSLTipCountingNimbusLib
TipCount1::Write2(NimbusChannel.Ham_FTR_1000_0001, Tip_Cnt1000FTR, NimbusChannel)

529 Comment
<Done removing supernatant and replenishing and resuspending with new media.>

530 User Output
Dialog Title: '',  Return Value: '',  Buttons: 'Only 'OK' button',  Default: 'OK',  Icons: 'Display information 
message icon',
Sound: '',  Timeout: 'infinite'
Output: "Method complete!"

531
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Appendix B: Microfluidic Fabrication Protocols 

Fabrication Protocol: Midiclone Devices with Osmotic Bath 
       
 Sylgard cell culture chips (v1.1, 2.0, 2.1, 2.2) 
 
1) prepare Sylgard for bath and control 1:10 (5 g + 50 g) 
 
2) make bath, bake for 50 min 
 
3) spin control at 1500 rpm (use the rest of PDMS that’s left from bath), wait for 10 min 
after spinning until the features on the wafer get flat, bake at the same time as the bath for 
50 min  
 
4) cut out the bath from the mold and cut the membrane in the place of the array out, 
oxidize the top part of the bath (where the membrane has been cut) and the control for 25 
s 
 
5) align control with bath, bake for 20 min 
 
6) in the meantime prepare GE plug 1:10 (5 g + 50 g) and degas in the cup 
 
7) oxidize the bath + control combo for 15 - 20 s, treat with fluorosilane for 8 min 
 
8) pour GE 1:10 (5 g + 50 g) into the bath and make another thick layer, bake for 50 min 
 
9) in the mean time prepare 1:10 (2 g + 20 g) of Sylgard per wafer  for blank and flow 
 
10) make the blank for membrane between flow and control - spin at 3500 rpm, bake for 
50 min 
 
11) prepare the flow: spin at 300 rpm, pour on top extra PDMS (~10 g), degas in Dixie 
cup first, oxidize glass slide for 15 s on medium, put the flow wafer on a tin foil, put the 
glass slide on the wafer starting from one side, pushing out bubbles, squeeze any bubbles 
out, tape the slide to the wafer, pack the tin foil, put a 500 g weight on it (optional) and 
bake it for 50 min 
 
12) peel off the bath + control, oxidize B + C and blank for 25 s, bond together, bake for 
15 min 
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13) peel off bath + control + blank from wafer, (if version v2.1 cut into individual chips), 
peel off flow wafer from the slide by cutting around and gently lifting it at a few sides 
with a small tweezers, slowly, wait until you hear it is peeling off 
 
14) oxidize B + C + B and flow on slide for 12 s, align under the microscope, probably 
have 2 - 3 shots of peeling off and trying again 
 
15) bake for 1 - 2 h, peel off from slide (can leave overnight after removing from 
oven) 
 
16) cut into chips, peel off the GE plug 
 
17) punch holes  
  
18) oxidize chips and slides for 25 s and bond (careful to place it in the middle if v2.0, 
2.1), start bonding from one side and push to the other side to avoid any bubbles under 
the array 
(make sure to bond on black background like an alignment scope bed so you can see the 
bubbles when bonding) 
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4 Layer - hESC Bath Chip Fabrication Protocol (3 sets of wafers) 
 

Cleaning Layer (10:1)  
- Foiled 9 shallow petrie dishes 
- Treated wafers with TMCS for ~10 min. 
- Mixed 60.0 g RTV A (GE 09H101) with 6.0 g RTV B (GE 09H102) [cup #1] 
- Mixed 60.0 g RTV A (GE 09H101) with 6.0 g RTV B (GE 09H102) [cup #2] 
- Mixed 60.0 g RTV A (GE 09H101) with 6.0 g RTV B (GE 09H102) [cup #3] 
- Poured PDMS onto wafers 
- Cured for 45 min @ 80oC 

 
Flow Layer (5:1) 

- Foiled 3 deep petrie dishes 
- Treated bath wafers with TMCS for ~10 min. 
- Mixed 12.5 g RTV A (GE 09H101) with 2.5 g RTV B (GE 09H102) [cup #1] 
- Mixed 12.5 g RTV A (GE 09H101) with 2.5 g RTV B (GE 09H102) [cup #2] 
- Mixed 12.5 g RTV A (GE 09H101) with 2.5 g RTV B (GE 09H102) [cup #3] 
- Poured PDMS onto wafers in deep foil dishes 
- Degassed for 45 min in “BIG DEGASSER” (Foil shallow petrie dishes while 

degassing) 
- Straightened wafers & removed bubbles with pipette tips 
- Cured for 40 min @ 80oC 

 
Control Layer (20:1) 

- Foiled 3 shallow petrie dishes 
- Treated control wafers with TMCS for ~10 min. 
- Mixed 60.0 g RTV A (GE 09H102) with 3.0 g RTV B (GE 09H102)  
- Poured PDMS onto wafers in spinner & spin coated wafers 
- Used Recipe #7: 

1. Ramp to 500 for 10 s 
2. Ramp to 1650 for 60 s 
3. Ramp to 0 

- Cured for 25 min @ 80oC 
 
Alignment (precise) 

- Removed chips from oven 
- Cut out around flow wafer inside the edge of the wafer. 
- Placed control wafer under microscope 
- Peeled off flow layer from flow wafer & aligned flow to control wafer under 

microscope (~20 min per wafer) 
- Cured aligned FLOW/CTRL for 1 h @ 80oC 

 
Blank Layer (20:1) 

- Foiled 3 shallow petrie dishes 
- Treated 3 blank wafers with TMCS for ~10 min. 
- Mixed 60.0 g RTV A (GE 09H102) with 3.0 g RTV B (GE 09H102)  
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- Poured PDMS onto wafers in spinner & spin coated wafers 
- Used Recipe #2: 

1. Ramp to 500 for 10 s 
2. Ramp to 1650 for 60 s 
3. Ramp to 0 

- Cured for 25 min @ 80oC 
 

- Cut out around ctrl wafer inside the edge of the wafer. 
- Peel off bonded FLOW/CTRL from ctrl wafer. 
- Aligned CTRL side down for each chip and bonded FLOW/CTRL to BLANK.  

Made sure no bubbles were present btw CTRL and BLANK layers.   
- Cured FLOW/CTRL/BLANK ~1 h @ 80oC. 

 
*Can be left in the oven overnight after this step* 

 
BLANK Bath Layer (10:1) 

- Foiled 4 deep petrie dishes 
- Treated 4 BLANK wafers with TMCS for ~10 min. 
- Mixed 40.0 g RTV A (GE 09H102) with 4.0 g RTV B (GE 09H102) [cup #1] 
- Mixed 40.0 g RTV A (GE 09H102) with 4.0 g RTV B (GE 09H102) [cup #2] 
- Mixed 40.0 g RTV A (GE 09H102) with 4.0 g RTV B (GE 09H102) [cup #3] 
- Mixed 40.0 g RTV A (GE 09H102) with 4.0 g RTV B (GE 09H102) [cup #4] 
- Poured PDMS onto wafers in deep foil dishes. 
- Degassed for 1 h in “BIG DEGASSER” (until no visible bubbles were left) 
- Straightened wafers & removed bubbles with pipette tips 
- Cured for 40 min @ 80oC. 

 
- Remove FLOW/CONTROL/BLANK & Blank BATH layer from oven. 
- Cut around outside of FLOW/CTRL/Blank layer & remove any excess PDMS. 
- Dice into individual chips. 
- Clean ALL chips vigorously with tape. 

 
- Dice Blank BATH layers (into 4 pieces each) and mark/cut inside to create bath 

area.  Make sure to leave enough space for the ports & edges.  Punch out holes for 
BATH (MAKE SURE NOT TO CROSS ANY CTRL/FLOW PUNCH 
HOLES!!!) 

 
Stamping 1  

- Foiled 4 shallow petrie dishes 
- Treated 4 blank wafers with TMCS for ~10 min (OPTIONAL) 
- Mixed 60.0 g RTV A (GE 09H102) with 6.0 g RTV B (GE 09H102)  
- Poured PDMS onto wafers in spinner & spin coated wafers 
- Used Recipe #2: 

1. Ramp to 500 for 10 s 
2. Ramp to 6000 for 60 s 
3. Ramp to 0 
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- “STAMP” each THICK blank portion onto the liquid blank wafer and leave for 
30 s. 

- Remove from wafer and stick together with TOP of FLOW/CTRL/BLANK 
portion.  Make sure to remove bubbles between layers. 

- Place all “stamped” chips onto ball bearings in oven and bake for at least 1 h @ 
80oC. 

 
*Can be left in the oven overnight after this step* 

 
Final TOP Blank & stamping 2: 

- Foiled 4 deep petrie dishes 
- Treated 4 blank wafers with TMCS for ~10 min (OPTIONAL) 
- Mixed 12.5 g RTV A (GE 09H102) with 2.5 g RTV B (GE 09H102) [cup #1] 
- Mixed 12.5 g RTV A (GE 09H102) with 2.5 g RTV B (GE 09H102) [cup #2] 
- Mixed 12.5 g RTV A (GE 09H102) with 2.5 g RTV B (GE 09H102) [cup #3] 
- Poured PDMS onto wafers in deep foil dishes. 
- Degassed for 30 – 45 min in “BIG DEGASSER” (until no visible bubbles were 

left) 
- Straightened wafers & removed bubbles with pipette tips 
- Cured for 40 min @ 80oC. 
 
- Foiled 4 shallow petrie dishes 
- Treated 4 blank wafers with TMCS for ~10 min (OPTIONAL) 
- Mixed 60.0 g RTV A (GE 09H102) with 6.0 g RTV B (GE 09H102)  
- Poured PDMS onto wafers in spinner & spin coated wafers 
- Used Recipe #2: 

4. Ramp to 500 for 10 s 
5. Ramp to 6000 for 60 s 
6. Ramp to 0 

 
- Remove TOP Blank layer as well as BATH layers stamped to chips from oven. 

Dice TOP Blank layers (into 4 pieces each) & cut off any excess PDMS from 
chips. 

- “STAMP” the TOP of each THICK blank portion (now attached to the 
FLOW/CTRL/thin BLANK) onto the liquid blank wafer and leave for 30 s. 

- Remove from wafer and stick together with TOP Blank layer portion.  Make sure 
to remove bubbles between layers. 

- Place all “stamped” chips onto ball bearings in oven and bake for at least 1 h @ 
80oC. 

 
*Can be left in the oven overnight after this step* 
 
Punching/Bonding to Glass 

- Remove BATH chips from oven & cut off any excess PDMS from chips. 
- Punched holes in TOP blank/BATH/FLOW/CTRL/BLANK layer (~2-3 h) 
- Clean glass slides with IPA and clean chips vigorously with tape. 
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- Use plasma bonder to bond chips to glass slides (20 s; follow proper plasma 
bonding protocol). 

- Cure all chips at least overnight (or all weekend) @ 80oC. 
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Appendix C: Bead Segmentation Algorithm 

cd('D:\Darek\2015_06_01 - Dilution Series Test 2'); 
 
clear 
clc 
 
f = 'D:\Darek\2015_06_01 - Dilution Series Test 2'; 
 
%% 
% post_inc 
% subtract bg with post_load? 
 
days = {... 
    'Day 1\Array 1 - 0 ugpmL'... 
    'Day 1\Array 2 - pt01 ugpmL'... 
    'Day 1\Array 3 - pt1 ugpmL'... 
    'Day 1\Array 4 - 1 ugpmL'... 
    'Day 2\Array 1 - 0 ugpmL'... 
    'Day 2\Array 2 - 1 ugpmL'... 
    'Day 2\Array 3 - 10 ugpmL'... 
    'Day 2\Array 4 - 100 ugpmL'... 
    }; 
 
patterns = {... 
    '*Postload*1s*00_Red.tif'... 
    '*Postinc*1s*00_Red.tif'... 
    }; 
 
folder = fullfile(f,days{1}); 
pattern = patterns{1}; 
D = parseFolder(folder,pattern,false); 
 
FLsum1 = zeros(length(patterns),length(days),length(D)); 
FLmean1 = zeros(length(patterns),length(days),length(D)); 
%FLsum2 = zeros(length(patterns),length(days),length(D)); 
%FLmean2 = zeros(length(patterns),length(days),length(D)); 
 
for kp = 1:length(patterns) 
 
    pattern = patterns{kp};     
 
    for kd = 1:length(days) 
   
        folder = fullfile(f,days{kd}); 
        D = parseFolder(folder,pattern,false); 
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        for k = 1:length(D) 
            
            % Load image 
            A = imread(fullfile(folder,D(k).name)); 
            figure(1); imagesc(I0); colormap gray 
            %I = 1-double(I0)/65536; 
            
            %switch kp 
            %    case {1,2} 
            %       threshold = 1-3500/65536; 
            %    case {3,4} 
            %        threshold = 1-17500/65536; 
            %    case {5,6} 
            %        threshold = 1-35000/65536; 
            %end 
                 
%             [mask,info] = dd_segBeads(I,threshold); 
             
            % Background illumination is usually brighter at centre.  
            % Use imopen to estimate the background illumination. 
            background = imopen(A,strel('disk',20)); 
            
            % Subtract background from initial image 
            I2 = A - background; 
             
            % Filter the image with a 10x10 median filter 
            I3 = medfilt2(I2,[10 10],'symmetric'); 
             
            % Increase contrast so it can be thresholded 
            I4 = imadjust(I3);             
             
            %Repeat process 
            background2 = imopen(I4,strel('disk',20)); 
            I5 = I4 - background2; 
            I6 = medfilt2(I5,[10 10],'symmetric'); 
            I7 = imadjust(I6); 
             
            % Create a new binary image (mask) via thresholding.  
            level = graythresh(I7); 
            mask = im2bw(I7,level); 
 
            % Remove background noise with bwareaopen. 
            mask = bwareaopen(mask, 50); 
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            % Apply mask to original image 
            value = mask.*im2double(A); 
 
            %figure(2); imshow(B); 
             
            [PATHSTR,NAME,EXT] = fileparts(D(k).name); 
            imwrite(mask,fullfile(folder,PATHSTR,[NAME,'_mask',EXT]),'TIFF'); 
             
            figure(1); imagesc(mask); colormap gray 
             
            value1 = value;%(:,1:256); 
            %value2 = value(:,257:end); 
%             value = I0; 
            FLsum1(kp,kd,k) = sum(value1(:)); 
            FLmean1(kp,kd,k) = mean(value1(value1>0)); 
            %FLsum2(kp,kd,k) = sum(value2(:)); 
            %FLmean2(kp,kd,k) = mean(value2(value2>0)); 
 
        end 
 
    end 
 
end 
 
return 
 
%% 
 
figure(1); clf; 
 
subplot(3,1,1) 
data = reshape(FLsum(2,:,:),4,size(FLsum,3)) - reshape(FLsum(1,:,:),4,size(FLsum,3)); 
plot(1:4,data); 
title('100ms exposure'); 
xlabel('time'); 
 
subplot(3,1,2); 
data = reshape(FLsum(4,:,:),4,size(FLsum,3)) - reshape(FLsum(3,:,:),4,size(FLsum,3)); 
plot(1:4,data); 
title('500ms exposure'); 
xlabel('time'); 
 
subplot(3,1,3); 
data = reshape(FLsum(6,:,:),4,size(FLsum,3)) - reshape(FLsum(5,:,:),4,size(FLsum,3)); 
plot(1:4,data); 
title('1000ms exposure'); 
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xlabel('time'); 
 
name = {... 
    'postload00',... 
    'postinc00',... 
    'postload01',... 
    'postinc01',... 
    'postload02',... 
    'postinc02',... 
    }; 
 
xlname = 'imageseg.xlsx'; 
 
for kp = 1:length(name) 
 
    fname = ['imageSum',name{kp},'.txt']; 
    data = reshape(FLsum(kp,:,:),8,128); 
    csvwrite(fname,data); 
    xlswrite(xlname,data,name{kp}); 
 
end 
 
 
figure(1); clf; 
data = reshape(FLsum(2,:,:),8,size(FLsum,3)) - reshape(FLsum(1,:,:),8,size(FLsum,3)); 
plot(1:8,data); 
title('100ms exposure'); 
xlabel('time'); 
 
figure(2); clf; 
data = reshape(FLmean(2,[1 2 3 4 7 8],:),6,size(FLmean,3)) - reshape(FLmean(1,[1 2 3 4 
7 8],:),6,size(FLsum,3)); 
plot(1:6,data); 
title('100ms exposure'); 
xlabel('time'); 


