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Format of Thesis

The aim of this PhD thesis is to address the challenges faced by the stem cell industry using
microfluidic devices. The thesis is presented in six chapters. In Chapter 1, an overview of the
current stem cell production process is provided, along with a discussion of the industry's
challenges. This is followed by a review of microfluidic devices used in stem cell research,
along with potential applications in different processes of the stem cell industry. Chapters 2-5
present original research on the development and application of microfluidic devices to solve

the challenges in the stem cell industry.

Chapter 2 describes the use of a high throughput microfluidic droplet generator to produce
dissolvable and edible microcarriers for the cultivated meat industry, where no edible
microcarriers are currently available. In Chapter 3, 3D printing technology is used to develop
a microfluidic system for detaching stem cells from current commercial microcarriers and
separating and concentrating cells for downstream applications. Industry-scale microcarriers
detachment and harvesting rely on membrane-based technologies that cause significant cell

loss.

Chapter 4 presents the development of a micromixer to homogeneously mix cryoprotectant and
stem cells. This replaces the current industrial bulk mixing methods, which can potentially
damage cells and cause batch-to-batch differences in the products. In Chapter 5, a static droplet
array is used to evaluate the metabolism and senescence level of cells in industrial production

culture.

Finally, Chapter 6 provides a summary of the thesis and highlights potential future works
related to microfluidic applications in the stem cell industry. This thesis contributes to the
development of innovative microfluidic devices that can address the challenges faced by the
stem cell industry and potentially enhance the quality and efficiency of the stem cell-based

products.
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1. Chapter 1: Potential Applications of Microfluidic
Devices in the Industrial Production of Stem Cells

1.1. Introduction

Stem cells represent a cutting-edge technology with the potential to revolutionise both the
therapeutic and agricultural industries. They are cells which can renew themselves and
differentiate into other cell types, attracting great interest in regenerative medicine, drug
scanning and cellular agriculture. As our understanding of stem cells continues to deepen, the
demand for them is increasing at an unprecedented rate. The current stem cell production
process can be divided into two parts, upstream processing (USP) and downstream processing
(DSP) [1, 2]. USP includes collecting samples from donors, establishing master cell banks, and
working cell banks and expanding cells on a large scale. DSP includes harvesting cells from
the culture, washing and concentrating them[3]. The stem cell therapy industry formulates and
cryopreserves the cells until they are delivered and used in the clinics, while the cultivated meat
industry composites the cells with other cell types seeded on scaffolds for the nutrients, taste,

and texture before packaging [4].

The stem cell industry is advancing at a rapid pace, but it is also facing significant challenges
in its production processes. The key limitations of the stem cell industry can be summarised
into two major areas: yield and quality assurance [5, 6]. The current 60-year-old technologies
are inadequate to meet the high demand for cell numbers required to provide effective treatment
dosages and protein supplies. In fact, about 50% of cells are lost during production due to low
detachment efficiency and frequent blocking/clogging of filtration devices [3, 4, 7]. This
inconsistency in batch-to-batch product quality leads to unstable therapeutic outcomes and
clinical trial failures. This is caused by the lack of production standards across the industry [1,
2] and old production technologies. These challenges result in increased costs of stem cell
products, hindering people from enjoying the benefits of stem cells. Therefore, the stem cell
industry urgently needs new technologies to address these challenges and improve stem cell

yield and quality assurance.

Microfluidic technology is a promising solution to address the challenges in various fields of
biotechnology. This technology utilizes small channels to precisely control the flow of liquids
and has been found to have potential in a range of applications. In particular, microfluidic

technologies have been used to separate [8], concentrate [9], mix [10] particles like cells,
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generate droplets for cell culture [11] and analysis [12]. Additionally, these devices have been
used to provide complex model [13] for cell studies and drug screening/testing [14]. Due to the
miniaturisation and precision handling of fluid flow, microfluidic devices preserve the cells
well during the handling process and provide better outcomes such as high processing
efficiency, low-cost and clogging-free separation. This chapter provides an overview of the
current industrial production process, the challenges faced by the existing stem cell industry,
and the potential of microfluidic devices in stem cell research and their future applications in

the industry.

1.2. Literature review

Stem cells are considered the next frontier in regenerative medicine, with the potential to treat,
regenerate, or even replace malfunctioning or unhealthy tissues and organs. Recently, stem
cells have also found application in the cultivated meat/lab-grown meat/cellular agriculture
industry. This sector is generating significant interest due to the considerable reduction in
environmental impact and ethical concerns surrounding animal farming. Several reviews have
explored the application of stem cells in the progress of clinical trials [15-18] and the future of
cultivated meat [19, 20]. Despite the increasing number of stem cell clinical trials, the scale of
stem cell production in the industry remains inadequate due to limitations in production
technologies and understanding of stem cells. [21, 22]. Challenges include the difficulties in
purifying a uniform population of stem cells, which can reduce the safety and efficacy of
therapeutic dosage [23] and limit stem cell recovery from tissue samples [24], that results in
low post-transplanted stem cells survival rates and therapeutic outcomes [17, 20]; Stem cells
are heterogeneous and express distinct characteristics [25], making the ability to isolate specific
populations of stem cells critical for improving the quality of stem cell products [6]. Stem cells
from other donors have potential to trigger the immune rejection of the recipient. Induced
pluripotent stem cells (iPSCs) do not face this challenge, however, there are concerns about
their reprogramming and differentiation protocol [15], as well as genome stability [26].
Microfluidics has the potential to improve iPSC reprogramming protocols and cell stability
through targeted delivery of genes and controlled fluid delivery. In the cultivated meat industry,
cost of culture medium [27], scale-up production method [4], differentiation [28] and
scaffolding technologies [29] remain the leading challenges for bringing cultivated meat to
dinner tables. Furthermore, current technologies rely heavily on animal-based products, which

conflicts with the industry's original purpose. Microfluidics can be employed to develop low-
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volume, high-throughput media optimization and differentiation protocols, as well as scaffold

fabrication, to address these challenges.

Microfluidics is a rapidly evolving technology that enables the manipulation of small volumes
of fluid in micron-scale channels. Microfluidic devices offer several advantages, such as high
customisability, precise control of fluid flow and micro-particles, low consumption of reagents,
and low production costs. These features make microfluidics an ideal choice for cell separation
[30], single cell study [31], cell interactions and secretions studies [32], replacing the traditional

cell sorting machines and plate- or well-based methods.

In this review, we provide an overview of the industrial production process of stem cells and
examine various microfluidic devices utilized in stem cell research and production. We also
highlight the limitations of current methods and discuss how microfluidic devices can
overcome these challenges. Specifically, we cover the benefits and limitations of cell sorters
via active and passive microfluidics, mechanical stimulus and measurements of cell properties
by microfluidics, various types of organ-on-a-chip to study tissue behaviour, droplet-based
microfluidics for manufacturing cells and scaffolds, and integrated devices for sorting,
culturing, detecting, and purifying cells. Finally, we discuss the future potential of combining
several microfluidic technologies to accelerate and overcome complex challenges in the

industrial production of stem cells.

1.3. Stem cell production in laboratories and industry

The stem cells production processes are divided into upper stream production (USP) and
downstream production (DSP) [1]. The USP stage involves the isolation of tissue samples
from donors, followed by purification and the creation of a master cell bank (MCB). These
cells are then used to generate a working cell bank (WCB), which can be expanded for
downstream applications. In contrast, the DSP stage comprises the collection of the expanded
cells, selection of target cells or their secretions, multiple washes, exchange into buffers for
final formulation, and storage and transport of the final product (Fig.1.1). Mesenchymal stem
cells (MSCs) are the most used cells in stem cell therapy and will be used as an example in

this review.
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Fig. 1.1. A general process of stem cells production for therapeutic purpose. This process is normally
divided into two parts, upper stream production (USP), Lower stream production (DSP) and formulation
and distribution. There is no revolutionary in the cell culture and handling technologies used in this
process for more than 50 years. Manual handling, cell loss, cell damage, and discontinuous process are
the main challenge of the current industry.

1.3.1. Upstream production
The use of primary cells from donors remains the dominant source of stem cells in the industry.
However, this practice raises concerns about the quality and variability of MSC-related
products, which can be influenced by donor health, gender, genetics, and age. The need for a
stable and consistent cell source is therefore a major demand in clinics. Unfortunately, there is
no regulatory level standard procedure to for stem cell extraction process. This results in each
company having their own approaches for isolation and production. Since there is a lack of
standard procedures recommended by regulatory bodies in the stem cell industry, each
company use their own approaches for isolation and production contributing to the variation in
final products [6]. Recently, iPSCs have been explored as a potential source of MSCs,
eliminating the need for biopsy samples from donors [33, 34]. Although this approach has not
yet been widely accepted for clinical trials due to concerns about transgenic nature and iPSC
stability, iPSC-induced MSCs offer the advantage of reduced heterogeneity between donors
and fewer ethical issues. Ongoing research is investigating the feasibility of using iPSCs as an

MSC cell source [35].

Among the various sources of MSCs, adipose tissue, bone marrow tissue and umbilical cord
tissue are the most commonly used [36] due to the accessibility and higher cell availability.

Isolating MSCs from these sources requires the depletion of unwanted cell types, which is

10
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typically achieved through time-consuming, expensive, and error-prone methods such as blood
cell/fat tissue lysis, gradient centrifugation, and/or fluorescence-/magnetic-activated cell
sorting (FACS or MACS) [6, 24]. While stem cell-specific antibodies are often used in this
step, they are expensive and can alter the cell surface structure. Additionally, the heterogeneous
nature of stem cells means that they may not express the same markers, making the antibody-
based method unreliable. Adipose-derived stem cells (ADSCs, MSCs in adipose tissue) have
unique advantages in this regard. ADSCs are one of the few adherent cell types in the tissue.
They can be isolated by culturing lysed adipose samples in a culture flask for a few passages
without requiring antibodies binding [37, 38]. ADSCs are often obtained as a by-product of
liposuction surgery, which is less traumatic than obtaining bone marrow derived MSCs
(BMSCs) through aspiration from the bone marrow cavity of the hipbone. On the other hand,
the extraction of BMSCs from bone marrow cells requires multiple steps and the antibody-
based method is necessary due to the complicated composition of cells in bone marrow. The
standard procedure involves density gradient centrifugation to obtain cell pellets, culture of
cells on a culture flask to eliminate non-adherent cells, and further selection using specific
surface markers [24]. However, this procedure is complicated and does not guarantee the purity
and quality of the cells. Additionally, ADSC is more ethically accepted, and the source is more
abundant than BMSCs. ADSCs can be cultured for about 12-15 passages on average, and it is
crucial to stabilize the properties of cells in as few passages as possible to establish a master
cell bank (MCB) for the production of therapeutic doses. One adipose sample may be enough

to produce hundreds of therapeutic doses.

The static planar multilayer flask method remains the most used cell culture technique for
industrial production of MSCs. [21]. This method limits the scale of manufacturing and has
multiple disadvantages, including changes in cell fate, cell proliferation and differentiation
ability, cell phenotype, and secretions [39, 40]. An alternative approach is to culture MSCs on
microcarriers in dynamic bioreactor culture systems, which provide better control of
physiological parameters such as nutrients, pH, and dissolved oxygen levels. Microcarriers are
composed of various matrices and are typically spherical in shape, with diameters ranging from
100 to 300 um. This technology offers cost-effective and homogeneous conditions for massive
cell expansion, resulting in consistent cell product quality at a large scale [41, 42]. However,
different cell types have different preferences of the substrate’s properties, such as the hardness,
surface charges, topography, and structure of the material [5, 21, 43]. The current microcarriers

were not designed for the special needs of the stem cell industry. They also need to be improved

11
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in terms of breakage during large-scale culture to reduce the chance of having microplastics in
the final products. While the use of microcarriers is critical in the cultivated meat sector, the
current options are prohibitively expensive, with production costs for 1 kg of meat reaching
several thousand dollars. Furthermore, cells grown on microcarriers tend to form aggregates,
making them difficult to detach and resulting in severe cell loss, sometimes approaching 100%.
[44]. Despite the enormous potential of microcarriers in stem cell therapy and the cultivated

meat market, large-scale studies on cell behaviour on microcarriers are scarce [5].

Microcarrier culture is becoming increasingly important due to its potential for high-density
cell culture and improved cell growth. However, the culture standard for microcarriers varies
depending on the cell type, and the protocol for microcarriers can differ among different
research groups and enterprises as compared to traditional planar flask technologies. To
increase productivity, some groups have implemented additional steps in the culture process,
such as increasing impeller speed or agitating the microcarriers [45], or agitating the
microcarriers [46]. Despite these developments, standardisation of the culture process is still
needed, and further research is required to identify optimal culture conditions for various cell
types. In addition, new microcarrier technologies based on surface substances and degradable
microcarriers are currently being explored as potential alternatives to traditional

microcarriers.[21].

MSCs are commonly cultured in a-MEM/DMEM supplemented with 10% fetal bovine serum
(FBS) or human platelet lysate (HPL). [47]. However, the use of serum supplements can result
in batch-to-batch variation due to donor-to-donor differences and increases the risk of
contamination from pathogens in samples. [48, 49]. In response to these challenges, serum-free
and xeno-free media have been developed, but their high cost has limited their widespread
adoption in industry. Currently, there is no standard composition of media for MSC culture,
and further discussion and confirmation are needed in this area. [21]. As such, ongoing research
efforts are focused on identifying cost-effective and standardized culture media formulations

that can support consistent MSC growth and differentiation.

1.3.2. Downstream production
The downstream production (DSP) includes four steps. The first step is cell harvesting from
the culture flask, which involves enzymatic methods to detach the cells from their containers.
In laboratory settings, the cells are centrifuged, washed by Dulbecco’s Phosphate Buffered
Saline (DPBS), and cryopreserved by adding cryoprotecting agents. The problem here is the

12
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harvesting process is a labour-intensive process and takes at least two hours to complete for a
multilayer cell factory. Traditional centrifugation, which applies external forces to the cells can
negatively impact the viability and recovery of cells [21]. It also increases the risk of
contamination due to multiple open handling during these processes. Additionally, all cell
therapeutic products must be produced under the current Good Manufacturing Practice (cGMP)
guidelines, which require the cells to be produced in a clean room. However, the current DSP
lacks standardisation, leading to variations in product quality. These issues emphasise the need
for further optimization and development of DSP processes to ensure consistent and high-

quality biotechnology products [21].

Cell harvesting in large-scale manufacturing is challenging due to the limitations of traditional
centrifugation with manual handling. Several standard techniques have been developed,
including dead-end filtration, tangential flow filtration (TFF), and continuous flow
centrifugation [2, 50], to address these limitations. Dead-end filtration and TFF are both
membrane-based technologies that harvest cells with size-based membrane filtration.
However, dead-end filtration is not feasible for large-scale applications due to membrane
clogging from high cell concentration [2, 3]. On the other hand, TFF avoids direct deposition
of products on the membrane which hugely reduce the chance of clogging, extend the lifespan
of the filter, and enable the potential for larger scale application [21]. However, TFF still has a
high failure rate, compromises the viability of cells since blockage of the device cannot be
completely eliminated [22]. Membrane fouling and clogging from TFF can cause cell death,
changes in the fate of stem cells and reduced therapeutic potential [3, 22, 50], resulting in high
cost due to expensive and time-consuming replacement. Continuous flow centrifugation is an
advanced technology that combines washing and concentration in one step [51], reducing the
chance of contamination [52] and the throughput can go up to 2000L/h. However, it can
potentially damage the cells due to centrifugal forces like the traditional centrifugation [53]
and is limited by the high cost and it is not optimised to harvest cells from microcarriers at
large scale [2]. Cell harvesting cells from microcarriers share similar challenges cell harvesting
from planar flask. Cells need to be separated from microcarriers, normally by TFF, followed
by cell washing with centrifugation or membrane filtration. Harvesting cells from microcarriers
is one of the major limiting factors of using microcarriers in the industry. Cells are harder to
detach from microcarriers compared to planar flasks and it results in 20-50% cell loss during
harvesting and in some cases can be up to ~100% [44, 54, 55]. Therefore, smart microcarriers

with dissolvable or cell-releasing feature, such as temperature and UV sensitive microcarriers

13
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[5] are being explored to address this issue. Also, better detachment technologies and protocols

are urgently needed to optimise the cell harvesting processes in large-scale manufacturing.

The harvested and formulated stem cells are cryopreserved in liquid nitrogen until they are
needed in the clinics. During this process, the formation of ice crystals can damage the cells
and impede their performance after recovery [56]. To prevent this, cryoprotective agents (CPA)
or cryoprotectants are added into the cells during cryopreservation. Currently, the most
common CPA used is 10% Dimethyl sulfoxide (DMSO). It prevent water crystallisation and
opens the cell membrane to balance the electrolytes inside and outside the cells during
cryopreservation. However, exposing cells to high concentration DMSO or extended period
may compromise the viability, stemness and differentiation potential of stem cells when the
cells are [57, 58]. It might also induce severe adverse effects if taken by patients [59].
Therefore, the cryoprotective agents need to be mixed with cells precisely at a 1:9 ratio for the
best protection of cells while maintaining minimum damage to them. The current benchmark
technology for this application is robotic arms system, such as the Crystal® Filling Lines from
Aseptic Technologies. However, the robotic arm system creates cell damage and significant
batch-to-batch difference in the final products. It adds DMSO into cells in a bulk manner,
exposing one portion of the cells to high concentration of DMSO and then fills into
cryopreservation tubes and store the cells in temperature-controlled freezer every few hours
[60]. Additionally, the system is expensive to maintain and operate. The only alternative
method to robotic arm technologies is manual mixing. Manual mixing is not a viable alternative
due to low throughput, risk of contamination, insufficient mixing, and the reliance on human
labour. Therefore, improvements in cryopreservation process should target the mixing methods

and improve the filling speed [60].

Unlike the pharmaceutical industry, the stem cell industry lacks quality control steps in its
procedures. As we discussed earlier, the age and gender of donors [61, 62], tissue origin [62,
63], the passage of cells and even cells in the same batch [64-66] with different culture
conditions [67] are heterogeneous, different protocols and production processes employed by
different companies and laboratories further diversify the quality of stem cells [68]. Therefore,
the lack of quality control and the inherent variability of MSCs contribute to inconsistent
experimental results and clinical outcomes [69-71]. In order to address this issue, the
International Society for Cellular Therapy (ISCT) released the well-recognised standard for
characterising MSCs in 2008 [72]. However, this standard does not include criteria for

evaluating the protein expression and cytokine secretion levels of cells, which are important
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indicators of the stem cells potency and efficacy. While regulatory bodies such as Food and
Drug Agency (FDA) allow for some flexibility in this matter [73], having a standard quality
control procedure as part of the standard requirement of medicine is still desirable [6]. Some
studies have proposed immunofluorescent staining of the surface markers as a quality control
method [64, 73, 74], but these methods might not be sufficient due to the heterogeneity of cells

and have to be combined with some functional attributes of the cells.

In all, the production of stem cells is a critical process that currently heavily relies on
plastic/non-degradable  culture substrates, membrane-based, and centrifuge-based
technologies. Unfortunately, these methods present several limitations that cause reduced
productivity and increased production costs. To address these challenges, innovative
technologies that enhance the cell separation, detachment, washing, and mixing processes are
urgently required. Furthermore, there is a pressing need to establish a universally accepted
standard protocol for stem cell production. By enhancing the production process, it is possible
to reduce the cost of production, which would ultimately translate into significant benefits for
patients and consumers. These improvements are crucial in advancing stem cell research and

facilitating the development of novel therapies for various diseases.

1.4. Different microfluidic devices used in stem cells research

Microfluidic devices have emerged as a key technology for addressing many of the challenges
in the stem cell industry. Microfluidics is a technology that manipulate fluid in microliter level
[75]. Itis getting more and more attention due to its precise control of the fluid, low cost, high
customisability, small footprint and its potential to perform experiments that other technologies
cannot [76]. The discovery of particle behaviours in small channels dates back to the 1960s.
Segre” and Silberberg found that when 1mm particles pass through a 1cm cylinder channels,
they were focused at certain positions of the channels rather than randomly dispersed [77, 78].
This phenomenon received little attention until the rapid development of micro-fabrication and
micro-manufacturing technologies [30] such as soft lithography and 3D printing technologies,
which allowed for fabrication of better resolution channels for manipulating microparticles.
This discovery has led to further investigations for various purposes, such as isolating single
cells for single cell resolution gene studies [79] and separating cells according to size difference
[80]. Microfluidic devices provide higher efficiency, lower cost, lower consumption of
reagents, and lower expertise needed for these applications while creating the possibility for

executing new tasks that cannot be done before, such as large-scale single cell sequencing and
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creating tissue or organ models in small scale. In this chapter, we categorised microfluidic
devices as cell separators, cell stimulators/manipulators, droplet-based microfluidics, organ-
on-a-chip, and integrated or other microfluidics, highlighting their potential to significantly

improve the stem cell production process.

1.4.1. Cell separators
Stem cells is a very small subpopulation of cells in tissue samples. Stem cells constitute as little
as 2% [81] of cells in adipose tissue and 0.02% in bone [82], while the cell tissues themselves
contains up to 15 different cell types [24]. To isolate specific stem cell populations, researchers
rely heavily on techniques such as fluorescence-activated cell sorting (FACS) [83-85],
magnetic-activated cell sorting (MACS) [83, 86], or manual selection using microscopy [87].
These methods select the stem cells based on surface-specific markers and morphology, which
have high specificity, but are suffering from low recovery rate of stem cells, high cost of
reagents, antibodies, and equipment [24]. They are also limited by low scalability, limited
selectivity, and high risk of contamination [88]. Moreover, some stem cells, such as
mesenchymal stem cells (MSC) or iPSCs, lack definite surface markers that can identify them
[73], limiting the effectiveness of marker-based selection. To overcome these challenges, novel
approaches are being developed to isolate stem cells based on their functional characteristics
or genetic profiles. These efforts are critical to advance the study and application of stem cells

in regenerative medicine.

In recent years, microfluidic devices have undergone significant technological advancements
that enable the separation of cells based on additional properties such as size, deformability,
and surface charges. Microfluidic cell separations can be classified into two categories: passive
and active methods. Active microfluidics integrate external energy sources such as electric
fields, sound and magnetism with microchannels to control microparticles, while passive
microfluidics rely mainly on channel designs, fluid forces and properties of the liquid flow to
direct the particles. Active microfluidic devices offer monitoring of particles in real time [89]
and precise control of individual particles and different fluid types [90]. However, the
throughput of active microfluidic devices is generally low and there is a potential risk of
damaging cells due to the external energies applied. Passive microfluidics on the contrary, have
generally higher throughput and can be easily paralleled to further increase the throughput [89].
The energy consumption of passive devices is lower than active devices since the passive
devices are purely driven by fluid flow. However, the separation resolution of passive devices

is typically lower, providing less control over individual particles.
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1.4.1.1.  Active microfluidics
Active microfluidics are technologies that use external energy sources, such as magnetic,
electronic or acoustic field, or optical methods [89] to manipulate the microparticles inside the
channel. Cells or particles with different surface charges, cell density, electrical properties or
size [91] experience varying levels of forces and can be therefore positioned in different areas,

which can be used to separate cells and microparticles [23].

Dielectrophoretic (DEP) based microfluidic device is one of the most widely used active
microfluidic systems. This type of device separates cells based on their size, density, and
electronic properties. The earliest application of DEP on stem cells dates back to 1995. Talary,
Mills [92] used a DEP device to purify peripheral blood stem cells (PBSC) from bone marrow
samples, and a 5.9-fold enrichment was achieved. Adjusting the voltage of DEP device allows
separation of different properties particles and also can manipulate particles in different ways.
Simon, Li [93] used a DEP device to trap neural stem and progenitor cells (NPSCs) inside the
electric field, wash off the undesired cells and then collect them by changing voltage (Fig.
1.2A). More recently, due to the development of microfabrication technologies, the purity and
recovery rate of cells increase drastically compared to the old technologies. Song, Rosano [94]
developed another dielectrophoretic based microfluidic device to purify cultured MSCs from
the differentiated osteoblast, to obtain a pure population of MSCs with highest 96% recovery
rate or 84% purity. Similarly, Flanagan, Lu [95] used DEP device to separate neural
stem/progenitor cells (NSPC) from their surrounding differentiated cells in mouse embryo
neural samples by the difference dielectric features of neurons and astrocytes. The recovery
rate of NSPC is constantly higher than 95% in different embryonic stage samples. Another
DEP device was used to separate NSPC with a 50% recovery rate and 1.4-fold enrichment by
trapping them inside the field [96]. Although the recovery rate is low, the advantage of this
device is it is capable of manipulate the cells inside the trap by altering the frequency of the
device. Later, this technology was used to study the correlation between NSPC membrane
charges and cell fates [97]. The biggest challenge for DEP in the industry is its throughput. A

typical DEP device for cell separation proceeds samples at pL/min scale.

Besides DEP devices, magnetic, acoustic and optic-based microfluidics have also been used in
stem cell separation. Plouffe, Mahalanabis [98] applied a magnetic field to a straight
microfluidic channel to extract the anti-CD133 labelled haematopoietic stem cells (HSCs) and
endothelial progenitor cells (EPCs) from whole blood in the microfluidic channel, with a 96%

average recovery efficiency of both stem cell types (Fig. 1.2B). Zeng, Qiu [99] used the
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IsoFlux™ commercial microfluidic cell sorter to purify Sca-1 labelled lung multipotent stem
cells from mouse lung tissue (Fig. 1.2C). These two examples demonstrate the capability of
microfluidic devices in stem cell isolation from raw blood and tissue samples with minimum
loss. The results also showed better preserved cell viability and cell functions. Dykes, Lenshof
[100] made an acoustic field size-based microfluidic device to separate PBSC from the
peripheral blood mononuclear cells obtained from human donors. The recovery rate reached
98%, and 89% of the platelets were depleted (Fig. 1.2D). Zalis, Reyes [101] use an acoustic
microfluidic device to separate live hESCs from dead hESCs with 88.1% purity. As for optical
microfluidics, optical tweezer is a technology that precisely manipulates individual particles
with high-energy laser beam. Wang, Chen [102] have combined optical tweezers in a
microfluidic channel to sort GFP tagged hESC from non-tagged cells with a 90% recovery rate
and 90% purity.

Active microfluidic devices have become a promising technology for isolating target cells from
clinical samples with high separation resolution and precise control. This technology is
particularly useful in the stem cell therapy and cultivated meat industry, where target cells like
MSC:s lack universal markers for purification. While active microfluidic devices typically have
arelatively low throughput, they offer high separation efficiency, which is especially beneficial
when separating stem cells from tissue samples that are already small in volume. Although the
geometries and designs of active microfluidic devices are simple, they can be combined in
series to increase the throughput of the system or reduce the loss of target cells. In the future,
active microfluidic devices are likely to be developed for high volume processing in stem cell

industry applications while maintaining high resolution separation from clinical samples.
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Fig. 1.2. Active microfluidic devices used for stem cell isolations. A) The Dielectrophoretic
microfluidic chip (left) used to trap (right), wash and release NSPCs. Reproduced with permission [93]
Copyright 2014, AIP Publishing. B) Magnetic microfluidic device can isolate target cell types with high
recovery rate, but cell modification is needed. Reproduced with permission [98] Copyright 2012,
American Chemical Society. C) Similar to DEP-based microfluidic devices, magnetic-based
microfluidic devices can be operated in different ways to retain the cells in the device and perform
washing together with isolation. Reproduced with permission [99] Copyright 2015, John Wiley and
Sons. D) Acoustic microfluidic devices perform cell size-based separation due to the different reactions
of particles responding to the same wave strength (left) with 805% overall recovery rate of white blood
cells (WBC, right). Creative Commons CC-BY license [100]. Copyright 2011, the Authors. Published
by PLOS.
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Table 1.1. Active microfluidics for cell separation purposes

AUTHORS TECHNIQUES SAMPLES TARGET RECOVERY PURITY/ THROUGHP
CELLS RATE ENRICHMENT UT
Talary et al 1995 [92] DEP Bone marrow sample from a PBSC I 5.9-fold enrichment /1
donor
Song et al 2015 [94] Mixed MSCs and osteoblasts MSC 92% 84% 0.3 pL/min
Plouffe et al 2012 [98] Whole blood from a donor HSC, EPC 96% 81% 120 pL/min
Flanagan et al 2008 [95] Cultured mouse neural sphere NSPC >95% 2 uL/min
Prieto et al 2012 [96] 50% 1.4-fold enrichment 2 uL/min
Simon et al 2014 [93] 13.2-fold 3 uL/min
Yoshioka et al 2018 [103] Cultured MSC and Leukaemia MSCs 29.1% 83.5%, 2.3-fold /1l
cell lines
Dykes et al 2011 [100] Acoustic PBMC from multiple donors PBPC 98% 89% platelet depleted 20 pL/min
ZALIS, REYES [101] Cultured hESCs Live ESCs 42.3% 88.1% 100 uL/min
Vykoukal et al 2008 [104] | Magnetic Adipose samples from donors MSC /] 14-fold enrichment 1500 pL/min
ZENG, QIU [99] 2015 Digested mouse lung samples Lung multipotent /// 96-99% 20 pL/min
stem cells
Wang et al 2011 [102] OBtical tweezer Mixed culture BoBulation hESC 90% 90% 120/s
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1.4.1.2.  Passive microfluidics
Passive microfluidics can be divided into 4 types: hydrophoresis, pinch flow filtration,
deterministic lateral displacement (DLD) and inertial microfluidics [89]. Among these four
types of devices, hydrophoresis works at a narrow and low flow rate range, pinch flow filtration
requires sheath flow to operate, and DLD suffers from high shear stress and frequent clogging
[105]. Inertial microfluidics does not rely on sheath flow to operate, and it has the highest
throughput among the four device types. It does not apply large shear stresses to the cells and
the channels are large, which are not easily blocked and maintains a relatively high separation
resolution. Also, there are only a few papers separating stem cells based on the other three
types of devices. Therefore, in this chapter, we will only discuss inertial microfluidics as a

separator device for stem cells.

1.4.1.2.1. Inertial microfluidics
Inertial microfluidics exploits the phenomena of microparticles moving towards their
equilibrium positions inside a microchannel to separate particles with their properties such as
size, morphology or density [30]. Inertial microfluidics only apply gentle forces to the cells,
which have been shown to preserve the sensitive stem cell properties during the separation
process [8, 65, 106]. This is appealing in stem cell extraction from the tissue of origin. As the
first paper to use an inertial microfluidic device to purify stem cells, Hur, Brinckerhoff [107]
used a straight microfluidic channel with an expanded ending to separate adrenal cortical
progenitor cells from digested murine adrenal glands. Compared to the progenitor cells, the
surrounding differentiated tissue was found to have higher cholesterol content and tend to form
as a cluster of cells. Therefore, this device separated single cells from cell clusters based on
their size and collected stem cells from the side outlets and the cell clusters from the middle
outlets (Fig 1.3A). Lee, Rosano [106] demonstrated that a multi-outlet, rectangular spiral
microfluidic device can be used to separate MSCs from undiluted mouse bone marrow samples
with a 73.2% recovery rate. Compared to traditional cell extraction methods described above,
using inertial microfluidics to purify stem cells from their tissue origin is label-free, high-
throughput, clogging free, requires less manual handling, is simple and preserves high cell
viability with a high recovery rate. The throughput of inertial microfluidic devices can be
mL/min scale and can be further improved by paralleling these devices together without

drastically increase the footprint of the system.

Stem cells can develop into different subpopulations with different physical properties and

potential cell fate even under the same culture condition. Inertial microfluidics have been used
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to distinguish different subpopulations of cells with their physical properties and study the cell
secretion, gene expression and cell fate in each subpopulation. For example, Lee, Shi [65] used
a multi-outlet rectangular spiral device to separate cultured bone marrow derived MSCs with
different size and measured the physical properties of the sorted cells (such as elastic modulus,
relative nuclear fluctuation, attached cell spread area, etc.). They found that cells with small
size, low elastic modulus and high relative nuclear fluctuation are more undifferentiated and
multipotent (Fig. 1.3B). The ‘cell size-differentiation potential’ correlation is also supported
by other researchers. Yin, Yang [108] used a spiral microfluidic device to separate
mesenchymal stem cells into three different size groups and found that these cells have distinct
differentiation potencies and paracrine effects (Fig. 1.3C). The same spiral microfluidic device
was used to separate the cells into big, medium and small sizes by altering the flow rate. The
larger cells tend to differentiate into bone cells, the middle-size cells have higher potencies to
differentiate towards chondrogenic cells [109] and adipogenic cells, while the small-size cell
group remains most pluripotent. Moreover, large cells secrete more tropical factors such as IL-
6, IL-8, and VEGF. A larger scale proteomic study is needed to support this result. Based on
the findings of the study, this tool can be used for stem cell separation to study the
subpopulations of cells as well as reducing the batch-to-batch difference of the therapeutic

products, or selectively collecting the cells with higher therapeutic potential to treat patients.

Other applications could be in separating differentiated cells from stem cells. Depleting
differentiated stem cells from undifferentiated cells will maintain the pluripotent stem cell
population. On the other hand, depleting undifferentiated stem cells from differentiated cells is
important for the safety of regenerative medicine, since direct administration of
undifferentiated stem cells have the potential risk of tumorigenesis [71]. Song, Rosano [110]
used a multi-outlet spiral chip with the shear flow to isolate neuronal stem cells from other non-
neuronal cells in iPSC differentiation process. They recovered 93% of the neural stem cells
based on the size differences. The multiple outlets of the device allows precise isolation of
middle size neuronal cells from large cells and clusters and other small size cells. It is worth
mentioning that using sheath flow in microfluidic devices facilitates the particle migrations
inside the channel by reinforcing the force [111]; therefore, the devices using sheath flow
normally have a smaller footprint than the sheathless devices. Also, sheath flow can potentially
be used as a washing buffer in the system to perform washing and separation simultaneously.
However, in cases where cell washing is not needed, Sheathless devices are preferred since

there will be no consumption of sheath fluid. Guzniczak, Otto [112] has used a rectangular,
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multi-outlet sheathless spiral device to separate iPSCs induced red blood cells from other cells
in culture with more than 90% recovery and about 70% purity based on the deformability of
the enucleated cells. In these above-mentioned cases, iPSC stem cells are larger than the other
differentiated cells in the same tissue samples. In muscle tissue myotubes are multinuclear
cells, whereas muscle stem cells (myoblasts) are smaller in size. Syverud, Lin [113] use the
Labyrinth inertial microfluidic device to separate small mouse myoblasts (8-13um) from adult
muscle myotubes (16um), fibroblasts (10-22 um) and large undigested extracellular matrix
residues. The results showed that 66.5% muscle stem cells were recovered from the inner outlet
and demonstrate better myogenic differentiation potential than unsorted cells. Cell mitosis is
also one of the reasons for size variation in the same cell population. Cells in a different stage
of the cycle are different in size due to the alignment of chromosomes during mitosis
metaphase. Therefore, Lee, Bhagat [114] used a multi-outlet spiral microfluidic device to
synchronise cell cycles of MSCs based on size. MSCs were divided into three groups, 10, 15,
25 um groups corresponding to G0/G1, S and G2/M phase of the cells.

The inertial focusing phenomenon can be observed as long as the particles satisfy the condition
where the particle size is larger than 0.07Dy, where Dy is the hydraulic diameter of the channel
[115]. This phenomenon still exists on a larger scale, but other factors such as gravity have to
be considered [9]. Inertial focusing have been applied for separating particles larger than single
cells such as cell aggregates and microcarriers. For instance, a two-outlet rectangular cross-
section spiral was used to separate single neural stem cells from neurospheres. Since neural
stem cells naturally form a neural sphere in culture, traditional enzymatic or mechanical
detachment hugely damages cell viability. Therefore, the researchers gently separated the
single neuron cells from enzyme-mixed neurospheres, by applying gentle inertial forces to
detach the cells and obtain single neuron cells for distinguishing cell types in a cell population
and clonal study [116]. Another simple straight channel with sheath fluid inlet and obstacle at
the end was used to separate mESC spheroids into three different size groups [117]. The single
line obstacles ensure the larger cells go only into the larger outlets, producing a 100% purity
of small embryoid bodies population. Spiral microfluidic devices are beneficial in separating
larger particles since the Dean forces in a curved channel is amplified hugely in larger channels
[118]. Moloudi et al [8, 118] has used scaled-up, slanted two outlets microfluidic devices to
separate detached MSCs from microcarriers (Fig 1.3D) and another one for perfusion culture
of microcarriers with high recovery rate and well-preserved stem cell properties, such as

surface markers expression and differentiation potentials.
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Inertial microfluidic devices have been developed as one of the advanced methods for the
separation of rare cells from blood samples and multiple commercial devices have been
developed (Clearbridge BioMedics, Labyrinth Biotech Inc.), indicating that great potential has
been recognised by the scientific community and the industry. Although inertial microfluidic
devices have lower resolution than active microfluidic devices, the high throughput, low
fabrication and operation cost, simple setting and channel structure make them an ideal
candidate for cell separation, perfusion, and concentration purpose for larger volume
applications. In the future, different channel designs, such as the different cross-sectional
shapes of spirals can be explored to better meet the need of the stem cell industry, since
rectangular and slanted spirals dominate in the research field, while other cross-sections
designs have merely been explored. Also, integrating multiple inertial microfluidic devices in
the system can reduce the loss during separation or increase the throughput for larger scale
production. Lastly, fabrication of inertial microfluidics in a close-up system need to be

addressed, before they can be successfully commercialised.
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Fig. 1.3. Different types of inertial microfluidic devices used for Stem cell separation. A) straight
channel inertial microfluidic devices (a) used to separate single adrenal cortical progenitor cells from
surrounding cell clusters. The cells collected from different outlet are showed in (b) outlet 1, (c) outlet
2 and (c) outlet 3. Reproduced with permission [107]. Copyright 2012, the Authors. Published by PLOS.
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Spiral microfluidic devices used to separate stem cells with different physical properties in two one step
B) and two steps C). Reproduced with permission [65, 108] Copyright 2014, National Academy of
Sciences. Copyright 2020, Elsevier. D) Scaled-up inertial microfluidic devices used for separation of
MSCs from microcarriers. 97% of the beads can be collected from the inner outlet (bottom left) and
70% of cells collected in the outer outlet (bottom right). Creative Commons CC-BY license [9].
Copyright 2018, the Authors Published by Springer Nature.
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Table 1.2. Inertial microfluidic devices for cell separation purposes

TECHNOLOGIES CELL SOURCE TARGET CELL TYPES THROUGHPUT EFFICIENCY ENRICHMENT
RATIO/PURITY
Rectangular spiral [116] ganglionic eminences of E13  Neural stem cells I mL/min 84% 67% purity[109]
embryos from CD1 mice
Rectangular spiral [65] Femur bone marrow of adult MSCs 1.6 mL/min 73.2%+-1.5% 6+-0.4-fold increase from an
mice initial purity of 2.2%+-0.5%
Straight channel [107] Adrenal gland from mice Adrenal cortical stem cells 60 uL/min Not given Not given
Slanted spiral [110] Neural induction kit added Neural stem cells 3 mL/min 93% 2.1-fold increase
iPSCs
Rectangular spiral [119] Commercialised umbilical Cord blood CD34+ cells 1 mL/min >90% >70%
cord blood
Slanted spiral [8] Commercial MSCs with MSCs 30 mL/min 94% in  two Not given
microcarriers rounds
Slanted spiral [120] Murine MSCs dead MSCs 5 mL/min 75% 6 times higher senescence

marker expression

Labzrinth Channel [113] Mouse muscle tissue Mouse muscle stem cells 1.8 mL/min 66.5% 2 folds increase, 84.8%

TECHNOLOGIES CELL SOURCE THROUGHPUT APPLICATIONS

Rectangular spiral [114] hMSCs 2.5 mL/min cell cycle synchronisation for potential downstream research and applications.

Straight channel with obstacles | mESCs 20 uL/min Sorting of embryoid bodies with different sizes.

[117]

Slanted spiral [108, 109] Commercial human bone 1.5-4 mL/min Investigate the correlation of physical properties of cells and differentiation
marrow MSCs potential, therapeutic potential

Slanted spiral [121] Commercial human bone 3 mL/min Promote bone marrow regeneration with bigger size MSCs

marrow MSCs
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1.4.2. Active and passive mechanical stimulation or cell manipulation

devices
Active and passive microfluidics are also widely used to provide physical stimulations to the
cells, study their behavioural changes or measure their physical properties. These devices are

normally combined with signal readers or microscope to analyse the response of cells.

1.4.2.1.  Active microfluidics
The external forces/stimulus applied by different microfluidic devices can be used to measure
different properties of the cells. Nourse, Prieto [97] used the DEP device described in [96] to
measure the cell size (based on the time cells spent to cross the measuring point), surface
glycosylation and resting membrane potential to investigate their influence on the membrane
capacitance and the correlation with NSCs cell fate. This type of devices is called microfluidic
impedance flow cytometer (IFC), which have great potential in cell studies and have already
attracted great interest in commercialisation (e.g., Pollen IFC of Amphasys). Song, Rosano
[122], [123] used an IFC to distinguish and sort the MSCs with self-proliferation tendency and
MSCs with adipocytes, osteoblasts differentiation tendency. Similarly, Gong, Petchakup [124]
used a scaled-up IFC to characterise the differentiation potential of MSCs growing on
microcarriers since adipogenic cells have higher lipid content and, therefore lower
conductivity, and osteogenic cells have higher conductivity due to the higher calcium ions
content on the cell membrane. The electrical properties of cells can also be linked to the
expression level of specific genes as an indicator of cell behaviours (Fig. 1.4A). Crocetti, Beyer
[125] used impedance flow cytometer to evaluate the expression level of TRPCI, a
proliferation related gene which plays a key role in calcium uptake. These works all showed a
strong correlation between electrical properties and cell proliferation and differentiation. IFC,
as a non-invasive, non-damaging device, can be potentially applied in the bioprocessing
industry for cell monitoring during culture. Gong, Petchakup [124], who demonstrated IFC for
high throughput detecting the viability and differentiation potential of spheroids or cells
attached to microcarriers, could be a very useful cell monitoring tool during the industrial
production of stem cells. Similarly, the response of cells to acoustic field can be recorded to
measure the size and density of cells as well [126]. However, there are not many applications

showcased for stem cell applications.

27



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

1.4.2.2.  Passive microfluidics
Passive microfluidic utilises the hydrodynamic forces generated by the channel geometry to
relocate cells inside the channels. The inertial microfluidic channels can be used to mimic body
fluid movements, which also applies inertial forces to the cells in our body. While the cells are
being proceeded in the devices, different levels of shear forces are applied to the cells and their

behavioural changes are recorded and observed.

Moledina, Clarke [127] made a microfluidic device with 5 culture chambers for perfusing
media across the cultured mouse ESCs with different flow rates and compared the signalling
and proliferation rate changes of cells in different chambers. This method depletes the
endogenously secreted factors and allows the calculation of minimum paracrine ligands needed
to direct the cells towards certain cell fate (Fig. 1.4B). Choi, Levy [128] used an hydrophoresis
device, which is a device consisting of multiple ridges horizontal to the fluid direction, to
separate the MSCs with stickier surface properties. Sticky cells tend to roll on the ridges of the
device, while the non-sticky cells tend to follow the streamlines. With the help of this device,
they found the mediator of cell rolling in the system and correlated MSC differentiation with
the loss of adhesion. Otto, Rosendahl [129] combined a straight channel microfluidic chip with
a camera to observe the relationship between the deformability of hHSC (introduced by inertial
forces of the straight channel) and their cell-fate decision. Lin, Kim [130] built a serpentine
cross microfluidic channel (deformability cytometry) study and characterised the physical
properties of different subpopulation groups of stem cells with morphological changes. The
serpentine channel applies Dean forces and inertial forces on the cells and forces them to
change their morphology during the movement inside the channel. Different degrees of changes
were recorded by the camera in microscope and used to characterise them into different

subpopulations (Fig. 1.4C).
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Fig. 1.4. The active and passive microfluidic devices used for cell stimulation and analysis. A) An
impedance flow cytometer used for analysing the drug response and proliferation of microspheres/cells
attached microcarriers in a continuous manner. Reproduced with permission [124]. Copyright 2021,
John Wiley and Sons. B) a simple microfluidic channel to observe stem cells behaviours under paracrine
effect and inertial flow. Reproduced with permission [127]. Copyright 2012, National Academy of
Science. C) inertial microfluidic devices coupled with high-speed camera to record the deformability
of cells under inertial forces. The cell density and secreted factor trajectories were recorded in lines
(left) and the correlation between deformability and physical phenotypes (right). Reproduced with
permission [130]. Copyright 2017, Springer Nature.
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Table 1.3. Active and passive devices for cell stimulation and properties measurement

TECHNOLOGIES CELL PURPOSE OF RESEARCH
SOURCE
DEP [97] NSCs Distinguish stem cells with different differentiation potentials by their electrical properties and
isolate subpopulations
IFC [122, 123] hMSCs Separate stem cells with osteogenic and adipogenic potentials based on their membrane potential
IFC [131] hMSCs Induce stem cell differentiation by applying different level of electrical stimulation, and the
electrical properties of cells can be measured
IFC [124] hMSCs Measure the electrical properties of cell spheroids to characterise their differentiation potentials
IFC [125] hMSCs Use IFC to detect electrical properties (Cation channel expression level) of cells and correlate
them with proliferation potential
Straight channel [127] mESCs Observe autocrine and paracrine effects changes of cells under different flow rate
Straight channel [129] hHSCs Observe deformability of cells and their correlation with cell fate
Hydrophoresis [128] Commercial Investigate the correlation between cell adhesion and differentiation states
MSCs
Slanted spiral [118] Commercial Recirculating MSCs in the microcarrier-based perfusion culture system
MSCs
Serpentine channel [130] | Cultured iPSCs, Differentiate subpopulations of stem cells with different physical properties
NSCs, MSCs
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1.4.3. Organ-on-a-chip (OOC)

Bringing a new drug into the market is a slow, lengthy and costly process [132]. All drug
candidates undergo extensive preclinical assessment to avoid failures in clinical trials. High
drug attrition in clinical trials are mostly due to the absence of highly reliable and predictable
preclinical models [133]. Currently, pharmaceutical companies heavily rely on non-human
animal models and 2-dimensional (2D) cell culture-based assays for pre-clinical drug
screening. Although animal models provide vital information on the organ physiology, disease
pathophysiology and drug screening, they fail to recapitulate the anatomical structures,
development, disease symptoms and the actual human clinical response [134]. Moreover,
animal models are genetically different from humans and are expensive, with ethical issues.
The conventional 2D cell cultures of primary cells and immortalized cell lines lack the tissue-
tissue or multi-organ interactions, cellular matrix and all the mechanical cues present in vivo
[135]. Although the current 3D spheroids or organoid models constitute the relevant
components, they do not always include physiologically relevant cues like dynamic flow,
mechanical strain and multi-organ interactions, which all have significant impact on drug
metabolism [136]. Therefore, there is an urgent need of advanced model systems that
complement the existing preclinical models and reproduce physiologically relevant human
response.

Microfluidic organ-on-chips (OOCs) technology is a rapidly-growing approach used in drug
development and testing, as an alternative to the existing preclinical models [137] .OOCs are
miniaturised microengineered physiological systems that recapitulate the key structural and
functional features of human organs in vitro [138]. They offer controlled dynamic conditions,
substrate, biochemical and mechanical cues that mimic the organ-level functions. Owing to the
advantages offered by OOCs, numerous research groups have utilized it to develop models of
lung, heart, gut, kidney, liver, marrow, brain, and other organ systems of human body [139-
144]. Most OOCs incorporate co-culture of different cell types to study the interactions
between different organs, which can be further expanded by integration of different organ-
specific OOCs into one body-on-a-chip (BOC), to better understand the drug pharmacokinetics
in human body [145] . The possibility of using patient specific cells or tissue samples to develop
personalized OOCs that represent the physiology, pathology and genetics contributing to assess
and develop treatments for a specific patient or individual has further drawn attention towards

them (Table 1.4) [146].
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Isolation procedure, limited supply and donor variability are major issues with primary human
tissue samples [147]. Stem cells offer unlimited renewability with capability of self-
regeneration and controllable differentiation into adult cell types of different tissues or
organoids, making stem cell based OOCs models powerful alternatives for human disease
modelling and drug testing with multiple organ system interactions [146, 148]. Recently, the
use of stem cells in OOCs have drawn attention aiming to develop better models of effective
drug screening and toxicity testing. With the use of stem cells, the human OOCs will help
understand the differences in underlying pathophysiology between different patient groups,
identify groups that are more susceptible to a specific disease, compare drug responses of
individual patients and predict prognosis [149]. This will help to develop human tissue models
to assess the most effective and safest therapies prior to clinical trials and animal models.
Mesenchymal stem cells (MSCs) are usually the preferred option for researchers, as they are
relatively easier to extract from adult tissue biopsies [150]. However, the variability of
isolation, culture and differentiation protocols among different research groups lead to
heterogenous phenotypes in MSCs population, which is a major limitation of using MSCs in
OOCs [145]. Although embryonic stem cells (ESCs) offer consistent phenotype and unlimited
differential potential than MSCs, they are ethically controversial and highly regulated as they
must be derived from human embryos [145]. The limitations of generating large number of
genetically diverse cell lines coupled with ethical issues make ESCs an inappropriate source of
stem cells for disease modelling and drug studies. [IPSCs on the other hand offer similar genetic
background, morphology and surface marker expression as ESCs with no ethical concerns
[151]. Furthermore, iPSCs offer the possibility of developing patient-specific models and drug
studies by obtaining samples from donors with known disease phenotypes [145] (Fig. 1.5B).
Organogenesis-on-a-chip developed from hPSCs can help overcome the limitations of human
primary cells by generating highly ordered structures and tissues [152]. The types of stem cells

that can be used as tissue source for OOC:s is illustrated in Fig. 1.5A.

Different research groups have already developed an array of OOCs including blood vessels,
heart, kidney, CNS, blood-brain-barrier, muscles and more using ESC- and iPSC-derived cells
[149, 153] and demonstrated their potential. However, designing complex stem-cell based
OOC devices can be time-consuming, and expensive; limited access to stem cell resources
being another factor to consider. Recent advances in the OOCs technology have gained
tremendous interest from scientific and pharmaceutical industry evident from the outburst of

publications and industrial start-ups [135, 153-155]. OOCs offer better physiological
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representation of human disease modelling and drug responses compared to existing preclinical
models. iPSCs can also be genetically edited for specific mutations or introducing different
variants associated with a disease, allowing the modelling of specific diseases and to identify
novel therapeutic measures. In terms of multi-organ devices, it can be really challenging to
maintain different scaffolds, making the flow rates, culture duration, mechanical and chemical
cues for different cell types, making the system complex and challenging to all researchers.
The inherent genetic variability of humans can lead to major differences in cell phenotypes and
drug response, making the use of these models more challenging [156]. Also, culture and
maintenance of stem cells is a laborious, expensive, challenging, and lengthy process with
increased risk of contamination. The other issue is to ensure a fully differentiated and mature
adult phenotype of a desired organ. iPSC derived cells often display a foetal phenotype which
may lead to immature or poorly differentiated cells and large heterogeneity in phenotypes
[148]. Thus, it is vital to establish standard stem cell based experimental protocols for
individual patient and disease models to assess the individual’s cellular response to drugs and

other stimuli [153].

1.4.3.1. Stem cells-based organ-on-a-chip for Disease modelling
The stem-cell based OOC technology offers improved cell populations, structures, and
environments which are more physiologically similar, and a microfluidic flow pattern is
optimized to keep cells viable, differentiate and maintain polarity [157]. It is possible to
differentiate them into a broad range of cell types with relatively high efficiency, including
cardiomyocytes, hepatocytes, and distinct neuronal types [158]. They have become a good
alternative for disease-specific or patient-specific cells. Different research groups have utilized
stem cells that can differentiate to desired cell types with fairly authentic functionality. HiPSCs
derived from healthy individuals and patients can be used to develop models of vasculature:
human endothelial cells, vascular smooth muscle cells and pericytes, which can be integrated
in the OOC platforms to develop in vitro models of blood vessels and study associated
diseases[13]. Different cell types and cancer stem cells (CSCs) can be used to mimic the key
factors of the tumour microenvironment (TME) to study the tumour growth, invasion and
migration. By including CSCs, malignant cells with its TME can be invaded with myeloid cells,
phagocytes, immune cells and tumour-associated fibroblasts [159]. The stem cell approach is
particularly valuable for cardiac disease modelling because primary cardiac cells are difficult
to access and maintain in culture as they are non-dividing cells [160]. Also, the tissues obtained

from heart transplantation usually have abnormalities. Studies have shown the differentiation
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of 1iPSC-derived hepatocytes (iPSC-HEPs) on a perfusable micropillar chip to generate
controllable and mature spheroids, in situ with longer viability[161]. Musah et al. mimicked
the development, filtration properties and disease characteristics of the glomerular capillary
wall by co-culturing iPSC-derived podocytes with glomerular microvascular endothelial cells
in a kidney-on-a-chip model [14]. Naumovska et al. developed a gut-on-a-chip model by
differentiating iPSC into 3D-gut like tubules to model inflammatory responses observed in
patients [162]. Similarly, different groups have developed and validated BBB-on-a-chip
models by co-culturing iPSC derived endothelial cells with primary human brain pericytes and
astrocytes [163, 164]. In addition, OOC can be applied to advanced disease models by
combining them with patient-specific iPSCs eventually leading to more realistic patient-

specific on-chip devices.

1.4.3.2.  Stem cells-based organ-on-a-chip for Drug Screening
With OOCs, 3D cell culture can be controlled spatially and temporally, which is opening up
new avenues of research on cancer invasion, extravasation, and drug response [159]. Tumors-
on-chips have reduced drug development time and costs, as well as ethical issues associated
with animal experiments. Through parallel cell encasements and chemical gradients of
circulating drugs, organ-on-a-chip platforms can be made more powerful and capable of high-
throughput drug screening[159]. In order to replicate the bloodstream-to-tissue transport of
drugs, OOCs are vascularized by an endothelium layer. Liver is the main target organ for drug-
induced toxicity due to its crucial role in drug metabolism and detoxification. Thus, several
research groups have developed liver-on-a-chip to study the hepatotoxicity of new drugs[165].
A four-cell human liver acinus microphysiology system (LAMPS) was developed by Sakolish
et al using primary human hepatocytes, iPSC-HEPs as well as three human non-parenchymal
cell lines to observe the short-term and long-term effects of 8 different drugs [166]. The kidney-
on-a-chip developed by Musah et al. was used to replicate the cancer drug Adriamicyn-induced
injury and albuminuria Adriamicyn [14]. Similarly, Naumovska et al. used the iPSC derived
3D-gut like tubules to assess the inflammatory responses observed in patients using pro-
inflammatory cytokines IL-1 B, IFN-y and TNF-a [162]. To study the hepatic metabolism-
dependent cardiotoxicity induced by clomipramine, an antidepressant drug, Yin et al. built an
1PSC liver-heart OOC platform with iPSC differentiation into the OOC [167]. Oleaga et al.
used their liver-iPSC-bsed heart OOC to investigate the cardiotoxicity of the drug
cyclophosphamide [168]. Zhang et al. used their iPSC-based liver-heart OOC model to analyze

the hepatotoxicity of Doxorubicin and Acetaminophen [169]. For cancer therapeutics, cancer
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stem cells(CSC)-based models developed using the tumor samples or IPSCs can be a promising
platform to analyze and identify the best chemotherapy agents with positive results and
minimal side effects. By developing such models, the cancer community will be able to
improve patients' quality of life, improve survival rates, and facilitate the testing of various
new drug formulations [159]. The hiPSC-CM-based OOC technology reduces the cost and time
of preclinical drug research by allowing the preliminary evaluation of libraries of drugs and the

selection of compounds that are potentially active and safe[164].

The incorporation of stem cells into OOC models will lead to development of advanced
preclinical models for identifying the best treatment for individual patients across large
population suffering from same disease [155]. Furthermore, stem cells-based organoids can be
integrated into the OOC platform to develop a more powerful “organoids-on-a-chip”, which
has better maturity and functionality [136]. Standardising OOC models provides a
comprehensive model for evaluation of treatment outcome and thus a potential scalable

standard for cell therapy quality control, or cell line establishment standard.
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Fig 1.5. Stem cells organ-on-a-chip modelling. A) Tissue sources for organ-on-a-chip (OOC) devices.
ESCs, iPSCs, and adult stem cells (ASCs) can be differentiated and integrated into OOC. The figure
demonstrates the advantages (white) and limitations (black) for the use of different cell types in OOC
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devices. Stem cells are readily available and have unlimited cell source. Despite the existing limitations,
stem cells are a promising technology for integration into OOCs. (Reprinted with permission from [14])
B) (a) Schematic and picture of the fabricated chip for real-time monitoring of cardiac electrophysiology
and contraction. (b) Fluorescence images of cultured human iPSC-CMs on the device (Hoechst: blue
and cTnT: green) Scale bar: 100 um. Reproduced with permission [145]. C) (a) Fabrication of the bone
marrow-on-a-chip by bonding the PDMS layer with channels to a glass slide. (b) Live and dead staining
of 4 different mesenchymal niches construct types on day 8. scale bar: 100 pm. Reproduced with
permission [170].
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Table 1.4. Organ-on-a-chip used for stem cell research

Lin Ding

00C TARGET DRUG TESTED STUDY DONE
DISEASE/CONDITION
Hypertrophic changes Isoprenaline Signs of hypertrophic changes caused by mechanical and biochemical
co-stimulation [171]
Heart-on- | Heart-pump functions Isoproterenol Recapitulate the kinetics of cardiac microtissue functions and validate
a-chip the responses to electrical stimulation and dose-dependent inotropic
drug administration [172]
Heart failure and low blood Norepinephrine A model with integrated sensors to record contractility and
pressure electrophysiology [170]
Drug-induced changes in cardiac Doxorubicin, Endothelin-1, Cardiac spheroids, quantitative growth, and effects of different drugs
cell growth Acetylsalicylic  acid,  Isoproterenol, [173]
Phenylephrine, Amiodarone
Drug-induced changes in heart Isoproterenol Heart rate and duration of rate correlated field potential [174]
rate
Changes in vascular permeability TNF-a and Isoproterenol Measurement of the TEER in the endothelial layer, the beating rate with
and drug-induced cardiotoxicity corrected field potential duration [175]
Liver-on- | Drug-induced hepatotoxicity Troglitazone Assessment of albumin and urea production, viability, and nuclear size
a-chip of hepatocytes [176]
Drug-induced hepatotoxicity Terfenadine, Troglitazone, Rosiglitazone, Compared iPSC-derived model with the primary human hepatocytes
Tolcapone, Trovafloxacin, Pioglitazone seeded model, their model is better in basic liver functions, drug
and Caffeine pharmacokinetics, metabolism, and safety [166]
Drug-induced hepatotoxicity Acetaminophen Effects of the drug on the differentiated liver organoids in situ [177]
Bone Organ-level marrow toxicity to Granulocyte colony-stimulating factor Physiologically relevant, demonstrated the effects of y-radiation and
marrow- | radiation (G-CSF) validated radiation countermeasure drug, G-CSF [178]
on-a-chip | Long-term in vitro bone marrow Long-term culture of primitive HSPCs in a dynamic condition [179]

model

Interaction  between  infused
hematopoietic stem and progenitor
cells (HSPC), lymphoma and
leukemic cells
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Radiation-induced toxicity

Albuminuria and Podocyte injury

Normal physiological BBB and
Neurodegenerative diseases

Neurological Disorders

Normal physiological BBB

Human BBB physiology and
pathology
of BBB

Mechanistic  studies

disruption

Organophosphate neurotoxicity

-Motor Neuron Disease such as
Amyotrophic Lateral Sclerosis
(ALS)

Radiation-protecting

bactericidal/

protein (BPI)

Adriamycin

Mannitol and TNFa

TNFa, IL-1B and IL-8,

Levetiracetam, Colchincine

effects
potential therapeutic proteins, G-CSF and
permeability-increasing

of two

Retigabine,

Caffeine, Cimetidine, and Doxorubicin

Anti-brain tumor drugs (paclitaxel and
bortezomib) and a neurotoxic peptide

(amyloid B 1-42)

Transforming growth factor beta (TGF-

B1)

Dimethyl methylphosphonate (DMMP,
97%), diethyl methylphophate (DEMP,
97%), diethyl cyanophosphonate (DECP,
90%), and diethyl chlorophosphate (DCP,

97%)
-Brain-derived  neurotrophic  factors
(BDNF) and  glial cell-derived

neurotrophic factor (GDNF)
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Modelling  haematopoiesis, to radiation and its

countermeasures [181]

response

Chip mimicked the structure and function of the kidney glomerular
capillary wall in vitro [182]

Physiologically relevant human post-capillary venules, quantitative
analysis of barrier function and endothelial cell behaviour [183]

Modelling inheritable neurological disorder and drug screening [184]
Physiologically relevant perfusion, permeability assays, shear stress and
drug testing [185]

Barrier integrity with tight junction protein expression and multiple drug
testing[186]

Tight junction protein expression, permeability and BBB disruption
[187]

Organophosphate toxicity screening, transport across the barrier,
inhibition of AChE activity following exposure [188]

Neuro-vascular coupling to study pathogenesis of motor neurone disease
[189]
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Motor Neuron Disease Thapsigargin and Riluzole Therapeutic effect of Riluzole concentration gradients on Thapsigargin-
mediated neuronal damages[190]
Neurovascular diseases, Hypoxic- Glial cell-derived neurotrophic factor Co-culture platform to investigate paracrine signalling in controlling
ischemic brain injury (GDNF) endogenous neuronal behaviours in vivo. [191]
Muscle- Hutchinson-Gilford Progeria Everolimus Model reproduced key features of HGPS to study its pathogenesis and
on-a-chip | Syndrome (HGPS) response to proposed therapeutic [192]
Multi- Normal human physiology Pergolide, = Rofecoxib, = Valdecoxib, Co-cultured four autologous tissue models from iPSCs from the same
organs- Bromfenac, Tienilic acid and healthy donor [193]
on-a-chip Troglitazone
Drug Toxicity in multiple organs  Pergolide, = Rofecoxib, = Valdecoxib, Multi-organoid ‘body-on-a-chip’ system for integrated drug studies
Bromfenac, Tienilic acid and [194]
Troglitazone
Hepatic = metabolism-dependent Clomipramine Multi-organoids-on-a-chip model replicating human organ-specific
cardiotoxicity functions, drug metabolism and responses at multi-organ level [167]
Cardiotoxicity and hepatotoxicity =~ Cyclophosphamide Replicates in vivo crosstalk between heart and liver, evaluation of
cardiotoxicitz and heBatotoxicitz [168]
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1.4.4. Droplet microfluidics

1.4.4.1.  Single cell analysis
Droplet-based microfluidics has been extensively used in the study of single cells in recent
years. Cells can be easily compartmentalised in individual droplets for downstream
applications by utilizing the sub-nanolitre level compartments and narrowed channels. This

technology hugely increases the resolution and reduces the cost of single cell analysis.

Traditionally, cell and molecular biology studies are performed in bulk samples, analysing the
average signal of a whole population. In recent years, researchers have shown the importance
of studying cells and their characteristics at single cell resolution to avoid masking cellular
diversity, functionality and behaviour [31, 195]. This finding gives rise to a new term called
cell heterogeneity, which is one of the main roadblocks to the translation of stem cell research
into practical therapy. Cellular heterogeneity exists in every cell population [196, 197],
particularly in stem cells compared to differentiated cell groups. Due to their differentiation
potential, stem cells are heterogeneous even in the same batch of cells. This can potentially
lead to false judgment of therapeutic or research outcomes. For instance, transplantation of a
small population of undifferentiated stem cells with the majority of differentiated cells has the
potential risk of developing teratoma. Therefore, studying individual cells in a cell population
is necessary to unmask the low levels of important cell properties that might be covered up by
the bulk analysis results [198]. The following reviews have discussed the cell application on
different aspects including genome [199], epigenome [200], transcriptome [201], metabolome
[202], proteome [203, 204] and multi-omics [25]. This review focuses on discussing the single-

cell microfluidic tools applied in stem cell research.

Microfluidic-based single-cell analysis tools are divided into two types: droplet generator and
droplet array. Droplet generators encapsulate individual cells into droplets by alternating liquid
and oil phases in micrometre level channel. This method generates millions of droplets/min,
with about 10% droplets containing a single cell [205]. However, the droplet generator cannot
handle a small sample size due to the requirement of minimum starting volume, similar to a
flow cytometer [206]. Static arrays encapsulate cells into individual chambers or wells by
injecting cell solutions into microchamber arrays. It allows multi-omic studies and monitoring
of single cells, while the throughput and scale (number of droplets produced) are limited.
Active microfluidic devices provide precise control of a single particle inside the fluid or

droplet that contain a single cell. The accessibility and controllability of the single cell are
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better, but the throughput is lower, associated with risks of cell damage caused by the external

forces applied [207].

Droplet generator has become a hot topic in recent years. The high throughput feature attracts
great interest in large-scale cell encapsulation for sequencing and molecular studies. Droplet
generators are commonly used with DNA or RNA barcoded beads to capture the genetic
material of the lysed single cell in the droplet. Each barcoded bead has a unique sequence to
allow identification of the genetic material of each cell during reading. This method was first
developed by Klein, Mazutis [205], to study the heterogeneity in mESCs and has now been
adopted worldwide for single cell analysis (Fig. 1.6A). For example, Rotem, Ram [208] use
the same concept and technology to distinguish and identify the sub-population of mESCs by
characterising chromatin profiles of cells by binding the DNA content of each cell to their own
unique barcoded beads and performing next-generation sequencing (NGS). Izzo, Lee [209] use
droplet generators to sequence the scRNA of mouse haematopoietic stem cells (mHSCs). The
sequencing results provided deeper insight into the effect epigenomic regulation genes have on
the differentiation landscape of mHSCs. De Micheli, Laurilliard [210] used the 10X genomics
sequencing kit to sequence the RNA of mouse muscle stem cells before and after injury. The
populations involved in muscle regeneration was identified and the key paracrine factors
involved in muscle regeneration were identified. This can be potentially useful not only for
muscle regeneration purpose, but also for speeding up the cultivated meat production process.
Single cell capturing can be used to do long-term culture or spheroids development. An, Liu
[211] encapsulated single MSCs in microgels to generate single MSCs-derived spheroids for
bone regeneration. Compared to multiple cells encapsulation which will be discussed in the
following section, single cells encapsulation allows direct intravenous injection due to the small

size. It also reduces the chance of clearing out by the host in allogenic injection (Fig. 1.6B).

Droplet arrays can be divided into two types; one type of array encapsulates the cells within a
droplet during cell solution injection and is therefore named as a static droplet array (SDA).
The other type of array contains ten to thousands of individual cell-sized traps, allowing
perfusion of cells with high trap occupancy, called cell trapping array (CTA). Since the cells
are physically put in compartments, SDA can be used for cell-cell interaction and secretion
studies. Sikorski, Caron [212] developed a static droplet array (SDA) with multiple inlets for
adding reagents during the experiment. They investigated the heterogeneity of individual
hESCs reactions to the addition of FBS and found that OCT4 expression correlated to foetal

bovine serum (FBS) presence, which affects the cell morphology, growth, and differentiation
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(Fig. 1.6C). To improve the sensitivity of qPCR in low input RNA, Zhong, Chen [213]
developed an SDA with a heating plate to study the heterogeneity of B2M, Nodal and Fzd4
gene expression in single hESCs. SDA has also been combined with a pumping system to
provide long-term culture study of single cells. Dettinger, Frank [214] made a 48 chambers
SDA to study the differentiation of primary HSCs under the presence of Macrophage colony-
stimulating factor (M-CSF) cytokine. Lecault, Vanlnsberghe [215] used an SDA device to
track the proliferation of HSCs and investigate the cell response to exposure time of growth
factors over time. On the contrary, a CTA does not have a separate environment for each cell,
thus, studies that require an individualised environment are not feasible. However, the
footprint of CTA is much smaller than SDA, and large scale screening of cells is easier in CTA.
Skelley, Kirak [216] developed a static array for trapping and pairing two different types of
cells to study cell-cell interaction and provide a chance for cell fusion for reprogramming. This
device contains maximum of 6000 traps and they obtained about 70% paring efficiency in an
8x4 mm space. Kobel, Burri [217] developed an algorithm for automatically detecting single
cells within a static array, and it is capable of tracking dividing cells and recording different
fluorescent signals of cells. Faley, Copland [218] use CTA to trap chronic myeloid leukaemia
patient-derived HSCs and treat the cells with dasatinib, a cancer-treating drug, to investigate
the apoptosis and motility of the cells after treatment. This demonstrates the potential
application of CTA in clinical applications such as personalised treatment and industrial

applications such as drug screening.

There are also some single cell microfluidic studies using other platforms, such as active
microfluidic systems to manipulate the cells individually. Zhou, Basu [12] isolated mESCs in
a static array with electrodes built under the traps. The electrodes were used to measure the
change of electrical properties of the cells during differentiation (Fig. 1.6D). This device was
used to investigate the same problem as to Song, Wang [123], who built an impedance
microfluidic flow cytometer channel to measure the electro-properties of differentiation states
of mESCs. The static array yields more sensitive results than the cytometer, due to the better
positions of electrodes and more precise measurements. DEPArray (DEP-based microfluidic
device) is another example. Silvestris, Cafforio [219] used DEPArray to isolate oogonial stem
cells (OSCs) from tissue fragments and select the OSCs based on the fluorescent tag and the
morphology of the cells. They found that the levels of marker expressed by individual cell is a
direct indication of their differentiation capacity. The external forces applied by active

microfluidic devices can be strong enough to be used as an active trap for cells. Evander,
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Johansson [220] used an acoustic microfluidic device to trap single NSCs inside the channel,

allowing perfusion culture and study of single cell or cell clusters (Fig. 1.6E).

As we discussed in the earlier section, currently, there is no standard quality control tests for
stem cell products, even though the heterogeneity of stem cells is vast. Unsuccessful clinical
trials can be partially attributed to the heterogeneity of cells. Although there are papers
suggesting universal standards to quantify the immune-modulatory properties of cGMP-
produced MSCs [64], insight of stem cell product quality has never been provided at the single
cell level. Likewise, a comparison of the stem cells from different cell sources can be beneficial
for quality control of products and standardising the cell sources. Stem cell therapy industry
require homogeneous product quality and a well-characterised single muscle cell profile can
be useful as a cell line selection standard. Given the fast and low-cost manner of droplet-based
microfluidics and especially the easy manipulation mode of SDA devices, new stem cell quality
control methods can be developed around it. It can provide a more detailed analysis and a better
understanding of the batch-to-batch difference of the products, which would then improve the

clinical outcome of stem cell therapy.
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Fig. 1.6. Droplet-based microfluidic devices used or single stem cell analysis and studies. A) Droplet
generator-based single cell sequencing (top) reveal pluripotency related gene in ESCs (bottom).
Reproduced with permission [205]. Copyright 2015, Elsevier. B) Single cell-encapsulated microgel
(top) used for regenerative medicine showed a lower clear out rate in the injection site (bottom).
Reproduced with permission [211]. Copyright 2020, Elsevier. C) Static droplet array (top) allows better
long-term culture and tracking of single stem cells derived colony (bottom). Reproduced with
permission [212]. Copyright 2015, John Wiley and Sons. D) A static droplet array coupled with electric
field (top) to measure the differentiation state of ESCs. 8 cells were individually trapped, and the
impedance magnitude and phase were measured overtime (bottom). Reproduced with permission [12].
Copyright 2016, Elsevier. E) Acoustic-based single cell traps (left) allow long-term perfusion study of
single NSCs, perfusing acridine orange staining over time (right). Reproduced with permission [220].
Copyright 2007, American Chemical Society.
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Table 1.5. Droplet-based microfluidic devices for single cell analysis

TECHNOLOG THROUGH CELL APPLICATIONS
IES PUT TYPES
Droplet 100 uL/h mESCs Developed droplet generator for RNA-sequencing and study the heterogeneity in subpopulations of ESCs [205]
RO N.A. murineHSCs  Use RNA-sequencing to study the differentiation landscape of HSCs, correlate DNA methylation with
differentiation [209]
N.A. ESCs Use DNA sequencing to study subpopulations of ESCs classified by different chromatin states [208]
100 uL/h MSCs Single cell encapsulation in hydrogel for bone regeneration[211]
SDA 160 chambers hESCs Long-term analysis of correlation between cell proliferation and cell marker expression [212]
20 chambers  hESCs On-chip PCR analysing absolute mRNA level in single cell [213]
48 chambers ~ MurineESCs  Precise control of single cell microenvironment for long-term tracking study. [214]
1600 mHSCs Controlled microenvironment for single cell proliferation study [215]
chambers
CTA 700-6000 mESC Cell fusion with chemical and electrical methods [216]
traps
2048 traps hHSCs A tool with an algorithm to track cell division and cell phase [217]
440 traps hHSCs Test cancer drug response with patent-derived stem cells [218]
DEP array N.A. mESCs Measure the difference of electrical properties of individual cells and their differentiation potentials after time [12]
8 DEP cages  Oogonial Single cell isolation from tissue and observe the relationship between marker expression level and differentiation
stem cells potential [219]
Acoustic 3 acoustic NSCs Demonstrate the potential to trap single cell, single spheroid and perfuse different media [220]

microfluidics traBs
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1.4.4.2. Droplet generators for microcarriers and microtubes manufacturing
The high-throughput, customisable and stable nature of droplet generators is also of great
interest in the field of chemical synthesis such as microcapsule and microcarrier production.
Traditionally, microcarriers are produced by water-in-oil emulsification. This method is simple
and effective but results in huge size variation of microcarriers and a huge waste of material
(the microcarriers producing efficiency can be lower than 50% [221]). They also have limited
control over the material and modification that can be performed on microcarriers. The
emergence of droplet generators hugely reduces the waste of materials in a large scale, reduces
the size variation and simplifies the post-processing steps. Also, the appliance of droplet
generators enables production of combined materials, or microcarriers/microtubes with
complicated structures and shapes. The material of microcarriers is one of the keys determining
factors in choosing droplet generator designs. For example, Alginate microcarriers require at
least two sample inlets to allow mixing of Alginate acid and Calcium solution on-chip and
allow gelation of material on a chip [222]. At the same time, gelatine can have only one sample

inlet [11, 223, 224] and the microcarriers can be crosslinked or gelated later.

Droplet generators are highly customisable. They can make variable sizes microcarriers which
allows culturing of monolayer cells, or multiple smaller microcarriers embedded in cell
spheroids that become the extracellular matrix [225] of cells to increase the nutrient and oxygen
supply. They can also be used to produce fibres-like or sphere structures to encapsulate cells.
These different technologies are used to serve the different purpose of research or achieve
different aims during culture. Most commonly, droplet generators are used to produce mono-
size microcarriers [11, 224, 226, 227], encapsulated spheroids [222, 223, 228-232] or
microfibres [233-236] for large scale cell culture. One of the main advantages of using a droplet
generator is to produce low-cost, mono-sized microcarriers. Rogers, Haskell [11] built a step
emulsification droplet generator to make mono-size Gelatine methacryloyl (GelMA)
microcarriers in large-scale. The microcarriers produced pass through an on-chip UV device to
gelate the microcarriers, and the cost of production is 0.01 USD/cm? (Fig. 1.7A). The flexibility
of the device allows the production of microcarriers to process fragile materials or integrate
multiple components which traditional emulsification technologies cannot. For example,
Allazetta, Hausherr [226] and Dashtimoghadam, Fahimipour [227] used flow focusing droplet
generators to encapsulate growth factors into the microcarriers, which were then slowly

released during cell culture to direct stem cells differentiation (Fig. 1.7B, 7C).
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Another unique application of droplet generators is cell encapsulation. Stem cells can be treated
as one of the materials during the droplet generation process to create a local stem cell niche-
like environment for research purposes [232]. For example, Alessandri, Feyeux [237] used a
microfluidic droplet generator to encapsulate multiple hNSCs in one hydrogel to improve the
cell proliferation and differentiation in culture. Liu, Wang [231] used droplet generators to
encapsulate pancreatic endocrine cells and culture them into functional islet organoids,
demonstrating a robust and scalable method of stem cell organoid generation. Chan, Zhang
[232] encapsulate MSCs in alginate-arginine-glycine-aspartic acid (-RGD) to generate MSCs
spheroids. The main advantage of using this material is that after culturing the MSCs in a niche-
like microenvironment, the -RGD shell of the generated spheroids can be dissolved within a
short time, exposing the MSC spheroids for downstream application. Besides the benefits of
encapsulating cells for better cell culture, encapsulation of stem cells is also a safe and effective
method to deliver stem cells to injury site as a regenerative therapy, since delivering cells alone
without encapsulation results in cell loss and cell death after engraftment [223, 230]. Therefore,
researchers have showcased using droplet generators to encapsulate different stem cells such
as cardiomyocytes [230], MSCs [222, 228], endoderm Stem cells [229], etc to treat different
conditions in animal models. Zhao, Liu [223] encapsulated bone marrow MSCs in hydrogel
with growth factors to differentiate the cells after engraftment, which showed significant
promotion of osteogenesis of stem cells (Fig. 1.7D). Kankala, Zhao [238] developed porous
microcarriers, which allow better nutrients and oxygen delivery for mouse myoblast cells
(C2C12 cell line) delivery and culture and the results showed facilitated cell growth and
differentiation. These results showed that droplet generators can potentially be used to produce
microcarriers for large-scale culture, but also has the potential to be applied in the formulating
and filling process, to make encapsulated stem cells for better delivery of therapy. Moreover,
growth factors can be encapsulated into the microspheres and released slowly [223], which can
improve the outcome of stem cell therapy. It is worth mentioning that Alessandri, Feyeux [237]
fabricated the whole droplet generator device by 3D printing technology. 3D printing allows
fabrication of complicated microfluidic structures with low-cost, fast turnover rate and simpler
post-fabrication treatment. As the printing resolution of printers advances these days, 3D
printing can be one of the future main technologies to rapid prototype and manufacture

microfluidic devices.

Other types of microcarriers can be produced to achieve different aims. Fibres-like carriers is

one other type of cell carrier that attracted great interest. Encapsulating or growing cells on
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long fibres is efficient to produce large cell mass with good homogeneity. Cell spheroids limit
the nutrient supply to the cells in the core of the sphere, while fibres encapsulated cells have a
constant diameter and can therefore supply nutrients evenly[235]. Fibre-like structure is also
suitable for mimicking a different microenvironment compared to microcarriers (Fig. 1.7E).
For cells with extending morphology like neural stem cells, better morphology, and cell-cell

interaction [233] were reported with microfibres culture (Fig. 1.7F).

The promising potential of droplet generators in microcarriers has attracted a lot of attention in
the stem cell industry. CellFiber Ltd have already started using droplet generators to produce
microcarriers and microfibres for cell culture purposes. Currently, harvesting cells and cellular
products from microcarriers is still a major challenge in the stem cell bioprocessing industry.
Droplet generators show a promising future of producing mono-size, xeno-free and cell type-
specific microcarriers. It is also critical to provide dissolvable and edible solutions for the stem
cells industry, to reduce potential microplastic residues in the final product and to meet the
food and therapeutic goods standard. Moreover, more and more papers and products are
showing higher cell expansion rate, better treatment outcome of implantation by having porous
structure in the microcarriers [239]. This has also been made feasible by microfluidic devices
[240]. Industrial scale production of microcarriers with droplet generators are still under
research. The current mL/min scale is far beyond enough for industrial need. However,
paralleling multiple microfluidic devices or setting up multiple microfluidic devices for

microcarriers production is feasible due to the low production cost.
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Fig. 1.7. Scaled-up droplet-based technologies used for microcarriers production/cell encapsulation. A)
A step-emulsification droplet generator used for large-scale production of gelatine microcarriers.
Reproduced with permission [11]. Copyright 2021, Oxford University Press. Droplet generator
platforms can be customised to add different surface ligands B) or growth factors C) in the microcarriers
to promote attachment, proliferation and differentiation of different cell tyeps. Reproduce with
permission [226]. Copyright 2013, American Chemical Society. Creative Commons CC-BY license
[227]. Copyright 2020, the Authors, published by Springer Nature. D) Encapsulated cells for cell
therapies increase the cell retention rate and improve the therapeutic outcome. Reproduced with
permission [223]. Copyright 2016, John Wiley and Sons. E) Cells-ladened microfibres provide different
microenvironment compared to microcarriers. Reproduced with permission [234]. Copyright 2021,
American Chemical Society. F) Tadpole-Egg-shaped microspheres generated by droplet generators for
therapeutic purpose. Reproduced with permission [236]. Copyright 2019, American Chemical Society.

49



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

Table 1.6. Droplet-based microfluidic devices for microcarriers production

TYPE MATERIAL TYPE CELLS MATERIAL PURPOSE
THROUGHPUT
GelMA Step hMSCs 5-30 mL/h [241]  Large-scale, low-cost microcarriers production for stem cells expansion
emulsification [11]
Gelatine Flow focusing hMSCs 2.5ul/min Dissolvable microcarriers for stem cells expansion [224]
% crosslinked
& with genipin
= PEG Flow focusing ESCs 4 uL/min Produce microcarriers with appropriate ECM that can direct stem cell
§ differentiation [226]
-§ PLGA Co flow MSCs 5 uL/min Growth factors integrated microcarriers for differentiation of stem cells
[227]
Gelatine Cross flow hMSCs (bone) NA Injectable encapsulated cells to promote articular cartilage tissue
crosslinked regeneration [228]
with PEG
Alginate Cross flow hMSCs (dental) 200 uL/h Injectable encapsulated cells to promote articular cartilage tissue
Calcium regeneration [222]
Alginate Flow focusing hMSCs 13 uL/min Control the microenvironment of hMSCs and induce differentiation for
Calcium research [232]
Alginate Co flow hNSCs, dental N.A. Study stem cell behaviours in a 3D manner [242]
Calcium MSCs
GelMA Co-flow with hMSCs (bone)  100-2000 uL/h Injectable encapsulated cells for osteogenic tissue construct [223]
electrostatic field
Alginate Co-flow with hEndoderm NA Proliferate and differentiate somatic cells from stem cells for
g calcium electrostatic field stem cells transplantation [229]
& (?)
% PEG-based Co-flow hiPSCs  with NA Make stem cell organoids for potential tissue regeneration purposes [231]
= hydrogel NHCF-V cells
1 PEG, Flow  focusing hiPSCs 0.1-0.4 ul/min Produce biocompatible porous microcarriers for better nutrients supply of
= Dextran and co-flow cells and transplantation [238]
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PLGA Co flow C2C12 N.A. Encapsulate neural cells in hydrogels to produce 3D stem cell niches [237]
Alginate Co-flow hNSCs 20 mL/h Provide new encapsulation methods and scaffold structures for improved
Calcium tissue engineering outcomes [243]
GelMA Cross flow C2C12, hMSCs 50 uL./min Build encapsulated stem cell fibres for reconstructing neural fibres in vivo
[233]
GelMA Co-flow MSCs Encapsulate MSCs with pancreatic cells to provide a immune-suppressive,
favourable environment for pancreatic cells survival and function [244].
Collagen Cross flow Pig ADSCs 0.2 mL/h Encapsulate MSCs for clinical treatment. Cells went through multiple
clinical handling process and the cells maintained their potential for
therapy [245].
Dextran, Flow  focusing Pancreatic 2 uL/min, A potential source of small-diameter vascular grafts [235]
Alginate and co-flow endocrine 40uLl/min
Calcium progenitor cells
Alginate Co-flow mMSCs 5-40 uL/min Make stem cell organoids for potential tissue regeneration purposes [231]
§ Calcium
= Alginate Co-flow hMSCs 4-10 mL/h Produce biocompatible porous microcarriers for better nutrients supply of
B Calcium cells and transBIantation |238|
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1.4.5. Integrated and other microfluidic devices
In addition to the above-described technologies, there are some other microfluidic devices used
in less-explored fields or made for specific applications, yet they showed outstanding
performance in their purpose or have great potential in the future and are therefore worth
mentioning. For example, by miniaturising the culture chamber of cells, the delivery of
pluripotent mRNA into the cells to transfer somatic cells into iPSCs [246, 247]. Taking one
step forward, Singh, Suri [248] used a straight microfluidic channel to reprogram iPSCs and
flush the channel with slow fluid flow to wash away the un-reprogrammed cells. These
technologies use only a simple micrometre level channel with cells culturing inside. However,
compared to the traditional methods of using large culture vessels like T-25 flasks or petri
dishes, these microfluidic chambers used much less reagents and time (12 days compared to
28 days of traditional method) to convert somatic cells into iPSCs, with a higher efficiency
[246, 247]. In recent years, the benefits of using microfluidic devices to differentiate and
reprogramme iPSCs have been demonstrated across multiple studies [249]. The precise control
of microenvironment, ease of manipulation and tracking the conditions of cells maximised the
outcome of current protocols and provided chances to develop more efficient protocols around
these new advanced system [249]. Another example of using microfluidic miniaturisation is
the image cytometer developed by Kamei, Ohashi [250]. The image cytometer consists of
image analysis technology with arrays of straight microfluidic channels. It was used to
quantitatively monitor the characteristics of ESCs in different conditions. This array is
straightforward to make with low-cost, yet the analysis capacity is much higher compared to a
flow cytometer. Lyu, Chen [251] used a microfluidic gradient generator to feed different
concentrations of growth factors into the BMSCs and transplant the differentiated cells into
mouse models to observe the regenerative outcome. Similar to organ-on-a-chip devices,
gradient generators can be helpful in drug testing, personalised medicine and the cell line

development process.

Another common type of microfluidic device used in the chemical and cosmetic industries but
is yet to be applied in the stem cell industry is the micromixer. Micromixers are a type of
microfluidic device that allows complete mixing of different solutions in a short time. It can
also be used in stem cell research by mixing stem cells with immunomagnetic beads for cell
type selection. Tan, Suzuki [252] used a 3D micromixer to incubate cells and antibody-coated

microbeads to isolate MSCs from a mixture of MSCs and epithelial cells. The high mixing
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efficiency of micromixers and small channels allow better interaction between cells and

microparticles and therefore increase the chance of binding.

In the active and passive microfluidic sections, we discussed integrated active or passive
microfluidic devices for higher throughput and separation of particles of different sizes.
Integrating different types of microfluidic devices in the same system assembles a
multifunctional platform for more complex and diverse real case applications. Wu, Hsu [253]
developed an integrated microfluidic system with a laser detector, micromixers, and magnetic
sorting device to identify and separate HSCs from mimicked mixed blood cells. With the
combination of different technologies, the stem cells can be potentially purified from the
original sample within this one palm-size device. Kane, Moreno [254] built a micro-culture
chamber array to accommodate NSCs and used an automatic control system to monitor the
growth conditions of the cells inside to grow and differentiate them into dopaminergic neurons
for Parkinson’s disease treatment. Due to the high-resolution manipulation features, active
microfluidics is very popular in the integrated microfluidics field (Fig. 1.8A). This paralleling
and automated system has also demonstrated the potential large-scale application in the
industry. Sun, Teng [255] combined droplet-based cell sorter with electrode droplet fusing and
sorting systems to culture, mix, analyse and sort the HepaRG hepatocyte progenitor cells. They
mixed the cells with a toxicity assay kit to demonstrate the HepaRG cell's functionality was
affected by treatment with the kit and detected by on-chip ELISA, showing the strong
capability of the device as a chemical sensor (Fig. 1.8B). Sakuma, Nakahara [256] combined
two piezoelectric actuators with a sheath-flow including straight channel to read Young’s
modulus of MSCs spheroids and sort the spheroids with different mechanical characteristics.
Integrating active microfluidics with droplet-based microfluidics provides precise single cell
manipulation and properties measurement. Fan, Chen [257] combined active microfluidics,
droplet generator and CTA to build a microfluidic system for single cell trapping and electrical
properties measurement (Fig. 1.8C). Using CTA combined with an electrical field, Valero,
Post [258] developed a microfluidic system for single cell electroporation, introducing a DNA
vector for gene modification. This method allows higher efficiency cell transfection (>75%)
than traditional bulk methods (1-11% [259]), and it can be potentially used to transfect cells in

a larger size for cell therapy in the industry.

Overall, compared to traditional bulk methods, microfluidic devices provide a miniaturised
platform to manipulate liquid with lower cost, lower consumption, less labour needed, and

better outcomes. Integrating multiple microfluidic devices in one system can perform multiple
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functions or reinforce the advantages of the microfluidic devices [89]. All these characteristics
can be of great use in the stem cell industry. The stem cell industry requires a closed-up
production line for stem cell products. Therefore, integrating individual microfluidic devices
into a closed microfluidic system would be recommended. For example, an integrated straight
microchannel with sheath flow and spiral channel system can be used to wash and concentrate
the cells in one system. Connecting a DEP array after hydrophoresis microfluidic device will
enable for high throughput ( 3 pL/min compared to DEP or hydrophoresis alone), and high
purity isolation of stem cells [260] from the tissue origin (Fig. 1.8D).
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Fig. 1.8. Microfluidic devices that are hard to categorised and integrated microfluidic devices used for
stem cell research. A) Computer controlled microfluidic array (left) for automated NSCs culture and
cell fate modification. The cells cultured at day 1, 4, 7 after seeding, firing event recorded by calcium
imaging and immunofluorescent staining are showed on the right. Creative Commons CC-BY license
[254]. Copyright 2019, the Authors, published by Springer Nature. B) A droplet generator coupled with
chemical sensor to analyse the secreted product while retrieving the cells for cell line establishment.
Reproduce with permission [255]. Copyright 2020, American Chemical Society. C) A droplet
generator, a static droplet array combined with electrical field to perform single cell culture overtime
and track the relationship between membrane voltage and differentiation potential. (b)-(d) the droplet
generator, SDA unit and circuits below the SDA. (e) the droplet generation process and (f) the cell-
containing droplet in SDA. The right figure shows the osteogenic differentiation of cells and impedance
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measured overtime. 6™, 7% and 11" passage cells with Alizarin Red staining (Osteogenic cells staining)
are showed on the top, middle and bottom right figure. Reproduce with permission [257]. Copyright
2019, Elsevier. D) (a and b) a DEP array + hydrophoresis microfluidic device to improve the throughput
of device and (c) purity of isolated NSCs. Reproduced with permission [260]. Copyright 2019, AIP
Publishing
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Table 1.7. Other microfluidics and integrated microfluidic devices

TECHNOLOGIES CELLS PURPOSES

Straight channel as  mini | iPSCs Use microfluidic channels to generate iPSCs.

bioreactor [246,247]

Straight channel as mini-  iPSCsand ESCs  Use microfluidic channels to select iPSCs and ESCs based on the adhesive properties.
bioreactor [248]

Gradient generator [251] MSCs Find out the appropriate concentration to induce stem cells differentiation for transplantations
Microchannel + image analysis ESCs Use microfluidic channels to isolate characterise the ESCs in different chemical environments.
[250]

3d micromixers|[252] hMSCs Increase the chance of immune-affinity binding of cells and antibody-coated microbeads.
Microfilter [261] HSCs Use microfilter to perform size-based purification of stem cells.

Integrated microfluidic devices ‘
Micromixer + magnetic sorter = HSCs Integrated microfluidic system for purification of specific cell types

[253]

Organ-on-a-chip microarrays | NSCs Automatic controlled cell culture and differentiation system

[254]

Droplet generator + active | HepaRG Use a droplet-based sorter as a chemical sensor to detect chemical secretion level after treating
microfluidics [255] the cells with toxicity assay kits.

Active microfluidics + inertial | MSCs On-chip spheroids sorting and measurement of Young’s modulus

microfluidics [256]

Active microfluidics + cta [257] MSCs Measurement of single cell electrical properties for differentiation potential study

Active microfluidics + cta [258] MSCs Single cell genetic modification

Active microfluidics + passive | NSCs high throughput, high purity isolation of stem cells

microfluidics [260]
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1.5. Hypothesis

Over the past three decades, the mass manufacturing of adherent cells has remained
stagnant due to technological limitations. This has led to several problems, including
labour-intensive processes, high risk of contamination, cell loss during operations,
expensive and hard-to-access equipment and material, lack of standard production
procedures, and high requirements for speciality. As a result, the products obtained
from these processes often have batch-to-batch differences, leading to inconsistent
therapeutic outcomes and unaffordable costs for patients. Microfluidic technology
offers precise, customised, scalable and low-cost solutions for liquid handling. These
advantages provide the potential possibility to integrate into the current industrial stem
cell production process to reduce the cost, risk of contamination, and specialists needed

and increase the safety and stability of products.

1.6. Aims

In this thesis, the aim was to employ various microfluidic devices to overcome existing
challenges during the manufacturing process of mesenchymal stem cells (MSCs), and
muscle stem cells (myoblast) including producing dissolvable microcarriers for large-
scale stem cell culture, developing an integrated microfluidic system for harvesting and
concentrating cells from microcarriers-bioreactor culture, mixing cells and
cryoprotectant in a homogenous and continuous manner, and monitoring culture
condition and quality control in bioreactor at single-cell level. The use of microfluidic
devices can improve the automaticity, reduce labour interference, cost of devices and
chance of contamination of the production processes.

Aim 1: Create a high-throughput microfluidic droplet generator capable of producing
edible microcarriers for use in the cultivated meat and stem cell therapeutic industries.
With an additional 20 billion people projected to be born on Earth by 2050, the current
farming industry will soon be unable to meet the growing demand for protein, having
already reached maximum capacity and consuming 38.5% of habitable land and 8% of
total water consumption. Cultivated meat, an alternative protein source produced
through lab-grown meat technology, has been suggested as a viable alternative, but high
production costs, including microcarriers cost, have so far prevented its widespread
adoption. There is currently no market for microcarriers designed specifically for
cultivated meat. The muscle stem cells grown on these microcarriers often have low
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harvesting efficiency and there is a potential risk of microplastic contamination in the
final product. To address this issue, this study will utilise a microfluidic droplet
generator to produce edible microcarriers using off-the-shelf food ingredients, which
can also be applied to the therapeutic stem cell industry.
Objectives:
e Design a new high throughput droplet generator CAD model.
e Optimise the production flow rate and process with different droplet sizes.
o Develop the crosslinking protocol for generated microcarriers.
e Culture muscle stem cells C2C12 on the microcarriers compared with
commercial microcarriers.
o Validate the growth rate, proliferation, and differentiation potential of C2C12
cells on the microcarriers.
Aim 2: Develop an integrated microfluidic device to harvest the MSCs from
microcarriers with less labour cost, shorter time, lower contamination risk and cell loss.
Harvesting cells from microcarriers is one of the major limiting factors of microcarriers
application in the stem cell industry. Microfluidic devices have been demonstrated as
one of the potential candidates to address this challenge, but there is no integration
system of microfluidic device designed for simple adaptation in the industry. Here 3D
printing technology was applied to perform rapid prototyping of an integrated
microfluidic system for cell harvesting. The system can be easily integrated into any
current industrial system with two peristaltic pumps and three tubes. It performs cell
detachments from microcarriers, separation from microcarriers and cell concentration
in one gadget.
Objectives:
e Use 3D printing technologies to fabricate micromixers and inertial microfluidic
devices that can be used to process.
e Test the micromixers and inertial microfluidic devices with microcarriers and
microbeads to mimic cell and microcarriers' movement.
e Combine the whole setup and optimise the working conditions with
microcarriers and microbeads.
o Validate the system with mesenchymal stem cells attached to microcarriers.
e Characterise the cells harvested by the system, quantify their stem cell

properties, and compare them to membrane-based technologies harvested cells.
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Aim 3: Reduce the batch-to-batch difference in the products and lower the cost of
cryopreservation by using a micromixer in the cell-cryoprotectant mixing process
instead of manual handling or a robotic arm platform.
Cryopreservation is the final step of stem cell production before the cryostorage of the
product. Conventional methods of adding cryoprotecting agents (CPA) into the cells
can be manual or use robotic arms to further store the solution in liquid nitrogen at the
operator's disposal. However, a challenging issue with these methods at industrial-scale
production is the inappropriate mixing method of cells and CPA, leading to damage of
cells, intermittent feeding, the batch-to-batch difference in products, and occasionally
cross-contamination. Therefore, this chapter proposed an alternative way to overcome
the abovementioned challenges: a highly efficient micromixer for low-cost, continuous,
labour-free, and automated mixing stem cells with CPA solutions.
Objectives:
e To design a novel micromixer CAD file with high mixing efficiency.
e Perform simulation to simulate and predict the mixing efficiency and pressure
at a flow rate in the micromixer.
o Validate the mixing efficiency with food dye and cells with membrane-based
staining.
e Mix mesenchymal stem cells with cryoprotectant, cryopreserve the cells and
compare the cell properties after thawing with manual mixing control.
Aim 4: Use a static droplet microfluidic device to assess the metabolomic profile of a
single muscle cell in bioreactor culture and use it to build a model for predicting
bioreactor conditions on a large scale.
Monitoring bioreactors is an essential process in stem cell production. The current
industry relies on bulk measurements of pH to assess proliferation and nutrient
consumption in the bioreactor, and based on this, to provide a model of the bioreactor
status. However, this bulk measurement is inaccurate since it reacts slowly and
measures the pH of the entire bioreactor rather than local changes in pH. Therefore, the
models are imprecise. Our goal is to develop a bioreactor cell culture model for the
cultivated meat industry using single-cell metabolomic data acquired by measuring
single-cell pH secretion with a static droplet microfluidic device. Since the
metabolomic data is measured locally at a single-cell level, the model can predict the

culture condition more accurately.
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Objectives:

To design a simple-to-operate static droplet microfluidic device with the
potential to operate labour-free.

Measure single Muscle stem cell lactate secretion level with the microfluidic
droplet device and fluorescent pH dye as an indicator of lactate secretion.
Compare the single cells lactate secretion level across different culture
periods.

Build a prediction model with this single cell secretion profile and compare it

with current industrial models.
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2. Chapter 2- Scalable microfluidic-based
production of edible microcarriers for cultivated

meat industry (Aim 1)

Cultivated meat has recently emerged as a promising alternative protein source.
However, its availability is hindered by the high cost of cell expansion and the use of
non-edible materials in the production process. Microcarriers are currently the only
option for low-cost, large-scale adherent cell culture. Traditional microcarrier
production methods rely on random emulsification, which yields microcarriers of
varying sizes and requires filtration, leading to significant product waste. Additionally,
the non-edible and non-dissolvable materials used in current microcarriers limit their
applicability in the cultivated meat industry and pose a significant challenge to stem
cell therapy. To address these issues, we developed a high-throughput microfluidic
device that produces mono-size, edible, and dissolvable microcarriers. Our fully
dissolvable microcarriers demonstrated superior cell attachment compared to
commercial microcarriers and resulted in a 30-fold increase in cell number. This
innovative approach represents a significant step forward in the development of

sustainable and scalable cell-based meat production systems.
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2.1. Introduction

With the global population on the rise, there is an increasing demand for food
production that is putting a significant strain on limited farmland. The projected
increase in population to 10 billion [262] could see the average animal protein supply
per person drop to just 22g/day, a stark contrast to the current average of over 100g/day
[263]. Animal farming is already operating at maximum capacity, consuming 38.5% of
habitable land [264] and 8% of human water while emitting 18% of the greenhouse
gasses [265]. In light of these challenges, there is an urgent need for alternative protein

sources.

One such alternative is cultivated meat, which can be produced by growing muscle cells
in large-scale bioreactors. This method of meat production requires significantly less
environmental footprint and human labor compared to traditional animal farming.
Typical cultivated meat bioprocessing includes four steps: isolation of muscle stem
cells (MuSCs) from tissue biopsy sample, expansion of MuSCs in a large-scale
bioreactor, differentiation of MuSCs into mature muscle cells, and lastly, assembly of
muscle cells with other cell types into scaffold as the final product [4, 19, 29]. This
technology simplifies the meat production process, shortens the production period, and
reduces the environmental footprint and labour cost. However, cultivated meat
technologies are not ready to reach the market yet. There are a couple of significant

limitations, including the high cost and lack of proper edible microcarriers in the field.

Microcarrier is a micrometre-level matrix that supports adherent cell growth in large-
scale culture. Compared to the planar flask, the large surface area to volume ratio and
capability of culture cells in the Z dimension makes them an ideal candidate for large-
scale cell production [4]. Producing microcarriers on a large-scale hugely relies on
emulsification technologies. With the very well optimised conditions in the industry,
the microcarriers produced still have huge size variations. This causes cell clumping
during culture and therefore need to be filtered before use which results in huge waste
of culture [266]. The current non-edible microcarriers options have a potential risk of
having non-edible materials, such as leach and broken parts of microcarriers left in the
final product [267]. This is one of the major concerns of microcarrier application in

recent years since microplastic is getting more and more attention publicly. The current
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microcarriers also lead to a huge cell loss during production, due to the incompetent
enzymatic treatment or clogging and loss during the filtration process [4]. This cell loss
can be more than 50% [268, 269], depending on the cell types and microcarriers used.
Meanwhile at the large-scale, the recovery rate of cells from microcarriers has batch-
to-batch variations [266]. A new technology called microfluidic droplet generator has
been recently used to generate microcarriers in large scale with small size variations
[11, 224] to address this challenge. The customisable droplets and channel designs also
enable high throughput production and the incorporation of additional features such as

adding slow-release growth factors [227] or customised cell type-specific ligands [226].

Microfluidic technologies have opened new avenues to produce microcarriers. Despite
this, there are currently no commercially available microcarriers specifically designed
for cultivated meat [4]. Although they are used to produce dissolvable microcarriers for
therapeutic purposes, the materials and methods can be optimised to produce edible
microcarriers for the cultivated meat industry. In this paper, we used a scaled-up
microfluidic device to make gelatine-based edible microcarrier for MuSCs expansion.
Gelatine-based microcarriers were generated under 45 °C, crosslinked with
glutaraldehyde and blocked with glycine. C2C12 mouse myoblasts were cultured on
our microcarriers, directly compared with commercial microcarriers Cytodex3. Our
microcarriers showed comparable attachment and growth rates to the commercial
microcarriers but outstanding harvesting rates due to the material used. The
microcarriers and technology we developed in this work have the potential to accelerate
the translation of cultivated meat to the market by solving the scalability, cost-

effectiveness, and toxicity issues.

In this paper, we used a scaled-up microfluidic device to make gelatine-based edible
microcarrier for MuSCs expansion. Gelatine-based microcarriers were generated under
45 °C, crosslinked with glutaraldehyde and blocked with glycine. C2C12 mouse
myoblasts were cultured on our microcarriers, directly compared with commercial
microcarriers Cytodex3. Our microcarriers showed comparable attachment and growth
rates to the commercial microcarriers but outstanding harvesting rates due to the
material used. The microcarriers and technology we developed in this work have the
potential to accelerate the translation of cultivated meat to the market by solving the

scalability, cost-effectiveness, and toxicity issues.
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2.2. Materials and methods

2.2.1. Microfluidic droplet generator design and fabrication
The microfluidic droplet generators are designed and fabricated as previously described
[206, 270]. Briefly, a mould of the device was designed in Solidworks and printed in
MiiCraft Ultra 50 (MiiCraft, Taiwan) resin printer, with 50 pm slicing and 1.2 seconds
curing time. Then the print was taken out, washed with Isopropyl Alcohol (IPA) three
times, and dried with an air nozzle. The mould was further cured by a UV light box and
soaked in IPA for 4 hours to further clear the remaining resin on the surface. Lastly, the
surface of the mould was plasma treated for 2 minutes before salinisation to create a

non-attaching surface for easier peeling of Polydimethylsiloxane (PDMS).

2.2.2. Experimental setup and microcarriers production
An OB1 microfluidic flow controller (Elve Flow, France) and compressed air source
were used to inject the gelatine (Collagen X, Australia). Span 80 (Sigma Aldrich,
Australia) added mineral oil (Sigma Aldrich, Australia) into the device, as shown in
Fig. 2.1. To ensure the gelatine was not gelling during the experiment, the experiment
was carried out under 65°C. The collected MCs were placed at 4°C to gelate without
changing the shape and merging. A large volume of cold water was added to the
samples, and the microcarriers were then allowed to sediment into the water phase. The
MCs were soaked in 1% Glutaraldehyde (GTA) for 30 minutes and repeatedly washed
with DPBS (Gibco, Australia). To prevent excessive GTA from affecting cells, Glycine
(Sigma Aldrich, Australia) is used to block GTA by soaking microcarriers in 0.025
mg/mL glycine solution overnight. Before using for cell culture, the MCs were washed

with 70% ethanol once and DPBS twice.
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Microcarrier Fabrication via Ultra-High Throughput Droplet Microfluidics
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Fig. 2.1 The experimental setup of this work. The droplet generation process happens
in a 65 ‘C oven to keep gelatine in a liquid state with consistent viscosity. Then the
MCs were immediately put in 4°C to keep the shape and structure identical and allow
the crosslinking to happen at this temperature.

2.2.3. Cell culture and seeding
C2C12 muscle myoblast cell line was kindly provided by Vow Ltd. The cells are
cultured in DMEM F12 (Gibco, Australia) media supplied with 20% FBS (Gibco,
Australia) and 1% Penicillin-streptomycin (Gibco, Australia). The cells were harvested
when they reached 80% confluence with the TrypLE enzyme (Gibco, Australia) and
seeded on the microcarriers with a ratio of roughly four cells/MC, as a standard used in
research and industry. Cytodex 3 (Cytiva, USA) MCs were used as a control, and the
cells were cultured with MCs for five days on a shaker at 75 rpm. Cells were seeded in
6 well plates coated with Poly(2-hydroxyethyl methacrylate) (Sigma Aldrich,
Australia). The microcarriers were counted, size-measured and used at a concentration

of 11 cm? surface area/mL media, corresponding to Cytodex 3 usage.

2.2.4. Attachment rate, viability, and expansion of cells on MCs
After cells were seeded on MCs, samples were taken after 20, 40, 60, 120, 180
minutes, 6 hours and 24 hours to count the attachment rate of cells via the following
equation: Attachment rate = (Nseeq — Neount)/Nseeq- Cells were harvested from
the MCs after five days via adding TrypLE express (Gibco, Australia) and incubated
in the incubator for 10 minutes. The viability of cells was measured by staining with a
live/dead staining kit (Abcam, Australia) and run through CytoFlex S (Beckman

Coulter, USA) flow cytometer. The cells were harvested after five days and counted
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with a haemocytometer. The expansion ratio was calculated with the following

equation Expansion rate = Nyqy5/Nseeq-

2.2.5. Differentiation and characterisation of cell markers
To differentiate MuSCs into mature muscle cells, the cells cultured on MSCs were
harvested, seeded on six-well plates at 500,000 cells/well, and cultured with DMEM-
F12 supplemented with 2% horse serum. After four days, the cells were harvested and
fixed with 2% GTA for 30 minutes. Then, the cells were permeabilised with 0.1%
Triton-X 100 for 15 minutes, followed by blocking the cells with 5% BSA for 1 hour.
Primary antibodies, including anti-myogenin, anti-myoD and anti-Myh-1
(Thermofisher, Australia), were added to the cell solutions and incubated at 4 C
overnight. Then, secondary antibodies were added to the cells and incubated in the dark
for one hour. Between each step, the cells were washed three times with DPBS. The
cells were then imaged with IX70 fluorescent microscope (Olympus, Japan), and
pictures taken with different fluorescent filters were combined in Cellsens software

(Olympus, Japan).

2.2.6. SEM (Scanning Electronic Microscopy) imaging of cells
The MCs, and MCs with cells attached were fixed with 2% GTA for 30 minutes and
washed with DPBS 3 times. Then the MCs were soaked in 60%, 80% and 100% ethanol
for 30 minutes progressively, and the samples were loaded on a stub, coated with Au/Pd
at 15 nm thickness. Then the MCs were imaged with SUPRA 55 (Zeiss, Germany)
SEM, with 15kV electron high tension.

2.3. Results and Discussions

2.3.1. Principle of droplet generation and characterisation of

device operation
In this study, we utilized a microfluidic droplet generator based on step-emulsification
to produce droplets of gelatine material. The operation of this type of droplet generator
is primarily driven by Laplace pressure, Plateau—Rayleigh instability of the disperse
flow [271], and gravity. In contrast to other droplet-based microfluidic devices such as
flow-focusing droplet generators, which rely on continuous flow, our system operates

by flowing gelatine material out of a nozzle, resulting in the formation of an enlarged
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head and a narrowed neck due to Laplace pressure. Surface tension then causes the
droplets to detach from the flow, a phenomenon known as Plateau—Rayleigh instability.
The continuous phase, in our case the oil flow, does not play a role in droplet generation
[272] but rather provides a lateral force to push away microcarriers and maintain a

consistent droplet size [271].

Therefore, the oil pressure was maintained constant at 150 mbar, and gelatine pressure
was changed to obtain constant sizes microcarriers (MCs). We maintained a constant
oil pressure of 150 mbar and varied the gelatine flow pressure. Droplet sizes were most
consistent when the pressure of gelatine was 70 mbar (Fig. 2.2A). StarPlus
microcarriers showed a significant size difference compared to Our gelatine MCs while
Cytodex3 MCs were similar in size to ours (Fig. 2.2B, C). The size comparison showed
that although we are using a 3D printed mould to fabricate the droplet generator, which
has lower precision compared to photolithography mould, the size of the MCs is still
very consistent and comparable with the commercial MCs. The size variation can be
further reduced by using a photolithography mould. Another reason causing size
variation in our MCs is the high viscosity of gelatine material. High viscosity caused
inconsistency in droplet size. Compared to another gelatine-based MC (Fig. 2.2 D), our
gelatine MCs are significantly more uniform in size. The high dispersed flow pressure
in the 105-150 mbar group caused inconsistency in the droplet sizes and created many
nanometre sizes droplets, which made the droplet suspension cloudy (Fig. 2.2 E). The
70-150 mbar group showed excellent size consistency, but there were two different
types of surface topography in the MCs, one with a smooth surface and one with a
microporous surface, which can be improved by optimizing the operation conditions.
Using an air pressure pump improved the consistency of droplet size. Other pressure
sources, such as peristaltic pumps, caused pulsation in the system, resulting in droplet
size variations. Although syringe pumps provide stable pressure, their production is
limited to the size of syringes and is not continuous. Our production method allowed
us to produce microcarriers for as low as 1.5 Australian dollars/million MCs (Table
2.1). Previous studies [11, 224] have demonstrated the production of dissolvable/edible
MCs using Gelatine Methacryloyl and genipin as crosslinking agents, which are more
expensive than ours and have smaller production scales. Although they can benefit the

stem cell therapy industry, they are not suitable for the cultivated meat industry.
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Fig. 2.2. The optimisation of the microcarriers production process. A) The effect of changin
dispersed flow pressure on droplet size and comparison of our gelatine MCs and the commercial
MCs. B)-D) The size comparison of gelatine MCs with commercial MCs. B) There is a
significant difference between Gelatine MCs and StarPlus analysed by paired t-test, but no
significant difference between Gelatine MCs and C) Cytodex3. D) Compared to another
Gelatine-based MC Cultisphere, our gelatine MCs are significantly more regular. E) The MCs
are generated by different pressure of the dispersed flow. 75-150 mbar pressure gives the
smallest droplet size variation. The SEM images showed that gelatine MCs could be
microporous.

Table 2.1. Comparing the features of gelatine MCs with the commercial MCs. Data taken from
the official documents of the products.

Features Percell Corning Cxtiva Gelatine
Cultisphere microcarriers Cytodex3 microcarriers

Cost (AUD/Million MCs) 34 76 30 1.2

Diameter (um) 130-380 125-212 120-180 120-140

Edible materials x x x v

Dissolvability (Cell loss) x x x v

2.3.2. MC:s cell culture and expansion
The microcarriers produced were used to compare with other commercial MCs,
including StarPlus (SoloHill, Australia), Cyodex3 (Cytiva, USA), an startup product
Unitantrix (Tantti, Taiwan), and another gelatine-based MC, Cultisphere (Cytiva,
USA). Fig. 2.3A shows the 24h attachment rate of all the commercial MCs and our
gelatine MCs. Cytodex3 (98.65+0.56%) has the best C2C12 attachment rate across the
24h counting period. Followed by our Gelatine MCs (96.67+0.90%), Cultisphere
(93.47+2.55%), Unitantrix (94.7443.31%) and Starplus (88.336+7.00%). Eventually,
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all MCs have overall 90% attachment rate after 24h, showing a logarithmic increase in
the attachment rate. Attachment rate is a critical parameter for MCs. Every cell can
potentially expand 3-10 times during culture. Low attachment rate leads to slower cell

expansion even under optimal culture conditions.

Then, Cytodex3 was chosen to be the control in the following experiment since it is one
of the most commonly used microcarriers in research and industry, and also the best
performing microcarriers that can be purchased at large scale. Fig. 2.3B showed the
MTS results of C2C12 cultured on gelatine MCs and Cytodex3 MCs over 5 days. Paired
t-test results (P=0.4140) showed no significant difference in the two groups, indicating
a comparable growth in the two groups. Fig. 2.3C and 3D showed the expansion of cells
on the MCs at different days. The morphology of C2C12 cells were similar on both
MCs, indicating no phenotypic changes of cells on gelatine MCs.
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Fig. 2.3. Cells attachment efficiency and cell culture performance on our gelatine microcarriers
compared to other commercial microcarriers. A) Comparison of C2C12 cell attachment with 4
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different types of commercial MCs. C2C12 have best attachment rate on Cytodex3
microcarriers, followed by gelatine microcarriers. B) The MTS assay of cells growing on
Gelatine MCs compared to Cytodex3. There is no significant difference between the two
groups. C) Proliferation of cells on gelatine and Cytodex3 MCs overtime, show normal
morphologies on both MCs and both MCs started clumping at day 5, indicating over-confluence
of cells. D) SEM pictures of cells growing on both microcarriers, showing the microcarriers
were fully covered, indicating a good homogeneity of microcarrier surface.

After cell expansion, TrypLE express was used to detach cells from MCs by taking out
the culture media as much as possible and replace with an equal volume of enzyme and
incubate at 37 ‘C shaker for 5 minutes. Three types of cells were used in this
experiment: MuSCs, the main cell type in meat, fibroblast, a primary supportive cell
type in meat [27, 273] and human MSCs, the main cell type used in the therapeutic
industry and the adipocytes progenitor. Fig. 2.4A shows Cytodex3 MCs still had many
attached cells on the surface, while Gelatine MCs had no cells left on the surface after
5-minutes incubation. Fig. 2.4B demonstrated that Gelatine MCs yielded a higher fold
increase of different types of cells compared to Cytodex3. Across all different cell
types, Cyodex3 has 4.67+0.13, 6.68+1.328, and 5.08+0.74 folds increase, while
gelatine MCs have 5.20+0.412, 18.39+2.49, and 10.87+1.46 folds increase with MSCs,
fibroblasts and MuSCs. MuSCs and fibroblasts have a higher yield compared to MSCs
because MuSCs and fibroblasts can be overgrown to obtain higher cell numbers, while
the secretion profile of MSCs is important. Therefore, the MSCs were harvested when
they had a single confluent layer of cells to avoid cell death due to clumping. When the
MuSCs were seeded at 1 cel/MC concentration, Cyodex3 yielded 21.23+3.81 folds
cells, and gelatine MCs yielded 28.11+5.60 folds cells, indicating lower requirement
for resources. The problem with cell detachment of Cyodex3 was probably caused by
the different cell attachment strategies applied in the MCs. Cytodex3 has positive
surface charges, which are favoured by the cells [4], and cells are therefore hard to be
detached from them. On the other hand, Gelatine MCs are typically slightly negative.
They attract the fibronectin inside the FBS [274], an important extracellular component
that facilitates cell attachment, and are dissolvable by TrypLE [275]. The viability of
the harvested cells was then assessed using a flow cytometer, revealing no significant

difference (P=0.0853) between the two groups, as shown in Fig. 2.4C.
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Fig. 2.4 Head-to-head comparison of microcarriers performance with the Cytodex 3 in cell
harvesting performance. A) After 5 minutes enzyme treatment, many cells were attached to the
Cytodex3 MCs while all cells on gelatine MCs had detached. B) The fold increase of cells
harvested from gelatine MCs is significantly higher than Cytodex3. C) The viability of the cells
was examined by staining with live/dead cells staining and proceeded through flow cytometer.
Good viability of cells was preserved in both gelatine and Cytodex3 cell groups.

2.3.3. Cell Differentiation
In Fig. 2.5A and Fig. 2.5B, we evaluated the differentiation potential of C2C12 cells

cultured on gelatine and Cytodex3 microcarriers. The myoblast differentiation potential
was examined by harvesting the cells, reseeding them on well plates and staining them
with myogenesis regulator MyoD. MyoD triggers myocyte differentiation and myotube
formation [276, 277] indicating the preservation of differentiation capability. Fig 2.5B
showed that after four days culture in differentiation media, the C2C12 cells cultured
on gelatine and Cytodex 3 microcarriers expressed myocyte markers Myh-1 and formed
myofibers, as observed by multi-nuclei cells with Hoechst staining. The size of the cells
in Fig. 2.5A was larger than in Fig. 2.5B, and the elongated, large cell morphology was
indicative of myogenesis. These results demonstrate that C2C12 cells cultured on

gelatine microcarriers are capable of differentiating into myotubes.

In the field of cultivated meat, there are two approaches for processing cells after they
are cultured on microcarriers: harvesting and seeding on other scaffolds or using the
microcarriers themselves as edible scaffolds. Our gelatine microcarriers have the

potential to be used as direct scaffolding, given their edible nature. In Fig. 2.5C, we
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observed C2C12 differentiation on microcarriers, with expression of Myh-1 in both
groups and high expression of myocyte fusion regulator Myogenin, which controls
myofiber fusion, size, and numbers [278, 279]. The staining on both MCs overlapped
and present in yellow. indicating the potential application of our gelatine microcarriers
in direct scaffolding for cultivated meat. This has the potential to greatly reduce costs
by eliminating the need for enzymatic treatment and filtration, cell washing, and

scaffolding costs. It provides an alternative solution to address the biggest challenge in

the industry: the high cost of cultivated meat production.

Cytodex3 Gelatine =

Fig. 2.5 The C2C12 cells reserve their properties during and after the microcarriers culture. A)
C2C12 cells differentiated on the microcarriers, showed that the cells can be potentially used
as a direct scaffold for cultivated meat industry. B) the differentiated cells after harvesting from
microcarriers and reseeded on culture flask. Clear myotubes were observed in both groups and
the morphology of muscle fibres were well preserved. C) the myoblast markers showed that the
myoblast properties can be maintained during the culture.

2.3.4. Surface markers expression of MSCs

Surface markers expression of MSCs is an essential criterium for assessing the
maintenance of MSCs properties [280]. MSCs typically express CD73, CD90 and
CD105 encoded proteins on the cell membrane. Fig. 2.6 results showed that the MSCs
cultured on both MCs express a high level of these three markers. CD34 is a stem cell
marker typically expressed in some MSCs (depending on cell source) in vivo. However,
after passaging in culture flasks to establish cell lines, CD34 turns into a negative
marker [281, 282]. CDA45 is a pan-haematopoietic cell marker not expressed in MSCs

[283]. The MCs did not alter the expression level of these two negative markers. These
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results indicate that same as Cytodex3, gelatine MCs do not change the cell properties

of MSCs in culture.
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Fig. 2.6 The expression of positive and negative surface markers of MSCs on different
microcarriers.

2.4. Conclusion

In this work, we presented a microfluidic device capable of continuously producing
gelatine-based edible MCs at a rate of 1 million/s. The cost of production is as low as
1.2 Australian dollars/million MCs now and is expected to decrease further at a larger
scale. The microcarriers showed comparable attachment to the commercial
microcarriers and extraordinary growth of MuSCs, fibroblasts and MSCs. At the
meantime, cell viability, differentiation potentials and cell-specific markers expression
were well maintained. The dissolvability of the microcarriers significantly reduces the
cost of filtration and loss of cells due to this process. C2C12 cells cultured on the
gelatine microcarriers maintained the key regulator genes expression, and direct
differentiation on MCs enabled them to be used directly as a scaffold as part of the end

product, further reducing the cost of cultivated meat production.
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3. Chapter 3: A modular 3D printed microfluidic
system for continuous cell harvesting in large-

scale bioprocessing (Aim 2)

Mesenchymal stem cells (MSCs) are a promising cell type for regenerative medicine,
but scaling up their production for clinical use remains a major challenge in the field.
Microcarrier-based culture has emerged as a leading strategy, but the associated costs
and cell loss during the harvesting process are major concerns. Here, we describe an
integrated microfluidic system, fabricated using 3D printing technology, that
effectively detaches cells from microcarriers, separates cells from microcarriers, and
concentrates cells for downstream applications. Importantly, our system preserves cell
viability, gene expression, proliferation, and therapeutic properties, enabling seamless

and cost-effective scaling of MSC production for clinical translation.
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Microfluidics, a science of precise fluid handling within
the network of channels, has shown great promise in
manipulating cells and particles. Microfluidics has
attracted significant attention in biology and medi-
cal research due to their unique features including low
price, high throughput, high customisability, and energy-
efficiently compared to other technologies (Wang and
Dandy 2017; Figeys and Pinto 2000). For example,
micromixers have been used in chemicals synthesis and
microparticle coating (Vasilescu et al. 2020). Multiple
microfluidic devices, especially spiral microfluidic chan-
nels, have been demonstrated to separate or concentrate
cells based on particle sizes (Xiang et al. 2019; Nivedita
et al. 2017).

To date, microfluidic devices are widely used in labo-
ratories but one of the major limitations for apply-
ing microfluidics in the industry is its customisability
(Yi-Qiang et al. 2018). For instance, in the stem cell
bioprocessing industry, each company has its own
manufacturing protocol. The lack of standard pro-
cedure is one of the reasons for the low yield of cell
products and the inconsistent clinical outcome of stem
cell therapy (Jossen et al. 2018; Schnitzler et al. 2016).
Although microfluidic devices have been applied in
the stem cell bioprocessing industry as cell separator

throughput manner (Moloudi et al. 2018, 2019), the
lack of modularity and integrity makes them hard to
be applied in the bioprocessing industry. Microfluidic
devices are normally made from polydimethylsiloxane
(PDMS) by soft lithography. Compiling these single
microfluidic devices together to increase the throughput
requires multiple external tubing and diverters to meet
the industrial need, and testing and modifying them to
meel the demand requires a huge amount of time and
effort. 3D printing technology can be a good solution
for this inadequacy. In recent years, the advances in 3D
printing technologies have made it increasingly appeal-
ing for producing microfluidic devices (Bhattacharjee
et al. 2016). The resolution of 3D printing allows direct
construction of microfluidic channels with micrometre-
level features, and the study and treatment of 3D printed
resin enable the production of soft-lithography mould
in a few hours (Vasilescu et al. 2020; Razavi Bazaz et al.
2019). Although 3D printing technologies are not the
solution for large-scale manufacturing of microfluidic
devices, their potential to modify changes and fabricate
microfluidic devices in a few hours is unique and valu-
able for the industry. This feature hugely decreases the
cost and time needed for rapid prototyping and building
integrated microfluidic systems.
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In the stem cell industry, microcarriers {MC)-based cul-
ture systems are a promising candidate for maximising cell
manufacturing on a large scale. MCs facilitate massive cell
expansion at a lower cost and allow control of cell culture
parameters in a homogenous condition to produce consist-
ent quality cell products at a large scale (Fardjahromi et al.
2020; Chen et al. 2020). Despite the enormous advantages
of microcarrier-based technologies in maximising cell pro-
duction, harvesting cells from MCs still faces challenges
with high product quality and yield (Chen et al. 2013). The
common method for harvesting is detaching cells with
digestive enzymes and separating them from MCs using
membrane-based filtration or centrifugation (Chilima et al.
2018; Tavassoli et al. 2018). Membrane-based filtration
separates the cells with a physical porous filter. Clogging
filters is the major limitation of this method (Schnitzler
et al. 2016; Zydney 2016). In addition, membrane fouling
has been shown to cause cell death, cell fate changes, and
reduce the therapeutic potential of harvested cells (Chilima
et al. 2018; Zydney 2016; Rodrigues et al. 2018). Centrifu-
gation-based methods, particularly continuous flow cen-
trifugation, are another alternative method for separating
cells from MCs (Schnitzler et al. 2016). The advantage of
this method is that it washes cells during separation, but
the centrifugation process is time-consuming, potentially
causing cell damage (Joseph et al. 2016). In addition, the
continuous washing and centrifuging process cost more
reagents and disposables (Serra et al. 2018). Hence, a con-
tinuous, clogging-free, highly efficient, and low-cost har-
vesting method is severely lacking in this area.

Herein, in this paper we report an integrated 3D
printed modular microfluidic system containing two
micromixers, one spiral separator, and one zig-zag con-
centrator. We used this system to detach and sepa-
rate mesenchymal stem cells (MSCs) from MCs and
eventually concentrate them in a smaller volume for
downstream processing. At first, each module was char-
acterised using cells and microbeads in different volume
fractions and flow rates to obtain the optimum condition
for the MSC harvesting. Then, the viability, prolifera-
tion, and therapeutic properties of MSCs harvested with
our proposed integrated system were compared with the
manual method, i.e., Millipore filtration. The results indi-
cate that the developed microfluidic device is a promising
candidate for automated MSCs harvesting and concen-
trating from MCs. In the end, we demonstrated that the
system could be multiplexed to process samples with
higher throughput.

Materials and methods

Device fabrications

For the fabrication of microfluidic devices using addi-
tive manufacturing, different techniques exist. Fused
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Deposition Modelling (FDM), Stereolithography (SLA},
Digital Light Processing (DLP), two-photon polymeri-
sation (2PP), Multijet, and wax printing are all capable
of fabricating microfluidic devices. For the creation of
complex microfluidic devices, however, DLP and wax
printing methods show more promise in this regard. The
fabrication process of these two methods is illustrated in
Additional file 1: Fig. S1. The wax 3D printing method
is a multi-step process, and the printed microfluidics
are inherently fragile and prone to fault and error. As an
alternative, DLP method has been selected for the cur-
rent study because of its accuracy, precision, fast turn-
around time, and the ability to fabricate robust complex
microfluidic channels (Chai et al. 2021; Ding et al. 2022).
Design selection consideration is introduced in detail in
Additional file 1: Section S1.

The micromixers were designed in Solidworks
2018 x 64 edition (SolidWorks Corporation, USA) and
fabricated with a high-resolution DLP resin printer
(MiiCraft 1I, Hsinchu, Taiwan), with the layer thickness
of 50 um. BV-007 resin was used, which is an acrylate-
based resin containing 80-95% acrylate components
and 10-15% photoinitiator and additives (Razavi Bazaz
et al. 2020a). After printing, the micromixers were care-
fully removed from the build plate, washed with isopro-
pyl alcohol, and dried by air nozzle. This process was
repeated three times to prevent uncured resin from clog-
ging the channels. Then, the micromixers were cured by
450 nm UV light in a UV-curing chamber. The design
and dimension of the micromixer are shown in Addi-
tional file 1: Fig. S2.

The spiral chip and zig-zag channel were produced as
previously described (Razavi Bazaz et al. 2020a; Ding
et al. 2022). Briefly, the devices were designed by Solid-
Works and printed by the MiiCraft Il 3D printer with
a 10-pm layer thickness. Then the devices were rinsed
with TPA and dried with an air nozzle three times. These
devices were further post-processed by UV light in a UV-
curing chamber and then bound to a PMMA sheet with a
double-sided tape (ARclear®, Adhesive Research). Next,
Tygon tubes (Tygon tubing, inner diameter: 0.50”, cuter
diameter: 0.90") were used as connections of inlets and
outlets to connect each part. Tinally, the printed parts
were then connected in series, as shown in Fig. 1.

Characterisation of micromixer module

The performance of the micromixer has been evaluated
using numerical (described in detail in Additional file 1:
Sections S2, and 53 explained the detail of mixing index
calculation) and experimental results. To verify the mix-
ing efficiency of the mixers, food dye (1 mL in 49 mL DI
water) and pure DI water were loaded in 50-mlL syringes
and injected into the mixer with syringe pumps at
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the micromixer is shown in Additional file 1: Fig. $1

Cells & microcarriers
suspension

—
NS k)
CAD drawing 3D printing
T - > s
! Micromixer Microseparator Microconcentrator Modular 3D printed

microfluidic system

Detached cells
and microcarriers

Fig. 1 Schematic representation of the madular microfluidic system. The whole system was built by 3D printing technology. The system comprises
two micromixers, a micro separator, and a zig-zag channel connected vertically to detach cells from MCs, separate cells from MCs, and dewater the
harvested cells. The adherent cells on MCs were detached from MCs through enzymatic treatment and gentle mechanical force inside of mixer

channels. Cells and MCs were then collected separately from spiral cutlets and concentrated using the zig-zag concentrator unit. The dimension of

different flow rates. The syringes were connected to the
Tygon tubes with precision syringe tips (0. 0. 50” Long
Tip, Adhesive Dispensing Ltd, UK). The pictures of the
mixed liquid before and after going through the mixing

units were taken by Olympus 1X73 microscope (Olym-
pus, Japan). The pictures were then analysed, and the
degree of experimental mixing efficiency in these chan-
nels was compared with numerical results obtained using
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0.5 ml/min 1.0 mi/min 1.0 ml/min

A Mixing unit

B Separation unit

2.0 mli/min 5.0 ml/min

10.0 mi/min

D Concentrator unit

recovery rate

Fig. 2 Characterisation of the microfluidic harvesting system using food dye, MCs, and fluorescent microparticles. A The micromixer reached 95%
mixing efficiency with a 1:2 fluid flow mixing ratio. B The spiral microfluidic device can be operated at a flow rate of 3 mL/min with 0.75% v/v%
microcarrier concentration. C The micromixers and spiral apply gentle forces to the microcarriers, and no breakage of microcarriers happened even
when the flow rate was 6 times higher than the operation flow rate. D The zig-zag channel focuses 15 um beads from 1.6 to 2 mL/min with a 100%

The experimental results of the mixing index with
pure water and food dye for various flow rate ratios
are illustrated in Fig. 2A. The mixing efficiency of the
device was higher than 95% (Additional file 1: Fig. S5)
at the flow rate ratio of 1 mL/min:2 ml/min. Hence,
the total flow rate of 3 mL/min was chosen as an
optimised flow rate for cell harvesting. Based on the
method described in Additional file 1: Section S1, the
experimental mixing index is 82.7%. The discrepancy
between simulation and experimental results can be
attributed to the difficulties of imaging 3D printed
channels with microscopy and the addition of extra
noise in the picture due to the unsmooth surface of
the micromixer (Rouhi et al. 2021), The micromixers
have no splitting, obstacles, or sharp turning, which
are appropriate for processing cells without damaging
them.

Working principle of the microseparator module

The focusing position of microparticles inside a curved
microfluidic channel is affected by two forces, inertial lift
force (F1) and Dean drag force (Fp) (Amini et al. 2014):

L
Fo=p (DL:X) G (1)

Fp = 5.4 x 10" 7 uDe®a. (2)

Fy, is affected by the density of fluid p, the hydraulic
diameter Dy, (which can be calculated by 4A/P, A =
channel cross-section and P = perimeter of the chan-
nel), the maximum fluid velocity Umax which is approxi-
mated as 2 x Up (Uy is the average velocity), C;, which
is a constant named dimensionless lift coefficient num-
ber and is dependent on the channel Reynolds number
(Re = pUiDy /1, 1t is the viscosity of the liquid) and the
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diameter of particles @. £1 consists of two forces: shear-
gradient and wall-induced lift force. Shear gradient lift
force pushes the particles towards the wall due to the
velocity difference between the middle area and the
side area of the channel. When the particles move close
to the wall, the wall lift force pushes the particles away.
The balancing point of inertial equilibrium position
contributed to the lift force is where these two forces
balance each other (Razavi Bazaz et al. 2020c).

In a curved channel, the channel’s curvature causes
the inner wall {IW) fluid to flow faster than the outer
wall (OW) due to the shorter distance travelled.
This transverse fluid flow creates another force that
affects the focusing position of the particles, which
is the Dean drag force (Ip). I'p is defined in Eq. (2),
where De = Re./Dy/2R is the Dean number, and R
is the radius of curvature; it describes the strength of
Fpy. According to Egs. (1) and (2), the forces applied
to the particles are proportional to the particle size
(R «a* Fp oca). Therefore, different particle sizes
have different focusing positions across the channel
cross-section, and they can be collected through sepa-
rate outlets (Mihandoust et al. 2020; Ozbey et al. 2019).

In a normal spiral channel, the particles inside the
channel need to follow the rules of Cr = 0.07, where
Cr = a/Dy to be affected by the inertial forces inside
the channel. In a scaled-up microfluidic channel, the
increase in Dy results in a reduction of absolute flow
velocity compared with a normal microfluidic channel.
Therefore, the secondary forces applied to the micro-
particles were weaker, and the Cr value in the scaled-up
microfluidic channel was much higher than the micro-
fluidic channels (Cr > 0.17) {Moloudi et al. 2019; Carlo
2009).

Another factor that affects particle focusing is chan-
nel rigidness. There is no swelling or channel inflation
in rigid channels compared to traditional PDMS chips;
thus, the scaled-up device should have theoretically a
lower Cr. Also, larger particles are more likely to be
affected by mass and gravity since they are not neutrally
buoyant (Moloudi et al. 2019), adding another vari-
able despite flow velocity; the variable sizes of particles
would also increase the difficulty in the channel design.
When MCs and cells pass through the channels, focus-
ing MCs near the TW causes the MSCs to be dispersed
in the channel due to the large size difference between
MCs and cells (MCs size are 150-220 um, and MSCs
are 15-20 pm}. However, since large particles occupy
the inner channel, the particle—particle interaction can
stop some of the MSCs from going out through the
inner outlet (Moloudi et al. 2018). Considering all these
factors, in this study, we have designed the channel
with a trapezoidal cross-section and heights of 550 um
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and 620 um, and a width of 1100 pum. This spiral chip
has 6 loops and a slightly slanted enlarged inlet size to
prevent clogging of MCs at the beginning of the chan-
nel (Fig. 1).

Working principle of the microconcentrator module

The zig-zag channel relies on inertial, and Dean drag forces
to focus the MSCs at the centre of the channel When
Reynolds number of the channel falls in the intermediate
range 1<Re <100, the fluid flow is laminar, between Stokes
and turbulent flow regimes. Therefore, inertial forces focus
the randomly dispersed particles toward certain equilib-
rium positions after a sufficiently long channel length.
As explained above, shear-gradient and wall-induced lift
force are the main forces affecting the particle focusing in
straight channels, and they both contribute to the over-
all inertial lift force f1. Straight channel relies on the dif-
ference in particle sizes to focus the particles at different
positions (F, o a*). In zig-zag channels, Dean force Fp
is introduced differently compared to the spiral microflu-
idic channel. The interchanging channel direction creates
a mismatch of fluid flow velocity in an alternating pattern
and introduces Dean force, accelerating the focusing of
particles inside the channel.

A zig-zag channel has three focusing modes across differ-
ent flow rates. When £1 < Fp, the particles focus at the side
of the channels. When It > Fp, the particles were focused
in the middle of the channel due to due to the strong .
When f1~ Fp, particles are in the transition mode. For
the aim of this study, MSCs need to satisfy the condition of
1> Fp. One primary advantage of the zig-zag channel is
its operating ranges of flow rates, ie., it can focus particles
at the centre over a wide range of flow rates. After careful
evaluations, the zig-zag channel with a cross-section of
360 pm x 60 pm, 60° angle has been proposed to concen-
trate cells after the spiral microfluidic device. To avoid clog-
ging of zig-zag channels caused by the remaining MCs in
the target outlet, some obstacles were planted at the target
outlet of the spiral to ensure no MCs could enter the zig-
zag channel.

Pressure balance of microfluidic system

Combining multiple microfluidic devices in one system
requires careful arrangement to balance the fluid flow and
pressure change. An electronic circuit was used as an anal-
ogy for our system to understand better the fluid behaviour
in the system (Additional file 1: Fig. $5). These microflu-
idic devices resemble the resistors that reduce the pres-
sure input from the pumps, similar to the voltage drop in
an electronic circuit {Oh et al. 2012). Keeping the {low rate
and pressure stable according to the following equation is
the key point of the successful operation of this system:
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where Q is the volumetric flow rate, Ry is the hydraulic
resistance of the channel, i is the viscosity, Ag is the pres-
sure drop, and I is the channel length. In a serial circuit,
Q (which is current I in the electronic circuit) remains
constant in each device, thus Qgpiral = Qumixer1 = Qmixer2-
Qmixer1 has two inputs, one from the peristaltic pump,
and one from the syringe pump. In a parallel circuit,
the current of the circuit Qmiver = Qintet1 + Pinletz- The
working flow rates of micromixers and zig-zag channels
are more flexible, while the spiral microfluidic device
only works under a specific flow rate. To achieve this flow
rate, we change the flow rate of the two pumps accord-
ing to Qgpiral = Cintett + Qinleto- The outlet’s resistance of
the spirals affects the focusing of the MCs in the inner
outlet. Therefore, the fluid pressure of the zig-zag chan-
nel must be balanced with the pressure-damping chan-
nel connecting to the inner outlet of the spiral device.
This pressure-damping channel needs to have the same
hydraulic resistance Ryjto the zig-zag channel, which can
be calculated by Eq. (4) (Oh et al. 2012):

8nlL

H — m: (4)

where 7 i the viscosity and 7 is the finite length of the
channel. Since Dy}, of the channel is fixed and Ry o 8L,
changing the length of the pressure-damping channel to
reach R3 =R4 balances the pressure of the system and
would not affect the particle focusing positions in the
spiral channel {Additional file 1: Fig. 56). This system
potentially eliminates the debris larger than cells through
spiral channel, and removes debris smaller than the cells
through the zig-zag channel.

Evaluation of different modules with fluorescent
microbeads and microcarriers

The maximum capacity and optimal flow rate of the spiral
microfluidic device was determined by passing a different
concentration of MCs through the device across a range
of flow rate. As shown in Fig. 2B and Additional file 1:
Fig. S6, from 2.0 to 4.0 mL/min, the focusing position
of the MCs gradually shifts to the outer outlet. Notice-
ably, 3.0 mL/min is the critical flow rate that runs under
high throughput while still focusing the MCs at the inner
outlet. MCs with a concentration higher than 1% escape
from the outer outlet even at a lower flow rate. However,
MCs with a concentration of 0.75% can be sufficiently
removed from the inner outlet at a flow rate of 3 mL/min.
At the flow rate of 3 mlL/min (2 mL/min from the bio-
reactor. 1 ml/min from the enzvme reservoir}, the fluid
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mixing efficiency reached 95% after the first micromixer
{Additional file 1: Fig. 54). The addition of the enzyme
from the syringe pump inlet of the micromixer dilutes
the sample.

The microcarrier concentration used for cell culture
was 1.29% v/v% (1 g in 80 mL media). Therefore, MCs'
volume and concentration for cell harvesting before
entering the microfluidic gadget were set to 70 mlL to
reach 0.75% when the sample arrived at the spiral micro-
fluidic chip. The volume was calculated by the following
equations: target concentration (0.75%)/dilution factor in
micromixer (2/3)/concentration in culture (1.29%) x vol-
wme in culture (80 mL). As such, 40 mL of TrypLE was
added since there was 30 mL of media inside the bioreac-
tor after 50 mL of supernatant was taken away. The flow
rate was set at 2 mL/min from the bioreactor and 1 mL/
min TrypLE from the syringe pump, so the total flow rate
of 3 ml/min fluid proceeded into the spiral. To demon-
strate the inertial forces in the system do not damage
the MCs, we passed MCs through the two micromixers
and one spiral chip setup under a 20 mL/min flow rate.
The results showed that the gentle forces applied by the
micromixer do not change the shape and size of the MCs
(Fig. 2C). Various inertial microfluidic channel designs
can be used in this application as evidenced in our pre-
vious publications (Moloudi et al. 2018). In this study,
we have showcased a rigid channel in the processing of
large particle through the power of 3D printed inertial
microfluidics.

The zig-zag channel was responsible for further con-
centrating the harvested cells. Since it was connected
to the outer outlet of the spiral, the operation flow rate
of the zig-zag channel needed to match the flow rate of
the outer outlet of the spiral. The zig-zag concentrator
was tested with 15 and 20 pm heads across different flow
rates. The results showed that from 1.6 to 1.9 mL/min,
the beads were concentrated 100% in the middle outlet
{Tig. 213). The beads were concentrated ~ 3.5 times, with
~70% of the volume removed, indicating good dewater-
ing efficiency of the device.

Application showcase

Harvesting MSCs from bioreactor using the microfluidic
system

To investigate the efficiency of the microfluidic gadgets
on cell detachment, the cells were stained with Hoechst
before passing through the mixer. To ensure the com-
plete detachment of cells in the micromixers, a one-inlet
micromixer was added at the end to increase the interac-
tion of cells and enzyme under the same mixing efficiency
(Vasilescu et al. 2020). Figure 3A shows microcarrier-cell
suspension before cell harvesting in which cells covered
the whole surface of MCs. The growth of healthy MSCs
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Fig. 3 Harvesting MSCs with cur microfluidic system. The concentrating efficiency of the zig-zag channel is sheswn in Additional file 1: Fig. 5%, Aand
B Fluorescent microscopy images of cells-MCs before and after passing through the mixer, C

Cell nuclides were stained with Hoechst. € Separation

of cells and microcarriers through the spiral chip. Cells and MCs were separated through different channels based on their size difference. D
The recovery rate of cells and MCs after passing through the spiral chip in one round. The liquid collected from the inner outlet of the spiral was
collected and performed a second-round running through o further recover the cells. The two-round separation results are showen in Additional

on MCs commonly leads to cell-MCs aggregation (Fer-
rari et al. 2012) (Additional file 1: Fig S7). Therefore, Lo
prevent the blockage of microfluidic devices, the cells—
MCs suspension was incubated with enzyme for 5 min
in the incubator to delach these aggregates. Figure 3B
shows the MSCs were detached from MCs™ surface by
enzymaltic (reatment and gentle mechanical force aller
passing through the micromixers.

The media containing detached cells and MCs from the
micromixers were then passed through the spiral. Later,
they were collected separately from two outlets (Fig. 3C).
94.11% of MCs were successfully removed in the first
round of separation. 76.624+2.1% and 17.21£0.6%
cells were recovered from the OW outlet in the first
and second pass, respectively, and 6.16 £ 1.80% cell loss
through the IV outlet at the end of the process (Fig. 3D,

&3

Additional file 1: Fig. $8). The sum of yield (sum of cells
harvested from the OW outlet over the total cell harvest
from all outlels) can reach ~ 94%. Adding some obstacles
at the outlet leads to 100% of the microcarrier removal
rate, making it ready for clinical applications. Additional
file 1: Fig. S9 shows the tighl focusing band of MSCs in
the middle outlet and the removal of small debris in the
outer outlets. The cell solutions were collected from the
outer outlets, and no cell was found in the waste outlel.
Cells were concentrated 4.5 times compared to the pre-
filtered samples. Although the counting results showed
that the recovery rate was higher than 100%, a small
number of cell less could potentially happen due to the
heterogeneity, clumping of cells, or attachment to the
tubing or channel walls.
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Fig. 4 Viability and proliferation of MSCs after harvesting process. A The viability of cells harvested by the microfluidic system and filtration method.
Cell viability did not change significantly compared with the control group. Data are presented as mean & SEM (****p value <0.0001, n > 3). B MTS
viability/proliferation rate of harvested cells. The morphology and proliferation rate of MSCs of the two groups were also compared with DAPI/
phalloidin staining via C filtration group and D microfluidic group on 1st, 3rd, and 5th day of culture. F-actin filaments were visualised via FITC
labelled phalloidin (green) and nuclei with DAPI (blue)

MSCs viability and proliferation after microfluidic cell
harvesting

Cell viability was assessed immediately after harvest-
ing. The live and dead staining results indicate that the
microfluidic device did not compromise the viability of
cells (Fig. 4A). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium) assay illustrating the metabolic activity of cells
harvested by the device is also similar to the control.
In the microfluidic group, the absorbance of media at
490 nm wavelength increased over time which indi-
cates that cells have slightly higher metabolic activity
than the control group, although the difference is not
significant (Fig. 4B). Cell attachment, morphology, and

proliferation were evaluated by staining the post-har-
vesting cells using DAPI and phalleidin. The fluores-
cent microscopy images in Fig. 4C and D indicate cells
harvested with the microfluidic device have compara-
tively better cell attachment (Additional file 1: Fig, S10)
than the control group on the first day of culture. After
3-5 days of culture, both groups of cells were confluent
in the wells, and no significant difference in the growth
rate was observed. Additionally, cells maintained their
spindle morphology after harvesting with the device,
and the size of cells was around 13-17 pm in both
groups. The number of harvested cells after 1, 3, 5 days
of cell seeding was counted by Image] to verify the
MTS results. The results confirm that the microfluidic
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system does not affect cell attachment and growth after  CD73, and CD105 were stained with fluorescent antibod-

harvesting (Additional file 1: Fig. S10). ies (ThermoFisher, Australia) staining and counted by a

flow cytometer (CytoFLEX LX, Beckman Coulter, USA).
Stem cell properties and therapeutic properties Figure 5A shows 98%, 100%, and 100% of the cells express
ofthe harvested MSCs CD90, CD73, and CD105, respectively, confirming the

To confirm the stemness and multipotency of the har-  well-preserved MSCs identity. To assess the multipo-
vested cells, the MSC surface markers were evaluated  tency of cells after harvesting, cells were stained with Qil
and trilineage differentiation was performed. CD90, Red, Alizarin Red, and Alcian Blue staining after treating
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with adipogenic and osteogenic/chondrogenic induc-
tion media, respectively (Tig. 5B). Formation of bright
red stain calcium deposits stained by Alizarin Red S con-
firmed osteoblastic phenotype of cells. Additionally, pres-
ence of red lipid droplets stained by Oil Red O verified
the adipocyte phenotype, and the blue glycosaminogly-
can complex staining showed the presents of chondro-
genic cells. These results indicate that cells retained their
differentiation potential.

The therapeutic effect of harvested MSCs is verified
by staining the surface therapeutic proteins and analy-
sis of the cytokines in the cultured supernatant. Fig-
ure 5C shows the changes in the expression level of the
surface therapeutic proteins after priming with TNF-«
and IFN-Y for 24 h. HLA-G is a protein that prohibits
the growth of lymphocytes, which expression level does
not change with priming (Nasef et al. 2007; Selmani et al.
2009; Najar et al. 2012). The expression level of HLA-G
in both microfluidic and control groups remained con-
stant after priming. CD54 (iCAM) is a T-cell activation-
related protein that is sensitive to inflammation, and the
expression level of this protein increased significantly
after priming (Rubtsov et al. 2017; Tang et al. 2018). Fig-
ure 5C shows that the expression level of CD54 increased
100% after priming in both groups. These results prove
that there is no significant difference in the therapeutic
properties of the MSCs after proceeding through the
microfluidic device, Next, using the Custom ProcartaPlex
Multiplex immunoassay panel, we analysed the secretion
profile of the harvested cells compared to the secretion
profile of cells passaged stably in multilayer cell factories.
The results showed that the harvested cells expressed a
similar or lower level of HGE, IL-6, CCLZ, VEGE-A, and
TNF-RI compared to the passage 4, passage 8 multilayer
cell factory grown controls, the expression level of SDTF-1
alpha and TIMP-1 are much higher than the control
group (Fig. 5D).

Multiplexing the microfluidic harvesting system

for large-scale application

A multiplexed system was built with the same print-
ing protocols to demonstrate the capability of scaling
up the microfluidic system for large-scale applications.
The system consists of five layers (Fig. 6); the first layer
is the fluid splitting laver; it has one inlet for cell and
microcarrier solutions to enter the system and another
inlet for the digestive enzyme with a flow rate of § mL/
min for the cell and microcarrier solution and 4 mL/min
for the enzyme. These two inlets split the total flow into
four even sets and enter the 4 micromixers evenly in the
second layer. The micromixers have inserted holes for
the pins to anchor the positions and prevent leakage. The
flow rate in each micromixer is 3 mL/min for detaching
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cells from MCs. The third layer is the spiral layer, with a
pin inserted into the outlet of the micromixers. The solu-
tions collected from each of the two micromixers were
evenly split into two spiral microfluidic devices, and each
spiral received 3 mlL/min liquid flow to separate cells
from MCs. Then, the fourth layer, a splitting layer was
used as the bottom layer of the spiral. Two holes were
opened at the outlets of the spirals, and this layer was
bonded with the fifth layer spiral layer with double adhe-
sive tape. Lastly, a whole 3D printed layer with 4 zig-zag
channels and pressure-damping channels was attached to
the splitting laver with double adhesive tape. The inner
outlets of each spiral are connected to one pressure-
damping channel, and the outer outlets of each spiral are
connected to one zig-zag channel. The cross-sectional
area ratio of the inner and outer outlet is 2:3; the flow rate
of the outer outlet is, therefore 1.8 mL/min for each spi-
ral. As shown in Fig. 2, the zig-zag channel can focus the
cells from 1.4-1.9 mL/min. This flexible working range of
the zig-zag channel ensures the cells focus on the middle
outlet of the device and reduce the requirement of preci-
sion of the pressure-damping channel. The total flow rate
of the cell outlet was 7.2 mL/min, while the MCs outlet
was 4.8 mL/min.

Discussion

The merits of microfluidic devices, such as low-cost,
high throughput, labour-free, customisability, and
energy efficiency, meet the need of the bhioprocessing
industry. Recently, multiple attempts have been made
to bring microfluidic devices to solve the challenges
associated with bioprocessing. However, microfluidic
devices are still facing difficulty in accommoedating and
integrating themselves in the bioprocessing industry.
In this manner, 3D printing technology can be used as
a bridge to connect microfluidic devices and the bio-
processing industry. The one-step fabrication method of
3D printing technology (printing and washing) allowed
us to test 16 zig-zag channels with different dimensions,
six different inertial concentrator designs and three
micromixers.

In our proposed microfluidic system, cells detachment,
separation, and concentration—time are short, 5 min for
incubation and 20 s for passing through the system with
a total length of <5 cm. This short processing time could
effectively minimise the negative impact of enzymatic
treatment on the cell membrane and enhance attach-
ment and growth of harvested cells (Fig. 4), indicating
well-preserved cell membrane integrity and functionality.
Although the damages caused by enzymatic treatment
can be reversible (Tsuji et al. 2017), it takes a few pas-
sages for the cells to recover and is not feasible for clinical
applications.

86



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

Cells & microcarrier
suspension

Syringe pump

Harvesting
system

Concentrated

Ptk Reservoir

Microcarriers

Top guide layer Spiral channels

-y
=

Spiral guide layer

I Spiral inlet
)

Mixer outlet Mixer outlet

Microcarriers
Mixer outlet Mixer outlet

n n
I Spiral inlet

Fig. 6 The setup and companents of each layer. The multiplexing system consists of five layers: a top guide layer to distribute the liquid evenly into
the micromixers; a micromixers layer that detaches MSCs fram MCs; a spiral layer separating MSCs and MCs; a middle quide layer that provided a
base for spiral and zig-zag channels and a zig-zag channel and pressure-damping channel layer that concentrate the MSCs. The cells and MCs are
left from the cutlets, respectively

87




Applying Microfluidic Devices in Industrial Production of Stem Cells

The results of cell viability and MTS assays indicate
that the viability and proliferation rate of the microflu-
idic-harvested cells are the same as the control. This is
in agreement with the results reported by Nienow et al.
{2016), who suggested that agitating cell-MCs suspen-
sion facilitates cell detachment while not compromising
cells’ properties and viability. As expected, the cells main-
tain their differentiation potential trilineage (Fig. 5D),
their size, spindle morphology (Fig. 4D), and surface
markers expression (Fig. 5A). The size and morphology
of the cells are important indicators of the cell poten-
cies and secretion profile since different sizes MSCs were
shown to have a different expression levels of differen-
tiation promotor/inhibitor genes and different secretion
levels of therapeutic factors (Yin et al. 2018, 2020; Lee
et al. 2014).

Our experiment showed that the anti-inflammatory
surface proteins expression level of the harvested cells
during the subsequent subculture had no difference com-
pared to the control group (Fig. 5C). This indicates that
the cells preserved their therapeutic properties after the
process, and the microfluidic system is safe for the indus-
trial production of stem cells for clinical purposes. The
high secretion level of SDTF-1a and TIMP-1 proteins sug-
gest strong potential in therapeutic applications. How-
ever, these results are not enough to draw the conclusion
of whether this harvesting method alters cytokine secre-
tion levels of the MSCs. Previous works show that the
topography of the culture system (Leuning et al. 2018)
and shifting from 2 to 3D culture (Russell et al. 2018)
influenced the cytokine expression level of cells. Ng and
Wang (2021) showed that even growing cells on differ-
ent types of microcarriers influence the secretion profile.
Therefore, the secretion profile changes caused by our
3D printed modular harvesting system require further
characterisation. These results showed that the cells har-
vested with our 3D printed modular microfluidic system
preserved all the cell properties with no cytotoxic effect,
and damage caused by the material, or the hydrodynamic
forces was observed.

With the aid of 3D printed technologies (Additional
file 1: Section $6), cur microfluidics system has multiple
advantages over the current laboratory and industrial
adherent cell harvesting methods. This microfluidic sys-
tem requires only two pumps to trigger, and no compli-
cated tubing and valve is needed. This system is cGMP
compatible and the design of the system ensures negli-
gible risk of contamination (Tamura et al. 2012; Caruso
et al. 2014}); The device can be operated in a continuous
manner, which is particularly suitable for industrial-
scale application (Castilho and Medronho 2002); The
system can be used as a single unit system for lab-scale
production or easily scaled-up by paralleling the devices
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together for large volume processing; Other microfluidic
devices can also be integrated to perform other functions
such as quality control of cellular products (Ding et al.
2021). With the small device footprint, reaching 2 I./min
flow rate requires 100 chips, and the total volume would
be only 1 m®. It will take 25 min to harvest 50 L MCs, The
small footprint allows easy integration into any current-
available system, 3D printing technologies allow easy and
rapid prototyping of customised fluidic interconnects at a
low cost to aid the industrial integration (Ho et al. 2015).
On the other hand, our system shows clear advantages
over TFF (Schnitzler et al. 2016) with its clogging-free
operation manner. This important feature reduces the
production cost since the device does not need frequent
membrane replacement and maintenance and can be sin-
gle used due to the low-cost. Also, the low flow rate in
each individual unit of our device ensures the cells are
not suffering from shear stress like TFF, resulting in cell
damage (Cunha et al. 2015). Moreover, this system can
be integrated into other enzymatic detachment meth-
ods or even enzyme-free cell detachment procedures as
well. In recent years, frontier research about smart MCs
shows that thermosensitive MCs and soluble MCs have
great potential in future cell culture {Tamura et al. 2012;
Kalra et al. 2019; Hanga et al. 2021). Proceeding these
MCs through our microfluidic gadget may increase expo-
sure to light and heat while benefiting from the agitation
of fluid flow. In our multiplexing design, we showcased
the first multiplexed modular microfluidic system. The
system is built in a nonlinear and modular manner which
has not been showcased before. This rapid, low-cost pro-
totyping is not possible without 3D printing technology.

Conclusion

In this paper, we proposed a 3D printed modular micro-
fluidic system consisting of three modules, which are
micromixer, microseparator, and microconcentrator, to
detach and separate MSCs from MCs. Each module was
produced with direct SLA printing, creating highly accu-
rate 3D structures with a low cost and a simple, rapid
manufacturing process. Operating at the throughput of
3 mL/min, this microfluidic gadget can detach the cells
fully from MCs with 5 min incubation time and 20 s pro-
ceeding time through the device, removing 100% of the
MCs from cells solution while recovering 77% of cells
in one round. The cells passing through the device were
viable proliferative with preserving their differentiation
potential. More importantly, the therapeutic potential of
the cells was well preserved. Our scaled-up version shows
that the current system has the potential to apply in the
stem cell industry in ¢cGMP compatible manner. Com-
pared to the current system, this gadget is operated in
high throughput and clogging-free manner. It simplifies
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the cell harvesting procedure, minimises the damage and
chance of contamination to the cells, and reduces the
overall production cost on a large scale. Furthermore,
this system is flexible and can potentially be modified to
fit with any microcarrier and bioreactor to produce vari-
ous cell types and products.
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Supplementary information section

S1. Microfluidic system design consideration

Based on previous developments of scaled-up microfluidic devices [1-3], here, we used a 3D
printed scaled-up modular microfluidic system consists of two micromixers, one spiral inertial
separator, and one zig-zag concentrator to detach and separate cells from microcarriers (MCs)
and dewater the cells. The micromixers in this system assisted cell harvesting by mixing the
MCs and enzyme sufficiently and inducing mild mechanical force, reducing the cell
detachment time. 3D passive micromixer has been utilised in this system owing to its high
mixing efficiency, adaptable flow rate range, adequate cross-sectional channel size, and gentle
forces applied to the cells. MCs were found to be fragile and have the risk of breakage in stirring
bioreactor [4], but they remained intact even under high flow rate in our micromixers (Fig. 2C),
and no clogging of channels was observed [5-7]. For the same reasons, spiral microfluidics was
chosen due to the large channel dimension and gentle forces it applied to the microparticles
and in the last step, the zig-zag channel was used to concentrate the cells due to its high
dewatering efficiency and flexible working flow rate range. In addition, the spiral channel
extracts larger particles out of the cell solution, and zig-zag channel removes smaller debris
like microplastics of the culture flask, cell debris or MCs fragments (Fig. 2) which might trigger
immune rejection [&8] of the patients. These two devices worked together to remove particles
and debris that are bigger or smaller than the cells.

52. Numerical simulation of the micromixer

To characterise the performance of the micromixer, the fluid behaviour in the micromixer was
simulated using COMSOL Multiphysics 5.5 [5]. Two equations, Navier-Stokes, and continuity
equations (Egs. (1) and (2)), which are regarded as the governing equations for laminar,
incompressible Newtonian fluid, were used to calculated velocity and pressure distribution in

the channel:
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vV =0 (1)

av
-+ pWV. V) = —VP +uv2V )

where V is the velocity vector (m/s), p is the fluid density (kg/m?), u is the dynamic viscosity
(N-s/m?), and P is the pressure (Pa). The fluid velocity and pressure in Eq. (2) can then be used

to model the mass transport of the fluid by the convection-diffusion equation (Eq. (3))

dc 3)
at

where ¢ is the fluid concentration (Mol/m?), D is the diffusion coefficient (m?/s).

+ (V.V)c = DV3¢

To evaluate the performance of the micromixer, mixing index was introduced:

1 4)
L e -2y
MI=1-— %
0 max

szax =c(1-¢) (5)

where N is the total number of the cross-section mesh elements, 2,4, is the maximum
variance of mixture concentrations at the specific cross-section along the channel, ¢; is the
concentration of species for each of the mesh elements, and ¢ is the average value of ¢;. The
value of € is related to the inlet volume ratio, which is 2:1 in our case, and it is equal to 0.66
[9].

53. Calculation of experimental mixing index

To extract the experimental values of the mixing index, an image processing software (Fiji,
NIH, USA) has been used. Grayscale values of the images along a line parallel to the channel
width at the inlet and outlet were extracted from the pictures. These values were then
normalized using Eq. (6).

I = I;_I;;‘Lin

- *® *
Imax - Imin

(6)
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where the actual intensity is represented by I/, and the minimum and maximum values of
intensity at the inlet (unmixed fluid) are given by I, and I}, ., respectively. The

experimental value of the mixing index is then calculated using Eq. (9).

MI =1 ME 7
experimental M Enomixing ( )
Here, ME and MEp, 1 xing Were calculated using Eqs. (10) and (11).
N 2
1 =1
ME = |= _— 1
IS .
i=1

N 2
1 iy —1
ME,, mixing — NZ ( mm,m]fzx ) (92)

i=1
where N is the number of pixels in the inlet or outlet image along a line parallel to the channel

width, I'is 0.5, and L, ;max can be O or 1, respectively.
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S4. Cell culture in culture flask and bioreactor

Human adipose-derived mesenchymal stem cells were supplied by Regeneus I.td. The cells
used in this study were in passage 8. The cryopreserved cells were thawed and cultured in
complete media made of a-MEM (Gibco, Australia) supplemented with 10% Human Platelet
Lysate (HPL, COOK Regentec, US) in a 37°C incubator with 5% CO2 before seeding on
microcarriers.

Star-Plus MCs were sterilised by autoclaving according to the manufacturer’s instruction and
then were suspended with a density of 12.5 mg/ml prior to cell seeding. MCs were transferred
to the 100 ml PBS mini bioreactor (PBS biotech, USA), and the cells were seeded at a
concentration of 2.0 x 10° cells/g MCs in the bioreactor. The bioreactor was placed at 37 °C
humidified bioreactor with 5% CO;. To improve cell attachment, the bioreactor was first
operated at 15 rpm for the first 24 hours and then increased to 24 rpm to attain near-full
suspension of MCs-cells suspension. Cell propagation on MCs proceeded for 7 days. After
that, cells were harvested by the traditional filtration method and the proposed 3D printed
integrated microfluidic system. To visualise the number of attached cells on the MCs after cell
harvesting, the cells were stained with Hoechst staining (Miltenyi Biotec, Australia) and
observed by fluorescent microscope (Olympus IX73, Olympus, Japan). Briefly, 1 mL of the
cultured microcarrier-cell suspension was taken out from the bioreactor, rinsed with PBS, and
then fixed by 4% paraformaldehyde (Sigma Aldrich, Australia) for 20 min. Then the cells-

attached MCs were washed with PBS and stained with Hoechst for 30 min.
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55, Cells characterisation after passing through microfluidic devices

55.1 Cell viability assay and proliferation assay

The viability of cells after harvesting was evaluated by live and dead cells viability assay kit
(ab113347, Abcam, UK) and viability profile for control and experimental group was assessed
via flow cytometry (CytoFLEX LX, Beckman Coulter, USA) according to the manufacturer's
instructions. The proliferation rate of harvested cells was quantified by M'TS. To this aim, 2x
10* cells/well were seeded in three wells of the 24 well plates, and after 1, 3, and 5 days of cell
seeding, the proliferation rate of cells was examined by MTS reagent containing serum-free
medium according to the manufacturer's protocol (Progmo, Australia). The absorbance was
measured at 450 nm using a Tecan Spark multimode microplate reader (Tecan, Switzerland).
To further quantified cell proliferation, the cells (2 * 10* cells/well) were seeded on a 24-well
plate and on the 1%, 3¢ and 5% day of culture, cell nuclei and F-actin filaments were stained
with DAPI and FITC-labelled phalloidin, respectively. Cells were visualised using Olympus
IX73 microscope (three fields of view per replicate; three replicates; Olympus, Japan). Then
the number of cells for each sample was counted manually using Imagel.

55.2 Identification of cell phenotype

To evaluate the microfluidic harvesting system's long-term effect on the stem cell, the surface
markers of MSCs were stained by fluorescent antibodies. 3x10 cells were seeded in 24-well
plates and incubated at 37°C and 5% CO2. When cells reached near 80% confluence, they were
labelled with monoclonal antibodies CD90-FITC, CDI105-PE, and CD73-FITC (Abcam,
Australia), fixed by 4% formaldehyde (Sigma Aldrich, Australia) and analysed by CytoFLEX
flow cytometer and FlowJo software (BD, USA).

85.3 Trilineage differentiation

The harvested cells were seeded in 24-well plates with a density of 3x10% cells/well. The detail

method was reported in our previous work [10]. Briefly, three days after culture, the media was
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replaced with StemPro™ Osteogenesis differentiation media (Gibeo, Australia) for osteogenic
and differentiation, StemPro™ Chondrogenesis differentiation media (Gibco, Australia) for
chondrogenic and StemPro™ adipogenic differentiation media (Gibco, Australia) for
adipogenic differentiation. After 21 days, the osteoblasts property of cells was verified by
Alizarin Red staining (Sigma Aldrich, Australia). The cells first were fixed with 70% ethanol
for 1 hour, washed with deionized water several times, then stained with alizarin red s solution,
and incubated at room temperature for 1 hour. The cells treated with chondrogenic and
adipogenic differentiation media were stained with Alcian Blue and Oil Red O (Sigma Aldrich,
Australia) staining respectively. Both group of cells were fixed with 4% formaldehyde for 1
hour, and then Oil Red staining was added into the adipocytes for 30 minutes staining and
Alcian Blue was added into the chondrocytes and stain the cells overnight. Finally, the cells
were washed with deionized water three times, and the stained matrix was observed by a light
microscope (Olympus, Japan).

55.4 Surface proteins responses to cytokine stimulation

The harvested cells were seeded into a 6 well plate at the concentration of 5x10* cells/ml in
complete media. After cells reached 50% confluence, the cells were treated with priming media
containing ¢-MEM with 5% HPL, 10ng/ml. TNF-o, and 100ng/ml. IFN-v recombinant
proteins (Stem cell technologies, USA). The unprimed cells (treated with a-MEM and 5 %
HPL) were used as a control. After 24 hours, cells were harvested and centrifuged at 800 G for
7 minutes. The supernatant was discarded, and the cell pellet was resuspended in 1ml, of cold
DPBS (2-8 °C) and stained with CD54 (iCAM) and HLA-G antibodies (Biolegend, Australia).
The labelled cells were analysed via a CytoFLEX LX flow cytometer system and CytExpert

software.
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53.5 Cytokine secretion study

To assess the characteristics of MSCs secreted protein, MSCs were assessed under normal
culture conditions and after harvesting from the microfluidics system. Analytes, including HGF,
IL-6, MCP-1, VEGF-A, SDF-1a, TNFR1, and TIMP-1 were measured using the Custom
ProcartaPlex Multiplex immunoassay (Thermo Scientific, Australia). ProcartaPlex is a
Luminex-based multiplex assay that utilizes magnetic beads with antibodies directed against
distinct analytes in one assay, enabling the measurement of many analytes at one time. Assays
were performed as per the manufactures' instructions. Briefly, MSCs were defrosted and spun
at 10,000g for 2 minutes; spun sample supernatant is bound with detection antibodies added,
conjugated with Streptavidin-PE, and the fluorescent intensity of each sample was read on a

MAGPIX 200 (Luminex Corporation, US) reader.
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56. Additive manufacturing for device fabrication

In our system, all microfluidic devices were fabricated by 3D printing. 3D printing is the only
choice to fabricate such spatial designs in a short time due to the high customisability, high
accuracy, and potentially labour-free manufacturing process. Stacking of PDMS [11], laser
cutting [12] or micromilling [13] have limited capability of fabricating 3D structures, and they
are expensive and labour-intensive. An alternative fabrication method is direct 3D printing of
microfluidic devices, which have great potential in the industry due to their rigid nature, highly
customisable design, cost-effective, and rapid manufacturing process [14-16]. These devices
required manual aligning and binding and are therefore prone to human error. Micromixers
with such complex geometry can only be made using sacrificial moulds or direct printing,
similar to the one that we used in previous study [17]. However, sacrificial moulds do not have
high quality (limited on the accuracy of the printer) and hugely rely on experienced users to
produce, it has an extended processing time, and excessive PDMS material is needed.
Therefore, in this paper, we employed the SLA 3D printer to directly print the micromixer,
shortening the cost, time, and effort needed to fabricate the device with the same spatial and
precise geometry. With this printing procedure, the micromixer and spiral chip can be
fabricated within a few hours and require only very simple post-processing steps, which can be

automatically proceeded by washing and curing machine to further reduce labour cost.

99



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

3D printing Device washing Devcie curing
(3h) (10 min) (5 min)

CAD file design |:l
3D printing Support removal P[;MS ching
(3h) (10 min) (24h)
Device washing Wax melting
1 (10 min) (3h) I
I 1
30h

Fig, S1. Direct printing of 3D micromixers hugely reduces the time needed for fabricating time

compared to wax printing method.
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Fig. S2. Dimensions of threaded micromixer used for detachment of cells from microcarriers
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Fig. S3. The simulation results of the micromixer demonstrating A) a constant pressure drop
across different flow rate. B) The different mixing strategies at different flow rate, and the
mixing of different species across the channel, and C) the velocity profile across the channel.
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Fig. S4. The mixing index and pressure drop of the micromixer at different flow rates. The

results showed that the mixing index was as high as 95% when the micromixer was operated
at a total flow rate of 3 mL/min.
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Fig. S5. Electric circuit analogy of our system. The serial connection of devices ensures the
flow rate was constant in every device. The flow rate is controlled by Q1+Q2.
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Fig. S6. Spiral device characterization with different concentration of microcarriers under
different flow rates. The results showed that when the concenfration reached 1% the
microcarriers cannot be focused on the inner wall. And the flow rate above 3.5 mL/min cause
the particles to disperse even under low concentration. The images were made by stacking the
video with Z project, standard-deviation mode in ImageJ to visualise the focusing bands, and
the microcarriers were added manually later to represent the concentrations and trajectories.
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Fig. S87. Confocal microscopy images of aggregated microcarriers before cell harvesting.
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Fig. $8. The total recovery rate of first and second round purification add-up to be 98.83% in
total. The blue dashed area of the lost cells was the cells recovered by the second-round

separation.
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Fig. 89. The concentrating results of MSCs in the zigzag channel. The results showed that the
cells were concentrated for about 4.5 times, and the recovery rate was about 99.9%.
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Fig. S10. Comparison of the cell attachment after harvesting by counting the number of cells
in the pictures in Imagel.
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4. Chapter 4-Rapid and continuous
cryopreservation of stem cells with a 3D

micromixer (Aim 3)

In the stem cell industry, cryopreservation is the crucial final step before the cryostorage
of the product. However, conventional methods of adding cryoprotecting agents (CPA)
to the cells have various limitations in industrial-scale production, including
insufficient mixing of cells and CPA, which can damage the cells, create batch-to-batch
variations, and cross-contamination. To address these issues, this study proposes a
highly efficient micromixer for low-cost, continuous, and automated mixing of stem
cells with CPA solutions. Our results show that this micromixer provides a more
homogenous mixing of cells and CPA than manual mixing methods, while preserving
the stem cell properties, including surface markers, differentiation potential,
proliferation, morphology, and therapeutic potentials. This approach offers a promising
solution for overcoming the challenges of cryopreservation in large-scale stem cell

production.
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4.1. Introduction

Stem cell cryopreservation is the last step of the stem cell production process, before
storing and delivering the cell products to the clinics for stem cell treatment. This
process is carried out by mixing cryoprotectant (or cryoprotecting agent, CPA) and cells
in a defined ratio. At the moment, Dimethyl sulfoxide (DMSO) is the most commonly
used CPA in MSCs cryopreservation [284, 285], due to the high cell viability and
conservation of stem cell properties after thawing. DMSO permeabilises cell
membrane, minimises dehydration of the cells and prevent overconcentrating of solutes
inside the cells [206, 286-288] to protect cells from water crystallisation. However,
exposure to high concentration of DMSO and long-term exposure to DMSO causes
detrimental osmotic shock to the cells and might be lethal to them [289-292]. Therefore,
minimising the exposure of DMSO to cells [60] and controlled mixing of DMSO and

cells is critical for protecting cells during the freezing process.

Currently, the standard technique for mixing large volumes of MSCs with CPA is
robotic arms technologies, such as the robotic filling line from Aseptic technologies. In
this system, cells are handled in a completely sealed and sterile environment, which
meets the current good manufacturing practice (cGMP) needs. Nonetheless, in the
robotic arm system, DMSO is pre-mixed with cells in a bulk manner before aliquoting
the cell-DMSO solutions into the cryopreservation tubes. This means 100% DMSO is
added into the cell solution in a large mixing tank, where direct exposure to high
concentration DMSO is, as described above, lethal to the cells. Then the cells are stored
in the large mixing tank for up to 2 hours until all the cells are gradually filled into
cryopreservation tubes and moved to the temperature-controlled freezer. DMSO
changes cell permeability within minutes [293] and the uneven mixing and temporary
storage under room temperature causes significant batch-to-batch differences [60] in
the MSC products. They can potentially affect the clinical outcome of the cell treatment.
The only alternative method, also the most common method used in laboratories, is
manual mixing. Manual mixing imposes human error which increases the chance of
contamination. It has exceptionally low throughput which also leads to batch-to-batch
quality differences at a large scale. Therefore, there is an enormous need for novel

technologies that can introduce CPA into cells homogenously [60].
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Microfluidic devices can be the perfect solution to mix CPA and cells. They are
miniaturised channels used to manipulate liquid inside the channels, possessing low-
cost, disposable, and simple operation features and can be easily implemented in
different conditions [293]. There were attempts to implement sheath flow-added
straight channels to replace the media of the cells to CPA-added media. The advantage
of these devices is cell washing happens while CPA is added to the cells, yet the
throughputs were only pL/min level [292, 294], which has no potential in industrial
application. Among the microfluidic devices, micromixers are miniaturised fluid
mixing devices that have attracted significant attention in recent years due to their
efficiency and high throughput mixing of a small amount of liquids [295]. They are
extensively used in biomedical diagnosis, food and pharmaceutical industries, drug
development, and chemical synthesis [296, 297]. Broadly, micromixers are divided into
active and passive categories. Active micromixers rely on external energy input such
as thermal, acoustic, magnetic, or electric fields to disturb the fluids and achieve high
mixing efficiency. Active mixers have a relatively simple structure and high mixing
efficiency. But compared to passive micromixers, active micromixers broadly require
stirrers, air interface, fine-tuning, integrated electrodes, heaters, and external energy
sources, which have low energy efficiency and could be detrimental to some biological
samples [295-297]. Therefore, passive micromixers are preferred by the industry.
Passive micromixers have complex structures compared to active ones. The complex
structures enhance molecular diffusion and chaotic advection and improve the mixing
efficiency vividly. In general, passive mixers offer unignorable benefits, including
better accessibility, simple fabrication, low cost, high reliability, and easy integration

with other systems [296-298].

Therefore, to optimise the stem cells cryopreservation process in the industry, here, we
have presented a novel 3D printed microfluidic mixer for efficiently mixing CPA with
MSCs in a high throughput manner (Fig. 4.1). The micromixer was firstly characterised
by mixing food dye and water, and mixing cells with cytoplasmic staining. The
properties of cells cryopreserved by mixing with DMSO in the micromixer were then
compared with manual mixing control. The results showed that the presented setup
managed to preserve the critical stem cell criteria [285] including viability, growth rate,

and phenotype of the cell without changing the properties and differentiation potential.
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Although we demonstrated the application of the device here with a small sample size
(<5 mL cells), the 3D-printed micromixer has the potential to perform large-scale
cryopreservation. It can also be easily integrated into other microfluidics systems [206,

299] or the current industry system at a low cost.

4.2. Material and Methods

4.2.1. Micromixer design and Fabrication
The micromixer was fabricated as previously described [299]. Briefly, SolidWorks
2018 %64 (SolidWorks Corporation, USA) was used to design the micromixer. The
micromixer was then converted into an STL file and fabricated with Clear Resin V4
(RS-F2-GPCL-04) via a Form2 SLA 3D printer (Formlabs, USA). The layer thickness
of the print was set at 50 pm to ensure parts have high quality. After printing, the
micromixers were carefully removed from the build plate, and the support was cut off
by a scalpel and scissors. The device was then washed thoroughly with Isopropyl
Alcohol (IPA) three times to prevent the uncured resin from blocking the channel and
dried by an air nozzle. Lastly, the device was further cured by a 450 nm UV light in a

UV-curing chamber for stabilisation. The channel dimension is shown in Fig. S4.1.

4.2.2. Governing equations and boundary conditions
Laminar flow holds as Reynolds number (Re = %) does not exceed 700 for the

present case. Therefore, assuming incompressible, isothermal, and steady-state Navier-
Stokes equation (Eq. (1a)) coupled with the continuity equation (Eq. (1b)) governs the
flow field:

p(u-V)u=—-VP + uViu, (1a)
Vou=0, (1b)

Where fluid density and dynamic viscosity are assumed to be p = 998 kg/m3 and u =
8.9 X 107* Pa - s, respectively. First, the flow field is solved for the velocity vector
field, u, and pressure, P. Then the concentration distribution, c, is calculated by the

stationary convective-diffusive transport equation (Eq. (2)):

(u-V)c=DV?, (2)
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with D = 2 X 1072 m? /s being the diffusivity coefficient between the fluids. The
inlets are assigned the uniform velocity boundary conditions with the 1 to 9 ratio for
the CPA (Ac = 1 mol/m?) to the cell media. The outlet is set to zero pressure. The
remaining boundaries are considered to be no-slip and no-flux walls. COMSOL
Multiphysics, a commercially available software based on finite element method was
utilized to simulate and predict the laminar mixing of the solutions within the
micromixer. Unstructured grid was generated for the entire domain with several

boundary layers.

4.2.3. Mixing index

To evaluate the mixing performance of the device, the mixing index or M. I. is defined

by assessing the standard deviation of the concentration (o):

2
Ml=1-0=1- |-¥L X (029) , (3)
where n is the number of sampling points, ¢; denotes the molar fraction of samples, and

¢ represents the totally mixed molar fraction.

4.2.4. micromixer characterisation

The mixing efficiency was experimentally characterised in two ways. The first
characterisation was done by passing red food dye and DI water through the micromixer
in a 1:9 mixing ratio at different flow rates. Pictures were taken after the fluids became
steady at the inlet and before the outlet of the micromixer. The pictures were then
analysed, and the degree of experimental mixing efficiency in these channels was

compared with numerical results obtained using Comsol Multiphysics.

The second characterisation was done by mixing cells with a membrane-staining dye.
CellBrite® Cytoplasmic Membrane Dyes (Biotium, USA) was firstly characterised by
mixing with cells at different concentrations (0.1 puL to 5 pL/million cells/mL). The dye
stained the cells seconds after they come into contact. Therefore, a low concentration
that cannot stain all the cells (0.5 pL/mL) was used to evaluate mixing efficiency, since
even mixing will stain more cells than uneven mixing (although uneven mixing might
stain some cells with higher fluorescent intensity). The selected concentration was then

added into DMSO (Gibco, Australia), and the dye-added DMSO was mixed with cells
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either manually or through micromixer at 1:9 ratio. Then the cells were collected,
analysed by microscope and CytoFLEX LX flow cytometer (Beckman Coulter, USA)
to record the level of staining of individual cells. The results were compared with a
manual mixing CPA and cells, and statistical differences were compared by Two-way

ANOVA in Prism (GraphPad, USA).

4.2.5. Cell culture
P7 MSCs were kindly provided by Regeneus. The cells were cultured on T25 (Falcon,
USA) flasks with a-MEM (Gibco, Australia) supplied with 10% human platelet lysate
(In vitro Technologies, Australia) and passaged 2 times before this experiment to
eliminate the impact of cryopreservation. Then, the cells were harvested at 90%
confluence with TrypLE enzyme (Invitrogen, Australia) and centrifuged at 500g for 5
minutes to replace the enzyme with Fresh culture media (90% a-MEM and 10% human

platelet lysate) at a concentration of 1 million cells/mL.

4.2.6. Experimental setup
The experimental setup is illustrated in Fig. 1A. The cells and DMSO solutions were
loaded into 3mL syringes (BD plastic) and connected to the device with Tygon tubings
(John Morris, Australia). Two syringe pumps (Fusion Touch, Chemyx Inc) were used
to hold these two syringes separately and the flow rate ratio was fixed to 9 to 1 for cells
and DMSO syringes. The cells were collected from the outlet by a cryopreservation
tube and placed in Mr. Frosty (Sigma Aldrich, Australia) inside the -80°C freezer
immediately. Five control groups were made by adding and pipetting 100 pL. of DMSO
in 900 pL cells in fresh culture media. One group was put into Mr. Frosty (Thermo
Scientific, Australia) immediately after mixing, two groups were left at room
temperature (RT) for 30 minutes and 60 minutes, the last two groups were left in 4°C
fridge for 30 minutes and 60 minutes before putting into Mr. Frosty. This was to mimic
the cell damage caused by long-term incubation with DMSO. All groups of cells were

left in the freezer for one week before thawing for cell characterisations.

4.2.7. Cell characterisations
The cells were defrosted by the standard rapid thawing method, which is to place and
stir the tubes in a 37°C water bath until defrosted [300]. The cryopreserved cells were
characterised by their post-thawing viability, growth rate, morphology, stem cell
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surface markers staining, trilineage differentiation and immunoproteins staining. The
thawed cells were stained with live and dead staining (Abcam, Australia) for 10 minutes
in a dark room and proceeded through a flow cytometer to evaluate the viability. To
assess the growth rate, the thawed cells were seeded in a 6-well plate at the
concentration of 10,000 cells/mL and the media was replaced the next day to wash off
dead cells. Images of 5 random positions in each well were taken every day to measure
the cell doubling time, and three days later, the cells were stained with live and dead
staining. Fluorescent pictures were taken by an IX 70 fluorescent microscope

(Olympus, Japan).

To confirm the stem cell properties via surface markers staining, the thawed cells were
harvested by TrypLE after culturing and passaging three times. They were washed by
DPBS for two times, and fixed with 100 uLL methanol (Sigma Aldrich, Australia) in a -
20 °C freezer for 10 minutes. After that, the cells were washed twice with DPBS and
resuspended in 100 uL. DPBS with 10 pL anti-CD73-FITC, anti-90-FITC and anti-105-
PE antibodies (miltenyi biotec, Australia) and incubated at a 4 °C fridge for Ih,
according to the manufacturer’s protocol. Then the cells were proceeded through
CytoFLEX LX flow cytometer and the results were analysed in CytExpert (Beckman
Coulter, USA).

Differentiation potential of the cells was confirmed by culturing the cells in 6 well
plates with Osteogenic, Chondrogenic and Adipogenic differentiation media (Gibco,
Australia) for 21 days, with the media replaced every three days. On the 21% day of
culture, the cells were washed three times with DPBS before being fixed by 70%
ethanol (osteogenic cells) and 4% paraformaldehyde for 1 h at room temperature. Then,
the cells were washed three times with deionised water, and stained with Alizarin Red
(osteogenic cells), Oil Red (adipogenic cells) and Alcian Blue (chondrogenic cells, all
staining purchased from Sigma-Aldrich, Australia) respectively. The osteogenic and
adipogenic cells were stained for 1 h before washing the remaining staining off with
deionised water, and chondrogenic cells were stained overnight. The cells were imaged

by a bright-field microscope (Olympus, Japan).

The therapeutic properties of the cells were verified by priming the MSCs with

cytokines stimulation and staining the change of expression level of the
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immunoproteins. The MSCs were seeded in 6 well plates after thawing. When the cells
reached 50% confluence, priming media containing 10ng/mL TNF-o protein and
100ng/mL IFN-y protein (Stem cell technologies, USA) were added to the wells, and
incubated in the incubator for 24 hours. Then, the cells were harvested and resuspended
in 1 mL cold DPBS and stained with HLA-G and iCAM antibodies (Biolegend,
Australia) for 1 hour. The cells were then proceeded through CytoFLEX LX flow

cytometer, and the results were analysed in CytExpert.

4.3. Results

4.3.4. Design principles of the micromixer
Fig. 4.1 illustrates the principle of micromixing and how the flows are guided through
the micromixer structures. The design consists of two back-to-back circles with average
diameters of 18 mm with manifolds of d = 1.5 mm twisted through the channels’
winding shape. The initial stage begins with introducing the stem cells solution and the
CPA into their inlet manifolds. The micromixer’s volume and footprint are ~ 668 mm?>

and 11x22x41 mm?, respectively.

Mixing at the micro-scale is often achieved by a common technique called split and
recombination (SAR) [301]. Here, a group of five different SAR components, namely
one-sided, middle-sided, and double-sided screws, are arranged sequentially. Fig. S4.1
shows the shape of the SAR units comprised of at least one division and reunion of flow
that undergoes a swirling path to induce vortices and mass transport. Moreover, the
double-sided unit takes advantage of the third dimension to ensure efficient 3D mixing.
After conducting a preliminary analysis, the best combination of the units and their

order was selected.

The unique design of the 3D micromixer allows the velocity to change effectively
across the fluid’s path required to achieve high-performance mixing. Fig. 4.2A depicts
the flow shifts along the channel and the lateral migration of the mass at a high Reynolds
number of 550. The joints between each unit show that fluid tends to follow its previous
path due to the fluid inertia and the micromixer’s curvature. This is known as the
Coanda effect, and in the present case, it significantly enhances the mixing efficiency

as a consequence of strong chaotic flow.
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Fig. 4.1. Stem cell production process and the potential application of our proposed micromixer
during this process. The micromixer can be either integrated into the current robotic arm system
to perform homogenous mixing of stem cells and cryoprotectants or used separately in
laboratories to increase the speed of cell-cryoprotectant mixing.

4.3.2. Effect of Reynolds number on mixing performance
The mixing efficiency over a wide range of Re was explored to evaluate the
performance of the micromixer and the mixing mechanism. As Re increased from 1 to
60, the effect of convection becomes predominant over the diffusion. There is also
around 5% fluctuation in the M. I. between Re = 30 — 100, which is due to the nature
of the flow where the two inlets meet and create disturbances. The geometry of the
junction and the flow rate ratio might reflect on the flow state, creating discontinuities
in the mixing performance. Fig. 4.2B illustrates the dispersion of concentrations along
the channel walls for these Reynolds numbers. As shown in Fig. 4.2C, the mixing index

is above 94 percent for Re < 1 regardless of the operational condition. This relatively
low-speed, also corresponding to low-Peclet (Pe = %), flows are the most suitable
condition for the diffusion-based mixings, where lateral transport occurs within the time

frame of the main flow. That is, Re = 0.1 in Fig. 4.2B shows a gradual gradient of

concentration as a manifestation of the diffusion mechanism.
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Before the critical Re of 60, mixing is accomplished mainly through diffusion. Most
passive micromixers use geometric-based manipulations of fluids, such as curvature-
induced Dean flows [285] and out-of-plane translation, which are associated with
convection and proportional to U163, Accordingly, as the Reynolds number exceeds
100, convective mixing outweighs diffusion. Thus, M. I. experiences a sharp growth for
Re ranging from 100 to 550, after which it almost remains constant. Here, the
convection-based concentration contours in Fig. 4.2B further confirm the proposed
micromixer can achieve efficient mixing within a shorter mixing length. Overall, the
proposed micromixer can efficiently maintain a mixing quality above 82% in a vast

range of Re.

4.3.3. Pressure and shear stress inside the micromixer

Shear stress level within the channel is an important factor that needs to be evaluated,
especially when proposing a new system that involves sensitive biological materials,
including stem cells. High shear stress may jeopardise the cell viability at high Re.

Considering a simplified model, the shear stress in a square duct is given as [302]:

. _ 6uQ _ 6u?
TS:M']/:?:WRe’ (4)
where y is the shear rate, Q is the flow rate, and h is the height of the square cross-

section. It is evident from Eq. (4) that the analytical shear stress linearly depends on the

2
flow condition or Re with a slope of a = Z% = 7.62 x 10~* as a function of fluid

properties and geometry.

In the peripheral blood system, the reported values for 74 are approximately less than
0.1 Pa considering both small and large capillaries. While in the cardiovascular system,
T, 1s on the order of 6 Pa for physiological or exercise conditions [303, 304]. This can
have a considerable impact on the metabolic response, behaviour, viability or stem cell
fates if they experience the stress for a significantly long time, i.e., longer than an hour
[305, 306]. It took less than 2 seconds for the cells to pass through the micromixer,
which is far shorter than the above-mentioned conditions. As a result, the maximum
shear stress is calculated over the range of studied Re and the trend is shown in Fig.
4.2D. As discussed earlier, the shear stress was expected to change by Re linearly.

However, the value of the a in the numerical model was calculated 14.6-fold higher
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using the equation provided for the straight duct. This difference stems from the
complexity of the geometry under the study that causes high efficiency mixing but at
the cost of slightly higher shear stress.

Input energy is another criterion of using high-throughput microfluidic devices for cell
applications. Micromixer design is the crucial factor in controlling it [301]. Pressure
consumption defines the trade-off between the throughput and efficiency. The amount
of pressure consumed in the proposed micromixer is illustrated in Fig. 4.2E. Owing to
the small secondary flows at Re < 100, a linear relationship was obtained for the
pressure usage, whereafter it was estimated via a quadratic function as a result of large
vortical patterns. It was then postulated that the proposed mixer design required a
relatively low pressure of less than 0.9 kPa to mix the biological solutions efficiently

and safely.

The cross-sectional concentration laminae and shear stress can better represent how the
tortuous design of the micromixer induces swirls and vortices. Fig. 4.2F illustrates the
shear stress and concentration gradient on the cut-planes intersecting each screw-
shaped component and perpendicular to the main flow. The chaotic flow created in
every region of the micromixer implied that the cells and reagents can be efficiently
mixed (the shear stress can be also presented by the vorticity (V X u)). Flow stretched
and folded from the moment the two solutions met each other, and the effect continued
along the channel most dominantly within the screw-shaped units. Moreover, the
highest stress grew mainly near the walls because of the high-velocity gradient, yet this
effect is small in the proposed micromixer due to the large cross-sectional area of the

channel.
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Fig. 4.2. Simulation results demonstrate the mixing performance, pressure, and shear stress in
the micromixer. A) Velocity changes on the mid-plane at Re=550. The alteration of pathways
and the complex geometry induce velocity shifts and thus, chaotic, and secondary flows. B)
The concentration distributions on the micromixer’s walls at different Re, representing the
mixing mechanisms. C) The calculated mixing index at various operational Reynolds numbers.
The corresponding Re to minimum M.I. is known as the critical Reynolds (ReC), representing
the mixing mechanism's transition from diffusion to convection. D) The maximum shear stress
during the mixing as a criterion for cell viability. Although it exceeds the physiological limit of
6 Pa, short exposure time as well as a small coverage area allow most of the cells stay alive at
the end of the mixing cycle. E) Pressure usage at different Reynolds numbers highlights the
relatively small pressure requirement. F) The changes in concentration and shear stress
distribution at cross-sections inside all 12 units at Re=550. The dispersion of 0.1 mol/m"3
entails the effectiveness of the device.

4.3.4. Mixer characterisation

The mixing efficiency of the micromixer was first characterised via mixing of food dye

and water. To test the device performance, we have used three different flow rates while
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maintaining the flow rate ratios as 1:9 (Fig. S4.2). The results show that the micromixer
can fully mix the samples, with a mixing efficiency of more than 85% across all flow
rates. At very slow flow rates, the dominant fluid regime was Stokes and samples had
enough time to properly mix with each other. At high flow rates, however, the fluid
behaviour became more chaotic. Given the special geometry of the micromixer, it could

still mix the samples well at extremely high flow rates and non-laminar flow regime.

Fig. 4.3 shows the results of mixing efficiency characterised by mixing cells and
cytoplasmic dye. The lipophilic cytoplasmic membrane dye stains the cells
immediately after contact (Fig. S4.3). Therefore, reducing the concentration of staining
used can showed the effectiveness of staining better. Fig. S4.3 shows the effect of
different concentrations of cytoplasmic dye staining on 1 million cells/ml. Above 1
pL/mL concentration, all cells were stained immediately after adding the staining.
When the staining concentration was reduced to 0.5 pL/mL, some cells remained
unstained even after 20 minutes of incubation. Theoretically, a micromixer should
provide more homogenous staining of cells due to the high mixing efficiency and the
continuous mixing feature. This was proved by mixing dye added DMSO and cells in
the micromixer, the idea is illustrated in Fig. 4.3A. Fig 4.3B shows the flow cytometry
results of membrane dye mixing. The cells processed by micromixer has a smaller area
of distribution, and almost all cells (99+0.13% cells of over 3000 events) were stained
with the dye, while the manual mixing control has only 67+4.11% of cells stained. The
box plot in Fig. 4.3B shows the cells in the micromixer group were stained more
homogeneously than the manual mixing control group since the stained cells distributed
in a smaller region than control group in X-axis (FITC-stained). The difference between
the two groups was significant (p<0.001). Fig. S4.4 are the microscopic images of cells

from these two groups, and the results aligned with Fig. 4.3B.
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Fig. 4.3. Cytoplasmic dye was added into DMSO to verify the homogeneous mixing of
micromixer experimentally A) Schematic illustration of the mixing strategies between
micromixer and manual mixing. The micromixer introduced DMSO into cells at a constant
ratio while manual mixing faces challenges of uneven distribution of DMSO at the beginning
B) The flow cytometry results of cells mixed with cytoplasmic dye-DMSO in two methods,
micromixer (left) and manual mixing (right). The inserted box plots show the level of FITC
staining of each cell were summarised in box plot. The results show that the cells in the
micromixer groups were more evenly stained than the manual mixing group, and the difference
of distribution was significant (p<0.001).

4.3.5. Cells characterisation

Viability, morphology, proliferation, differentiation potential and surface protein
expression are the key parameters to evaluate the effect of cryopreservation methods
for MSCs [285]. Therefore, passage 9 MSCs was used to verify the capability of the
device to mix cells and CPA in the correct ratio to protect the cells during

cryopreservation.
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Fig. 4.4A and 4.4B show that the cells’ viability and proliferation rate were similar to
the instant cryopreserved control group, indicating that the micromixer and handling
process did not damage the cells. Meanwhile, the RT and 4 °C groups showed time-
dependent reduction of cell viability and growth rate, and the microfluidic group had
significantly higher viability and proliferation rate compared to them. Fig. 4.4C
compares the cell morphology of all groups after three days in culture. The micromixer
processed group showed similar size and spindle, fibroblast-like shapes to the instant
cryopreserved control group, indicating the morphology, structure and integrity of the
cells were not altered. Live and dead staining of cells after 3 days in culture show that
the attached cells were healthy cells with no long-term damage caused by the device
(Fig.4.4A). There was no change in cell morphology after exposure to DMSO for 30
and 60 minutes, however the number of dead cells in 30- and 60-minutes incubation
groups increased compared to the control group, which was stored in the -80°C freezer
immediately after mixing. Fig. 4.4C and D also show an increased cells size in RT and

4 °C groups, indicating potential loss of stem cell pluripotency [65, 108].
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Fig. 4.4. Cell viability and proliferation rate after exposing cells to DMSO under different
conditions before cryopreservation. A) Post-thawing viability of cells in different groups.
Viability of each group is: 89.79+0.28% for microfluidic group, 89.55+0.69% for instant
mixing control group, 85.10+2.92% and 84.44 +1.38% for RT 30, 60 min groups and 87.09
+0.19%, 86.35+1.56% for 4°C 30- and 60-min groups B) Growth rate of cells after seeding
them in 6 well plates for 3 days, micromixer and instant preserved control groups had
significantly higher growth rate than the other groups (p<<0.001). C) Cell morphology and D)
live and dead staining in 6 well plates on day 3 show mixing the cells and CPA in the
micromixer does not damage the cell viability, morphology, and phenotype of cells.
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The stem cell properties were verified by surface marker staining, trilineage
differentiation, and surface immunoproteins staining. After three passages, the cells
were harvested and stained by fluorescence-tagged antibodies, and the results showed
that the MSCs preserved their stem cells properties (Fig. 4.5A). Trilineage
differentiations showed the cells preserved their differentiation potentials (Fig. 4.5B),
as indicated by the Alizarin Red-stained mineralised matrix of the osteoblasts, Alcian
Blue-stained glycosaminoglycan complex of chondrocytes and Oil Red-stained lipid
vacuole of adipocytes. HLA-G and iCAM are two surface-expressed immunoproteins
responsible for interacting with the immune system. HLA-G is an immune prohibitor
that should remain low after priming, while iCAM is an immune-promotor that
increases the immune activity after priming. Fig. 4.5C shows that the micromixer-
processed cells are expressing the surface proteins at a similar level to the control group,

indicating the therapeutic potential of the MSCs is well-preserved.
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Fig. 4.5. Characterisation of stem cell properties after thawing. A) The micromixer-
cryopreserved cells preserved their MSCs identities, expressing all 3 MSCs surface
markers. B) The osteogenic, chondrogenic and adipogenic cells showed that the
micromixer-cryopreserved cells also maintained the differentiation potentials. C)
Comparison of the expression levels of the surface therapeutic markers in the control
and microfluidic groups, showing the therapeutic properties of the MSCs passed
through micromixer were not hampered.
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4.4. Discussion

The debate on using cryopreserved or fresh cultured MSC for patient treatment has
continued for many years. CPAs were found to damage the cell viability, integrity,
structure, therapeutic potential when they were used at a high dosage and were left with
the cells for an excessive period [36, 284, 285, 307]. These damages caused by
cryopreservation are one of the reasons for unsuccessful clinical trials [308]. For
example, low cell viability MSCs failed to treat chronic inflammatory disorder in an
clinical study [309], and cryopreservation-induced cytoskeleton damage reduced the T
cell activation capacity of MSCs [310]. Luckily, the cell damage caused by
cryopreservation is reversible. There are attempts to reverse or avoid the cell damage
caused by cryopreservation by recovering and culturing the stem cells for a few
passages before administration or use the MSCs without cryopreservation [36, 285,
311]. The outcomes were successful, but this method increases the cost of cell culture
consumables, limits the therapeutic window (the treatments need to be carried out
according to the confluence of the cells) and accessibility to small clinics, and create

the need for cell culture-related technicians.

Thus, cryopreservation of MSCs remains one of the standard procedures in MSC
treatment, and more optimisation of this process is urgently need [308]. Especially in
the bulk mixing process, a high concentration of DMSO added into the cells results in
the instant formation of large pore on the cell membrane [312] and a large proportion
of cell death [289-291], which can be the main reason for the batch-to-batch difference
of the products in the industry at the moment. Here, we used a novel micromixer to
continuously mix up CPA and MSCs to improve the cryopreservation process. We
employed a new method to demonstrate the homogenous and continuous micromixer
mixing by processing cells with cytoplasmic dye added DMSO in the micromixer. Our
results showed that the cells processed by our micromixer have a significantly more
homogeneous mixing than manual mixing group (Fig. 4.3). In this paper, we used a
total flow rate of 1 mL/min to characterise the micromixer and cells. This flow rate sits
at a diffusion-based dominant regime in the mixing index graph (Fig. 4.2C), where the
mixing efficiency is high enough to create a homogenous sample at the channel output.
Viability of cells stays as high as 90% after passing through the device and
cryopreserved by Mr. Frosty for one week (Fig. 4.4A), and the growth rate (Fig. 4.4B),
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morphology (Fig. 4.4C), and in-culture viability (Fig. 4.4C) are indistinguishable from
the control. Since this is a small lab-scale experiment, we believe that a difference in
viability can be observed when it comes to large-scale, where mixing is harder to
happen and cells are exposed to high concentration DMSO for a longer period, as shown
in Fig. 4.4. The well-preserved stem cell identity was verified by the three MSC surface
markers staining (Fig. 4.5A). the MSCs differentiation potential was confirmed by
trilineage differentiation (Fig. 4.5B) and most importantly, the immunoproteins
expression level in response to stimulations was unaffected (Fig. 4.5C). This indicates
that the device and the whole handling process had no mitigation of the cell properties.
DMSO was found to exert heat while mixing with cells [313, 314], which might cause
damage to the cells in large volumes. The small mixing volume and large surface-to-
volume ratio of the mixer can potentially help release the heat [315], and although it is
hard to prove, the cell properties measurement results indicated that there is no damage
caused by fusion heat. The manufacturing method is robust and can tolerate high
pressures up to 300 psi or more without any trace of channel disruption or crack
propagation. It has been proved that MSCs can proceed in microfluidic devices with
flow rate as high as 30 mL/min without damaging the cells [8]. Also, the potential of
this device is not limited to mixing DMSO and stem cells, it can be used to mix cells

with other reagents at any given ratio.

The micromixer possesses multiple advantages compared to the current CPA mixing
methods. First, this micromixer has high mixing efficiency, and it can reach 99% at
high Re, which ensures the complete mixing of DMSO with cells in a short time in the
correct ratio. The cells only take 0.5 seconds to pass through the whole system, which
minimizes the potential damage to the cells caused by shear forces or micromixer. The
simple setup, designs, and small footprint of the device gives a low faulty rate to the
system and can be easily integrated into any current industrial system in a closed-up
manner by connecting the devices and bioreactors/cell containers with a peristaltic
pump. This closed system meets the need of the current Good Manufacturing Practice
(cGMP), which requires no human interference in the cell manufacturing process.
Lastly, the device has the potential to increase the throughput to fit industrial

applications by increasing the flow rate and paralleling multiple devices. As shown in
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Fig. 4.2C, the mixing index of the micromixer stays above 90% across multiple flow

rates.

4.5. Conclusion

This paper described a novel micromixer to mix stem cells and CPA for the stem cell
industry. This device offers a labour-free, rapid, evenly, and continuous mixing, which
the current methods cannot achieve. We used cytoplasmic dye to show the micromixer
can mix cells and CPA more homogenous than manual mixing, with minimum cell
damage introduced during the process. Our results showed that cells processed by the
micromixer have well-preserved viability, morphology, and cell growth right after
thawing. Stem cell properties such as surface markers, differentiation potentials, and
immunoproteins expressions that respond to stimulants were well preserved. These
results strongly support the fact that our device can be adapted by the bioprocessing

industry and has the potential to be used for numerous clinical applications.
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Supplementary information section

Fig. S4.1 The design and dimension of the micromixer. Mixing units used in the proposed
design each has unique geometry and functionality, hence flow characteristic.
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0.1-0.9 mL/min 0.0063-0.0565 mL/min 1.255-11.30 mL/min

Inlet

Outlet

Fig. S4.2 The results of food dye mixing with DI water characterise the mixing efficiency of
micromixer in real case. The figures of the outlet showed homogenous mixing of food dye
across different flow rates.

132



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

0 minutes 5 minutes 20 minutes

5uL

1uL

0.5uL

0.1uL

Fig. S4.3 Characterisation of cytoplasmic dye concentration before using it for mixing
experiment. The results showed that above 1 pL/million cells/mL, the cells are overstained
from 0 minutes. Therefore 0.5 uL/million cells/mL was used to characterise the micromixer.
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Fig. S4.4 The micromixer mixing group and manual mixing group control cells after 15 minutes
of staining. Results showed that most of the cells in micromixer groups are stained by both
Hoechst and cytoplasmic dye, while many cells in the manual control groups are not stained
with cytoplasmic dye.

Micromixer

Control
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S. Chapter S- Precise prediction and modelling of
bioreactor culture condition with microfluidic-

based single cell metabolomic analysis (Aim 4)

In large-scale cell cultivation, monitoring bioreactor conditions is essential to ensure
the maintenance of healthy cells and production of high-quality cell products.
However, the cultivated meat industry, being a relatively new industry, lacks standard
criteria for bioreactor monitoring. In this study, we presented a microfluidic-based
single cell metabolism detection method that allows for precise monitoring of
localized lactate production in cells. This method provides highly sensitive and
accurate metabolomic information about cells' behavior in different parts of the
bioreactor, potentially offering high-resolution data for bioreactor monitoring and

predictions.
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5.1. Introduction

The cultivated meat industry has experienced rapid growth since the first proof-of-
concept product was developed in 2013. Over 100 companies have been established,
raising a total of 1.8+ billion dollars by 2021 [316]. Despite this progress, the industry
is not yet ready for commercialisation. As a novel industry in the agricultural field,
most of the production process and technologies are adapted from the stem cell therapy
industry. This includes obtaining cells from animal tissue samples, establishing cell
banks, and expanding cells on a large scale. Then the cells are harvested from culture
vessels, differentiated into mature cells and composite with other cell types onto the
scaffold and packaged into the final products [316]. Bioprocessing control in each step
is crucial for high-quality and consistent production [317]. However, the cultivated
meat industry lacks a standard for bioprocessing control, as does the therapeutic sector.
Although some studies [318-320] proposed cell quality standards for stem cell therapy,
these rely heavily on manual operation and are difficult to integrate into a fully

automated cGMP production process and they have not yet been widely accepted.

Among all the parameters, Lactate level is one of the most critical criteria in
bioprocessing monitoring [321]. as it can negatively impact cell proliferation and
metabolism [322, 323]. Therefore, it is essential to maintain stable lactate production
levels for large-scale bioprocessing. In animal muscle cells, lactate plays a more
complicated role. Previous studies have shown that intracellular lactates of muscle cells
increase dramatically after differentiation [324]. In contrast, lactate can suppress
proliferation and promote myoblast differentiation [325, 326], increasing the number
and size of myotubes formed and helping in regeneration [327]. Lactate also increases
the generation of reactive oxygen species (ROS) [326], which leads to cell ageing and
apoptosis. Aged cells lose their potential to differentiate [328]. Monitoring and
measuring pH in the production process can be a good indication of the healthiness and
differentiation stage of muscle cells. Current lactate monitoring relies on measuring the
change in pH. Electrochemical and optical sensors are the two primary sensors used
[329]. Electrochemical sensors provide accurate and real-time monitoring of bioreactor
conditions, but the sensor is fragile and bulky. Optical sensors have a smaller footprint
and are therefore easier to miniaturise and integrate into different bioreactor systems,
yet the accuracy of optical sensors is not ideal. Meanwhile, both sensors are used to
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measure the pH level in bulk, which means that measuring the metabolism of individual
cells in the bioreactor or local pH level is impossible. This is particularly important
since a slight pH change can significantly impact the viability and concentration of cells
[329]. Only local, small fraction pH measurements can be fast and sensitive enough to
detect the changes before cells are damaged. There are microfluidic sensors available
for measuring pH at local scale or small sample size [330, 331] (including commercial
sensors from PreSens Co.). The accuracy of the sensors are hugely improved, but there
are no sensors available for measuring local pH at a single cell level. The development
of such sensors could enable more precise and sensitive monitoring of bioprocessing

and provide insights into cell behaviour at a more granular level.

In this study, we present a microfluidic-based approach with automation potential for
monitoring lactate production in individual muscle stem cells. Our method is simple to
operate and involves the use of a pH-sensitive dye to detect single-cell lactate secretion
(Fig. 5.1). By analysing and comparing lactate secretion across cells cultured for
different durations, we were able to correlate lactate secretion levels with cellular
senescence. Importantly, this approach provides a more precise and sensitive means of
monitoring lactate production levels in bioreactors. Our findings demonstrate the
potential for this method to accurately predict lactate production levels in large-scale

bioprocessing and provide insights into cellular behaviour at a single-cell level.

Cell culture Injectioninto device Imaging Analysis Modelling

Fig. 5.1. The workflow of this paper. Cells were harvested and injected into the device
to evaluate the lactate secretion at the single cell level, and the information was
collected and analysed by an in-house MATLAB program which would be used to build
a model for bioreactor culture.
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5.2. Materials and methods

5.2.1. Device design and fabrication
A microfluidic static droplet array device (SDA) was designed with AutoCAD
(AutoDesk, USA). The device contained 800 droplet chambers in total, and the volume
of each chamber/trap was 125 pL. The mould of the device was designed and fabricated
by mask-less lithography. Silicon wafers were prepared, spin-coated with 35 pm
thickness SU8-2050 (Microchem Co., USA), and the design was developed with
uPG101 lithography machine (Heidelberg, Germany) post-processed according to the
manufacturer’s instruction. Then, the patterned wafer was treated with tri-chloro (1H,
1H, 2H, 2Hperfluoro-octyl) silane (Sigma-Aldrich, Australia) via chemical deposition
in a vacuum chamber to coat a hydrophobic film on the surface of the mould for easier

fabrication of devices.

The devices were fabricated using polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning, USA). PDMS elastomer was mixed thoroughly with the curing agent in a 10:1
ratio, poured onto the mould, placed in a petri dish, and degassed in a vacuum chamber.

Then, the mould was left in a 65 C oven for one h before peeling off the device. The
Inlet and outlet of the device were punched with a 0.75 1 m biopsy punch, and 0.8 mm

cover glass was used to bond to the channel via plasma treatment with 4 minutes

vacuum and 2 minutes plasma.

5.2.2. Cell culture and differentiation
Mouse C2C12 myocyte cell line was kindly provided by Vow Ltd. Cells were cultured
in T24 flasks and seeded in 6 well plates for different culture days at a seeding density
of 500,000 cells/well. DMEM/F12+ Glutamax was supplemented with 20% Foetal
bovine serum, and 1 % penicillin & streptomycin (all from Gibco, Australia) were used
as the media for C2C12 culture. Cell differentiation was triggered by changing the
culture media from FBS supplemented to 2% horse serum-supplemented media. Cells

were cultured at 37°C with 5% CO2 supply.

5.2.3. Single cell metabolomic measurement
The inlet and outlet of the device were taped with scotch tape (3M, Australia) and left

in a vacuum chamber for two h before use. The gas permeability of PDMS and the
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scotch tape allowed the channel to be temporarily vacuumed after taking out of the
vacuum chamber. Then, the cells were harvested, stained with Hoechst and Viobility
fixable cell apoptotic dye (both 1 uL/mL, Miltenyi Biotec, Australia) was used to stain
the cells for 15 minutes in the incubator. The cells were counted, and 15,000 cells were
taken out, centrifuged, and resuspended in 10 pL pHrodo fluorescent pH indicator
solutions (1 uL pHrodo solution in 10 uL of DMSO provided in the same kit, added
into 1 mL of fresh DMEM F12, Glutamax+. ThermoFisher, Australia). The cells were
then immediately injected into the freshly taken-out device. Due to the vacuum
environment inside the device, the cell solution would be taken in automatically. Then
the middle channel of the device was sheathed with mineral oil (Sigma Aldrich,
Australia) to prevent evaporation, and the device was left inside the incubator for 30

minutes before imaging.

5.2.4. Image analysis
After 30 minutes of incubation, the cells were taken out and imaged with an 1X70
fluorescent microscope (Olympus, Japan). All pHrodo pictures (mCherry channel) and
Viobility pictures (FITC channel) were taken at 10x, 500 ms exposure time without
changing any other fluorescent intensity settings, while Hoechst was taken at 30 ms
exposure (DAPI channel). All pictures were saved without burning in information and
then proceeded through our MATLAB program (MathWorks, USA) for intensity
analysis. The images were firstly cut by ImageJ (National Institute of Health, USA) to
pick out the chambers, and the fluorescent intensity of each chamber was picked up and
recorded in MATLAB, output into an excel file. The values of multiple experiments

were plotted in histograms for further analysis and comparison.

5.3. Results and discussions

5.3.1. Cell trapping efficiency and experiment operation
To visualize the cell trapping process, we used a high-speed camera to record the
procedure, and the resulting footage is presented in Fig. 5.2A. In this process, the cell
solutions were represented by food dye and were automatically drawn into each
individual trap within a rapid timeframe of 2 seconds. Once the cell solutions were
loaded, we introduced oil into the middle channel, causing the liquid to break into

multiple static droplets. This sheathing step helps to isolate the individual cells within
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each trap, enabling precise and controlled analysis of single cells. The cell trapping and
sheathing process presented here can be readily adapted for use with a variety of
different cell types and can enable high-throughput screening of single cells, with
potential applications in regenerative medicine and tissue engineering.

The single cell trapping efficiency of the device was firstly characterised by injecting a
different concentration of cell solutions. The occupancy of the individual traps in the
device should follow a Poisson distribution, with a theoretical single cell trapping
efficiency of around 37.5% for approximately 300 single cells trapped in the device. As
the cell concentration increased, the number of traps with multiple cells increased.
While at low cell concentration, the chance of having empty droplets increased and the
chance of having multiple cells in one chamber decreased (Fig. 5.2B). Decreasing the
cell concentration resulted in lower overall chamber utility rates but improved the
single-cell utility rate [206]. Fig. 5.2C shows that when the concentration of cells
decreased to 20 cells/uL (20,000 cells/mL), the cell utility rate can be as high as 90%.
In other words, although most of the chambers were empty, 90% of the cells were
trapped in the chambers as a single cell, making it easy for software to analyse.
Therefore in this experiment, the experiments were carried out with 20 cells/uL
concentration.

In this work, we present an improved version of our previously published SDA [206].
Our previous design operate relying on the smaller resistance of the chambers’ inlet
compared to the main channel. The droplets stayed only inside the chambers without
penetrating to the next chamber due to the surface tension and the sudden decrease of
chamber size at the hydrophobic air gap. The device can be operated without permanent
bonding, and no pre-treatment is needed, but sometimes the chambers are not 100%
filled, and it is not suitable for culture because the air plug formed in the air gap might
gradually move out during culture and the droplets in neighbouring chambers will
merge in one. In this work, we introduce a new design that utilizes the gas permeability
of PDMS and scotch tape on the inlet and outlet to create a temporal vacuum inside the
channels, which enables the liquid to fill every single pocket efficiently. The chambers

remain stationary during culture, and droplet size stays more consistent after culture.
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Fig. 5.2. Device performance and image analysis process. A) the injection and sheathing
process of the workflow, takes less than 3s operation time. B) Single cell trapping efficiency
reached highest when the cell concentration reached 50-60 cells/uL C) The single cell trapping
efficiency can increase to almost 100% when the concentration of cell solution is low. While
the trap occupancy decreases, reducing cell solution concentration results in low cell loss and
maximising cell usage.

5.3.2. Device optimisation for secretion analysis
Fig. 5.3A showed the picture analysis process after imaging. The positions of droplets
array were defined, and the fluorescent intensity of each pixel was recorded. The
highest point of each peak, which corresponding to the fluroescent light of the cells,
was picked up and recorded as the value of the chamber and plotted as a graph shown
in the software processing part. Meanwhile, the program was set to normalise the
fluorescent intensity of each PDMS device based on the fluorescent intensity of the area
between the wells. This eliminates the error when comparing results across different
SDAs and experiments. In our study, a value above 2.1 was considered as 'on' for lactate
production. This value was determined by calculating the average value across multiple

experiments and empty control. The 'off' droplets, which were affected by potential cell
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metabolism, solubilised CO2, and autofluorescence of media, had an average value of

1.5. The empty control was set as 0.

The fluorescent intensity level of the droplets is dependent on droplet sizes and
incubation time. Smaller droplets provides quicker and more efficient detection [332].
Larger droplets exceeding 0.75 nL do not exhibit detectable levels of lactate secretion
within 30 minutes of incubation time. Droplets sized at 0.125 nL, on the other hand,
display high sensitivity in detecting lactate secretion levels, as evidenced by their wide
distribution range in fluorescence intensity (Fig. 5.3B). Longer incubation times lead
to increased lactate production (Fig. 5.3C), but also an increase the fluorescent intensity
of empty droplets suggesting signal oversaturation. Prolonged incubation of cells also
led to over-estimation of the number of high-lactate secretion cells. The results showed
that 15 minutes of incubation is adequate for identifying lactate secreting cell
population, and 30 minutes of incubation can highlight differences in secretion level
among positive cells. Based on these findings, a 0.125 nL chamber size device and 30

minutes incubation time were applied in the subsequent experiments.

— 2days — 4 days .

5 $ - ‘_ ;Threshold

— 6days — 8days

Fold increase
Fold increase
T

2 days 4 days 6 days 8 days

; 1 200 400
Image procagsing Software processing Data analysis
=
B g- C 15 min 30 min 60 min
15
2 >
= 4 O i
._E = 10
: 2
o
2 S (
5 24 o 5
3 ] é
e 3
2 led |04
0 0 I I I || | 1
S S D d D
& ST &
<« ¢ & ¢ &
oo & & &
) ) )

142



Applying Microfluidic Devices in Industrial Production of Stem Cells Lin Ding

Fig. 5.3. A) The imaging areca was selected in Image] and processed automatically in the
MATLAB program, and results were analysed in statistical software like Prism. B) the
fluorescent intensity of the C2C12 cells in different sizes traps after 30 minutes incubation. The
line shows the means of intensity level increased when the size of droplets decreased. C) The
fluorescent intensity of C2C12 cells 0.125 nL sizes traps.

5.3.3. Lactate secretion level and culture times

The effects of culture duration on single cell lactate secretion levels in C2C12 cells was
investigated first. C2C12 cells were cultured for 2, 4, 6 and 8 days, and the lactate
secretion level were measured. The results in Fig. 5.4A showed a significant reduction
in lactate secretion in C2C12 cells for 8 days, indicating potential damage to the cells.
The mean lactate secretion levels for days 2, 4, 6, and 8 were 2.039, 1.571, 1.73, and
1.314, respectively, and significant differences were observed among the groups
(p<0.001) (Fig. 5.4B). Fig. 5.4C and 5.4D showed that day 4 had a significant drop in
% of ‘on’ droplets, and the fold increase of ‘on’ droplets was smaller than day two cells.
However, the fold increase and the number of % ‘on’ droplets on day 6 increases again,
to a similar level on day 2. This can be an indication of the early differentiation of
myoblasts [325, 326] while day four cells might be in an exponential growth stage.
Although the mean value of ‘on’ droplets in each group is closer (2.414, 2.232, 2.313
for days 2, 4 and 6), there is still a significant difference among them (p<0.001). Further
investigations on the correlation between pH and cell growth, cell death and cell
differentiation are needed.

In order to improve the accuracy and efficiency of image analysis in the context of cell
metabolism, a deep-learning programe based on MATLAB to perform prediction of
cell metabolism in different days of culture is needed and comparison between current

commercial prediction model can be conducted.
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Fig. 5.4. Comparison of lactate secretion level over different days culture. A) the fluorescent
intensity of all droplets analysed on different days. B) The heat of 400 ‘on’ droplets from
different groups showed the frequency of ‘on’ droplets each day. C) although the mean values
are closed, the distribution of ‘on’ droplets have significant differences from each other
according to student t-test results (p<0.0001). D) % of ‘on’ droplets on different days, showing
that day two and day six have more than 60% of cells secreting lactate while day four has only

about 40 %.
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6. Conclusion and future perspective

Stem cell research remains a complex and dynamic field, with much still to be
discovered regarding the proliferation, metabolism, and therapeutic mechanisms of
stem cells. However, microfluidic devices have proven to be powerful tools for
advancing our understanding of stem cells at a higher resolution. By allowing for the
precise manipulation and observation of stem cells, microfluidic devices have enabled
the identification and isolation of stem cell subpopulations, providing insight into their
unique roles and behaviour within the broader cell group. Single-cell studies conducted
in microfluidic devices have further highlighted inherent differences between
subpopulations of cells, shedding light on their individual contributions to overall stem
cell behaviour. Moreover, the use of organ-on-a-chip models has provided researchers
with a more accurate representation of cellular behaviour and interaction, allowing for
a better understanding of stem cell function in the context of human physiology. Inertial
and active microfluidics have also proven to be effective in identifying and isolating
stem cells and their subpopulations while facilitating the application of external stimuli.
These advances not only improve our understanding of stem cells but also have the
potential to address current manufacturing challenges in the stem cell industry (Fig.
6.1). This thesis showcases four applications of microfluidic technologies in stem cell
research, highlighting their potential to accelerate progress towards the clinical

application and scale-up production of stem cells.

In this thesis, four microfluidic devices were developed to address various challenges
in stem cell research and production, as depicted in Fig. 6.1. Chapter 1 provided an
overview of the stem cell production process and the existing microfluidic devices
employed in stem cell research. Chapter 2 presented a low-cost, high-throughput
microfluidic system for producing edible microcarriers for the cultivated meat industry,
enabling large-scale production of stem cells in this sector. Chapter 3 developed a cell-
harvesting device that can efficiently detach and separate cells from microcarriers while
concentrating them for downstream processing. The separation device demonstrated
minimal clogging and high efficacy. Chapter 4 introduced a micromixer to mix
harvested stem cells continuously and effortlessly with cryoprotectant to improve the
quality of cells preserved, potentially leading to enhanced therapeutic outcomes and

product consistency. Additionally, a static droplet microfluidic device was developed
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to assess the lactate secretion level of individual muscle cells in chapter 5. This data
can be used to create an accurate model for large-scale bioreactor culture to optimize

the cell culture outcomes.

In the stem cell industry, there is a pressing need for efficient processes such as mixing,
separating, dewatering, and centrifuging. Microfluidic devices have shown significant
promise in executing these processes on a laboratory scale. In particular, inertial
microfluidics and droplet-based microfluidics have demonstrated high-throughput
capabilities for perfusing cells-attached microcarriers and producing uniform-sized
microcarriers, respectively. These devices offer advantages in terms of price,
scalability, simplicity, and energy efficiency without damaging the cells. However, the
adoption of microfluidic devices on an industrial scale remains limited, and further case
studies are needed to demonstrate their feasibility and cost-effectiveness. Due to their
high customisability, microfluidic devices can be integrated into current systems, and
their advantages can be combined to achieve multiple outcomes. For instance, sheath
flow added inertial device and sheathless spiral channel can be combined to wash and
concentrate ceawlls simultaneously. Micromixers, an area of untapped potential in the
bioprocessing industry, could enable precise, automated mixing, particularly for stem
cell cryopreservation and final product formulation, where precise, labour-free mixing
is required. As microfabrication technologies continue to advance, microfluidic
technologies will play a critical role in stem cell research and industry. Moreover,
similar technologies used in stem cell therapy could be applied to increase the number
of cells acquired from tissue samples, produce microcarriers, wash, and harvest cells,
which all serves to improve the efficiency and quality of production and reduce costs

in the cultivated meat industry.

The use of microfluidic devices has had a transformative impact on stem cell research,
but there is still much room for improvement in stem cell production at an industrial
scale. Any advances in the production process could have a significant impact on both
the industry and the medical sector. Microfluidic devices are particularly promising due
to their scalability, automation potential, and ability to manipulate multiple parameters
with precision. As a result, they may be able to overcome the current challenges in the

stem cell production process and potentially supplant existing technologies in the near
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future. More research is needed to fully realize the potential of microfluidic devices in

stem cell production, but they represent a promising avenue for innovation in this field.

. Stem Cell . :
A Purification: POte_ntla.I
I allly Active Microfluidics & applications
Bk Beg o S
R - Establishment: £ B8 . e
- < Organ-on-a-Chip i i i ] m'c_mﬂu'd'c
== Droplet-based & ¢ i devices
microfluidics i i i
Microcarriers
l Fabrication: & % \4;‘,/‘\
Droplet-based T // -
microfluidics % "\\\Lﬁ
—_—> Large-scale Perfusion

Culture;
Passive Microfluidics
Cell Growth Monitoring:
- Droplet-based
d 3

\“35\\\ 961\\\9
i

microfluidics
Active Microfluidics Continous Products \_’7
Harvesting: Continous Cell
Passive Microfluidics Washing:
Cell Quality Control: Passive Microfluidics
Droplet-based Cell Concentration:
microfluidics Passive microfluidics —~T TN
Active Microfluidics [ )
Organ-on-a-Chip % Y\ J

Fig. 6.1. Potential applications of microfluidic devices in the industrial production processes of
stem cells. Microfluidic devices have low-cost, scalable, low-energy consumption, labour-free
and precise manipulation of fluid features. These attributes address the challenges of the current
industry and can potentially bring significant improvement to low-down the cost, set a universal
standard procedure and improve the outcome for stem cell therapies.
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