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In vitro models in stem cell biology: from
traditional to advanced culture platforms



1. Introduction

1.1 The native cellular microenvironment

In vivo, cells are surrounded by a complex multi-factorial environment characterized
by specific physicochemical properties (temperature, pH, oxygen tension), which provide
cells with exogenous stimuli deriving from soluble factors, cell-matrix interactions, and cell-
cell contacts. The orchestrated interplay of these biochemical and physical extracellular cues,
referred to as cell microenvironment, regulates cells structure, function and behavior,
ultimately guiding their fate *.

The biochemical microenvironment is constituted by the combined role of cytokines,
growth factors, hormones and other diffusive biomolecules. This environment contributes to
the activation of complex signaling pathways, which modulate intrinsic regulatory
mechanisms and, in turn, determine cell fates 2. Such biochemical extracellular signaling
takes place through autocrine and paracrine intercellular communication mechanisms,
relying on the diffusion of biomolecules affecting the secreting cell (autocrine) or
neighboring cells (paracrine). Their efficacy on the modulation of cell behavior depends on
systems of proteins (including cell-surface receptors and intracellular signaling proteins) that
enable cells to respond to a particular subset of signals in a specific way 2. Moreover,
characteristic properties of biochemical factors, including concentrations, half-life, and
receptor binding affinities of the ligand of interest, contribute to determine their dynamic
role on modulating the behavior of a specific cell .

In addition to soluble signals, also the solid-state microenvironment, consisting of
extracellular matrix (ECM) factors, proteins immobilized to the ECM, and neighboring cells,
plays a key role in regulating cell fate °. Indeed, the majority of cells in the body are adhesive-
dependent, relying on the attachment to the surrounding ECM to survive. Physical
communication between cells and ECM occurs by means of integrins, transmembrane
receptors defining bridges between cell and ECM proteins. Integrins are also responsible for
the mechanotransduction of exogenous signals, such as the chemical composition and
mechanical status of the ECM, known to drive the regulation of cellular processes including
migration, proliferation, differentiation and apoptosis ®. Moreover, there are specialized
tissues in which the selective adhesion of cells between each other’s is crucial for the
maintenance of their physiological structure and function (i.e. myocardium, endothelium).
The regulation of such specialized interactions is governed by several cell adhesion and

junction molecules. Among them, a family of Ca?*-dependent adhesion molecules, named
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cadherins, plays a key role in tissue morphogenesis, through the control of cell polarity and
the dynamic regulation of cell adhesive contacts ’ during both the development of new
tissues and the controlled growth and turnover of adult ones 8.

Together, soluble factors, matrix-bound cues, cell-cell contacts and cell-matrix
adhesions form a complex three-dimensional (3D) cell microenvironment, which is also
characterized by spatio-temporal dynamic gradients, acting as signals themselves to regulate
cell function and behavior °. While chemical gradients are generated within the cell
microenvironment due to diffusion mechanisms, gradients in ECM mechanical properties
and compositions are intrinsically related with the heterogeneity of tissue structures and
usually characterize the boundaries between different tissues °.

Considering the described complexity of the native cell microenvironment, in vitro
models recapitulating the dynamic combinatorial role of biochemical and physical factors
are required to better understand the key pathways regulating cells behavior. The
development of such accurate in vitro models is of particular interest in those applications
of cell biology, such as drug screening studies, investigation over tissues morphogenesis,
optimization of tissue engineering (TE) protocols, in which cell responses and long-term

tissue functionalities are strictly dependent on multiple factors that act synergistically.
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1.2 Macroscale in vitro models

To date, much of the current understanding in cell biology relies on traditional bi-
dimensional (2D) in vitro cell culture models, which mainly consist on the static culture of
cells seeded on polystyrene flat surface plates (mm to cm in characteristic dimensions). Such
substrates, however, poorly mimic the native cellular microenvironment. Indeed, the 2D
plastic surfaces usually exploited for culturing cells (i.e. Petri dishes, multiwell plates,
flasks) feature levels of stiffness that are orders of magnitude higher than those found in
vivo. They also lack in presenting 3D cues typical of the native cell physical
microenvironment. Moreover, while cells are physiologically organized in proximity to each
other, thus facilitating the intercellular communications, traditional in vitro culture
environments are characterized by long distances among cells, and cell-cell interactions are
rarely organized and mainly dependent on experimental seeding and culturing parameters.
Furthermore, whereas in the native cell microenvironment the total amount of extracellular
fluid volume is proportioned to cells volume, thus facilitating diffusion of nutrients and
soluble factors and depletion of wastes, in traditional culture systems cells are immersed in
large culture medium baths, changed at fixed time points before depletion. This leads to the
necessity of overcharging medium with abnormally high concentrations of nutrients and
soluble factors for ensuring a sufficient supply to cells. The non-physiological ratio between
cell volume and medium volume, together with the usually static culture approach, also
favors the generation of uncontrolled chemical gradients within samples, providing cells
with a low control over the biochemical environment. Traditional cell culture approaches
thus represent simplified models poorly able to recapitulate the complexity found in vivo,
lacking in probing the combined role of different factors on specific cellular responses and
subjecting cells to non-physiological culture environments, ultimately featuring
inappropriate size-scales.

In the past few decades, several attempts have been made to address some of these issues
proposing macroscale 3D culture models, relying on innovative biomaterials, often
combined with laboratory-scale bioreactors 1. These approaches attempt to control the 3D
cell organization through the exploitation of scaffolds, designed to mimic specific
characteristics of the native ECM and to provide local and long-range order for tissue
development and function 2. Many advances have been made in this direction in defining

innovative biomimetic material formulations, either natural ** or synthetic */, and
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strategies for processing them into a wide range of 3D architectures, better mimicking the
structure of native tissues 8°. Furthermore, the combination of biomimetic scaffolds and
bioreactor culture systems recently yielded promising results in engineering functional
bioconstructs 2%?!, Bioreactors indeed enable a better control over culture environmental
conditions (such as exchange of oxygen, nutrients and metabolites, delivery of biochemical
regulatory factors) and offer the possibility to integrate ad hoc physical stimulations (i.e.
hydrodynamic shear, mechanical compression or stretch, electrical gradients) 2222, Although
providing a more reproducible and controlled strategy to investigate mechanisms of cell
behavior within a 3D environment and to engineer functional constructs, these macroscale
approaches still have to deal with size-scales that are orders of magnitude bigger than the
native microenvironment, thus lacking in accurately controlling biological phenomena at a
cellular level. Moreover, these approaches are usually limited by a tradeoff between the
necessity of modeling the concurrent effect of multiple factors and, on the other hand, the
requirement for simplifying the experimental setups for ensuring statistically significant
results in a reasonable amount of time. Model accuracy is thus often sacrificed for higher
throughput, or vice versa.

In this regards, application of microscale technologies to cell biology studies recently
gave huge promises for simultaneously improving model accuracy and experimental
throughput 24, Indeed, they enable an unprecedented control over the cellular
microenvironment, while reducing the time and the scale of experimental platforms for better
matching the cellular level 2. Moreover, they allow for easily testing many environmental
factors simultaneously, miniaturizing assays for high-throughput applications 2°. Among
them, microfluidic platforms have recently demonstrated great potentialities for defining in

vitro models able to better recapitulate the complexity of cellular microenvironment.
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1.3 Microfluidics as innovative tool for modelling the role of

microenvironment signaling on cell fate

Microfluidics is defined as a set of technologies enabling for the controlled
manipulation of small amounts (10°° to 107 liters) of fluids, molecules and particles within
artificially fabricated microsystems, using channels featuring dimensions from tens to
hundreds of microns 2’. The control over fluid and particles flow is achieved through the
integration of 3D microstructured geometries (e.g. channels, chambers, membranes) into
microdevices, fabricated by means of molding or embossing techniques 2. Soft lithography,
first introduced by the Whiteside’s group in the late 1990s 2, has been demonstrated to be
one of the most robust strategy for microdevices fabrications, exploiting microstructured
molds obtained through photolithography to produce polymer-based microchips by replica
molding. Among others, the most popular material used in soft lithography for microfluidic
applications is poly(dimethyl-siloxane) (PDMS). PDMS is an elastomeric rubber with
particularly interesting properties, which make it ideal for rapid design, mold and fabrication
of microfluidic systems featuring a wide range of geometries or for transferring
micropatterns with high fidelity via micro-contact printing techniques ?°. Indeed, PDMS is
cheap and easy to prototype, and allows for replicating features at sub-micrometric
resolution; moreover, its chemical structure, characterized by inorganic siloxane backbone
and organic methyl groups attached to silicon, confers to PDMS a unique combination of
chemical and physical properties *°. First, the PDMS’s low glass transition temperature
makes it fluid at room temperature, while increasing the temperature it can be readily
converted into a solid elastomer by cross-linking in the presence of a curing agent (usually
used in a ratio of 1:10 with the liquid silicon rubber base). While typically hydrophobic, it
is possible to extended its range of applications by modifying the surface properties of
PDMS and introducing reactive groups 32, PDMS is then particularly suitable for cell
culture studies, exhibiting high biocompatibility, gas permeability, low auto-fluorescence
and optical transparency in a range of wavelengths comprised between 240nm and 1100nm,
thus compatible with on chip imaging *3. Moreover, its elastomeric nature allows it to readily
deform if subjected to local displacement, thus being suitable for the integration of valves
and pumping systems directly within the devices **. Finally, PDMS can be reversibly or

irreversibly bonded to several substrates (e.g. PDMS, glass, polystyrene), aiming at
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enclosing microchannels, by means of different strategies such as oxygen plasma treatment
%, partial thermal curing % or PDMS “stamp and stick”-based techniques 3"%,

Other than material-related properties, miniaturization has also advantages in terms
of low cells and samples volume requirements and in the ability to scale the environment
down to the cell size level. Moreover, the surface-to-volume ratio is highly increased at this
length scale. This leads to maximize the available interface for mass and energy transfer
phenomena, thus enhancing reactions efficiency, while reducing their time. This is of
particular interest for the performance of biochemical and biological assays on chip (i.e.
protein analyses , DNA amplifications and sequencing “°), reducing measurement times,
improving sensitivity, selectivity and reproducibility **2, Furthermore, in contrast with
traditional cell culture systems, which rely on excess amounts of nutrients and soluble factors
in culture media, microfluidic platforms can be designed for culturing cells under continuous
perfusion of medium through channels and chambers. This enables for creating more
physiological culture environments by keeping nutrients and media factors constant through
continuous supply of fresh media and removal of waste products. The intrinsic laminarity of
the flow, characteristics of the micrometer scale, also leads to simplified and highly
predictable fluid, mass and energy transport phenomena, which in turn allow an
unprecedented control over the local environmental conditions, including temperature, pH,
dissolved gas concentration, shear stress, and medium exchange rates, at length scales finally
applicable to cellular microenvironments. The ability to predict and control fluid dynamics
within microchannels also allows for precisely guiding the spatial positioning of soluble
factors within microchannels, thus creating controlled chemical gradients, difficult to
achieve within macroscopic cell culture models “3. This fluidic peculiarity has been
extensively exploited in cell culture applications for generating linear or complex soluble
gradients by sequential merging, mixing and splitting two or more solutions, containing
different biochemical stimuli *4¢, Moreover, the same principle has been extended to the
generation of patterns of solid cues, with the aim to obtain microenvironments exhibiting
concentration gradients of immobilized adhesive molecules or featuring variable mechanical
properties/chemical composition across the material 4>, These approaches enabled a
substantially higher control and predictability in investigating the spatio-temporal dynamics
of cells interaction with different combinations/concentrations of soluble and solid factors.

Another remarkable advantage of culturing cells within microscaled platform is the
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capability to bring the cell population down to few hundreds or even single cells, thus
enabling for increasing the spatial and temporal resolution for a given experimental setup
potentially at single cell level 5.

In conclusion, microfluidic technologies constitute an innovative approach for
precisely in vitro tailoring the cell microenvironment, automating and parallelizing
experimentations and coupling cell cultures directly with high-throughput analysis systems.
Microfluidic platforms thus represent promising in vitro models that are increasingly
exploited as enabling tools in the field of cell biology, from the performance of drugs or
molecules screening experiments, to the optimization of culture conditions for inducing

specific cell fates.

10
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1.4 Motivation and outline of the thesis

In the last decade, microscale technologies have introduced invaluable benefits and
advanced approaches for in vitro culturing cells within more physiologically inspired
microenvironments. In this scenario, this PhD project envisions the exploitation of the main
principles of microfluidics for the generation of innovative technological solutions for
addressing specific questions in the field of cell biology. The aim of this research is thus the
development of microfluidic platforms and techniques as tools for investigating and
modeling the effect of different cues from the cellular microenvironment in addressing stem
cell fate. In details, four microscale platforms and/or techniques, ad hoc conceived in the
context of national and international collaborations, are presented in the following chapters.
Each chapter is focused on a single platform and underlines how a specific microfluidic
strategy has been applied to the definition of a technological solution for addressing a

specific biological goal.

In Chapter 2, the development of a microfluidic platform is addressed to (i) generate
and culture 3D cellular microaggregates under continuous flow perfusion while (ii)
conditioning them with different combinations/concentrations of soluble factors. An
exploitation of the platform is then proposed, in collaboration with the Tissue Engineering
Laboratory (University Hospital of Basel, Switzerland), to perform studies on limb bud
development and investigate processes involved in mesenchymal progenitor cells
differentiation, towards a ‘developmental engineering’ approach for skeletal tissue

regeneration.

In Chapter 3, a microscale strategy is introduced to spatially tailor the 3D
microenvironment around cells, based on the combination of an innovative biocompatible
photopolymerizable hydrogel (VA-086-GelMA) and an easy to handle photo-mold-
patterning (PMP) technique. The work presented in this chapter is partially the result of a
collaboration with the Cell and Tissue Engineering Laboratory (IRCCS Galeazzi Orthopedic
Institute, Milano, Italy).

In Chapter 4, a microfluidic cell mixer is presented, as the result of a collaboration
with the Tissue Engineering and Microfluidics Laboratory (TEaM, University of

Queensland, Australia). The integration of this mixer as upstream functional element within

11
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two different microfluidic platforms is then demonstrated for the automatic establishment of
2D and 3D osteogenic co-culture models, aiming at investigating the influence of pre-

osteoblastic cells on human mesenchymal stromal cell osteogenic commitment.

In Chapter 5, a microfluidic platform is introduced for (i) trapping and culturing
single cells into defined spatial configurations, (ii) while automatically delivering them
concentration patterns of non-diffusive particles (i.e. gene vectors). An exploitation of the
platform is then proposed to perform on chip high-throughput screening and optimization of
transfection strategies, in the context of a collaboration with the Biocompatibility and Cell

culture Laboratory (BioCell, Politecnico di Milano, Italy).

In the last Chapter, a general discussion of the PhD dissertation and conclusive

remarks are presented.

12
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Rationale

The design of strategies for generating physiologically relevant in vitro models of
“proto-tissues”, directly integrating high-throughput and automatic screening capabilities,
could find great applicability in several applications of cell biology. In particular, research
fields such as tissue morphogenesis, developmental biology and cancer biology, which
mainly rely on the capability of cells to re-organize themselves, forming patterns on their
own, could highly benefit from systems able to favor the spontaneous cell aggregation into

controlled-sized cellular micromasses.

Soluble Factors
Serial Dilution Generator
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A microfluidic platform was introduced for 3D cellular micromasses generation and culturing under
spatially defined patterns of soluble factors.

Moreover, in vitro models to screen the effect of different concentrations,
combinations and temporal sequences of morpho-regulatory factors on stem/progenitor cells
represent enabling tools to investigate and possibly recapitulate developmental processes for
tissue engineering applications.

In this perspective, the platform presented in this chapter was here exploited to
perform studies on limb bud development - in collaboration with the Tissue Engineering
Laboratory (University Hospital of Basel, Switzerland) - with the aim to investigate
processes involved in mesenchymal progenitor cells differentiation, towards a
‘developmental engineering’ approach for skeletal tissue regeneration. More in detail, this
chapter addresses the development of a microfluidic platform to (i) generate and culture 3D
cellular microaggregates under continuous flow perfusion while (ii) conditioning them with
different combinations/concentrations of soluble factors (i.e. growth factors, morphogens or

drug molecules), in a high-throughput fashion.
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2.1 Introduction

The in vitro recapitulation of key mechanisms involved in embryonic organogenesis
is increasingly being recognized of great importance in the field of Tissue Engineering (TE)
1 and more in general of regenerative medicine 2. Several techniques for regenerating
functional tissues have indeed found inspiration from developmental biology paradigms 4,
giving rise to the “so-called” field of developmental engineering °. This approach consists
in faithfully recapitulating in vitro the temporal sequence of events occurring in the
developing embryo and it has been successfully applied in the context of skeletal TE, leading
to significant results in terms of endochondral bone formation using both embryonic stem
cells ® and a more clinically relevant cell source, such as human adult bone marrow-derived
mesenchymal stem/stromal cells (hBM-MSC) ’8. Although suffering from an overall
heterogeneity in cell responses, these latter approaches have been recently employed for in
vitro recapitulating early stages of limb development ° - namely cell condensation,
undifferentiated proliferation of a mesenchymal cell population and pre-chondrogenesis °.
Developmental biology models suggest how these steps are tightly regulated by the interplay
of specific signaling pathways — namely, Wnt/p-catenin, FGF and TGFB/BMP — defining
complex and spatio-temporally dynamic gradients . In detail, the proper activation of Wnt-
canonical and FGF pathways initially promotes the expansion of an undifferentiated pool of
limb progenitors, which subsequently are capable to undergo chondrogenesis under the
influence of members of the TGFB/BMP superfamily 123, Several studies have been made
in the attempt of elucidating the role of such pathways on hBM-MSC fate, mainly using 2D
cell cultures and, only recently, more relevant 3D models, consisting in culturing cell
macropellets 1416, However, these 3D approaches still suffer from an overall heterogeneity
in cell responses and a consistently low proliferation rate ’. Main reasons for their
inadequacy are (i) the non-physiological forced initial cell condensation in macropellets, (ii)
the presence of necrotic cores within aggregates due to the excessive number of cells
(typically ranging from tens to hundreds thousands cells), (iii) the suboptimal culture
conditions (i.e., the poor control over morphogen delivery), and (iv) the formation of
chemical gradients within the volume of samples due to diffusion limitations. More effective
and reliable in vitro models are thus required for investigating the response of mesenchymal

cell systems to external morphoregulatory stimuli.
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Microfluidics has been increasingly applied for generating high-throughput cell
culture models, featuring unprecedented spatio-temporal control over microenvironmental
conditions . The establishment of a highly controlled continuous perfusion of culture
medium within microchannels has indeed been demonstrated to maintain more uniform and
controlled culture conditions than traditional static approaches, providing constant
convective dilution of catabolites and stable supply of nutrients and morphogens stimulatory
factors 181°. Moreover, the ability to handle cells and fluids in precise spatial configurations
allows to precisely tailor the microenvironment around cells, potentially achieving spatio-
temporally controlled delivery of morphogens combinations 2°. Several microfluidic devices
able to establish high-throughput 2D cell culture features were developed, either within
research laboratories 2-2* or as commercial platforms (e.g. CellASIC™ ONIX Platform,
Millipore). However, the control over the third dimension still remains poorly explored due
to the challenge of combining microfabrication techniques to the size-scale of 3D micro-
tissues. While promising results have been achieved generating cellular microaggregates
through conventional systems (i.e. microwells) and subsequently trapping them within
microfluidic channels 25?7, the ability to combine generation, culture under continuous
perfusion, and analyses of micro-tissues within a single microfluidic device, has only been
achieved by means of self-aggregating embryoid bodies (EBs), and in a low-throughput
manner 2829,

In this study, we combined the advantages of microfluidics and 3D culture systems
in the attempt of developing a physiological in vitro model of limb development. To this
aim, we reported an innovative microfluidic platform for generating and culturing 3D adult
hBM-MSCs microaggregates under continuous and controlled laminar flow perfusion. The
platform consists of two functional units: (i) a 3D culture area and (ii) a serial dilution
generator (SDG). The culture area was specifically designed to favor the condensation of
tens of mesenchymal cells within fluidically-connected microchambers located in spatially
defined configurations, accomplishing the formation of microaggregates with uniform size
and shape *. Two different SDG layouts were then implemented: the first characterized by
a logarithmic configuration, thus allowing to investigate the effects of soluble factors over a
wide concentration range; the second featuring a linear layout for finer tunings within

narrower concentration windows.
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The developed microfluidic platform was exploited to demonstrate a more uniform
and repeatable response of 3D microaggregates to specific morphogens involved in limb bud
development (i.e., Wnt and FGF pathways), in comparison with traditional macromass pellet
culture models 3. Finally, the effect of concentration patterns of a key morphoregulatory
factor (TGFB3) on hBM-MSC 3D proliferation and differentiation was preliminary
investigated in a high-throughput fashion, confirming the suitability of the platform to be
further exploited as an in vitro model for sequentially guiding hBM-MSC towards the

recapitulation of primordial steps of the endochondral route.
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2.2 Microfluidic platform design and fabrication

In the following paragraphs, the design and fabrication steps of the presented

microfluidic platform will be detailed.

2.2.1 Microfluidic platform for generating and culturing 3D microaggregates

Two microfluidic platforms were designed and fabricated for generating and culturing
cell microaggregates under spatially controlled chemical microenvironments (Fig.2.1a). in
details, two different SDG layouts were designed based on a resistive flow scheme consisting
of microfluidic networks 32 for generating linear (100%, 80%, 60%, 40%, 20%, 0%) as well
as logarithmic (100%, 10%, 1%, 0.1%, 0%) concentration profiles of soluble factors. The
microfluidic networks were composed of thin fluidic-resistance microchannels (70 um wide
and 70 um tall), whose lengths were dimensioned to allow diffusive mixing of soluble
factors, while ensuring equal flow rates among outlets. For this purpose, flow rates up to 12
pl/h were considered for mixing chemical species featuring diffusion coefficients down to
D~10° cm? sec’. Both SDGs were rather compact, occupying a footprint of about 2.5 cm?.
In order to perform correctly, the ratio between flow rates at input ports (Al and Bl in
Fig.2.1a) was computed, resulting in 1:1 for the linear configuration and 1:3.5 for the
logarithmic one.

Serial dilutions are thus independently delivered to downstream culture units. Each
unit (Fig.2.1a, C1-C6) comprised 10 cubic culture chambers (side of 150 um) and was
integrated with a secondary channel (Fig.2.1a, D1-D6). Chambers were dimensioned for
culturing 3D microaggregates while ensuring enough space for their early expansion. Two
secondary inlets (Fig.2.1a, A2-B2) were also included in the layouts to facilitate the medium

change operations, defining a by-pass for the device.

2.2.2 Fabrication of the microfluidic platform

Final microfluidic layouts (Fig.2.1a) were designed through a CAD software
(AutoCAD, Autodesk Inc.) and the corresponding master molds were realized through
photolithography techniques *3. A thin microfluidic layer (thickness 1mm) was obtained by
replica molding of PDMS (Sylgard® Dow Corning, Michigan, USA). Briefly, liquid PDMS
was cast on the mold in ratio 10:1 w/w (pre-polymer to curing agent), degassed and cured at

80°C for 3 h. The obtained PDMS microstructured layer was permanently bonded facing up
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to a flat PDMS slab (thickness 5mm), upon 1 min of air plasma treatment (Harrick Plasma,
NY, USA), thus closing the channels. Input and output ports were obtained through a 0.5mm
biopsy puncher (Harris Uni-CoreTM). The chip was finally permanently bonded to a glass
coverslide (diameter 50mm, thickness 150um; VWR International Inc., PA, USA) upon an
additional 1 min exposure to air plasma (Fig.2.1b). External connections were realized
through tygon tubing (ID = 0,02”; Qosina, NY, USA) and stainless steel couplers (23 gauge;
Instech Laboratories Inc., PA, USA).

(a) Device Layouts (b) Microfluidic Device Fabrication
. ) PDMS
LINEAR LAYOUT LOGARITHMIC LAYOUT top layer
Al B1 Al A2 B2 B1
i B PDMS
microstructured
layer
C_Z;l L? (;3 (§4 (g_ Glass
[ cover slide
D1 D2 D3 « D4 «+ D5
. Final Microfluidic Device
D1iD2:D3iD4.iD5.D6

—— Serial Dilution Generator = Inlets

—— 3D Culture Area —— Secondary channels

Figure 2.1. Microfluidic device layouts (a) and fabrication process (b). The chip layouts consisted of a serial
dilution generator — either featuring a linear or a logarithmic configuration - and a 3D culture area (a).
Dilutions of chemicals were generated from two main inlets (A1-B1) and delivered to downstream culture units
(C1-C6); furthermore, each unit was provided with a secondary channel (D1-D6). Two additional inlets (A2-
B2) facilitated the medium change operations, defining a by-pass for the device. The final device was fabricated
with PDMS following standard soft-lithography techniques. First, the PDMS microstructured layer was
bonded facing up to a PDMS top layer; then the device was bonded on a glass cover slide (b).
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2.3 Functional characterization of the serial dilution generator (SDG)

In this paragraph, linear and logarithmic SDGs experimentally characterization is
described, in terms of distribution of flow rates and generation of designed chemical
concentration patterns at the outlets.

First, flow rate distributions generated by both SDG configurations was assessed to
verify the correct partitioning of the inflow among culture units. Tygon tubings were
connected at the output ports and an overall flow rate of 24pl/h for the linear SDG and 45pl/h
for the logarithmic one was imposed through the inlets. The outflow from each outlet was
quantified by measuring the travel length of each meniscus within the tubing and obtained
flow rates resulted rather uniformly distributed among the outlets in both SDG
configurations. In the linear version, a maximum variation of 3% from the expected value (4
pl/h per unit) was detected. Similarly, in the logarithmic configuration, imposing a total
inflow of 45 pl/h, a maximum variation of 5% from the expected value (9 pl/h per line) was
obtained.

Quantitative evaluations of chemical patterns generated by SDGs were then
performed, using two different readout approaches. For the linear configuration, two dye
solutions were pumped through the main inlets at a flow rate of 10 ul/h each, as exemplified
in Fig.2.2a. After the achievement of a steady state condition, samples of 20 pl (n=3) were
collected from each outlet. A spectrophotometer (NanoDrop 2000c, Thermo Scientific,
Wilmington, USA) was used to detect the average emission wavelength for each condition.
The six dilutions collected from the outlets matched with the expected linear distribution
(R?=0.9891) (Fig.2.2b).

For the logarithmic SDG a more sensitive readout was required, being the output
dilutions widespread over four orders of magnitude. In details, a solution of 20 mg/ml bovine
serum albumin (BSA, Sigma, Buchs SG, Switzerland) in dH20 was pumped into the right
inlet (Al) at a flow rate of 10 pl/h while dH>O was pumped into the left one (B1) at 35 pl/h.
After the achievement of a steady state condition, samples of protein dilutions were collected
from each outlet (n=3) and the BSA concentration was measured by means of a BCA Protein
Assay kit (Pierce, Thermo Fisher Scientific, Reinach, Switzerland), following the
manufacturer’s indications. The BSA concentration of the five dilutions collected from the

output ports were measured to range over four orders of magnitude (1, 0.1, 0.01, 0.001 and
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0, as negative control), matching the expected logarithmic distribution (R?=0.9908)
(Fig.2.2c).
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Figure 2.2. Characterization of serial dilution generators (SDGs). The linear device was perfused with dye
solutions and, after reaching the steady state, a linear color pattern was visible in the SDG (a). The quantitative
measurement of the emission wavelengths of the 6-outlet solutions (normalized for the Amax) resulted in a
linear trend (n=3) (b). The logarithmic device was characterized by perfusing 20 mg/ml BSA solution and
measuring the concentration achieved after mixing within the SDG by means of a BCA assay. The quantitative
measurement of the 5-outlet solutions resulted in a logarithmic trend, matching the expected concentrations

(n=3) ().
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2.4 Generation, culture and analyses of 3D hBM-MSCs micromasses

within the microfluidic platform

Following paragraphs report the preliminary biological validation performed on the
presented microfluidic platform. Isolation and expansion procedures of hBM-MSCs were
first described (2.4.1), followed by methods for the establishment of control macroscale
pellet cultures (2.4.2) and microaggregates seeding with the device (2.4.3). Assays
performed within the microfluidic platform were then detailed, regarding quantification of
micromasses dimensions (2.4.4), cell proliferation (2.4.5) and immunofluorescence analyses
(2.4.6).

2.4.1 Adult hBM-MSC:s isolation and expansion

Human mesenchymal stromal cells cultures (hBM-MSCs) were established as
previously described **. hBM-MSCs were expanded in alpha-MEM containing 10% fetal
bovine serum (FBS), 4.5 mg/ml D-glucose, 0.1 mM nonessential amino acids, 1 mM sodium
pyruvate, 100 mM HEPES buffer, 100 Ul/ml penicillin, 100 pg/ml streptomycin, and 0.29
mg/ml L-glutamate, further supplemented with 5 ng/ml FGF2 (Fibroblast Growth Factor2;
R&D Systems, Minneapolis, MN, USA). Medium was changed twice a week and hBM-
MSCs were used between P1 and P3 for the experiments.

2.4.2 Establishment of macroscale pellet cultures

Macromass pellets were established and used as control. In details, aliquots of 2.5 x
10° cells/0.25 ml hBM-MSC were centrifuged at 1,100 rpm for 5 min to form pellets. Pellets
were cultured under static conditions up to one week in serum free medium (SFM),
consisting of DMEM with 1 mM sodium pyruvate, 100 mM HEPES buffer, 100 Ul/ml
penicillin, 100 pg/ml streptomycin, 0.29 mg/ml L-glutamate, 0.1 mM ascorbic acid 2-
phospate (Sigma), ITS+1 (Sigma, 10 pg/ml insulin, 5.5 pg/ml transferrin, 5 ng/ml selenium),
5 pg/ml human serum albumin, and 4.7 pg/ml linoleic acid further enriched with 1 ng/ml
TGFB3 and medium was changed twice a week.

2.4.3 Microaggregates generation and culture within the microfluidic device

Before cell seeding, microfluidic devices were sterilized by autoclaving (121°C, 20

min, wet cycle) and dried overnight at 80°C to recover PDMS hydrophobicity and minimize
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cell adhesion in the chambers during the seeding. Devices were then submerged in sterile
PBS and degassed *. Subsequently, SFM was perfused through the main inlets of the device
(Fig.1a, Al and B1).

After expansion hBM-MSCs were detached, diluted to the concentration of 107
cells/mL in SFM (not to bias the cell condensation), and seeded into the culture units by
perfusing 0.1 pl/min of cell suspension from all outlets (C1-C6), while maintaining an
opposite mild medium flow (0.5 pl/min) from each inlet (A1-B1). The secondary channels
(D1-D6) were used as waste during the seeding procedure to avoid cell clogging in the
upstream channels, while they were clamped during the culture period. Once culture
chambers were filled with hBM-MSCs, a continuous flow rate of 5 pl/h per line was applied
and maintained throughout the entire experiment, while the microfluidic platform was
incubated under standard culture conditions (T=37°C, 5% CO2and humidified atmosphere).
Phase contrast images of hBM-MSCs seeded into the microchambers were acquired every
15 minutes during the first 4 hours of culture to monitor the microaggregates condensation.

Microaggregates were cultured up to seven days under continuous perfusion of
different conditioning media. In details, SFM was enriched either with 1 ng/ml TGFB3 or
with a combination of 20 ng/ml rhWnt3a (wingless-type MMTV integration site family
member3a; R&D) and 5 ng/ml FGF2.

2.4.4 Correlation between microaggregates diameter and cell number

A previously implemented algorithm 2 for determining the number of chondrocytes
in an aggregate starting from its two-dimensional macroscopic profile was applied to our
model. Briefly, the algorithm correlates the diameter of an aggregate with the corresponding
cell number by means of a sphere packing theory. Fig.1.3 shows the theoretical relationship
between diameter and cell number, having upper and lower bounds.

Experimental results obtained through our microfluidic approach were compared to
the algorithm in order to determine the degree of matching. In details, hBM-MSC
microaggregates were formed within the platform and after 3 hours live phase contrast
images were acquired by means of a Olympus BX-61 microscope (Olympus, Tokyo, Japan).
The diameter of each microaggregate was calculated as the average of two measurements.
Microaggregates were subsequently fixed in 4% paraformaldehyde (PFA) and
immunofluorescence stained for Dapi as described below. Confocal Z-stack images of the

immunofluorescence microaggregates were acquired by means of a Nikon A1R Nala
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Confocal microscope. The number of cells was then calculated through the ImageJ software
(NIH, http://imagej.nih.gov).

The experimental results obtained with hBM-MSCs microaggregates were shown to
match with the theoretical model (Fig.2.3, R?=0.9565). The model was thus used during
experiments for estimating the number of cells starting from the measurement of

microaggregates diameter.
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Figure 2.3. Validation of a previously implemented algorithm (Martin et al., 1997) for correlating diameter
and cell number in the proposed hBM-MSCs microaggregates model. The theoretical relationship between
diameter and cell number were plot and compared to the experimental data.

Cell number

2.4.5 3D cell proliferation assays

The number of hBM-MSCs in the S-phase of the cell cycle was quantified through a
5-ethynyl-2’-deoxyuridine (Edu)-based assay (Molecular Probes, Life Technologies).
Briefly, SFM enriched with 10 pM Edu was either added to the macropellet cultures or
continuously perfused within the microfluidic device at specific time points (day 2 and 6).
Different incubation times with Edu were tested (Fig.2.4a-c) and an exposure time of 24
hours was selected as the one giving an adequate temporal window over the cell cycle 7.
Incorporation of Edu and quantification of Edu® cells were determined via
immunofluorescence staining, as described in the Immunofluorescence analyses sub-section.
Negative controls were obtained by treating samples with colchicine (100 ng/ml; Invitrogen,
Life Technologies) from day 0 of culture, to inhibit cell division (Fig.2.4d). Further negative

controls were established by preventing cells from Edu exposure (Fig.2.4e).
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Microaggregates live phase contrast images were acquired using an Olympus BX-61
(Olympus, Tokyo, Japan) and the average diameters were evaluated through the ImageJ
software. The corresponding cell number was calculated in correlation with the
microaggregates diameter applying an algorithm developed by Martin et al. % and validated
for our specific samples (see paragraph 2.4.4). For macropellets, similar analyses on the
diameter changes were performed, while the cell number quantification was carried out by
means of a standard CyQUANT® cell proliferation assay kit (Molecular Probes, Life

Technologies).

(a) 2hr Edu perfusion (b) 12hr Edu perfusion (c¢) 24hr Edu perfusion

(d) Colchicine-treated (e) Negative staining
control control

25 pm

Figure 2.4. Controls defined for Edu immunofluorescence staining. Different Edu exposure time were tested
for studying the 3D proliferation of microaggregates (2hr, 12hr and 24hr) (a-c), obtaining adequate results in
terms of temporal window over the cell cycle only for the 24hr exposure (c). To establish experimental negative
controls, some samples were treated with colchicine to inhibit cell division (d). Negative staining controls were
finally obtained preventing cells from Edu exposure (e).

2.4.6 Immunofluorescence analyses

At specific time points, immunofluorescence analyses were performed using Dapi as
counterstaining. Microaggregates were fixed by perfusing 4% PFA for 20 min and

immunofluorescence stainings were obtained by sequentially perfusing the required
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solutions directly within the device at constant flow rate (1 pl/min). Briefly, a solution of
3% goat serum and 0.5% Tween20 (Sigma) in PBS was perfused for 45 min to permeabilize
cells and to block nonspecific bindings. Expression of vinculin and N-cadherin were detected
by perfusing 10 pg/ml Mouse Anti-Vinculin (BD, Allschwil, Switzerland) and Mouse Anti-
N cadherin (R&D) for 1 hour. Actin cytoskeleton was stained by further perfusing a FITC-
conjugated phalloidin solution (BD) for 45 min. Cell proliferation and expression of
Collagen Il within microaggregates was also evaluated by perfusing 10 pug/ml of Rabbit
Anti-Ki67 and 10 pg/ml of Mouse Anti-Collagen 1l (R&D) solutions for 1 hour. Finally,
microaggregates were perfused with specific secondary antibodies (Goat Anti-Mouse 1gG1
Alexa Fluor 546-conjugated for vinculin, Goat Anti-Mouse IgGl Alexa Fluor 488-
conjugated for N-cadherin and Collagen Il and Goat Anti-Rabbit IgG for Ki67) for 45 min.
Immunofluorescence for Edu staining was performed on both Edu-treated microaggregates
and sections of macropellets by using Alexa Fluor 555-conjugated Click-iT Edu Assay kit
(Molecular Probe, Life Technologies), according to the manufacturer’s indications. The
microaggregates staining was performed by sequentially perfusing the required solutions
directly within the microfluidic platform, as described above. Instead, macropellets were
fixed in 4% paraformaldehyde overnight, dehydrated, and embedded in paraffin. Five
micrometers thick sections were then cut by means of a Microm HM400 microtome and the
Edu staining was obtained following a standard protocol *’.

Confocal images of immunofluorescence microaggregates were acquired directly
within the devices by means of a Nikon A1R Nala Confocal microscope (Nikon, Tokyo,
Japan), while immunofluorescence sections of macropellets were analyzed by means of an
Olympus BX-61 microscope *’. The 3D percentage of Edu* cells over the total number of

cells was calculated through ImageJ software (NIH).

29



2. Microfluidic Platform for 3D hBM-MSC Cultures

2.5 Towards developmental engineering: recapitulation of early stages of
limb development through adult hBM-MSCs within the microfluidic

platform

In the next paragraphs, the exploitation of the previously optimized microfluidic
platform as a tool for in vitro recapitulating early stages of limb development through adult
hBM-MSCs is described. Obtained results are fully detailed, regarding hBM-MSCs
spontaneous condensation into microaggregates (2.5.1), subsequent 3D proliferation (2.5.2)
and response to specific morphogens stimulations (2.5.3), and compared with that achieved
from macroscale control models. Finally, results obtained using the microfluidic platform as
a high-throughput tool for screening the concentration-dependent effect of TGFp3 on hBM-

MSCs micromasses are reported (2.5.4).

2.5.1 Microaggregates condensation within the microfluidic device

Live phase contrast images of hBM-MSCs deposited into microchambers
documented a progressive cell condensation occurring within three hours from the seeding
(Fig.2.5a). Estimated the shear stress experienced by hBM-MSCs during this time frame
negligible (lower than 107 dyne/cm? deriving from an imposed flow rate of 0.5ul/h), the
reported cell condensation was classified as non-externally induced, leading after 24 hours
to the generation of micromasses condensed into roughly spherical bodies (Fig.2.5b). At this
time point, the measured diameter was (56.2+3.9) um, implying that each aggregate
occupied around 3% of the chamber volume, and consisted of an averaged cell number of
77+15, as from experimental correlation achieved through the model previously described.

Early expression of adhesion proteins and interconnections among cells were also
assessed, as further proofs of the hBM-MSCs effective condensation within the microdevice.
Fig.2.5¢ shows the expression of neural cadherin (N-cadherin) within microaggregates after
3 hours from seeding. Noteworthy, the formation of an actin cytoskeleton network as well
as the expression of vinculin was also detected (Fig.2.5d), tightly interconnecting cells

within microaggregates.
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Figure 2.5. Microaggregate condensation. Time lapse phase contrast images of hBM-MSCs, initially filling a
microchamber. Cells started to aggregate within tens of minutes while reaching a complete non-externally
induced condensation after 3 hours from the seeding (a). Resulting microaggregates were cultured within the
chambers initially occupying about 3% of the volume (b). Immunofluorescence images showed the expression
of adhesion proteins. The achievement of a full hBM-MSCs condensation is confirmed after 3 hours from
seeding by N-cadherin expression, a cell adhesion molecule involved in the initiation of cell condensation (c).
Moreover, the presence of an actin cytoskeleton network was showed, tightly connecting the cells after 3 hours
from seeding (d).

2.5.2 3D cell proliferation: comparison between macroscale and microfluidic

models

Cell proliferation of perfused micromasses was assessed over a period of 7 days 17 in
culture upon TGFB3 conditioning, and compared to traditional 3D macroscale cultures
(macromass pellets). In particular, two parameters were monitored throughout the culture:
(i) the total number of proliferative (i.e. Edu positive, Edu®) cells within samples, and (ii)

the variations of aggregate dimensions.
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Figure 2.6. Comparison between macroscale pellet and microfluidic models in terms of 3D cell proliferation
potential. Representative Edu immunofluorescence images showed a higher and more homogeneously spatially
distributed number of Edu-expressing cells within the microaggregates (c, d) than within the pellet sections (a,
b), as confirmed by a statistically significant difference in the %Edu+ cells for both the considered time points
(e). The assessment of the aggregates diameter over 7 days showed opposite trends: a statistically significant
decrease for macroscale pellets (f) while a slight increase for the microfluidic model (g). (Macroscale: n = 3.
Microscale: n=5. *p < 0.05. **p < 0.01).

Fig.2.6a-d shows representative images of the Edu incorporation assay, acquired for
both macro- and micro- scales. The macromass pellets exhibited up to 0.64+0.34% Edu”
cells at day 7 (Fig.2.6e), while a statistically significant higher number (i.e., 21.64+11.13%
at day 7, Fig.2.6e) was found within microaggregates. It is also worth noting that Edu* cells
were mostly found along the contour of macromass pellets (Fig.2.6a,b), while proliferative
cells were present uniformly within the volume of perfused micromasses (Fig.2.6c¢,d). The
specificity of the Edu incorporation was confirmed by analyzing colchicine-treated samples,
where no proliferative cells were detected (Fig.2.4d).

These results were consistent with an opposite trend in diameter change. Macromass
pellets exhibited a statistically significant reduction in diameter (-15.33+3.90%) from day O
to day 7 (Fig.2.6f), associated with a drop in the DNA content (Fig.2.7). An overtime
increase in dimensions was conversely measured for the micromassess (+4.71+1.85%)

during the same timeframe (Fig.2.6g), correlated with a growth in cell number (Fig.2.3).
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Figure 2.7. CyQuant quantification of cell number within macroscale pellets during 7 days of culture.

2.5.3 Effect of Wnt3a, FGF2 and TGFB3 on perfused micromasses

proliferation

The effect of different morphogen combinations on hBM-MSC perfused
micromasses proliferation was assessed within the microfluidic platform. In details,
microaggregates were cultured for 3 days in SFM conditioned either with a combination of
20 ng/ml rhwnt3a and 5 ng/ml FGF2 or with 1ng/ml of TGFB3. A control condition (named
vehicle) was also established, culturing microaggregates in SFM only. The tested
combinations and concentrations of morphogens were selected based on promising results
in terms of hBM-MSCs proliferation obtained through preliminary experiments carried out
on 2D cultures (data not showed). After 3 days in culture, the vehicle condition exhibited a
slight increase in cell number, comparable with that obtained in the TGFB3 group.
Conversely, the percentage increase of cell number with respect to day 0 was significantly
higher when microaggregates were conditioned with Wnt3a+FGF2 (66.4%+15.1%)
compared to both TGFB3 (11.1%+4.0%) and vehicle conditions (3.7%+6.4%) (Fig.2.8a).

Collagen Il expression was then assess for the three tested conditions, as to
investigate the role of selected morphogens in early expression of a chondrogenic marker in
hBM-MSCs perfused micromasses. Collagen Il was only detected in the TGFp3-treated
group, possibly indicating its role in triggering a differentiation towards the chondrogenic
lineage already after three days in culture (Fig.2.8d). Conversely, no Collagen Il was
expressed either in the (Wnt3a+FGF2)-stimulated group (Fig.2.8c) or in the control
condition (Fig.2.8b).
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Figure 2.8. Effect of Wnt3a, FGF2 and TGFf33 on hBM-MSC microaggregates behavior. After 3 days in
culture, the percentage increase of cell number with respect to day 0 was significantly higher when
microaggregates were conditioned with Wnt3a+FGF2 compared to TGFf3 condition (a). A negative control
was also performed (hamed vehicle), culturing microaggregates in SFM without morphogens, leading during
the 3 days culture to a slight increase in cell number, comparable with that obtained in the TGFf3 group.
Collagen 1l expression was then investigated for the three conditions. Results showed an expression of
Collagen Il only in the TGF3-treated group, possibly indicating its role in triggering a differentiation towards
the chondrogenic lineage (d). Conversely, no Collagen Il was detected neither in the (Wnt3a+FGF2)-
stimulated group (c) or in the control condition (b).

2.5.4 Logarithmic screening over the effect of TGFB3 on micromasses

The microfluidic platform was finally exploited as a high-throughput tool for
screening the concentration-dependent effect of morphogens on hBM-MSCs perfused
micromasses. Throughout the SDG unit, hBM-MSCs micromasses were cultured under
continuous perfusion of chondrogenic medium (SFM enriched with of 107 M
dexamethasone), while serial dilutions of TGFB3 were established throughout the
logarithmic SDG configuration. In details, four orders of magnitude of TGFp3
concentrations were spanned (0.1, 1, 10 and 100 ng/ml, and 0 ng/ml as negative control
condition) (Fig.2.9).

After 7 days in culture, the highest concentration of TGF3 (100 ng/ml) resulted to
be toxic and lead to micromasses disaggregation (Fig.2.9a-b), with no detectable cell
proliferation or chondrogenesis (Fig.2.9c-d). At concentrations commonly used for in vitro
chondrogenic differentiation protocols 3% cells did not proliferate but consistently
deposited type Il collagen. Interestingly, the lowest TGFB3 concentration (0.1 ng/ml) could
maintain proliferating cells over seven days in culture, while inducing chondrogenic

differentiation, as assessed by type Il collagen deposition.
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Figure 2.9. Logarithmic screening over the effect of TGFS3 on micromasses proliferation and differentiation.
hBM-MSCs were cultured for 7 days under continuous perfusion of a concentration gradient of TGFf3
spanning over four order of magnitude (0, 0.1, 1, 10 and 100ng/ml). Phase contrast images at dayO (a) and
day7 (b) showed the toxic effect of the highest factor concentration, leading at micromasses disaggregation at
the end of the culture period. Cell proliferation (c) and chondrogenesis (d) were investigated after 7 days in
culture by staining microaggregates for Ki67 and Collagen II expression, underling TGFf3 concentration-
dependent cell responses.
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2.6 Discussion

The recapitulation of the events occurring during the limb development is currently
being widely pursued to develop in vitro and in vivo strategies for skeletal tissue
regeneration, according to the principles of “developmental engineering” 8. In this regard,
the reproducible instruction of clinically-relevant cell sources (e.g., hBM-MSCs) toward the
endochondral route requires a deep understanding over their response to key
morphoregulatory stimuli in relevant 3D models °. In this study, we developed a microscale
platform for 3D mesenchymal cell micromasses in vitro generation and culture under
continuous and controlled perfusion, compatible with high-throughput exposure to
exogenous factors and live cell imaging. We demonstrated that hBM-MSCs could
spontaneously form 3D aggregates upon injection into the designed culture microchambers,
and respond more uniformly and efficiently to key morphogens when perfused in the system
as compared to traditional macroscale and static approaches. The work thus provides a proof-
of-principle of the potentialities of the microfluidic platform as a high-throughput tool to
screen the effect of key morphogens on 3D perfused micromasses specification at a more
physiological level, finally aiming at recapitulating the endochondral route starting from
adult cell sources in a spatio-temporally controlled fashion.

To date, several strategies have been developed to induce the condensation of cell
micromasses by means of static approaches (i.e., hanging-drop techniques, microwells) 3%
42 aiming at demonstrating the benefits of the scale reduction of 3D models. Although
successful, these approaches still rely on static and manual culture systems, unable to
efficiently investigate 3D cell responses in a automatic manner. Conversely, some attempts
have been made to inject previously formed micromasses within microfluidic platforms for
the subsequent culture under controlled conditions 2>, However, only few available devices
integrate both functionalities, and they mainly rely on the intrinsic ability of embryonic cells
to spontaneously form EBs 232, Attempts have been recently made for generating
microaggregates within microfluidic platforms starting from adult cell sources; nonetheless,
they were mostly based on complex multiple-layer designs in which cell condensation was
induced through the formation of vortices and rotational flows within microchambers 4344,
We developed an innovative microfluidic platform consisting of a single layered device
integrating independent culture units, each featuring 10 cubic chambers (thus potentially

useful for studying paracrine effect), serially connected to a fluidic network designed to
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precisely deliver given concentrations of morphogens. Integrating for the first time the
capabilities to (i) generate 3D hBM-MSC micromasses into defined spatial configurations
and (ii) culturing them under continuous laminar flow perfusion of specific morphogens
concentrations, the proposed microfluidic platform thus represent a powerful tool for
modeling 3D biological systems at a physiological scale.

In particular, the platform allowed obtaining condensation of tens of hBM-MSCs
(77£15) within each culture microchamber into spherical micromasses, without the need of
any rotational flow or external induction. This was possible due to (i) the low adhesiveness
of the PDMS substrate, (ii) the geometry and size of the microwells, and (iii) the relative
ratio between the cell number and well size, yielding a high cell density in a confined small
volume. The possibility to achieve a non-externally induced condensation of hBM-MSCs
thus gave insights for overcoming one of the major limitation of traditional scaffold-free
systems involving 3D mesenchymal cell cultures, which are mainly based on macromass
pellets 1731, Indeed, such models require an initial forced centrifugation step, which leads to
the establishment of too tight cell-cell and cell-ECM interactions, high variability in the time
required to form 3D aggregates (24+72 hours), which anyhow results longer with respect to
the limb mesenchymal progenitor condensation process, and non-uniformly shaped tissues
45, Conversely, the proposed platform allowed to achieve an initial non-externally induced
condensation of hBM-MSCs within 3 hours, generating micromasses featuring rather
uniform sizes (56.2+3.9um) and dimensionally similar to the native model. The effective
interconnection among cells, forming condensed micromasses and not only cell clusters, was
further demonstrated by the early formation of actin networks and by a uniform expression
of vinculin and N-cadherin throughout their entire volume. A deeper investigation should
though be performed for further characterizing the biological pathways involved in hBM-
MSCS aggregation, in order to compare the proposed non-externally induced condensation
model with the spontaneous condensation phenomena occurring during limb development.

The platform was further exploited for culturing generated micromasses under
controlled perfusion aiming at investigating the uniformity of their response to external
morphogens stimuli. Compared with traditional macropellets models, which mainly suffered
from an overall heterogeneity in cell responses correlated with the presence of necrotic cores
1747 “perfused micromasses responded to TGFB3 exhibiting a 33.8-fold higher percentage of

Edu® cells, homogeneously spread throughout the whole volume. These observations
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confirmed the potentiality of the model in replicating the 3D expansion step occurring during
the early stages of limb development !, thus overcoming one of the main limits of
macroscale models, i.e. an overall drop in cell number independently from the culture
conditions 7. Furthermore, by using fixed, previously optimized morphogen concentrations
17 optimized throughout preliminary dose-dependent studies on 2D hBM-MSCs cultures, a
pre-chondrogenic expansion similar to that occurring in the native limb bud was achieved.
Indeed, through a combination of Wnt3a and FGF2, an increase in cell number of
66.4+£15.1% was observed in the perfused micromasses from day O to day 3, whereas no
expression of collagen type-11 was detected. Conversely, the perfusion of TGFp3-based
medium induced an earlier onset of TGFB-mediated chondrogenesis compared to macroscale
models “8, as exemplified by the expression of collagen type-11 already after 3 days in culture.

Finally, the exploitation of the serial dilution generator unit allowed for screening the
concentration-dependent effect of a key morphoregulatory factor (TGF@3) on the 3D hBM-
MSCs model. The obtained proof-of-principle results underline the efficacy of the presented
model to detect different cell responses in the presence of different morphogen
concentrations, spanning over four orders of magnitude. Interestingly, the lowest
concentration tested (100 pg/ml) was enough to trigger specific cellular responses (i.e.
chondrogenic specification), which cannot be detected at the macroscale without delivering
ten times higher concentrations of the morphogen. The presence of secondary inlets within
the platform will allow for integrating an automatic temporal control over the delivery of
morphogens for further investigating the temporal dynamic of key signaling pathways.

Our findings indicate the potentiality of the presented microfluidic system to
investigate the effect of key morphogens, applied in a controlled and high-throughput
fashion in different sequences, combinations and concentration ranges, on early stages of 3D
chondrogenesis by hBM-MSCs.
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Conclusive remarks

In this chapter, an innovative microfluidic strategy was introduced for generating,
culturing and conditioning 3D stem cell microaggregates within a chemically controlled
microenvironment. The presented microfluidic device was used particularly to replicate the
initial stages of the endochondral route, providing a more uniform cell response to external
cues compared to traditional macroscale and static approaches. Allowing the investigation
of cartilage development signals, the microscale platform thus represents a powerful tool to
develop novel and more effective cartilage repair strategies based on adult stem cell
chondrogenesis.

Building on the presented results, we envision further applications of the microfluidic
platform for systematic studies as an in vitro limb bud model, as well as in the
pharmaceutical industry for screening compounds intended to induce regeneration of
mesenchymal tissues. Furthermore, the applicability of the system may also be extended to
different cell sources, where initial cell condensation and the onset of a 3D structure are
phenomena expected to mediate a physiological response to exogenous signals.

Considering its peculiarities and capabilities, the presented platform could finally
find application as screening tool in the field of cancer biology. Indeed, the ability to screen
directly on chip the effect of different concentrations/combinations of chemotherapeutics
agents on 3D micromasses, mimicking the pathological microenvironment, could lead to a
better understanding of etiology, yielding a faster development of treatment strategies of
cancer-related diseases.
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3

Tailoring the 3D microarchitecture around
cells:  photopolymerizable  hydrogel-based
photo-mold-patterning (PMP) protocol

This chapter partially refers to:

Fabrication of 3D cell-laden hydrogel microstructures through photo-mold-patterning. Occhetta P,
Sadr N, Piraino F, Redaelli A, Moretti M, Rasponi M. Biofabrication 2013 (vol.5 issue 3 pp.10) DOI:
10.1088/1758-5082/5/3/035002

VA-086 Methacrylate Gelatine Photopolymerizable Hydrogels: a Parametric Study for Highly
Biocompatible 3D Cell Embedding. Occhetta P, Visone R, Russo L, Cipolla L, Moretti M, Rasponi
M. Journal of Biomedical Materials Research: Part A 2014 DOI: 10.1002/jbm.a.35346
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Rationale

While some 3D cell culture approaches rely on the ability of cells to re-organize
themselves, including the study of tissue morphogenesis introduced in Chapter 2, in others
a pre-determined guiding of cell patterning in the 3D environment is crucial for obtaining
functional cellular responses. Most of the native tissues are indeed characterized by spatially
organized 3D functional units (or “building blocks™), which define cells—cells and cells—
extracellular matrix interactions. The ability to design in vitro models mimicking this spatial
organization contributes to a better understanding over the role of 3D ECM
microarchitecture on different cells behavior and, in perspective, to engineer functional
constructs.

Hydrogel Multiple cell UVA light
molecules types source

¢ PDMS microstructured
molds

A microscale strategy for spatially tailoring the 3D microenvironment around cells was introduced, which
combines an innovative biocompatible photopolymerizable hydrogel (VA-086-GelMA) and an easy to handle
photo-mold-patterning (PMP) technique, based on the use of PDMS microstructured molds.

In this perspective - within the context of a collaboration with the Cell and Tissue
Engineering Laboratory (IRCCS Galeazzi Orthopedic Institute, Milano, Italy) - we
introduced a novel protocol for tailoring the microarchitecture of the environment around
cells, through the generation of 3D cell-laden hydrogel microscaled models. The proposed
approach combines an innovative biocompatible photopolymerizable hydrogel (VA-086-
GelMA) and an easy to handle photo-mold-patterning (PMP) technique, based on the use of
PDMS microstructured molds. The introduced method could thus be considered as a
promising and cost effective tool for designing spatially accurate in vitro models mimicking

the “building-blocks” of native tissues.
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3.1 Introduction

Tissues in the body are composed of functional 3D units, characterized by a spatially
organized microarchitecture comprised of cells and ECM . Each cell continuously interacts
with its surrounding 3D microenvironment through biochemical, biomechanical and
bioelectrical signals, which vary dynamically in both time and space and contribute in the
regulation of cellular behavior and fate processes 2. When developing new in vitro models
or functional bio-constructs, the ability of spatially and functionally replicating the native
tissue microarchitecture is one of the crucial steps to obtain reliable and physiologically
consistent cell responses . Indeed, while traditional 2D in vitro culture techniques lack in
reproducing the complex microarchitecture found in vivo, 3D models have been
demonstrated to recapitulate unprecedented cues from the native environment *.
Nevertheless, only few recent technological approaches succeeded in tailoring the
microscale 3D geometrical features of cell microenvironment °. Among other methods, the
combination of novel biomaterials and microfabrication technologies has been rapidly
generating perspectives for addressing this challenge 6.

In this contest, the choice of appropriate biomaterials becomes crucial in order to
mimic native tissues microenvironment with respect to both biological integration and
geometrical replication. These requirements have been showed to be potentially satisfied by
using polymeric hydrogels °. Indeed, hydrogels exhibit high similarities to the natural ECM
10 thanks to some unique properties, such as highly swollen network structures, which
maximize nutrients transfers, the presence of functional groups, which can be chemically
modified to add specific functions, and mechanical properties easily tunable within a wide
range !. Moreover, they have been demonstrated to be highly affine with innovative
microtechnologies such as photo- and soft- lithographic approaches 2, making them suitable
to obtain 3D biomimetic replicates with a highly controlled microtopography. A variety of
synthetic 3¢ and natural -2 macromolecules have been used so far to fabricate hydrogel-
based engineered environments °, either as substrates for cellular seeding **2 or as cell-laden
3D matrices #1310, In particular, the fabrication of cell-laden hydrogels is tightly correlated
to the biocompatibility of the crosslinking approach. Most chemical methods are not
compatible with 3D encapsulation of viable cells, usually relying on cytotoxic chemicals or
enzymatic agents to trigger the polymerization 7. On the other hand, thermal hydrogel

reticulation has been investigated in combination with inexpensive soft lithography
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techniques, resulting in micropatterned 3D structures with dimension ranging between 1000
um 22 and 50 pm 2. However, the presence of living cells within the biomaterial poses an
upper temperature threshold to 37°C, generally resulting in relatively long crosslinking time.
Being the temporal control over reaction a critical parameter to generate uniformly populated
3D constructs, additional rotating systems may be required to thermally crosslink cell-laden
hydrogels in order to prevent cell tendency to settle down and thus achieve a uniform 3D
cell distribution within the matrix 2*. On the other hand, fast crosslinking reaction
corresponds to rapid gel viscosity increase, a characteristic that compensates cells tendency
to settle down and favors a uniform 3D cell distribution within the microstructures. In this
perspective, light responsive hydrogels (or photohydrogels) have been successfully used to
obtain 3D patterns within tens of seconds 2°. Photopatterning techniques are generally based
on the presence of a photomask between the light source and the pre-polymer solution, the
latter including light-specific photoinitiator (P1) molecules . Based on this approach, the
fabrication of free standing microgels 2’ as well as micropatterns 28 has been demonstrated.
In addition, photopatterning was iterated for the construction of multicellular patterns 2° as
well as the free standing microgels were assembled based on different interaction forces
(interface based, magnetic, acoustic) to form complex macrostructures °. However,
similarly to photolithography, the achievable resolution of microgels obtained with
photopatterning approaches is strongly affected by light source collimation L. Moreover, the
suitability of the photopolymerization process for embedding viable cells relies on the
definition of optimal and biocompatible combinations of polymeric precursors, light source
and P1. Among others, methacrylate gelatin (GelMA) has been widely investigated in the
last few years in combinations with different PI molecules and lights sources 2. GelMA is
indeed a cheap and easy to handle derivative of collagen, which presents both natural cell
binding motifs, such as RGD and MMP-sensitive degradation sites, and different amino acid
side-chain functionalities (carboxylic acid, amines, hydroxyl) allowing for further covalent
modifications 7. Irgacure 2959 is widely considered the golden standard for GelMA
hydrogel cross-linking *"*2-34: however, with an adsorption peak around 320nm and a not
negligible toxicity to cells, its use had to be accurately optimized for its limited
biocompatibility properties %*. Among others, VA-086, a water soluble azo initiator

molecule, recently proved to yield low cytotoxic effects in both precursor and radical forms
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%, together with an absorption peak, corresponding to a range of wavelengths between 365
and 385nm, more conservative in terms of cell viability.

In the present study, a new gelatin-based photopolymerizable hydrogel was
introduced, obtained exploiting a biocompatible combination of VA-086 photoinitiator and
UVA LED light source. The effect of photopolymerization parameters was first
systematically investigated to assess how the pre-polymer concentration (GelMA) and light
irradiance influences VA086-GelMA hydrogels crosslinking, mechanical and biological
properties at the macroscale (as detailed in paragraphs 3.2 and 3.3). Moreover, with the aim
of obtaining 3D uniformly dispersed cell-laden micropatterns replicating user defined
geometrical features, we present a simple and innovative microscaled Photo-Mold
Patterning (PMP) protocol based on VA086-GelMA hydrogels (introduced in the paragraph
3.4). This protocol combines the advantages of thermal mold patterning approaches (high
resolution without the need of expensive collimated light sources) ?? with the benefits of
using photopolymerizable hydrogels (reduced crosslinking time) 1, proving for the first time
the possibility to generate highly viable cell-laden micropatterns through a low-cost and
versatile UVA LED light source.
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3.2 VA086-GelMA hydrogels synthesis and functional characterization

In the following paragraphs, a novel photopolymerizable hydrogel, named VA-086-
GelMA, is introduced. First, GelMA synthesis and chemical characterization are described
(3.2.1). Subsequently, an innovative GelMA photopolymerization protocol, based on
biocompatible photoinitiator (VA-086) and UV light source (UVA LED), is presented
(3.2.2) and fully characterized evaluating crosslink time (3.2.3), mechanical properties and
biocompatibility (3.2.5) of the resulting hydrogels as function of different crosslinking
parameters (GelMA and PI concentration, light irradiance).

3.2.1 Gelatin methacrylate synthesis and *H NMR characterization

Methacrylated gelatin (GelMA) was synthesized following a previously reported
protocol 2 (Fig.3.1a). Briefly, type A porcine skin gelatin (Sigma-Aldrich Corporation, St.
Louis, Missouri, USA) was dissolved at 10% (w/v) in phosphate buffer saline (PBS, GIBCO)
solution (pH=7.5) at 50°C. 15% (v/v) Methacrylic anhydride (acrylate agent, MA, Sigma-
Aldrich Corporation, St. Louis, Missouri, USA) was then added to the gelatin solution at a
rate of 0.1 ml/min until reaching the desired volume and allowed to react while vigorously
stirring. After three hours, the reaction was quenched by adding pre-heated PBS and the
obtained solution was dialyzed for ten days against distilled water at 50°C throughout 12-
14KDa cutoff dialysis tubing (Sigma-Aldrich Corporation, St. Louis, Missouri, USA). The
solution was finally filtered, freeze-dried for 66 hours and stored at -80°C until further use.

As previously described for MA-gelatin!’, the efficacy of the methacrylation reaction
was determined by *H-NMR analyzing the signals coming from the methacrylic moiety
before cross-linking, since the resonances from the methacrylamide methylene protons occur
in a region free from other signals due to the protein (5.2-5.7 ppm). In details, 30 mg of both
GelMA and plain gelatin were dissolved in 0.6 mL of D,0; the sealed NMR tubes were
heated to 70°C till complete dissolution. The spectra were recorded at 400 MHz on a Varian

Mercury instrument and showed a successful methacrylation.

3.2.2 VA-086-GelMA hydrogel photopolymerization

GelMA hydrogels were obtained by radical cross-linking of methacrylamide
modified gelatin in the presence of a PI activated by a 1.8 W LED (385 nm; LZ4-00UAOQO,
LED Engine, Inc.) light source (Fig. 3.1b). In details, the PI molecule 2,2-Azobis (2-methyl-
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N-(2-hydroxyethyl)propionamide) (VA-086, Wako Chemicals GmbH, Germany) was
dissolved in PBS at room temperature at 1.5% (w/v). Subsequently, GelMA was added to
the PI solution and mixed at room temperature until complete dissolution. Through a
standard micropipette, 20ul of this prepolymer solution were placed inside a Petri dish into
a silicone cylindrical well (diameter= 6mm and height= 0.5mm) obtained by means of a
biopsy puncher. The sample was thus irradiated using the LED source until complete
polymerization, and the required time was recorded. A sample was considered fully
polymerized whether it satisfied the following criteria: (i) it maintained a 3D shape without
releasing macroscopic debris upon silicone template removal and (ii) it did not dissolved
when immersed in PBS and incubated at 37°C up to 1 hours.

NH, HT(K

Methacrylic (o]
anhydride (MAA)

—_— =
0
H
NH iﬁi\ﬂ/ \H/l§§
z 0 0 Nﬁ/g

50 °C

a)

o

Gelatin GelMA
backbone

GelMA

Figure 3.1. Methacrylated gelatin (GelMA) synthesis and cross-linking reaction. Gelatin monomers were
reacted with methacrylic anhydride (MA) to replace lysine groups with methacrylate pendant groups (a).
Hydrogel network was then created cross-linking GelMA using a LED light source in the presence of a
photoinitiator (b).

3.2.3 Parametric study on VA-086-GelMA hydrogel photopolymerization time

The described photopolymerization protocol was fully characterized for the
synthesized material, by assessing the influence of different parameters on the cross-linking

time. In particular, the considered parameters were (i) the irradiance of the light source (1.5-
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14 mW/cm?), and (ii) the GelMA concentration (5%, 7.5% and 10% w/v) in the pre-polymer
solution (see Table 3.1). Furthermore, the effect of Pl concentration (0.5%, 1%, 1.5% w/v)
was evaluated on a GeIMA concentration of 10% (w/v). Each condition was tested in

triplicates and the polymerization times were recorded.

Table 3.1 Parameters tested during GelMA photopolymerization to assess their influence on
sample cross-linking time

% GelMA in pre-polymer solution (w/v) 5,7.5, 10

Irradiance (mMW/cm?) 15,2,35,6,14

First, the influence of the gelatin concentration was evaluated, maintaining VA-086
concentration at 1.5% (w/v). Figure 3.2a shows a comparison between polymerization times
of samples obtained for GeIMA concentrations of 5, 7.5 and 10% (w/v) for different
irradiance conditions. Time values higher than 360s were considered too long for cell
embedding procedure and, coherently, not reported. As expected, the polymerization time
decreased increasing the irradiance for all the tested conditions. Moreover, increasing the
GelMA concentration, the polymerization time decreased. In particular, for high MA
GelMA, polymerization times decreased from 320sec to 140sec at 1.5mW/cm? and from
140sec to 35sec at 14mW/cm?, when GelMA concentration was increased from 5% to 10%
(Whv).

To assess the influence of Pl concentration on polymerization times, GelMA was
tested fixing the concentration at 10% (w/v) and varying VA-086 concentration from 0.5%
to 1.5% (w/v). Increasing the VA-086 concentration resulted in a drop of the cross-linking
time among all irradiance intensities (Fig.3.2b). In details, the increase of VA-086 content
reaction times dropped from 250sec to 140sec and from 45sec or 30sec at 1.5mW/cm? and
14mW/cm?, respectively.
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Figure 3.2. GelMA cross-linking time in function of LED irradiance. Comparison between polymerization
times of GelMA samples obtained varying gelatin (a) or VA-086 (b) concentration. Error bars represent
positive standard deviations. (One way ANOVA p<0.05*; p<0.001**; p<0.0001* - * different GelMA %; #
different irradiance).
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3.24 VA-086-GelMA hydrogel rheological characterization

Dynamic shear oscillation tests were performed on GelMA samples at concentration
of 5%, 7.5% and 10% (w/v), in order to assess the effect of GeIMA concentration on
hydrogel mechanical properties. Rheological measurements were carried out with an AR
1500ex rheometer (TA Instruments, USA) using a cone-plate geometry (diameter= 2cm,
truncation= 32um, working gap= 32um). Mechanical spectra were recorded at both 25°C
and 37°C in a constant strain mode, with a deformation of 0.3% and incremental frequencies
ranging from 0.01 to 10 Hz. Samples were obtained photo-polymerizing 500 ul of GelMA
pre-polymer (1.5% of VA-086) inside a 24-wells plate at 2mW/cm?,
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Figure 3.3. Storage (G’) and loss (G’’) modulus of cross-linked GelMA in function of frequencies at 37°C.
Sample photopolymerization was performed varying gelatin concentration (5%, 7.5%, 10% w/v) while
maintaining 1.5% of VA-086 and using a 2 mW/cm? irradiance. Axes are in Log scale and error bars identify

both positive and negative standard deviation.

The data in Fig.3.3 represent the average of the storage (G’) and loss (G’”) modulus
with standard deviation obtained at 37°C. In general, storage moduli resulted higher than
loss moduli at all concentrations tested, as shown in Fig.3.3. Increasing GelMA
concentration from 5% to 10% (w/v), resulted in an increase of both G” and G*’, suggesting
an enhancement of gel stiffness. Starting from the results of this analysis, we then showed
how the storage modulus (G’) is independent from the frequency in each condition tested,
confirming the chosen range of frequencies corresponds to the linear viscoelastic region
(LVR) ¥. We thus compared obtained materials in terms of G’. In particular, results in
Fig.3.4 showed the averaged value of G’ for the LVR. Increasing GeIMA concentration from

5% to 10% (w/v), resulted in a statistically significant increase in G’.
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Temperature was finally found not to significantly affect hydrogel mechanical
properties, as demonstrated by comparable results achieved at 25°C and 37°C for all the
tested conditions (Fig.3.5).
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Figure 3.4. Averaged value of the Storage (G’) modulus within the LVR for cross-linked GelMA samples.
Sample photopolymerization was performed, varying gelatin concentration (5%, 7.5%, 10% wi/v) while
maintaining 1.5% of VA-086 and using a 2 mW/cm? irradiance. Error bars identify both positive standard
deviation (n=3 **p < 0.01. ***p < 0.001).
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Figure 3.5. Comparison of storage (G’) and loss (G’’) modulus of cross-linked GelMA obtained at 37°C and
25°C. Sample photopolymerization was performed varying gelatin concentration (5%, 7.5%, 10% w/v) while
maintaining 1.5% of VA-086 and using a 2 mW/cm? irradiance. Axes are in Log scale and error bars identify
both positive and negative standard deviation.
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3.25 Photoinitiator and light source biocompatibility assessment

To assess possible cytotoxic effects of factors used during the VA086-GelMA
hydrogel photopolymerization, experiments were carried out on 2D cultures of human bone
marrow derived stromal cells (hBM-MSCs) and primary human umbilical vein endothelial
cells expressing green fluorescent protein (HUVECs GFP), as detailed in following
paragraphs.

Cell sorting and expansion

hBM-MSCs were isolated from bone marrow aspirates obtained from donors
undergoing total hip replacement, after written consent. Bone marrow was centrifuged and
cells were plated at a density of 1 x 10° cells/cm? and cultured overnight. Suspended cells
were then removed and adherent cells were expanded. hBM-MSCs culture was carried out
in complete medium consisting of a-modified Eagle’s medium, 10% FBS, 10 mM HEPES,
1 mM sodium pyruvate, 100 U ml~* penicillin, 100 pg ml™? streptomycin and 292 pg ml™
L-glutamine (all GIBCO®) supplemented with 5 ng ml* FGF2 (Peprotech). When 70-80%
confluence was reached, cells were harvested and frozen. At need, cells were then thawed,
seeded at lower density (3 x 10° cells cm™) and expanded again. Medium refresh was
performed every four days.

Primary human umbilical vein endothelial cells constitutively expressing green
fluorescent protein (HUVEC GFP; Children’s Hospital, Boston, MA) were expanded in
endothelial cells growth medium EGM-2 supplemented with the bullet kit which includes:
2% FBS, ascorbic acid, heparin, hydrocortisone and human growth factors (fibroblast, R3-
insulin) including vascular endothelial growth factor (all LONZA®). Cells were passaged
when 70-80% of confluence was reached and the medium exchange was performed every
four days. A standard cell culture incubator, maintaining 5% of CO> level and 37°C, was

employed for cell culture.

Biocompatibility assays

Biocompatibility assays were performed on 2D cultures of hBM-MSCs and
HUVECs GFP. At this purpose, cells were seeded at a density of 3 x 102 and 10 x 10° cells
cm2 for hBM-MSCs and HUVECSs GFP, respectively. Samples with identical cell numbers
were frozen in order to be used as DNA reference. Right after seeding, cells still in

suspension were subjected to different photocrosslinking conditions (as described in Table
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3.2). No stimuli were applied in the condition used as control. Independently from the
duration of the treatment, cells were allowed to adhere for a period of 4 hours before medium
change. After 24 hours under standard culture conditions (chosen to reasonably neglect the
cell proliferation as cause of variations in cell number or specific metabolic activity), each
sample was analyzed in terms of metabolic activity. In details, cells were incubated for 4
hours in AlamarBlue 10% v/v solution (Invitrogen) and the absorbance was detected using
a spectrophotometer at 570 nm (Victor X3, PerkinElmer, Waltham, MA, USA). The number
of cells contained in each well was then evaluated. Samples were frozen at -80°C overnight
to promote cell lysis and therefore DNA extraction. DNA quantification was performed by
means of a commercially available fluorescence based kit, namely CyQUANT® Cell
Proliferation Assay (Invitrogen). Working solutions were prepared according to the
manufacturer’s protocols. Sample fluorescence intensity, detected with a spectrophotometric
approach (485/538 nm), was associated to cell DNA content through a calibration curve. The
reference samples, containing the number of cells seeded at the initial time point were used
to normalize DNA content in each sample and calculate cell number per sample. Finally, for
each sample the absorbance value relative to the metabolic activity was normalized to the
cell number and used as indicator for the specific cellular metabolic activity.

Table 3.2 summarizes the conditions tested, eliciting from combinations of: PI type,
Pl exposure time and light source exposure time. For each cell type, five replicates were

evaluated for each condition tested (n=5).

Table 3.2 Scheme of the conditions tested on HUVEC GFP and hBM-MSCs to assess UV light and P1 effect
on cell viability.

Condition Pl Light Source Photocrosslinking condition
name (exposure time) (exposure time) tested
CTRL - - No stimuli
SE VA-086 VA-086 (4hr) - P1 (short exposure)
LE VA-086 VA-086 (24hr) - PI (long exposure)
SE Irg-2959 Irgacure 2959 (4hr) - P1 (short exposure)
LE Irg-2959 Irgacure 2959 (24hr) - PI (long exposure)
uv - A =385nm (3mins) UV light
UV + VA-086 VA-086 (4hr) A =385nm (3mins) Combined UV light and PI

The effect of long and short exposure to photoinitiator inactive molecules was first
analyzed, by comparing the P1 used in the presented protocol (VA-086) with the widely used
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Irgacure-2959 4. Two solutions were prepared by dissolving VA-086 (Wako Chemicals
GmbH) and Irgacure 2959 (Ciba Chemicals) in culture medium at 1.5% w/v and 0.05% w/v,
respectively (due to different photoinitiator activities) *°. Solutions were then used to
suspend cells at the target concentrations. Pl molecule were either removed after 4 hours
(short exposure, SE conditions) or left in solution until the end of the experiment (long
exposure, LE conditions). Comparable results in terms of cell viability were obtained with
both the investigated Pls, as detailed in Fig.3.6a and b. In details, VA-086 in a 30-fold higher
mass concentration than Irgacure-2959 (1.5% w/v compared to 0.05% w/v) didn’t
significantly affect cell viability and specific metabolic activity compared to control
conditions after a 4 hours exposure time. A long exposure to VA-086 caused a decrease in
HUVEC GFP number, though maintaining a high specific metabolic activity comparable
both to control and LE Irgacure conditions. This can however be considered an extreme case,
since for the presented protocol the cell exposure to VA-086 is limited to the
photopolymerization time (maintained lower than 360 seconds).

Being VA-086 molecules activated at a wavelength range of 365-385nm, the
cytocompatibility of a 385nm LED light source was also assessed both individually and in
combination with PI molecule. Three minutes exposure to 1W 385nm LED was applied to
cells in standard culture medium (UV condition) and cells in 1.5% w/v VA-086 culture
medium (UV + VA-086 condition), respectively. The exposure time of 3 minutes was chosen
as the mean photopolymerization time required hydrogel photopolymerization. The sole UV
irradiation did not cause any significant decrease on cells viability nor metabolic activity
after a 3 min exposure time compared to the conditions in absence of irradiation (Fig.3.6a,
b, d and e). Finally, treatment with UV and VA-086 (3min; 1.5% w/v) did not show any
statistically significant reductions on cell number and metabolic activity compared to the

control conditions (Fig.3.6¢ and f).
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Figure 3.6. Pl and UV cytotoxicity analyses. HUVEC GFP and hBM-MSCs 2D cultures were subjected to
different photocrosslinking treatments to assess the cytocompatibility of VA-086-GelMA hydrogels
polymerization. Single and combined effects of Short Exposure (SE, 4hr) and Long Exposure (LE, 24hr)
inactive Pl molecules (VA-086 and 1rg-2959) and UV (A=385nm for 3min) were tested 24 hours after the
treatment. For both cell types, the presence of both the Pl molecules and the exposure to UV didn’t cause any
statistically significant reduction in cell number and specific metabolic activity compared to control. A
reduction in HUVEC GFP number was detected for VA-086 LE though maintaining a high specific metabolic
activity (a, b, d and e). The combination of VA-086 and UV resulted favorable in terms of cell viability
demonstrating the biocompatibility of the protocol (¢ and f). (Error bars: +SD; n=5. All the reported
comparisons are statistically significant for p<0.05).
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3.3 3D cell-laden VA086-GelMA hydrogels: macroscale models

In the next paragraphs, the previously characterized VA-086-GelMA hydrogel is
exploited for the generation macroscale models for 3D cell culturing. As a preliminary
biological validation, hBM-MSCs behavior when cultured within VA-086-GelMA
hydrogels is first reported (3.3.1). Moreover, the establishment of h(BM-MSCs/HUVECs 3D

macroscale co-culture models is introduced (3.3.2).

3.3.1 Cell embedding and 3D culture

Biological validations were carried out to assess the influence of concentration of
GelMA on 3D cellular behavior. hBM-MSCs were thus embedded within VA-086-GelMA
hydrogels at different concentrations (5%, 7.5% and 10% w/v), and cultured up to seven
days. In details, the methacrylated gelatin was completely dissolved in a filtered 1.5% (w/v)
Pl solution, subsequently used to resuspend previously trypsinized hBM-MSCs at a final
concentration of 2 x 10° cells/ml. The photopolymerization reaction was thus carried out as
previously described maintaining sterile conditions, by irradiating the sample for 3 minutes
with a LED irradiance of 2 mW/cm?2. Samples containing the same cell numbers were
produced and frozen to be subsequently used as DNA references. The obtained cell-laden
samples were incubated under standard culture conditions and cultured up to seven days,
while refreshing media every 3 days. Cell metabolic activity and proliferation inside 3D
hydrogels were then evaluated after 3 and 7 days in culture. In details, at the defined time
points, each sample was washed in PBS, placed in a new well, and incubated at 37°C in 10%
viv AlamarBlue solution (Invitrogen Corporation, Isbad, CA, USA). After 4 hours, the
absorbance of the resulting solution at 570 nm was measured using a spectrophotometer
(Victor X3, PerkinElmer, Waltham, MA, USA). The DNA in each sample was then
evaluated by means of the CyQUANT cell proliferation assay (Invitrogen Corporation,
Isbad, CA, USA). Samples were frozen at -80°C overnight and digested for 16 hours at 60°C
with 250 pL of ProteinaseK (Sigma-Aldrich Corporation, St. Louis, Missouri, USA). After
digestion, 5 pl of the sample and 195 pl of the working solution, previously prepared
according to the manufacturer’s protocols, were placed into a 96 black multiwall plate.
Sample fluorescence intensity was detected with a spectrophotometer at 485/538 nm and
subsequently related to cell DNA content through a calibration curve, as previously

described. The reference samples were used to normalize DNA content in each sample.
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Finally, for each sample the metabolic activity value was normalized to the DNA content to

assess the specific cellular metabolic activity.
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Figure 3.7. Specific metabolic activity of hBM-MSCs cultured up to 7 days within GelMA at different
concentrations (a). Cell laden GelMA samples were cross-linked with 2 mW/cm2 irradiance in the presence of
1.5% VA-086. Cell morphology after 7 days of culture was also assessed. hBM-MSCS embedded within 5%
GelMA appeared more elongated (b), while 7.5% and 10% gelatin sample showed rounded cells (c, d) (Image
scale bar= 200um).

After 3 days in culture, hBM-MSCs showed similar specific metabolic activity for
all the conditions tested (Fig.3.7a). After 7 days in culture, however, cells showed a higher
cell metabolic activity as compared to the previous time point. In particular, metabolic
activity of both 5% and 7.5% (w/v) GelMA samples had a statistically significant
enhancement compared to corresponding samples at day 3. Concerning cell morphology,
after 7 days of culture, hLBM-MSCs appeared more elongated in GelMA at 5% (w/v), while
almost rounded in both the 7.5% and 10% (w/v) ones (Fig.3.7b).
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3.3.2 hBM-MSCs/HUVECs 3D macroscale co-culture model

To evaluate cell elongation and interaction within gels with different mechanical
properties, co-cultures of h(BM-MSCs and HUVECs GFP were established for all GeIMA

concentrations (5%, 7.5% and 10% wi/v).
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Figure 3.8. Cell behaviour when co-cultured within GelMA hydrogels. HUVECs GFP (green) and hBM-MSCs
(red) were co-cultured up to seven days within 5%, 7.5% and 10% (w/v) GelMA samples. Immediately after
embedding, cells appeared rounded in all samples (a-c). After 3 days of culture HUVECs started to interact
within 5% (w/v) gel (d) while maintained a rounded-shape in 7.5% and 10% (w/v) hydrogel samples (e-f). After
7 days, within 5% (w/v) GelMA samples, HUVECSs developed a network-like structure (g), whereas in 7.5%
and 10% (w/v) GelMA, HUVECs appeared sparsely connected and hBM-MSCs remained rounded (h-i). Black
and cell free regions resulted from N2 gas release during photo-polymerization (Image scale bar= 500 um (a-
i) and 200um for 10X magnifications).
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In details, hBM-MSCs were made fluorescent through a 10 minutes incubation in
culture medium enriched with 5ul/ml of Vibrant (Invitrogen Corporation, Isbad, CA, USA).
Cells were resuspended at a final concentration of 3 x 10° cells/ml in the pre-polymer
solution, maintaining an hBM-MSCs/HUVECs ratio of 1:1. The polymerization was
performed as previously described and samples with either only hBM-MSCs or HUVECs
were established as controls. All the cell-laden samples were cultured in HUVECSs culture
medium and maintained in standard culture conditions for up to seven days, while medium
change was performed every 3 days.

After 3 days in culture, HUVECs started to elongate within the 5% (w/v) GelMA
(Fig. 3.8d), while maintaining a more round-shape in both 7.5% and 10% (w/v) GeIMA
samples (Fig.3.8e and f). The maximum cell spreading was reached after 7 days of culture
in 5% GelMA samples (Fig.3.89), in which the formation of a fully developed HUVECs
network was detected. In the remaining gels (7.5% and 10% w/v), HUVECs appeared
sparsely connected and did not form any network-like structure and hBM-MSCs remained
almost rounded for the whole culture period (Fig.3.8h and i). Culturing hBM-MSCs and
HUVECs apart, on the contrary, resulted in isolated and round-shaped cells within all three

GelMA concentrations tested and for all the seven days of culture (Fig.3.9).

GelMA5% GelMA7,5% GelMA 10%

BMSCs BMSCs

day7 My * St % o dayT - Jaay7

Figure 3.9. Cell behaviour within GelMA hydrogel established as co-culture control. HUVECs GFP and hBM-
MSCs (red) were cultured up to seven days within 5%, 7.5% and 10% (w/v) GelMA samples. After 7 days, both
cell types appeared almost rounded within all GelMA samples. (Image scale bar= 500 um).
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3.4 3D cell-laden VA086-GelMA micropatterns: an innovative photo-
mold-patterning (PMP) protocol

A novel photo-mold-patterning (PMP) protocol for hydrogel micro-structuring is
introduced in these paragraphs, based on the previously characterized VA-086-GelMA
hydrogel (Fig.3.10). As described in paragraph 3.4.1, the PMP protocol consists of four main
steps: 1) a PDMS microfluidic chip with geometrically defined micropatterns is placed
against a glass substrate and used as mold; 2) a cell-laden pre-polymer light-sensitive
solution is loaded within the microchannels; 3) UVA light is provided through the PDMS
layer until complete crosslinking; 4) once the stamp is removed, cell-laden microstructures
are obtained on the glass substrate. In the next paragraphs, a complete characterization of
the PMP protocol is reported. First, its versatility and reliability in generating differently
shaped and multi-height micropatterns is showed (3.4.2). Then, the ability of embedding
cells defining 3D uniform distributions is demonstrated (3.4.3). Finally, the establishment of
spatially controlled 3D hBM-MSCs and HUVECs GFP mono- (3.4.4) and co-cultures (3.4.5)
is detailed.

34.1 Photo-Mold Patterning (PMP) protocol

Layouts of desired hydrogel micropatterns were designed through a CAD software
(AutoCAD, Autodesk Inc.) and the corresponding master molds were realized through
standard photolithography techniques 8. Stamps were produced by replica molding on the
master molds by casting PDMS in a ratio 10:1 w/w (pre-polymer to curing agent), degassing
and curing at 80°C for 3 hours. The PDMS stamps were trimmed so to show microchannels
openings on their lateral sides and subsequently air-plasma treated to induce surface
hydrophilicity. PMP devices were finally assembled by placing the stamps against histology
glass slides, which were previously treated with 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) (Sigma- Aldrich®) to enhance hydrogel adhesion *°.

10% w/v VA-086-GelMA prepolymer solution was prepared as previously described
and used to suspend cells at the desired final concentration. In addition to VA-086-GelMA
hydrogel, polyethylen glycol diacrylate (PEGDA, Sigma- Aldrich®) was also considered as
a commercially available alternative to assess the versatility of the proposed protocol.
Through a standard pipettor, 2.5 ul of the cell-laden pre-polymer solution were placed in

contact with a PMP device opening and allowed to fill the corresponding microchannel
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driven by capillary forces. Once completely filled, the sample was irradiated for 3 minutes
with a LED irradiance of 2 mwW/cm?2. Subsequently the PDMS mold was removed leaving
the hydrogel micropattern adherent on the glass slide. The sequence of operations for the
PMP protocol is depicted in Fig.3.10.

Chip assembly Channel filling

Methacrylated prepolymer +
- H Il B W different cell types

A B
Photocrosslinking Mold removal
385nm UVA LED
/I\ (F . ;;j [ SRR
C D E

Figure 3.10. Photo-Mold Patterning (PMP) protocol. The PDMS microfluidic mold is placed against a 3-
(trimethoxysilyl) propyl methacrylate (TMSPMA) treated slide (a). Hydrogel prepolymer is injected into the
channels (b), and the photopolymerization is achieved using a commercial LED emitting at 385nm (c). Upon
PDMS removal, the 3D patterns are revealed on the glass substrate (d). An example of PMP is reported, where
three mold channels were independently filled with different colors (e).

34.2 Evaluation of PMP versatility and reliability: development of differently
shaped and multi-height hydrogel micropatterns

To evaluate the PMP ability to reliably achieve differently shaped micropatterns, two
chip layouts were first considered for both PEGDA and GelMA hydrogels. In particular, a
straight channel and a serpentine configuration were conceived, both having channel width
of 250um and height of 80um. An exposure time of 3 minutes to UVA LED, combined with
a 1.5% w/v PI concentration allowed to achieve highly defined micropatterns, narrowly
replicating 250 pum width and 80 pum height PDMS mold features for both the configurations
(Fig.3.11). Moreover, the PMP protocol was demonstrated to be applicable to both the
materials tested, leading to comparable results in terms of 3D geometry replication. As
shown in Fig.3.11e and f, even using a non-collimated light source, the cross sections
obtained from both PEGDA and GelMA resulted squared, replicating the PDMS channels
layout without any magnification of patterns width 3.
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w PEGDA10% o GeIMA10%

Figure 3.11. 3D replication of different geometries through PMP. Phase images of hydrogels obtained from
10% w/v PEGDA (a, ¢ and e) and 10% w/v GelMA (b, d and f) polymer precursors upon a 3 minutes UVA
exposure in the presence of 1.5%w/v VA-086. PMP allowed to achieve micrometrically defined patterns,
narrowly replicating 250 pm width and 80 um height mold features for both the configurations and the
materials tested (a-d; scale bars: 1000 um). The hydrogel cross sections obtained from both PEGDA and
GelMA resulted squared, exactly reproducing the PDMS channel lateral layouts (e-f; scale bars: 200 pm).

Geometry 2 Geometry 1

Cross section

Moreover, the potentiality of PMP protocol to fabricate microstructures characterized
by multiple heights within a single step procedure was assessed. A mold layout containing
500 um wide channels with multiple height steps (210 um and 60 um, respectively) was
realized through PDMS replica molding from a laser ablated polyester film/glass master
mold “°. Exploiting this PDMS mold as geometrical constraint, VA-086-GelMA
micropatterns were obtained within a 3 minutes exposure to a UVA LED, as previously
described. The obtained structures were analyzed by means of a stereomicroscope and the
results are reported in Fig.3.12 (details of the two cross-sections are depicted in the insets a
and b).
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Figure 3.12. 3D replication of a multiple heights channel through PMP. Stero microscope images of
hydrogels obtained from 10% w/v GelMA polymer precursors upon a 3 minutes UVA exposure in the
presence of 1.5%w/v VA-086. The PDMS mold used as geometrical constrains have two different cross
sections, 210 um (a) and 60 um (b) high respectively. Exploiting the possibility to have multiple heights
features within the same mold, PMP allowed achieving different feature sizes within a single step
procedure. (Scale bars: 200 pum).

3.4.3 Cell embedding within micropatterns: a 3D distribution analysis

The potentiality of PMP protocol in achieving a 3D uniform cellular dispersion was
assessed. In details, HUVECs GFP were encapsulated within VA-086-GelMA through the
PMP protocol, and the resulting micropatterns were analyzed in terms of 3D cell distribution.
Cells were trypsinized, counted and resuspended at different initial concentrations (1, 5 and
10 x 108 cells/ml) into 10% w/v GelMA containing 1.5% w/v VA-086 prepolymer solution
and the PMP protocol was performed as previously described leading to cell-laden
micropatterns formation. Specifically, the range of initial cell densities were considered in
the perspective to obtain constructs targeting tissues with different cellularity. Immediately
after the photopolymerization, micropatterns were treated sequentially with 4%
paraformaldehyde and 0.1% Triton-X to fix and permeabilize cells, followed by DAPI
(Invitrogen) to fluorescently stain cell nuclei. Samples were thus mounted on slides and
observed by fluorescent confocal microscopy (Leica TCS SP8). The 3D position of cell
nuclei was analyzed with a semi-automated object 3D counter plugin of the NIH ImageJ
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software, using an intensity-based algorithm and verified in 10% microscope fields by
manual counts. To assess the cell distribution along the channel length, three equidistant
channel areas (I=1mm) were chosen in correspondence to the inlet, center and outlet regions.
Each area was then divided along its width and height in ten (w=25um) and four (h=20um)
bands, respectively. The number of cells present in each region of interest was evaluated to
quantify the cell distribution in both lateral and vertical channel dimensions. For each cell
concentration tested, three samples of the straight channel configuration were considered
(n=3).
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Figure 3.13. 3D cells spatial distribution. Positions of cell nuclei geometrical centers at densities of 1, 5 and

10 x 106 cell ml-1 were plotted from data obtained by analyzing confocal images of the DAPI stained cell-
laden micropatterns at day 0. Cells were uniformly distributed along the channels length (b, f and j) and width
(c, g and k). While a higher cell density was detected in the two central bands (I=20um) of the channels height
(d, h and 1), the overall cell distribution resulted 3D uniform within the micropatterns (a, e and i). (Error bars:
+SD; n=3. All the reported comparisons are statistically significant for p<0.05).

The desired cellular microtopography, defined by the pattern geometry, was achieved
resulting in a uniform distribution of HUVECs GFP dispersed along straight GelMA
micropatterns, as shown by the geometrical center positions of the cell nuclei (Fig.3.13a, e

and i). For all the concentrations tested, cells preserved a tridimensional distribution along
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the whole channel after the photopolymerization, resulting homogenously dispersed within
both the gel length (Fig.3.13b, f and j) and width (Fig.3.13c, g and k). The analysis of cells
distribution along the microgels height (Fig.3.13d, h and I) resulted in a statistically
significant higher cell density in the two central bands (20pum each) of the channels (p<0.05),
probably due to the flow dynamics during the solution injection.

34.4 Cell culture within VA-086-GelMA hydrogel micropatterns

HUVECs GFP (Fig.3.14a and c) and hBM-MSCs (Fig.3.14b and d) were embedded
in 3D VA-086-GelMA micropatterns at 10x10° and 3x10° cells/ml, respectively, and their

behavior was recorded over a 7 days culture period 222,

HUVEC GFP BMSC

Day 1 Day 3 Day7 = Day 1 Day 3 Day7 =

Day 7 Day 7 —

Figure 3.14 Cell behavior within hydrogel micropatterns. HUVEC GFP (a and c¢) and hBM-MSC (b and d)
were embedded within GelMA micropatterned hydrogels by PMP and cultured for 7 days. (a and b) The day 1
cell rounded morphology gave way at day 3 to a migration of both cell types from the center to the surface of
the patterns, reaching the maximum cell spreading by day 7 of culture. (Representative images of F-actin
stained samples; z step=5.48 pm. Scale bar =250 pm.). At day 7, HUVEC GFP created network-like structures
preferentially near the outer surface of the hydrogel (c), while hBM-MSCs showed a tendency to align along
the main axis of the microstructures (d). (Representative F-actin/DAPI stained 3D projections; z=80.22 pm.
Scale bar =250 um.).
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This biological validation was only carried on VA-086-GelMA, being PEGDA not
suitable for cell adhesion in its native form #. For this purpose, cells were trypsinized,
counted and resuspended into 10% w/v GelMA containing 1.5% w/v VA-086 prepolymer
solution and the PMP protocol was performed as previously described. The glass slides
containing cell-laden microgels were gently washed with PBS to remove possible unreacted
P1 molecules, incubated under standard culture conditions and cell behavior was evaluated
at days 1, 3 and 7. For each time point, the micropatterns were treated sequentially with 4%
paraformaldehyde and 0.1% Triton-X to fix and permeabilize cells, followed by phalloidin
(BODIPY® 558/568 phalloidin, Invitrogen) and DAPI (Invitrogen) to fluorescently stain
respectively filamentous F-actin and cell nuclei. Samples were thus mounted on slides and
observed by fluorescent confocal microscopy (Leica TCS SP8).

After 24 h of culture both cell types started to actively elongate within VA-086-
GelMA hydrogels. At day 3, both types of cells started to migrate from the center to the
surface of micropatterns. The maximum cell spreading was reached by day 7 of culture
(Fig.3.14c and d), when the cells completely covered the surface of micropatterns. While
HUVEC GFP cells created network-like structures, preferentially near the outer surface of
the hydrogel, hBM-MSCs showed a tendency to align along the main axis of the

microstructures.

345 PMP as microscale approach for defining co-culture models with highly

controlled microarchitectures

The potentiality of PMP protocol to spatially organize different cell types by means
of a single exposure step was first assessed. Differently shaped PDMS molds were thus
developed through replica molding from laser ablated polyester film/glass master molds “°.
Designed layouts allowed for the simultaneous injection of different cell-laden pre-polymer
solutions within separated features of the same mold. In details, hBM-MSCs were divided
in two groups, each labeled either through red or green Vybrant (Molecular Probes, V-
22889). GelMA micropatterns embedding labeled hBM-MSCs (10x10° cells mI™?) were
obtained as previously described. The samples were immediately analyzed by means of
fluorescent confocal microscopy (Leica TCS SP8). Fig.3.15a and b show two eliciting 3D
spatially organized microarchitectures in which two cell types (labeled in this case) are
embedded in different areas, separated but close to each other thus allowing interactions

detected after 5 days in culture (Fig.3.15b-f). This single step procedure can thus be used as
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flexible tool to combine different cell types (and potentially materials), creating more

complex geometries.

Day 1

Figure 3.15 Red and green labeled hBM-MSCs embedded in VA-086-GelMA 3D spatially organized
microarchitectures (a and b). Interactions between cells embedded in different areas of microstructures have
been showed after 5 days of culture (c-f).

PMP was then exploited for fast and controlled multi-cell types embedding within
multilayered 3D micropatterns. In details, multi-layered cellular structures were fabricated
embedding in two consecutive steps differently labeled hBM-MSCs within microchannels
featuring increasing dimensions (Fig.3.16).

Step 1 Step 2

Cross section

Top view

Figure 3.16. Cross section and top view of a microchannel defined by two concentric VA-086-GelMA hydrogel
layers laden with red and green labeled hBM-MSCs.
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3.5 Discussion

In the last decade, advances in microtechnologies together with the definition of
novel biomaterial compositions led to the development of microscale approaches for
tailoring in vitro the microarchitecture around cells 842, Three are the main requirements for
the realization of 3D microstructured cell-populated constructs: i) the cytocompatibility of
the fabrication/embedding protocol, ii) the ability to control the microenvironment in size
and shape over the three dimensions, and iii) the possibility to distribute cells in a uniform
and controlled fashion within the microenvironment. Several attempts for matching these
requisites have been reported >*-%°, Lately, the most promising approaches tried to combine
the high spatial resolution achievable through photo- and soft- lithographic techniques with
the unique affinity of hydrogels with several cell embedding approaches 12222846,

Within this context, we presented an innovative photo-mold-patterning (PMP)
protocol aiming to meet biocompatibility and microarchitectural control requirements in a
simple and cost effective way. The PMP technique enables for fast and controlled cell
embedding within 3D micropatterns through the exploitation of standard PDMS soft
lithography combined with an innovative low toxicity hydrogel photopolymerization
approach. In details, a commercially available UVA LED (emitting peak at 385nm),
exhibiting negligible cytotoxicity effects, was employed as controlled light source to
photopolymerize methacrylate gelatin hydrogels in combination with the photoinitiator (PI)
molecule VA-086, highly activated at this wavelength #’. As previously shown 8, cell
damages from UV light exposure strictly depends on source intensity and emitting spectrum.
While short UV wavelengths (UVB range) consistently damage cells even at low energy
levels (in the order of mJ/cm?), the shifting to longer wavelengths dramatically reduces the
incidence of cell death, as further demonstrated in the reported 2D cell biocompatibility
analyses. Moreover, the VA-086 has been here demonstrated to minimally affect cell
viability both in its radical and inactive forms, making it a promising alternative to the widely
used lIrgacure 2959, highly activated at shorter light wavelengths (adsorption peak around
320nm) *,

The photo-crosslinking process for fabricating cell-laden VA-086-GelMA-based
hydrogels was first deeply characterized at the macroscale, showing the influence of polymer
concentration and light irradiance directly on both mechanical and biomimetic properties of

resulting matrices.
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The presented photopolymerization protocol was demonstrated to be highly effective
allowing obtaining fully cross-linked samples within tens to hundreds of seconds. All
combinations used of polymer concentrations, VA-086 contents and light irradiance yielded
to photo-crosslinking times lower than 360s. These short cross-linking times, indeed,
resulted compatible with the cell embedding procedure, avoiding cells from settling down.
Moreover, while increasing LED irradiance resulted in lower cross-linking times, it was also
showed to enhance the hydrogel porosity by means of N2 gas release as a result of UV radical
induction “°. Starting from this characterization, an optimal photopolymerization protocol
was defined, fixing the LED irradiance at 2mW/cm? and the P1 concentration at 1.5% wiv,
fulfilling both the biocompatibility and the matrix homogeneity requirements for all
conditions tested. In details, samples were polymerized for 3 minutes subjecting cells to a
total irradiation dose of about 600 mJ/cm?, well below a level previously demonstrated as
not toxic to cells, i.e. 1800 mJ/cm?474°, As a remarkable advantage, the entire process was
easily performed under sterile conditions by placing the samples within standard Petri dishes,
thus taking advantage from the optical transparency of polystyrene to UVA.

The rheological characterization of GelMA hydrogels further showed how the
increase of gelatin concentration directly increases sample stiffness, as a consequence of the
availability of more cross-links per unit volume, in agreement with previously reported data
32 This correlation between crosslinking parameters and mechanical behaviour suggested
the potentiality of the presented protocol to easily tune the stiffness of the cell-laden matrix
according to the required application.

Successful hBM-MSCs embedding within VA-086-GelMA samples revealed the
potentiality of our protocol to obtain and culture biocompatible cell-laden hydrogels up to
seven days supporting cell proliferation and spreading depending on mechanical properties.
Cell behavior and viability results, after seven days in culture, showed how specific cell
metabolic activity and viability varied inversely with gel concentration: hBM-MSCs resulted
more viable and metabolically active, and appeared more stretched after seven days in
culture in 5% w/v GelMA, as compared to 7.5% and 10% wi/v samples. This finding suggests
that mechanical properties characterizing the lower hydrogel concentration better allowed
this cell type to remodel and degrade the matrix. The presented combination of
methacrylated gelatin, VA-086 photoinitiator molecule and UVA LED source was also

investigated for generating multi-cell types models, co-culturing hBM-MSCs and HUVECs.

71



3. VA-086-GelMA hydrogel-based PMP protocol

Results obtained within the softer GelMA hydrogels showed to enhance the interactions
between hBM-MSCs and HUVECs when co-cultured, promoting the formation of well-
established HUVECSs network-like structures. In the same conditions, neither HUVECSs nor
hBM-MSCs cultured alone were able to remodel the surrounding matrix at comparable
levels, suggesting that the presented material could be considered a promising co-culturing
model for further studies on the interplay between these two cell populations.

Based on the macroscale characterization of the presented biomaterial, we defined a
method to homogeneously embed and culture primary cells within 3D VA-086-GelMA
hydrogels micropatterns exploiting the PMP protocol. The PMP method was in details tested
both on a continuous cell line (HUVEC GFP) and primary hBM-MSCs demonstrating the
possibility to embed viable cells also within 3D microgels, creating biocompatible and
favorable environments for cell proliferation and spreading, while precisely tailoring the
microarchitecture around them.

The ability of PMP protocol to replicate defined microarchitectures through hydrogel
photopolymerization was first demonstrated. Indeed, 3D structures obtained by PMP
presented a geometrical resolution comparable to that offered by traditional mold patterning
methods 222, In fact, the PMP protocol exploits UVA-transparent PDMS microstructured
stamps as physical molds for cell-laden prepolymer. This leads to micrometrically resolved
GelMA structures guaranteeing the desired 3D shape replication both in terms of layout and
cross section independently from the light beam collimation 26. This was also demonstrated
starting from a commercially available synthetic prepolymer type (PEGDA) showing how
the PMP protocol represents a versatile tool for controlling the 3D geometry of different
methacrylated hydrogels in an effective and low cost way.

Well-established multilayer photo- and soft- lithographic techniques expand the
range of PMP feasible geometries, allowing to obtain multiple shapes and heights within the
same mold. PMP has also been showed to be a flexible and versatile tool to combine different
cells (and potentially materials) within multi-shape and muti-layer features, making it a
simple tool to design and pattern complex 3D geometries with the aim of replicating in vivo-
like microarchitectures.

Moreover, the exploitation of a light-initiated polymerization approach enables for a
fast cell immobilization within the matrices, generating micrometrically resolved hydrogel

patterns upon a 3 minutes exposure to a UVA LED source. Such exposure period was
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compatible with the achievement of uniform 3D cell dispersions within the structures for
three encapsulation cell concentrations considered. Shorter crosslinking periods (within tens
of seconds) could be achieved by exposing the prepolymer to higher light intensities.
However, we noticed that at higher optical powers, bubbles were generating within the
microstructures thus compromising either the pattern spatial definition or its integrity.

As a remarkable advantage, the presented PMP protocol needs a minimal quantity of
reagents and cells for micropatterns formation, being only required the amount of
prepolymer to completely fill the mold channels. This advantage becomes more relevant in
case two or more cell types and/or materials are considered as fillers of different features of
the same mold. It is worth noticing that to the best of our knowledge this is the first time
photopolymerizable cell-laden micropatterns are obtained through the use of a LED as light
source. Hence, PMP represents a valid tool to create homogenously populated cell-laden

constructs able to spatially recapitulate the native 3D cell-cell and cell-ECM interactions.
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Conclusive remarks

In the present chapter, a highly biocompatible photo-crosslinking process to obtain
uniform 3D cell-laden GelMA hydrogels was fully characterized, demonstrating good
potentialities both at the macroscale and at the microscale.

First, we systematically reported how tailoring photopolymerization parameters,
such as pre-polymer concentration and UVA irradiance, can influence mechanical and
biological properties of final hydrogels. We thus introduced a photopolymerization protocol
which could in perspective be considered a versatile tool for generating cell-laden hydrogel
with easy tunable mechanical and biomimetic properties, depending on parameters setting
during the photopolymerization process.

Finally, a novel protocol (PMP) to generate 3D hydrogel micropatterns with high
geometrical resolution and user- defined size and shape was introduced, based on the
proposed VA-086-GelMA hydrogel. The PMP approach allows uniform cell inclusion
within  micropatterns, creating cytocompatible and 3D geometrically controlled
environments favorable for cells growth, migration and spreading. The proposed microscale
strategy demonstrated highly versatility, being compatible with the in vitro generation of
multiple shapes and heights 3D microstructures, potentially populated with different cell
types and characterized by a precise spatial organization.

Further investigations are currently ongoing to exploit the PMP potentialities for the
generation of 3D human adult stem cell hydrogel-based in vitro models, integrating the
capability to provide to cultured cells different stimuli (i.e. biochemical, electrical and

mechanical stimulations), aiming at favor their differentiation towards specific phenotypes.
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4

A Microfluidic Cell Mixing Approach for the
Establishment of Programmed 2D and 3D Co-
Culture Models

The work described in this chapter was carried out at the Tissue Engineering and Microfluidics

Laboratory (TEaM), University of Queensland, Brisbane, Australia.
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Rationale

Native tissues are characterized by interactions among different cell types, which
communicate to each other through both gradients of paracrine signals and direct cell-cell
contacts. Moreover, cues from the extracellular matrix are involved in the inter-cellular
communication phenomena, dynamically interacting with cell signaling throughout both
soluble and solid factors. The possibility to investigate and better understand this dynamic
interplay among diverse cell populations relies on the development of in vitro co-culture

strategies able to recapitulate such native complexity.
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A innovative microfluidic cell mixer was introduced for the generation of 2D and 3D cell co-culture models,
within a highly controlled microenvironment.

In this perspective, within a collaboration with the Tissue Engineering and
Microfluidics Laboratory (TEaM, University of Queensland, Australia), we proposed an
innovative microfluidic approach for easily and rapidly generating 2D and 3D co-culture
models characterized by highly controlled microenvironmental conditions. More in detail,
this chapter addresses the development of a microfluidic cell mixer that allowed for diluting
initially concentrated cellular suspensions, in a programmed manner, generating linear
concentration patterns (0% - 100%, with steps 25%). The cell mixer is then integrated as
upstream functional element within two different microfluidic platforms, for the automatic
establishment of 2D and 3D co-culture models within a highly controlled microenvironment.

Although potentially compatible with any cell type, the versatility of proposed
microfluidic platforms as tools for stem cell biology studies have been here demonstrated
throughout the establishment of 2D and 3D osteogenic models, aiming at investigating the
influence of pre-osteoblastic cells on human mesenchymal stromal cell osteogenic

commitment.
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4.1 Introduction

In vivo, cell behavior is highly influenced by physical and chemical cues, deriving
from both ECM and neighboring cells, which vary dynamically in time and space. Cells are
indeed surrounded by a complex environment, in which varieties of cellular phenotypes
interact to each other through both gradients of paracrine signals and direct cell-cell
interactions. Together, these inter-cellular communication phenomena play a key role in
defining cells commitment towards specific fates 2. The possibility to study the dynamic
interplay of diverse cell populations relies on the development of in vitro co-culture
strategies able to recapitulate such native complexity. To date, most co-culture techniques
are based on the use of transwell systems, which relies on the exploitation of a permeable
membrane to keep cell physically separated, while allowing transmembrane
communications. Although exploited in several fields of cell biology (i.e. osteoblast-stem
cells 3, neurons-astrocytes *, cardiac fibroblast-cardiomyocytes ° co-cultures), these
approaches generally lack in accurately recapitulating the complexity of multicellular
environments. As already detailed in Chapter 1, they mainly consist in macroscale culture
systems in which cells are manually grown under static conditions and where direct cell-cell
physical interactions are inhibited °. In addition, these methods are time-consuming, allow
for testing few conditions at a time and offer a limited control over dynamics of cell
communication processes.

Recently, microfabrication technologies have been exploited to downscale co-culture
environments to a level that better matches the typical scale size of cellular interaction
phenomena . A common miniaturized approach for generating highly organized co-culture
models relies on the capability of spatially compartmentalizing different cell populations
within defined microenvironments, relying on the use of geometrical constrains °, semi-
permeable membranes °, micropatterning strategies (i.e. as described in Chapter 3) 14 or
pneumatic/nydraulic valves "8, Moreover, recent advances in the development of
microbioreactors for cell cultures allowed the combination of abovementioned advantages
of miniaturization with innovative, dynamic and high-throughput strategies for tailoring
biomimetic cellular environments . The continuous perfusion within microchannels has
been first demonstrated to define more uniform and controlled culture conditions than
traditional static approaches, providing constant dilution of catabolites and a stable supply

of nutrients %1%, Moreover, the ability to handle cells and fluids within precise spatial
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configurations allows for potentially screening several culture parameters in a high-
throughput fashion 7. Although many microfluidic strategies have been developed to
generate and deliver dynamic and differently shaped patterns of soluble factors (e.g. small
molecules such as growth factors, as described in Chapter 2) 82!, the capability to dilute
non-soluble particles (e.g. cells) into defined ratios is still limited due to the lack of
convective mixing in standard microchannels 22, To overcome the diffusive mixing
limitations of microfluidic devices, a few technical solutions have been proposed 2. These
are based on either active approaches, relying on external energy inputs 242, or passive
manipulation of fluid flows 252°. Among the latters, great popularity has been obtained by
methods based on “split and recombine’ % and chaotic mixing 2 strategies, both consisting
on the consecutive division and recombination of the streaming flow into multiple sub-
portions, thus decreasing the effective diffusion length among adjacent streamlines. In
particular, chaotic mixers have become widespread due to their straightforward
implementation on most microfluidic layouts without specific redesign but the addition of
staggered herringbones (HB) features on top of rectangular cross-sectional channels.

In this chapter, we demonstrated the capability to dilute cell suspensions into
predetermined concentrations through the implementation of chaotic mixing. At this aim,
we designed an innovative chaotic-based serial dilution generator (SDG), optimized for
programmed dilution of cells allowing for the generation of linear concentration patterns
(0% - 100%, with steps 25%). The optimized cell mixer was first integrated in a microfluidic
device to generate spatially controlled 2D co-culture models within five downstream culture
units. The presented platform combined the ability to establish co-culture models in a high-
throughput and fully automated fashion, with the advantage of culturing cells within
perfusion microbioreactors. Furthermore, the integration of fluidically connected culture
chambers allowed to study the evolution of co-culture models in dependence of both
different cell ratios and paracrine signaling.

Finally, a second microfluidic platform was ad hoc conceived, again based on the
cell mixer module, for the fabrication of 3D hydrogel microspheres embedding cells diluted
into programmed linear ratios. In details, thanks to well-established knowledge of hydrogel
engineering and droplet microfluidic technology %%, we coupled the presented cell mixing
approach with integrated flow-focusing elements, compatible with the fabrication and the

subsequent analysis of uniform-sized aqueous emulsion particles (i.e., droplets of hydrogel
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pre-polymer). Potentialities of the proposed cell mixer were thus extended to the generation
of 3D multicellular microenvironments directly on chip. The possibility to define complex
microscale models, recapitulating stimuli from both adjacent cells and microenvironment,
was thus envisioned with the final aim to investigate either i) interactions among different
cell types within 3D biomimetic microstructures or ii) the role of cell concentration on
different tissues morphogenesis.

Upon a complete functional validation, the potentiality and versatility of both
proposed microfluidic platforms as tools for stem cell biology studies have been finally
demonstrated, throughout the establishment of 2D and 3D osteogenic models, aiming at
investigating the influence of pre-osteoblastic cells on human mesenchymal stromal cell

osteogenic commitment.
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4.2 Design and validation of an innovative microfluidic cell mixer

In the following paragraphs, the CFD design (4.2.1) and fabrication (4.2.2) of an
innovative microfluidic cell mixer is be described. The cell mixer is then functionally
validated, by assessing its efficiency in mixing soluble factors (4.2.3), non-diffusive particles
(4.2.4) and finally cells (4.2.5).

4.2.1 Cell mixer design and CFD optimization

A cell mixer, based on a chaotic SDG element, was implemented to mix cells with a
split-and-recombine scheme, achieving programmed concentration ratios. It comprises a
symmetric microfluidic network (channel size of 240x100um in width and length,
respectively) 8, integrated with HB grooves to increase the mixing through vortex formation
2! The HB features, having the same width of underneath channels, were designed 60um
long and 36um high. The elementary mixing building block (HB unit) consisted of a 1.72mm
long channel, embedding a dozen of HB features, changing their orientation every half cycle.

The minimum number of repeating HB units required to ensure mixing of both
soluble factors (i.e. growth factors, D=8,4 x 10! m?/sec) and non-diffusive species (e.g.
cells) was identified through finite element analysis by means of Computational Fluid
Dynamic models (CFD, Comsol Multiphysics). Analyses were performed on 3D geometrical
models of HB grooved channels consisting of ten HB units, using rectangular channels with
the same length as controls. Geometries were discretized through a tethraedrical mesh,
consisting of about 1061 x 10% and 110 x 10° elements, in the case of presence and absence
of HBs, respectively (Fig.4.1a). The flow field was computed by solving stationary Navier—
Stokes equations for incompressible flow, setting density and viscosity equal to those of
water at 37°C (1000 kg/m® and 0.890 cP, respectively). Uniform velocity profiles were
applied to inlets, corresponding to Reynolds numbers (Re) ranging from 0.01 and 1
(Qin=0.25-25ul/min), while a zero pressure condition was set to the outlet. A no-slip
condition was applied to boundary walls. Convergence criterion was satisfied when the
normalized residuals for the velocities were below 1 x 1076, Mixing efficacy was evaluated
along cross sections of channels by means of the Transport of Diluted Species application
model. Fig.4.1a and b show the trend of concentrations along both HB and control channels
corresponding to Re 0.01 and 1. A range of Re between 0.01 and 1 was investigated, as

considered compatible to cell viability in terms of shear stress affecting cells during seeding
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procedures. Starting from concentration values obtained along channels, an index of mixing
efficacy (ME) was computed as a function of the number of repeated units (n) (Fig.4.1c and

d). Imposing ¢ = 0.5, ME was calculated at the end of each repeated unit as it follows:

Cp—C

ME, =1- ——

The mixing was considered complete for ME, higher than 0.95, thus being n the minimum

number of repeated units required for achieving an efficient mixing.
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Figure 4.1. Mixing efficiency of both HB mixer and control units were evaluated through CFD simulations for
both soluble and non-diffusive species. Re=0.01 (a) and 1 (b). An index of mixing efficacy was calculated (ME)
as function of repeated units (c, d). The mixing was considered complete for ME, higher than 0.95, thus being
n the minimum number of repeated units required for achieving an efficient mixing.

Considering soluble factors, the presence of HB structures significantly enhanced the
mixing at both Re numbers (Fig.4.1c). In details, for low Re (0.01) the mixing is achieved
in both HB and control channels, after five and six repeated units, respectively. Conversely,
at Re 1 no mixing occurs in the purely diffusive control channel, while the addition of HBs
allowed for obtaining a complete mixing after eight units. Regarding non-diffusive particles
(Fig.4.1d), a uniform mixing is achievable through a repetition of at least eight HBs units,
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while no significant mixing was detectable in corresponding rectangular control channels at

neither Re numbers.

422 Cell mixer fabrication

A first chip layout (Fig.4.2) was designed ad hoc for the preliminary experimental
validation of the cell mixer. Each level of the mixer was dimensioned to ensure an efficient
cell mixing from the two main inlets (A1, A2). Estimated eight as the minimum number of
repeated units theoretically required for reaching the mixing (Fig.4.1d), a margin of safety
was defined and the number of HB unit was further increased at each SDG level, according
with the decrease of flow rate along the symmetric network 8. In detail, 17, 21 and 27 HB
units were integrated in the three levels of the SDG, respectively. Five downstream
independent collecting units were finally implemented, each consisting in a rectangular
culture chamber (w3000 x 16000 x h100 um).

Preliminary validation device layout

B1 T ’ B2

Level 1

% Level 2

% =e==s
ﬁ Level 3

Figure 4.2. Based on computational results, an ad hoc device layout was conceived for preliminary mixing
validations, consisting of (i) a three level serial dilution generator integrated with herringbone units for chaotic
mixing (blue features) and (ii) a collecting area comprising five parallel units. Each unit consisted of a
rectangular culture chamber (w3000 x 16000 x h100 um).

The device layout (Fig.4.2) was drawn in CAD software (AutoCAD, Autodesk Inc.)
and consisted in two layers: (i) a 100um thick layer for fluidic channels and chambers
(Fig.4.2, black features) and (ii) a 36jum thick layer for the HB structures, positioned on the
top of the previous one (Fig.4.2, blue features). Each layer was printed at high resolution on
a chrome mask, subsequently used to prepare silicon wafer masters through
photolithography. SU8-2050 and SU8-2025 negative tone photoresists were used for first
and second layers, respectively. Feature height was confirmed by optical surface
profilometry (Veeco NT1100). Master molds consisting exclusively in the 100pm thick layer

were also developed to produce control devices.
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Microfluidic devices were obtained via soft lithography * by replica molding of
PDMS (Sylgard® Dow Corning Midland, MI) on the master mold. Briefly, PDMS was cast
on the mold in ratio 10:1 w/w (pre-polymer to curing agent), degassed and cured at 80°C for
3hr. After baking, devices were cut out and peeled off the SU-8 device master. Input and
output ports were obtained through a 0.75mm biopsy puncher (Harris Uni-Core™). The
PDMS layer was finally plasma treated (Plasma Cleaner, Harrick Plasma, 20s, 10W,
380mTorr O2) and bonded to a cleaned (acetone, isopropanol, nitrogen) 50x75x1mm

microscope slide (Proscitech, Thuringowa, Australia).

4.2.3 Cell mixer experimental validation: mixing of soluble factors

The mixing efficiency of soluble species within the cell mixing element (qualitatively
visualized by perfusing colored dyes; Fig.4.3a and b) was experimentally validated for Re 1
and compared to that obtained through the equivalent purely diffusive SDG (featuring non-
grooved channels). In details, a solution of 20 mg/ml bovine serum albumin (BSA, Sigma)
in dH20 was pumped from the A2 inlet at a flow rate of 25 pl/min, whereas dH.O was
pumped through Al at the same flow rate. After the establishment of steady state conditions,
samples of protein dilutions were collected from the outlets (n=3) and the BSA concentration
was measured by means of a BCA Protein Assay kit (Pierce, Thermo Fisher Scientific),
following the manufacturer’s indications. The concentration of BSA contained in the five
dilutions collected from output ports matched the expected linear distribution for the HB
device with an accuracy R?=0.9923 (Fig.4.3c). In contrast, BSA concentration

measurements obtained for the purely diffusive SDG demonstrated an inefficient mixing.

Soluble factors mixing validation
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Figure 4.3. Characterization of HB (a) and CTRL (b) cell mixer devices. For assessing the mixing of soluble
factors, devices were perfused either with different colored dyes (a, b) or with 20 mg/ml BSA solution and
dH20 (c) at Re=1. Quantitative measurement of BSA concentration in the 5-outlet chamber solutions resulted
in a linear trend only for the HB device, demonstrating how the presence of the HB structures significantly
enhanced the mixing for high Re numbers (n=3) (c).
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424 Cell mixer experimental validation: mixing of non-diffusive particles

The partition of non-diffusive particles within the cell mixer was evaluated by means
of microparticles image velocimetry (uPIV) analysis, assessing fluid flow profiles at each
bifurcation (Re=1). Results were then compared with the equivalent purely diffusive SDG.
For these measurements, a suspension of red fluorescent particles of mean diameter 2um
was seeded from inlet A1, while dH20 was pumped in A2. A TSI PIVCAM 13 — 8 CCD
(1280 x 1024 pixel resolution) camera synchronized with a dual-head Nd:YAG pulse laser
was used to obtain sequential images. For each intersection of the SDG networks, 50 images
were captured at 25fps. As a measurement of the particle concentration, the fluorescence
intensity of the area occupied by particle trajectories was quantified in the regions
corresponding to the five SDG outlets. Values were finally normalized for the 100% inlet
intensity (Al).

Figure 4.4 shows the reconstructed profiles of particle trajectories in the three levels
of SDGs. In the HB device (Fig.4.4a), particles injected into inlet Al were equally splitted
after each level of the gradient, giving rise to a final linear concentration gradient at the SDG
outlets. Conversely, in the control device (Fig.4.4b), particles resulted confined to the
injection side of the device, thus following their original fluidic paths in the absence of
chaotic mixing. These results were confirmed by the fluorescence quantification (Fig.4.4c).
It is worth noting that comparable net concentration values were obtained at the central outlet
(outlet 3) of both devices. However this result is a consequence of the integral nature of the
measure. Indeed, as depicted in uPIV images, in the HB device particles are effectively
spread throughout the channel width, having a homogeneous concentration corresponding
to half of the upstream one, whereas in the control device the channel is divided in two
separated lanes (having a width of about half channel each), containing roughly 100% and

0% of the upstream concentration, respectively.
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Non-diffusive particles mixing validation
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Figure 4.4. Characterization of HB (a) and CTRL (b) devices in diluting non diffusive particles. The partition
of non-diffusive particles were visualized (a,b) and quantified (c) through microparticles image velocimetry
(uPIV) analysis, again confirming the requirement of HB features for achieving efficient mixing of non-
diffusive particles.

4.2.5 Cell mixer experimental validation: mixing of cells

Cell mixing was assessed by seeding fluorescently labeled NIH-3T3 cells within both
HB and control devices. Before cell seeding, autoclaved devices were submerged in sterile
PBS enriched with 25 pg/mL of amphotericin B (Gibco, Australia) and degassed *'.
Subsequently, bioreactors were surface-coated with extracted human fibronectin (BD
Biosciences, North Ryde, Australia) at a solution concentration of 25 pg/ml for 30mins at
37°C. After expansions, NIH-3T3 were fluorescently labeled through a 10 minutes
incubation in culture medium enriched with 5ul/ml of either DiO or DiL Vibrant solution
(DiD, DiL and DiO multicolor kit, Invitrogen Corporation, USA), harvested from tissue
culture flasks with TrypLE Express (Gibco, Grand Island, NY) and resuspended in FBS at a
final concentration of 1 x 10° cells/ml. A reverse color gradient was generated by seeding
DiO- and DiL-labeled NIH-3T3 from Al and A2, respectively, at a flow rate of 25ul/min
(Re=1) from each inlet. After 1 min, the flow was stopped and cells were allowed to adhere
for 4 hours in an incubator (37°C, 5% CO.). Subsequently cells were fixed in 4%
paraformaldehyde (PFA) and their nuclei were counterstained with Hoechst. 16-bit, multi-
color montage images of entire microfluidic platform were acquired using a Zeiss LSM 710
laser scanning confocal microscope and the number of red and green cells for each chamber

was quantified by means of CellProfiler software .
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Figure 4.5. NIH-3T3 cells mixing validation. DiO- and DiL-labeled 3T3 were perfused from opposite inlets of
devices (Re=1) and mixing was evaluated at the five outlet chambers. While linear reverse gradients were
obtained for the HB device (a), as also confirmed by the quantification (c), no mixing occurred in the control
device, characterized by a segregation of differently labeled cells on opposite device sides (b, d). (n=3).

As evidenced by fluorescence images (Fig.4.5a), linear reverse gradients of red and
green cells were achieved through the HB device. Conversely, no mixing occurred within
the control device, remaining the two differently labelled cell populations segregated on
opposite sides of the chambers (Fig.4.5b). These results were supported by cell
quantification within the microbioreactor chambers (Fig.4.5¢ and d), underlining in the HB

device the generation of cell mixing ratios matching the expected values.
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4.3 Microfluidic platform for the establishment of 2D co-culture models

With the aim to combine the ability to establish co-culture models in a high-
throughput and fully automated fashion, with the advantage of culturing cells under dynamic
perfusion, the cell mixer was integrated into a microbioreactor consisting in five independent
culture area downstream the mixer outlets (Fig.4.6). Each culture units consisted in ten
fluidically connected circular culture chambers (®=1.63mm, h=100um) ?* and was
integrated with a lateral seeding channel. Two secondary inlets (Fig.3.6 B1, B2) were finally
included in the layout to facilitate the medium change operations. The final microbioreactor
layout was drawn in CAD software (AutoCAD, Autodesk Inc.) and fabricated via soft
lithography % as previously described.

As a proof of principle, osteogenic 2D co-culture models were established within the
proposed platform, to assess the role of pre osteoblastic cells (SAOS2) on hBM-MSCs
osteogenic differentiation.

g1 A 2 m
L — ——e
2 Level 1
%%%é Level 2

Level 3

Figure 4.6. A microbioreactor for culturing 2D co-culture models was designed consisting of (i) the previously
validated cell mixer (blue features) and (ii) a culture area comprising five parallel units. Dilutions of cells
were generated from two main inlets (A1-A2) and delivered to downstream culture units (b). Each culture unit
consisted of 10 fluidically connected culture chambers and was combined with a lateral seeding channel. Two
additional inlets (B1-B2) facilitated the medium change operations, defining a by-pass for the device.
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431 Cell expansion

Primary osteogenic sarcoma human cell line (SAOS2) were cultured until 80%
confluent, according to the recommendation of the supplier, in Dulbecco’s modified Eagle’s
medium, high glucose (Gibco, Australia) supplemented with 10% Fetal Bovine Serum
(FBS), penicillin (100 units/mL) and streptomycin (100 pug/mL) (Gibco, Australia).

Human bone-marrow mesenchymal stem cell (hBM-MSCs, donor 8006, Lonza)
were seeded at 4000 cells/cm? and cultured until 80% confluent in maintaining medium
(MM), consisting in Dulbecco’s modified Eagle’s medium, low glucose supplemented with
10% FBS, penicillin (100 units/mL) and streptomycin (100 pg/mL) (Gibco, Australia).
Medium was changed twice a week and hBM-MSCs were used between P5 and P6 for

experiments.

4.3.2 Establishment of hBM-MSCs and SAOS2 osteogenic 2D co-culture

models

Two different co-culture models were generated: (i) a reverse gradient of hBM-
MSC/SAQS2 and (ii) a low concentration gradient of SAOS2 seeded on equally dense
monolayers of hBM-MSCs (see Table 4.1).

Table 4.1. h(BM-MSCs/SAOS2 co-culture models

Co-culture model Microbioreactor unit hBM-MSCs/SAOS2

hBM-MSCs/SAOS2 reverse gradient 1 1:0
31
1:1
1:3
0:1
8:0
8:1
8:2
8:3

SAQOS2 low concentration gradient

a b~ W N P OO b~ woN

8:4

For the first model, hBM-MSCs (0.5 x 10° cells/ml in maintaining medium) and
SAOS2 (0.25 x 10° cells/ml in maintaining medium) were contemporary seeded from inlets
Al and A2, respectively, at a flow rate of 25ul/min (Re=1) from each inlet. For the second
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model, hBM-MSCs were first seeded at a constant concentration (0.5 x 10° cells/ml in MM)
through both inlets and allowed to adhere for 4 hours in an incubator (37°C, 5% CO.,).
SAOS2 were then seeded on top of adherent hBM-MSCs, by perfusing SAOS2-laden
medium (0.25 x 10° cells/ml) from A2 and maintaining medium from A1 (flow rates of
25ul/min). For both models, cells were allowed to adhere for 4 hours in an incubator (37°C,
5% CO,). Devices were then either stopped right after seeding for assessing generation of
cell gradients or placed in culture under mild continuous perfusion (2ul/hr to each culture
unit %) of either maintaining medium (control devices) or osteogenic medium (osteo
devices) for 7 days. Osteogenic medium (OM) consisted of MM supplemented with 2 mm
L-glutamine, 0.1 um dexamethasone, 50 uMm ascorbic acid, and 10 mm B-glycerophosphate.
Static controls were also established, consisting of co-cultures of hBM-MSCs and SAOS2
seeded in 96 wells plates with proportions matching those achieved within microbioreactors
(see Table 4.1). Medium was changed every two days in static control plates.

The effective establishment of predicted mixing conditions (see Table 4.1) was
assessed at day0 within all five culture units. To quantify the final cell mixing ratios, CD73*
stained cells were identified as hBM-MSCs . In the hBM-MSCs/SAOS? reverse gradient
model, immunofluorescence images of cells seeded within chambers demonstrated the
formation of two linear patterns moving towards the microbioreactor in opposite directions
(Fig.4.7a). Further quantifications showed a correspondence between experimental and
expected mixing ratios in each condition (Fig.4.7b). Similarly, within the second model, a
linear increase of SAOS2 cells was generated (Fig.4.7f), being 2:1 the highest
hMSCs/SAQOS2 obtained ratio (Fig.4.7g). The achievement of a uniform hBM-
MSCs/SAOS?2 ratio within the 10 chambers of each culture unit was also assessed for both
models (Fig.4.7c, d, h, i).

The ability to deliver an initial constant number of cells in each bioreactor chamber was
finally assessed. In the reverse gradient model, cells were uniformly distributed throughout
the entire device (Fig.4.7e) with an average seeding density of (59+20) cells/chamber.
Regarding the second model, a uniform cell distribution was achieved in the whole
microbioreactor after the establishment of the hBM-MSCs monolayers, featuring each
culture chamber an average of (65+17) cells. These cell densities (2830+860cells/cm? and
3145+818cells/cm?, respectively) match the static controls (set to 3000cells/cm?), being

compatible with preceding osteogenic differentiation studies 42,
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Figure. 4.7. Establishment of programmed hBM-MSCs/SAOS2 osteogenic co-culture models within the
microfluidic platform. Two different models were generated: (i) a reverse gradient of hBM-MSCs/SAQS2 (a-
e) and (ii) a low concentration gradient of SAOS2 on a constant monolayer of hBM-MSCs (f-)).
Immunofluorescence images of resulting mixing ratios were acquired (a, f), in which hBM-MSC were identified
as CD73" cells. Cell partitioning quantification for each culture unit confirmed the achievement of predicted
mixing ratios (b, g), matching the first model a reverse linear gradient (from 100% hBM-MSC to 100% SAOS2,
with steps of 25%) and the second one a low concentration decrement of SAOS2 (from 0% to 50% than constant
hBM-MSC). In both models, cells were uniformly distributed throughout the entire bioreactor (e, j). (n=2)
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4.3.3 hBM-MSCs/SAOS2 perfusion co-culture models: impact of SAOS2
concentration on alkaline phosphatase expression and cell proliferation

The SAOS2 low concentration gradient model was further exploited for investigating
the effect of pre-osteoblastic cells on hBM-MSCs differentiation towards the osteogenic
lineage. Microbioreactors were maintained in culture for 7 days, under continuous slow
perfusion of either maintaining or osteogenic medium (2ul/hr to each culture unit). They
were then were fixed and analyzed in situ both for immunofluorescence of alkaline
phosphatase activity (using an ELF97 endogenous phosphatase detection kit) as a marker for
early osteogenic differentiation, and Ki67 as a proliferation marker. Moreover, nuclear DNA
staining (propidium iodide) was used as a measure of cell number. Representative
fluorescence images acquired from one entire bioreactor are showed in Figure 4.8, where
ELF97 and Ki67 expressions are reported for both MM and OM tested conditions.
Corresponding fluorescence levels of ELF97 (normalized for culture area) and Ki67
(normalized for the total cell number) are showed for each considered hBM-MSCs/SAQOS?2
co-culture ratio (Fig.4.8b, d, f, and h). Both images and quantifications demonstrated the
translation of the SAOS2 concentration gradient in a corresponding gradient of alkaline
phosphatase expression (column groups of the bioreactor). Indeed the increase of pre-
osteoblastic cells in the co-culture resulted in a significant higher expression of ELF97 when
osteogenic medium was perfused. It is worth noting that a similar trend was observed even
under maintaining medium conditions (Fig.4.8a). Moreover, a slight increase in ELF97
expression along downstream chambers of the same bioreactor column may indicate a
paracrine effect from upstream chambers, due to mild perfusion. For each conditions, three
technical repetition were analyzed, showing the same trend described previously for ELF97
expression (Fig.4.9).
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Figure. 4.8. hBM-MSCs-SAOS2 perfusion co-culture model: impact of SAOS2 concentration on alkaline
phosphatase expression and cell proliferation. Fluorescence images showing ELF97 (a, ¢) and Ki67 (e, Q)
expressions for each considered hBM-MSCs/SAOS2 co-culture ratios (8:0, 8:1, 8:2, 8:3 and 8:4), after 7 days
under either maintaining (a, e) or osteogenic (c, g) medium slow perfusion (2ul/hr each column). Showed
results correspond to one bioreactor repetition and five representative chambers are showed for each
bioreactor unit (scale bars=1mm). Corresponding fluorescence levels of ELF97 normalized for culture area
(b, d) and Ki67 normalized for the total cell number (f, h) are showed for each chamber in the bioreactor.

Regarding cell proliferation (Fig.4.8e-h), the number of Ki67" cells increased with
the increase of hBM-MSCs/SAQS2 ratio in maintaining medium, in accordance with a
higher proliferation rate of the SAOS2 cell line compared to hBM-MSCs. Conversely, the
presence of osteogenic medium led to a plateau in the cell proliferation in culture conditions

characterized by the presence of SAOS?2 cells (Fig.4.8g-h).
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Figure 4.9. hBM-MSCs/SAQS2 perfusion co-culture model: impact of SAOS2 concentration on alkaline
phosphatase expression. Showed results correspond to two technical repetition of the experiments and five
representative chambers are showed for each bioreactor unit (scale bar=1mm).
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4.4 3D co-culture models: on chip fabrication of hydrogel microspheres

embedding cells mixed at controlled ratios

Aiming at recreating complex biomimetic architectures, the cell mixer was exploited
as tool for the generation of 3D multicellular microenvironments directly on chip. For this
purpose, a microfluidic platform was conceived for the fabrication of 3D hydrogel
microspheres embedding cells diluted into programmed linear ratios. Whit this platform we
envisioned the possibility either i) to model 3D interactions among different cell types or ii)

to study the role of cell concentration on different tissues morphogenesis (Fig.4.10).

2 cell types mixing

Gradient in cell concentration

Figure 4.10. An innovative microfluidic tool was designed, based on the cell mixer module, envisioning the
possibility either i) to model 3D interactions among different cell types or ii) to study the role of cell
concentration on different tissues morphogenesis.

At these aims, a flow-focusing element has been developed and functionally
validated for the generation of controlled-sized hydrogel microspheres, as described in the
next paragraphs (4.4.1, 4.4.2, 4.4.3). Its integration downstream the cell mixer is then
showed, demonstrating to be a promising tool for generating 3D co-culture models (4.4.4,
4.4.5).

44.1 Microfluidic platform for the generation of 3D microspheres

Several techniques have been proposed in the last few years to generate microspheres
within microfluidic devices 234434 Among others, approaches based on the so-called flow
focusing techniques have gained popularity due to their robustness 3031454647 Indeed, by
designing a 4-channel intersection (3 inlet and 1 outlet, Fig.4.11b), uniform-sized aqueous
emulsion particles (i.e. droplets) can be generated by tuning the concurrent flow rates of a
continuous phase (i.e. oil) and a disperse phase (i.e. pre-polymer solution) *. Based on this

principle, a microfluidic platform (Fig.4.11a) was designed, consisting in two functional
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units: 1) the previously optimized cell mixer, delivering its outputs (i.e. pre-polymer
solutions) to 2) five downstream flow-focusing elements (detailed in Fig.4.11b). Each flow
focusing element consisted in the intersection between i) a disperse phase channel (DP,
Fig.4.11b pink features), defined as a prolongation of the corresponding cell mixer outlet,
and ii) two continuous phase channels (CP, Fig.4.11b green features) for perfusing solutions
immiscible with the DP. In particular, aiming at obtaining droplets with diameters ranging
around 100um, an aperture of 100um was set at the intersection of DP and CP flowing
channels, whose heights were set equal to 100um and 140um, respectively. To guide the
neo-formed droplets at a reduced speed, 600um wide channels were integrated downstream,
connecting each flow-focusing element with a corresponding collection area, conceived for
hosting microspheres during polymerization and imaging processes. The complete platform
layout (Fig.4.11a) was drawn in CAD software (AutoCAD, Autodesk Inc.) and fabricated
via soft lithography ¢ as previously described.

(a) Microfluidic platfor for 3D microspheres fabrication (b) Flow-focusing element
Fluidic Layer h=100um HB Layer h=40um
Continuous Phase (CP) Layer h=140um CP Inlet Top Layer h=140um
[ ] L ]
o —a9
Inlet Cell1 + Prepolymer Inlet Cell2 + Prepolymer

Disperse Phase Inlet
é § Qop=1-5 ul/min (Re=1 for upstream mixing)
% Continuous Pha

N0

uous Phase Inlet
Qcp

L T 5

Figure 4.11. Microfluidic platform for the generation of 3D hydrogel microspheres embedding cells diluted
into programmed linear ratios. The final layout (a) consists in two functional units: i) the previously optimized
cell mixer (pink and blue features), each outlets integrated with 2) a flow-focusing element (b). The interaction
between a continuous phase (CP, black features) and a disperse phase (DP), flowing through outlets of the cell
mixer (pink features)(i.e. pre-polymer solution), leads to the generation of uniform-sized droplets (depicted in
b as blue spheres). An aperture of 100um was set at the intersection of DP and CP flowing channels (featuring
thickness of 100 and 140um, respectively). 600um wide channels were integrated downstream each flow-
focusing element for guiding the generated droplets towards a final collection area, also conceived for hosting
microspheres during polymerization and imaging processes.
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Fig.4.12 shows the sequence of steps leading to the formation of 3D microspheres
embedding cells at programmed linear ratios. Upon perfusion of two different pre-polymer
solutions, five homogeneous solutions are provided at the outlets of the cell mixer
(Fig.4.12a), obtained as sequential dilutions of the inlet pre-polymer ones. According to the
desired application (Fig.4.10), either a reverse gradient of two cell types (inlet solutions
containing cells of different phenotypes) or a linear dilution in cell concentration (inlet
solutions containing cells at different concentrations) can be achieved. Each mixed pre-
polymer solution serves as disperse phase input for the corresponding flow-focusing element
(Fig.4.12b). Generated droplets, embedding different combinations/concentration of cells,
flow to the collection areas, where the polymerization may occur. Different polymerization
techniques can be exploited depending on the pre-polymer chemical nature and application

requirements (Fig.4.12c).

(a) Cells/pre-polymer (b) Cell-laden microspheres (c) Cell-laden microspheres
mixing generation polymerization and imaging

v

900060

Figure 4.12. Sequence of steps leading to the generation of 3D hydrogel microspheres embedding cells diluted
into programmed linear ratios. By flowing through the cell mixer, five pre-polymer solutions are obtained,
each loaded with different combinations/concentration of cells (a). Each solution flows as DP within the
corresponding flow-focusing element, where the interaction with the CP leads to the generation of pre-polymer
droplets (b). Generated droplets, embedding different combinations/concentration of cells, finally reach a
collecting area, where the polymerization occurs (c).

99



4. Microfluidic cell mixer for 2D and 3D co-culture models

4.4.2 Validation of non-diffusive particles mixing in viscous fluid

At first, the capability of the previously optimized cell mixer to split non-diffusive
particles suspended in viscous fluids (i.e. pre-polymer solutions) was assessed. In details, a
solution featuring a dynamic viscosity of 10mPa-sec was obtained by adding glycerol (60%
w/w) to water. An aliquot of the solution was further labeled by adding a suspension of
fluorescent microparticles (diameter of 2pum). Both solutions were pumped into the inlets of
the cell mixer at a flow rate of 2.5ul/min (Re=0.1). The splitting of microparticles into five
linear dilutions was evaluated through fluorescence microscopy from the outlets of the cell
mixer (Fig.4.13a), and results were compared to ones obtained with a purely diffusive SDG

(Fig.4.13b) used as negative control.

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

(a) HB Device

(b) Ctrl Device

Figure 4.13. Mixing of microparticles suspended in 60% glycerol. While a linear dilution of microparticles

was achieved by means of the cell mixer (a), no mixing occurred within the control device, based on a purely
diffusive SDG (b).

Obtained results qualitatively showed the achievement of a linear dilution of
microparticles with the cell mixer (Fig.4.13a), while no mixing occurs within the control
device (Fig.4.13b). Thus, one fold increase of the viscosity of the working solution with
respect to water did not affect the mixing efficacy of the cell mixer. These findings
demonstrated the possibility of expanding the range of applicability of the cell mixer to the

mixing of viscous fluid (i.e. pre-polymer solutions) containing cells.
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4.4.3 Calibration of the flow focusing element

The capability of tuning the diameter of fabricated microspheres by changing the
ratio between flow rates of continuous and disperse phases was then investigated.

A solution of glycerol 60% w/w in water was pumped into both cell mixer inlets at a
constant flow rate (each equal to Qin/2), thus yielding a flow rate of the disperse phase (Qor)
of Qin/5 at the input of the flow-focusing elements. In details, two different Qop were
considered, 1 and 5ul/min, both corresponding to Re numbers showed to promote an
efficient mixing in the upstream cell mixer. Mineral oil enriched with 2% v/v of a non-ionic
surfactant (Span80, Sigma Aldrich) was exploited as continuous phase and pumped through
CP inlets. Several flow rates of the continuous phase (Qcp) were investigated, spanning a
Qcr/Qor ratio between 1 and 20. For each considered Qcp/Qoe ratio, after reaching steady-
state conditions, images of neo-formed droplets were acquired by means of an high speed
camera (Phantom V9.1 high speed color camera), and their diameter was estimated as the
average of ten different particle diameters, measured through ImageJ software. Finally, the
center-center distance between consecutive droplets was measured and results were
normalized for average diameters. The obtained distance/diameter index gave a

quantification of the spatial distribution of generated droplets.
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Figure 4.14. Generation of glycerol 60% droplets by means of the flow-focusing element. The influence of both
disperse phase flow rate (Qop) and Qcp/Qpp ratio on resulting droplet diameters (a) and spatial distributions
(b) was assessed and representative results were depicted (c-h). Diameters quantification (a) showed that
increasing the Qpp resulted in bigger microspheres, while increasing the Qcp/Qpp ratio led to lower diameter
values. Quantification of the distance/diameter ratio (b) showed how decreasing Qce/Qpp ratios resulted in
shorter distances between generated droplets.
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Fig.4.14a shows the influence of both disperse phase flow rate (Qor) and Qcr/Qor
ratio on the size of generated droplets. In particular, an increase in the Qpp resulted in the
generation of bigger microspheres. Considering, for example, a constant Qcp/Qop ratio of 10
(Fig.4.14d and g, respectively), the droplet diameter increased from 124.58+1.73um for a
Qop of 1ul/min to 166.02+2.31c for a Qpp of Sul/min. Conversely, the increase of the
Qcr/Qop ratio led to microspheres featuring smaller diameters. Fixing the Qpp at 1ul/min,
the diameter of obtained droplets ranged from 148.79+0.88um to 68.83+2.28um, when the
Qcr/Qor ratio was increased from 5 to 20 (Fig.4.14c and e, respectively). Similarly, for Qpp
of 5ul/min, the diameter of obtained droplets changed from 254.71+9.43um to
110.27£2.56pum, increasing the Qcp/Qop ratio from 5 to 20 (Fig.4.14f and h, respectively).
Moreover, a correlation between flow rates and spatial distribution of generated droplets was
demonstrated (Fig.4.14b). In details, decreasing Qcp/Qpp ratios resulted in shorter distances
between generated droplets. For both considered Qpp values, the distance between
consecutive droplets (normalized for respective diameter values) doubled when the Qcr/Qop
ratio was increased from 5 (Fig.4.14c and f) to 20 (Fig.4.14e and h). Moreover, regarding
the Qpp of 1ul/min, Qcp/Qor ratios lower than 5 resulted in overlapped droplets characterized
by a distance/diameter index lower than 1. This phenomenon led to the generation of droplets
flowing in contact to each other and organized into two adjacent lines (Fig.4.15), which
enhanced the possibility of collapsing. For the Qpp of 5ul/min, the same event was not

registered, being Qcr/Qop ratios lower than 5 ineffective to the droplets generation.

Qop=1pl/min Qcr/Qor Ratio=2

Figure 4.15. For Qop of 1ul/min, Qcrl/Qopp ratios lower than 5 resulted in overlapped droplets, flowing in
contact to each other and organized into adjacent lines.
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Finally, the ability of generating uniformly shaped droplets at the same time
throughout all the five flow-focusing elements was assessed. Fig.4.16 shows microspheres
obtained at the five outlets of the microfluidic platform, for Qcp/Qpp ratio of 5 and Qpp of

1ul/min.

Inlet Cell1 + Prepolymer Inlet Cell2 + Prepolymer

ggg
======

igi

Figure 4.16. Microspheres simultaneously obtained at the five outlets of the microfluidic platform, for Qcr/Qop
ratio of 5 and Qpp of 1ul/min.
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4.4.4 Generation of microspheres embedding linear dilutions of microparticles

The ability of generating 3D hydrogel microspheres embedding linear dilutions of
non-diffusive particles was evaluated by using PEG-based photopolymerizable hydrogels as
inlet pre-polymer. Fluorescent microparticles (diameter of 2um) were suspended in the pre-
polymer solution and pumped through one inlet of the cell mixer at a flow rate of 2.5ul/min
(Re=0.1), while unloaded pre-polymer was injected throughout the other inlet at the same
flow rate. Mineral oil enriched with 2% Span80 was pumped simultaneously through the
continuous phase inlets, imposing a Qcr/Qop ratio of 10. Microparticles generated at each
flow-focusing intersection were collected in the five collection areas and polymerized upon
exposure to UV light (filtered at A=365nm, irradiancesssnm=200mW/cm? at 7cm from the
source, EXFO Acticure 4000). Phase contrast and fluorescence images of resulting hydrogel
microspheres were acquired directly within the device (Fig.4.17). Microspheres were
obtained from the five units of the platform, qualitatively exhibiting a linear gradient in the
concentration of embedded microparticles (Fig.4.17b). The diameter of microspheres was
approximately equal to 130um (Fig.4.17a), in line with the flow-focusing calibration study.
However, several irregularities were observed in particles generation, as clearly depicted in
the unit 3. Such irregularity could be due either to perturbations generated upstream the flow-
focusing and thus locally affecting the Qcp/Qopp ratio, or to droplets collapsing before the
achievement of complete photopolymerization. It is though worth noting that presented data
were the results of a preliminary experiment, shown for mere illustrative purposes. Indeed,
further validations are currently ongoing for optimizing both microspheres generation and

crosslinking steps.

Unit 1

oQ

(b) Fluorescence (a) Phase contrast

Figure 4.17. Generation of 3D hydrogel microspheres embedding linear dilutions of non-diffusive particles,
for Qce/Qoe ratio of 10 and Qpp of 1ul/min. Microspheres were obtained from all the five units of the platform,
qualitatively exhibiting a linear gradient in the concentration of embedded microparticles (b). Apart from local
irregularities, their dimension resulted rather uniform, with diameters ranging around 130um.
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4.4.5 3D hBM-MSCs/SAQOS2 co-culture models: preliminary results

Finally, the possibility to exploit the proposed platform as a tool for generating
automatic 3D co-culture models in a high-throughput fashion was preliminary investigated.
As a proof of principle, 3D microspheres embedding hBM-MSCs and SAOS2 mixed at
programmed ratios were generated, again by means of a PEG-based photopolymerizable
hydrogel. hBM-MSCs and SAOS2 were labeled in red and green, respectively, upon
incubation with Vybrant staining as previously described. Each cell type was then suspended
in a pre-polymer solution at a concentration of 2 x 10° cells/ml and obtained cell-laden
solutions were simultaneously pumped through the cell mixer inlets at a flow rate of
2.5ul/min (Re=0.1) each. Mineral oil enriched with 2% Span80 was pumped through the
continuous phase inlets at a flow rate of 10pl/min, thus imposing a Qcp/Qop ratio of 10.
Microparticles generated at each flow-focusing intersection were collected in the five
collection areas and polymerized upon exposure to UV light as previously described. Phase
contrast and fluorescence images of resulting hydrogel microspheres were acquired directly
within the device, and results are depicted in Fig.4.18. Microspheres were obtained from all
the five units of the platform, qualitatively exhibiting a linear reverse gradient of hBM-
MSCs/SAOS2 (Fig.4.18b). However, the presence of cells affected the microspheres
generation, resulting in low uniformity in droplets dimension and in perturbations of the flow
rate balance. These phenomena could be related to changes in the DP viscosity, due either
to interactions between cell and pre-polymer or to the generation of cell clusters®®. Further
validations are currently ongoing for optimizing the generation of 3D microspheres

embedding programmed ratios of cells.

Unit 1 Unit 2 Unit 3 Unit4 Unit 5
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Figure 4.18. Generation of 3D hydrogel microspheres embedding hBM-MSCs and SAOS2 mixed at defined
ratios, for Qcp/Qoe ratio of 10 and Qope of 1ul/min. Microspheres were obtained from all the five units of the
platform, qualitatively exhibiting a reverse linear gradient of hBM-MSCs and SAOS2 (b).

(b) Fluorescence (a) Phase contrast
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4.5 Discussion

In the last decade, microfluidic technologies have been increasingly implied to design
in vitro models able to integrate several stimuli from the cellular microenvironment, with
the aim of investigating cell behavior in a controlled and reproducible way ", Indeed,
through the reduction of dimensions down to typical cellular size-scales, fluid and mass
transport phenomena become easy to control within microfluidic channels. Moreover, the
length scale typical of microfluidics leads to highly predictable fluid dynamics, governed by
a laminar flow regime °. That characteristics have been successfully exploited in the design
of microfluidic networks able to modulate the chemical environment around cells,
generating spatially defined chemical patterns by mixing soluble factors (as described in
Chapter 1) 2L In this study, we offered a strategy to extend the potentiality of this
technology to the control of mixing of different cell types, aiming at providing a versatile
and robust tool for the establishment of programmed multicellular patterns. At this aim, we
integrated chaotic mixing features on top of a microfluidic network 2’ to overcome the
diffusion limitation correlated to the absence of convective flow at the microscale. Such
grooved structures — named herringbone (HB) — have been demonstrated to induce chaotic
stirring at low Re (0<Re<100) %’ by division and recombination of the streaming flow, thus
decreasing the effective diffusion length among adjacent streamlines. Although
computationally and experimentally demonstrated to provide an efficient mixing solution at
the microscale %2, the exploitation of HB-based microchannels was never considered for
mixing cells into defined ratios for downstream co-culture experiments. An HB mixing unit
was thus designed and optimized to achieve cell mixing. By means of CFD analyses, the
mixing efficacy was correlated to the length of HB-grooved channels. CFD results
demonstrated that the inclusion of HBs effectively enhanced the mixing of soluble factors
within microchannels, in a wide range of Reynolds numbers. The presence of HB grooves
was then demonstrated to be a strict requirement for the achievement of mixing of non-
diffusive species. Computational fluid dynamics analyses were used to estimate the
minimum number of HBs units required to achieve a uniform mixing.

Considering these requirements, a cell mixer was implemented as a stand-alone tool
for generating linear patterns of non-diffusive particles in a highly controlled and automatic
fashion. pPIV investigations allowed for visualizing the partition of microspheres (2pm in

diameter) within the entire element, showing an effective equipartition of particles at each

107



4. Microfluidic cell mixer for 2D and 3D co-culture models

intersection. As further demonstrated by the quantification of particles trajectories flowing
through the five outlets, the proposed technical solution permitted to achieve linear dilutions
of non-diffusive species in a fast and repeatable way. As a first proof of principle, linear cell
patterns were generated diluting differently labeled NIH-3T3 cells, underling the ability to
obtain programmed mixing ratios with a precision hardly achievable through manual
operations.

The cell mixer was then integrated within a 2D microbioreactor system. The ability
of establishing co-culture models in a high-throughput and fully automated fashion was thus
combined with the advantage of culturing cells under continuous perfusion. Ten fluidically
connected chambers were connected to the outputs of the cell mixer to generate controlled
cell-mixing ratios. Results obtained seeding different combinations/concentrations of hBM-
MSCs and SAOS2 demonstrated the capability of the proposed chaotic mixing element to
provide programmed and reliable linear patterns of cells. In particular, the establishment of
two different models allowed underlining the versatility of the approach. The generation of
a reverse gradient of hBM-MSCs/SAOS2 demonstrated the possibility of combining two
different cell types, spatially tailoring their mixing ratios to match the specific application
requirements. Furthermore, the ability to timely guide the evolution of co-culture models
was also showed by delivering a linear pattern of SAOS2 on previously seeded monolayers
of hBM-MSCs.

In both 2D models (the reverse hBM-MSCs/SAOS2 gradient and the SAOS2’ low
concentration one), a homogeneous cell distribution throughout microbioreactor chambers
after the seeding ensured consistent initial culture conditions for further investigating the
evolution of co-culture models. Proliferation and osteogenic differentiation studies were thus
conducted to assess the possibility of pre-conditioning hBM-MSCs with pre-osteoblastic
cells to enhance their osteogenic regenerative potential. An increase on expression of
alkaline phosphatase marker (ELF97), consistent with the initial linear distribution of
SAOS2, was detected throughout the microbioreactor, independently on the presence of
osteogenic factors. Interestingly, the maximum concentration of SAOS2 tested in this model
(hBM-MSCs/SAOS?2 ratio of 2:1) was enough for inducing alkaline phosphatase activation
after only seven days in culture. These results suggested how the presence of few pre-
osteoblastic cells could be sufficient for moving hMSCs towards an osteogenic induction.

Moreover, a slight increase in ELF97 expression was observed along downstream chambers
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of each microbioreactor column. Although further investigations are needed, this result may
be correlated to the paracrine effect induced by the continuous mild perfusion from upstream
chambers. In addition, it is worth noting that the use of a low concentration gradient of
SAOS2, justified by the interest in investigating the role of even few pre-osteoblastic cells
on hBM-MSCs osteogenic differentiation >°7, highlighted the suitability of the system in
handling low numbers of living cells in a precise way, far beyond macroscale limiting
dilutions.

Finally, the exploitation of the cell mixer as a tool for the automatic generation of 3D
multicellular microenvironments directly on chip was envisioned, extending its applicability
to the mixing of particles suspended in highly viscous fluids (i.e. hydrogel pre-polymers).
With this aim, the demonstrated ability to mix cells into programmed ratio was combined
with the capability of tailoring the 3D microenvironment around them. In details, the
integration of flow-focusing elements downstream the cell mixer allowed the high-
throughput generation of pre-polymer microspheres, ideally featuring a wide range of
tunable properties. First, the dimension of generated droplets was correlated to flow rate
parameters, underlining the possibility to span over a wide range of diameters (~50-300pum)
still maintaining the flow rate within the limit required for the upstream cell mixing. Notably,
uniform sized microspheres were simultaneously generated throughout the five units of the
platform, being this condition strictly dependent on the fluidic coupling between flow-
focusing elements and cell mixer, which provides a symmetric partition of the fluid flow.

The presented approach can potentially be applied to the fabrication of hydrogel
microspheres starting from different pre-polymer solutions, being the generation of droplets
obtained through the flow-focusing approach independent from the subsequent
polymerization method of choice. However, the exploitation of photopolymerizable
hydrogels represents among others a promising alternative due to the i) fast crosslinking
reactions — minimizing the risk of droplet collapses —, and ii) taking advantage on the optical
transparency of the PDMS — favoring polymerizations directly on chip 3. The generation of
photopolymerized microspheres embedding either a concentration gradient of microparticles
or a reverse gradient of hBM-MSCs/SAOS2 was here preliminary demonstrated, showing
the technical feasibility of the proposed approach. However, further investigations are
currently ongoing to overcome limitations regarding the uniformity of the microspheres

production and their subsequent photopolymerization.
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Conclusive remarks

In this chapter, an innovative microfluidic strategy was introduced for diluting and
mixing different cell populations in an automatic and programmed way. The potentiality of
this microfluidic cell mixer was here underlined through the establishment of osteogenic co-
culture models. Results obtained from the generated hMSCs/SAOS2 2D co-culture models
served as an example for pointing out the potentialities of the proposed microbioreactor as a
promising tool for investigating cell-cell interaction dynamics. It is however worth noting
how the presented platform would be suitable for generating controlled co-culture models
potentially starting from any mammalian cell combination.

Moreover, the presented cell mixing approach was integrated in a platform designed
for hydrogel droplets generation, defining an innovative and promising tool for high
throughput fabrication of 3D multicellular microenvironments. To this aim, we are
envisioning the possibility to integrate the advantages of biomimetic hydrogels with the
versatility of the proposed cell mixer, for the fabrication of 3D cell-laden hydrogel

microspheres tunable in terms of both concentrations and combinations of cells.
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High-Throughput Microfluidic Platform for
Adherent Single Cell Non-Viral Gene Delivery

This chapter partially refers to:

High-Throughput Microfluidic Platform for Adherent Single Cell Non-Viral Gene Delivery. Occhetta
P, Malloggi C, Gazaneo A, Redaelli A, Candiani G, Rasponi M, RSC Advance, 2015, 5 (7), 5087 —
5095. DOI: 10.1039/C4RA12431F
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Rationale

The widespreading of gene therapy as therapeutic tool relies on the development of
DNA-carrying vehicles devoid of safety concerns. Opposite to viral vectors, non-viral gene
carriers are promising in this perspective, although their low transfection efficiency leads to
the necessity of further optimizations. Aiming at overcoming the limitation of traditional
macroscale approaches, mainly consisting in time-consuming models relying on the
averaged responses from heterogeneous cell populations, we proposed a microfluidic
strategy for performing transfection studies on single cells in a high-throughput and

deterministic fashion.

Secondary Inlets Harringbones Unit

Inlet1 '—‘ [—' Inlet2

*
Seed? | SEedZJ SEQdJLCedd 4SeedS | Seed6
Outl OQuiz Out3 Outd Outs Outs
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A microfluidic platform was introduced for single cell trapping and culturing, while delivering different
combinations/concentrations of non-viral gene vectors for high-throughput screening over their transfection
efficacy.

In collaboration with the Biocompatibility and Cell culture Laboratory (BioCell,
Politecnico di Milano, Italy) - we combined the ability to trap and culture single cells in
precise spatial configurations with the capability of automatically deliver patterns of gene
vectors. At this aim, the functionality of the cell mixer introduced in the previous chapter
was extended to the generation of linear dilutions of non-viral gene vectors (i.e.
polymer/DNA complexes, polyplexes), while adapting channel dimensions for dealing with

the single cell scale size.
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5.1 Introduction

Gene therapy has opened new scenarios in treating diseases compared to conventional
therapeutic strategies by modifying and controlling protein expression of target cells through
the introduction of specific genetic material . Being DNA and RNA negatively charged
biopolymers, the direct delivery of naked nucleic acids to cells is the least efficient approach.
To overcome such a limitation, recent advances in materials science and biotechnology have
enabled the development of a variety of systems for the delivery of nucleic acids to cells.
Non-viral vectors display striking advantages over viral vectors (i.e. lower cytotoxicity,
lower to no immunogenicity and greater ease of preparation and handling) 2; on the other
hand, they still require further optimization in terms of transfection efficiency >*. Non-viral
gene delivery vectors are inherently cationic at physiological pH, thus they spontaneously
organize with nucleic acids in nano- and micro-particles. In this scenario, the research for
optimized and innovative non-viral gene vectors through conventional bench-top systems —
such as cell cultures in multiwell plates— is time-consuming, demands relatively large
quantities of materials and allows for simultaneously testing only a limited number of
materials and parameters. Moreover, such traditional approaches rely on averaging data from
heterogeneous cell populations, thus being suboptimal for assessing individual cell
responses to exogenous stimuli, such as transfection °. In the last years, great interest has
thus been focused on single cell analysis and screening, which represents a promising tool
aiming at pursuing the direct and deterministic control over cause-effect relationships
guiding cell behaviour 8. However, the analysis on single cells still presents a variety of
challenges. First, in order to obtain statistically significant responses, the ability to handle a
large number of individual cells in a high-throughput fashion is crucial ’. Moreover, the
capability of reliably allocate individual cells in well-defined locations is crucial for
subsequent analyses, often implying the tracking of cells throughout the culture period 8.
Finally, the typical size of features needed to address individual cells demands more strict
requirements with respect to standard culture tools in terms of sensitivity, selectivity and
temporal resolution °.

Recent advances in microtechnologies and microfabrication are offering increasing
cues for addressing these challenges. Moreover, the reduction of scale leads to unique fluidic
phenomena, e.g. the increasing of surface-to-volume ratios, which results in shorter reaction

times, higher efficiencies, and lower material consumption *°. In the last few years, several
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strategies have been proposed for single cell manipulations within microfluidic devices,
being exploited in a number of applications in the field of cell biology . However, these
approaches for trapping single cells require complex and expensive fabrication procedures
mostly due to the necessity of multi-layered devices 213, As an alternative, small trapping
units were recently proposed 417 to block cells along their fluidic path; however their
integration with chambers for subsequent culture is not trivial. An interesting approach
allowing for trapping and culturing single cells within a microfluidic devices was recently
showed by Hong and colleagues & which was based on a variable resistance mechanism —
the cells functioning as fluid stopper once trapped— at the outlet of a culture chamber.
However, the strict requirement in terms of feature sizes did not allow for using conventional
photolithographic techniques thus preventing design reproducibility (chemical etching of
SU8 photoresist was used to obtain feature sizes of about 3um).

Herein, based on a similar principle, a low cost and single-layer PDMS microfluidic
platform is presented for isolation and culture of a large number of individual adherent cells
into defined spatial configurations. The single cell trapping unit was optimized aiming at
overcoming issues on fabrication reproducibility, while maintaining high trapping efficacy.
Moreover, the upstream integration of a serial dilution generator (SDG) based on a chaotic
mixing scheme (based on the concept presented in Chapter 4) allowed for the first time to
combine the capability of trapping single cells with the ability of delivering them both
soluble factors and non-diffusive particles (i.e. polymer/DNA complexes, polyplexes) under
spatio-temporally controlled chemical patterns. Herein, we provide the first proof-of-
principle demonstration with a typical transfectant that our microfluidic device can be used
proficiently for the forthcoming optimizations of the whole variety of gene delivery vectors.
Such platform may thus represent a powerful tool for the implementation of non-viral gene
transfection protocols allowing for (i) testing multiple conditions in an automatic and high-
throughput fashion, while (ii) directly monitoring gene transfer efficiency and toxicity

through “on-off” direct investigations over single cell behaviour.
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5.2 Microfluidic platform design and fabrication

In the following paragraphs, the design and fabrication steps of the presented
microfluidic platform are detailed. The device concept mainly consists in two “building
elements”: the trapping chamber (5.2.1 and 5.2.2) and the chaotic based SDG (5.2.3). For
both functional units, concept and CFD optimization are reported. Finally, based on
computational results, an optimized final platform layout is presented and fabrication steps

detailed in paragraph 5.2.4.

5.2.1 Single cell trapping: concept

A microfluidic unit layout was designed aiming at trapping single adherent cells
while ensuring enough space for their subsequent growth (Fig5.1a-c).

(a) Trapping unit layout (c) Single cell trapping mechanism
Inlet i i
HORONOD
. | l
Outlet
*
(b) Chamber dimensions —) » —) »
AR (i S — .. L armmmmmmmaae
! - | o’
lh;cthannef Aperture wehannel E
,
_— s
\ Dchamber V4
v L

= —

htrap, wtrap OPEN CONFIGURATION: OCCLUDED CONFIGURATION:

cell trapping second cell bypassing the chamber

Figure 5.1. A trapping unit layout was designed for single cell trapping, consisting in three round-shaped
culture chambers connected by a curved main channel (a). Each chamber, featuring a diameter of 250um and
a height of 25um, presents two connections with the main channel: an upstream aperture and a downstream
smaller trapping junction (b). The mechanism of trapping exploits an automatic variation of hydraulic
resistance within the chamber (c). While in the open configuration the incoming cell can enter the chamber
and be trapped (blue path), the subsequent occlusion of the trap through the cell body causes a reduction of
inflow into the chamber (blue arrows), thus inhibiting the entrance of further cells (red trajectory).

A single cell trapping mechanism was thus implemented exploiting an automatic
variation of hydraulic resistance within the chamber 8. In details, a circular culture chamber
(®=250pum, h=25pum) was conceived provided with two connections to a main fluidic path:
(i) an upstream wide opening, which allows for both transportation of cells and diffusion of
media/conditioning factors, and (ii) a downstream trapping junction which modulates the
hydraulic resistance. The mechanism of trapping is schematically depicted in Fig.5.1c.
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Briefly, a cell entering the chamber follows the flow stream, eventually reaching the trapping
junction (blue trajectory); the subsequent partial, or total, occlusion of the trap causes an
increase in terms of hydraulic resistance, and, in turn, a reduction of inflow into the chamber

(blue arrow), thus inhibiting the entrance of further cells (red trajectory).

5.2.2 Singe cell trapping: computational optimization of the chamber

geometry

The geometry of the chamber was optimized for single cell trapping by means of
Computational Fluid Dynamic modeling (CFD, Comsol Multiphysics). For ease of
microfabrication, heights of both fluidic (consisting on flow channels and culture chambers)
and trapping layers were fixed at 25um and Sum, respectively. Finite element analyses were
performed on a 3D model of a fluidic unit, consisting of three culture chambers (provided
with trapping elements), and a curved main channel (upstream and downstream) (Fig.5.1a).
Trapping junctions were modeled as rounded shaped elements, with the aim of minimizing
the trapping effective area, while matching fabrication requirements. Different unit layouts
were analyzed, all potentially compatible with standard fabrication techniques, aiming at
achieving the highest trapping efficacy, while maintaining the selectivity for individual cell
trapping. In details, eight geometries were considered, as combinations of four different
widths for the fluidic channels (25, 50, 75 and 100um) and two widths for the trapping
junctions (10 and 15um) (see Table 5.1).

Table 5.1. Chamber layouts analyzed by means of CFD model. The layouts differ
for both the channel and the trap width, while maintaining constant the channel
and the trap height at 25um and 5um, respectively.

Chamber Layout Channel width [um] Trap width [um]
1 25 10
2 25 15
3 50 10
4 50 15
5 75 10
6 75 15
7 100 10
8 100 15

Furthermore, each configuration was characterized by either the absence or presence
of trapped cells —namely open and occluded configurations, respectively—, modeled as solid
spheres (diameter either of 10 or 16um), slightly intersecting the boundaries in proximity of

the trapping element. Geometries were discretized through a tethraedrical mesh scheme,
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consisting of about 450x10° and 670x10° elements, for occluded and open configurations,
respectively. The flow field was computed by solving stationary Navier—Stokes equations
for incompressible fluids, setting the density and the viscosity equal to those of water at 25°C
(1000 kg/m?® and 0.890 cP, respectively). A uniform velocity profile was applied to the inlet,
corresponding to a total inflow of 0.2uL/min, while a zero pressure condition was set to the
outlet. A no-slip condition was applied to boundary walls. Convergence criterion was

satisfied when the normalized residuals for the velocities fell below 1x10 5.

Inlet

<_

—>
Outlet

Figure 5.2. Schematic representation of the partition of the circulating flow in the proximity of a chamber
opening. The total fluid flow splits into two different fluidic paths, one entering the chamber (light blue lane)
and the other still flowing in the main channel (green lane). The portion of the flow entering the chamber (Qin)
depends both on the main channel geometry and on the percentage of occlusion of the trapping junction.

The inflow entering each chamber was assessed in both open and occluded
configurations. In details, a schematic representation of the flow partition within a trapping
chamber is shown in Fig.5.2. At each flow rate, the portion of the flow entering the chamber
(Qin), depicted as a light blue lane in Fig.5.2, depends both on the main channel geometry
and on the percentage of occlusion of the trapping junction. The main channel can thus be
divided in two distinct lanes, one entering the chamber (and having a width roughly
proportional to Qin) and the other bypassing it. In typical microfluidic flows, round
suspended particles (i.e. cells) tend to follow the streamline ideally passing through their
center of mass (CM). However, particle’s CM cannot approach walls to a distance shorter
than the particle radius, thus the minimum Qin required to bring cells into a chamber
corresponds to an entering lane (light blue, Fig.5.2) as wide as the particle’s radius (Qiim).
Ideally, the more Qin is above Qiim the higher are the occurrences of cells entering the

chambers (and eventually being trapped), and viceversa. As a consequence, for a geometrical
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configuration to properly trap single cells, the following conditions must apply: Qin > Qiim
in open configuration, and Qin < Qiim in the occluded configuration.

(a) - Flow rate partition
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Figure 5.3. Distribution of the flow rate inside chamber in open and closed configurations (for both 10um and
16um trapped cells) for the eight considered layouts. The results were then compared with Qlim (a). Trapping
selectivity index trend for the layouts featuring 10um wide traps considering trapped cells with a diameter of
10um (b).

Qiim values were numerically estimated and compared to Qin (Fig.5.3a). For all the
considered combinations of channels and traps, Qin resulted higher than Qiim, thus indicating
all configurations as compatible with the trapping of cells in the selected size range (®=10-
16um). Regarding the occluded configuration, different results were obtained based on the
diameter of simulated trapped cells. For bigger cells (d=16um) Qin resulted smaller than
Qiim for all combinations, indicating their ability to trap single cells. For smaller cells
(®=10pum), only the smaller trap configuration was able to catch single cells, while occluded
large traps failed to reduce the inflow below Qiim thus being unsuitable to isolate single cells.
Indeed, despite the height of the trapping junction (5um) is small enough to physically block
a cell, its relatively large width (15um) does not allow a sufficient occlusion when smaller
cells are considered. As a consequence, 10um wide traps resulted more effective in trapping
single cells over a broader range of cell sizes, and this trap dimension was chosen for

following analyses.
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In order to identify the width of the main channel, an index of robustness, named
selectivity index (SI), was further defined as the percentage difference between Qiim and Qin

in each occluded configuration:

(Qlim - Qin)

1=1
SE=100> =i

Larger Sl indexes indicate higher probability to inhibit cell entrance in a chamber where a
cell is already blocking its trap. Sl indexes were evaluated considering occlusions with cells
having a diameter of 10um. As shown in Fig.5.3b, the 50um wide channel maximized trap
selectiviy, yielding the highest probability to only trap single cells.

Results of the CFD analysis thus underlined an optimal configuration in terms of
trapping efficacy; featuring 10um wide trapping junctions and 50um wide main channel.
The optimal geometry was integrated in the final platform and used for experimental

validations.

523 Chaotic mixer serial dilution generator: concept and CFD optimization

A serial dilution generator (SDG) provided with chaotic enhanced mixing features
was integrated to the microfluidic platform for mixing both soluble factors (i.e. growth
factors) and non-diffusive assemblies (i.e. polyplexes), splitting an initial concentrated
solution into 6 linear dilutions (from 0% to 100% in steps of 20%). The chaotic mixer SDG
was designed based on a resistive flow model consisting of symmetric microfluidic networks
18 composed of thin channels (60pum wide and 25um tall) whose lengths were dimensioned
to allow diffusive mixing of soluble factors. Furthermore, aiming at mixing non-viral gene
vectors which feature diameters ranging from 100nm to 1um 2! staggered herringbone
(HB) grooves were integrated on top of the channels ?2. Each HB was designed 24pm wide
and 9um high, being an HB unit constituted of eight HBs changing their orientation between
half cycles. The mixing efficiency was computed through finite element analysis by means
of Computational Fluid Dynamic models (Comsol Multiphysics). A T junction was designed
to merge two different fluids, and a series of straight mixing elements were added
downstream. The mixing elements were either repeating HB units (each 416um long) or
rectangular cross-sectional channels as controls. The geometries were discretized with a
tethraedrical mesh scheme, consisting of about 195x10°% and 20x10° elements, in the case of

presence and absence of HB respectively. The flow field was computed by solving stationary
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Navier—Stokes equations for incompressible flow, setting the density and the viscosity equal
to those of water at 25°C (1000 kg/m? and 0.890 cP, respectively). Uniform velocity profiles
were applied to the inlets, corresponding to Reynolds numbers (Re) comprised between 0.1
and 10 (Q=0.255-25.5ul/min), while a zero pressure condition was set to the outlet. A no-
slip condition was applied to the boundary walls. Convergence criterion was satisfied when
the normalized residuals for the velocities fell below 1x107. The injection of two differently
concentrated non-diffusive species was performed into the inlets, and the profiles of
concentration in all output channels were computed by means of the Transport of Diluted

Species application module.

(a) HB grooved channel (b) Rectangular channel
c=0 _c=1 c=0‘ § c=1
-
I
Re=0.1 [

Figure 5.4. Staggered herringbone (HB) grooves were integrated on the top of the SDG channels for enhancing
the mixing of non-diffusive entities. CFD simulations were computed to verify the mixing efficacy of such
structures (a) in comparison with rectangular channels (b). A complete mixing between two differently
concentrated non-diffusive species was achieved flowing through a 4.2mm long HB grooved channel (a), while
no mixing is observed for a rectangular channel featuring the same length (b). Showed results were obtained
for Re=0.1.

Fig.5.4 shows the trend of concentrations for Re=0.1, demonstrating the achievement
of a complete mixing of species through the repetition of only ten HBs units (total
length=4.2mm) (a), while no significant mixing was detectable in a rectangular channel
featuring the same total length (b). The addition of HB grooves thus demonstrated to enhance
the mixing of non-diffusive entities and, in the same time, require a lesser occupation of

footprint in the device area.

524 Fabrication of the microfluidic platform

The final chip layout was designed integrating the computationally optimized
versions of both the trapping chamber and the HBs mixing unit. In details, the final
microfluidic platform featured an upstream chaotic mixer serial dilution generator, which

independently delivered six linear dilutions to six downstream culture units (Fig.5.5a).
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(a) Device layout (b) PDMS microfluidic platform

Secondary Inlets

Lz [ e

* * *
Seed1 Seedz{ Seeda‘SeedA JSeedS . SeedJ
Outt  Out2 Out3 Out4d Outs5 Outé

Inlet2 Herringbones Unit

Trapping Chambers Unit

25um thick 9um thick 5um thick
layer layer layer

Figure 5.5. Microfluidic device final layout (a) and fabrication (b). The chip platform consisted of (i) a serial
dilution generator integrated with herringbone units for chaotic mixing and (ii) a culture area comprising six
parallel units. Each culture unit consisted of 48 single cell trapping chambers and was combined with a lateral
seeding channel. Three layers were integrated in the layout: (i) a rectangular 25um thick layer constituting
both fluidic channels and chambers (red features); (ii) a rectangular 9um thick layer for the HB structures
(blue features), and (iii) a 5um thick layer for the trapping junctions, rendered round shaped after the
fabrication re-flow process (green features).

Each culture unit consisted in the repetition of 48 single trapping chambers (trap size
10um), connected through a main channel 50um wide, and integrated with a lateral seeding
channel. Two secondary inlets were finally included in the layout to facilitate the medium
change operations. The layout was finalized with CAD software (AutoCAD, Autodesk Inc.)
and the corresponding master mold was realized through standard photolithography
techniques 2. In particular, three layers were integrated: (i) a 25um thick layer constituting
both fluidic channels and chambers (Fig.5.5a, red features); (ii) a 9um thick layer for the HB
structures, positioned on the top of the previous one (Fig.5.5a, blue features), and (iii) a 5um
thick layer for the trapping junctions, reflowed to achieve a rounded cross-section (Fig.5.5a,
green features).

Microfluidic devices (Fig.5.5b) were obtained by replica molding of PDMS
(Sylgard® Dow Corning) on the master mold. Briefly, PDMS was cast on the mold in ratio
10:1 w/w (pre-polymer to curing agent), degassed and cured at 80°C for 3hr. Input and output
ports were obtained through a 0.5mm biopsy puncher (Harris Uni-Core™) and the PDMS
chip was finally permanently bonded to a glass slide (25x75x1mm) upon a 1min of air

plasma treatment (Harrick Plasma).
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5.3 Microfluidic platform experimental validation

In the following paragraphs, the two main envisioned functionalities of the proposed
microfluidic platform are experimentally validated. Single cell trapping efficacy and
capability of culturing single cells, allowing for further proliferation are first presented
(5.3.1). Moreover, the effective ability of generating linear dilution of non-viral gene vectors
by means of the chaotic based SDG is showed (5.3.2).

5.3.1 Single cell trapping and culturing within microfluidic device

Preliminary biological experiments were conducted on the computationally
optimized platform to evaluate the trapping efficiency and the device compatibility for
adherent single cell cultures.

U87-MG (human glioblastoma-astrocytoma epithelial-like, ®=15.4+2.5um) cell line
was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were cultured at 37°C in a humidified atmosphere containing 5% CO2 in Dulbecco’s
Modified Eagle Medium (DMEM, Sigma-Aldrich, Milano, Italy) supplemented with 1mM
sodium pyruvate, 10mM HEPES buffer, 100U/mL penicillin, 0.1mg/mL streptomycin, 2mM
glutamine, and 10% (v/v) FBS (hereafter referred as to complete DMEM).

Before cell seeding, microfluidic devices were sterilized by autoclaving (121°C,
20mins, wet cycle) and subsequently dried overnight at 80°C. To favor cell adhesion on the
glass substrate, devices were air plasma treated for 5mins to increase the hydrophilicity and
subsequently perfused overnight at 37°C with a 0.01% (w/v) Poly-L-Lysine (PLL) solution
(Sigma-Aldrich, Milano, ltaly) at a flow rate of 30uL/hr. After rising in PBS, complete
DMEM was perfused from the two main inlets. Trypsinized U87-MG cells were diluted to
a concentration of 2x105 cells/mL and a single cell suspension was obtained by means of a
cell strainer (40um, Falcon®). Cells were then contemporarily seeded within the six culture
units by perfusing the cell suspension through the seeding channels at a constant flow rate
of 0.2pL/min for 5mins and subsequently rising with fresh medium. Phase contrast images
were acquired by means of Leica DMIRD inverted microscope. The dynamics of the cell
trapping mechanism and the kinematics of cells while being trapped were further monitored

by means of a high-speed camera (Phantom Miro, NJ, USA) (Fig.6.6).
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P4

Figure 5.6. Single cell trapping dynamics within a chamber: the proposed trapping mechanism allowed for
selectively trapping single cells within milliseconds.

Single cell trapping efficacy was then calculated as the percentage of chambers
containing a single cell over the total number of chambers per culture unit. Moreover, to
define the specificity of the proposed approach the percentage of chambers containing either
i) multiple cells blocked within a trap or ii) one or more cells out of the trap was assessed
and compared with the single cell trapping efficacy (Fig.5.7). Noteworthy, the overall
percentage of chambers filled with cells per unit was 47.8+12.2% (Fig.5.9a), whose
39.8+6.2% chambers featured single cell entrapped, 6.2+4.2% multiple cells entrapped and

1.7+2.4% one or more cells out of trap (Fig.5.8).

Fig.5.7. The percentage of filled chambers after the seeding was calculated as the sum of three different
possible occurrences, all depicted in this picture: 1) a single cell blocked within the trap; 2) multiple cells
blocked within a trap; 3) the presence of cells out of the trap.
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Fig.5.8. Upon U87-MG cell seeding, the overall percentage of chambers filled with cells per culture unit was
47.8+12.2%, whose 39.8+6.2% chambers featured single cell entrapped, 6.2+4.2% multiple cells entrapped
and 1.7+2.4% on or more cells out of trap (n=7).

Upon cell injection, seeding channels were clamped and a continuous flow rate of
2uL/hr per culture line was imposed. The microfluidic platform was incubated under
standard culture conditions and cultured for 5 days, periodically monitoring cell adhesion
and proliferation. The single cells seeded within the device took 4hrs to adhere completely
to the PLL-functionalized substrate (Fig.5.9b), whereas cell proliferation was apparent only
48hrs after seeding (Fig.5.9b). Most important, the cells did generally maintain high
viability, as highlighted by the proper elongated phenotype shown, for up to 5days in culture.

(a) Single cell (b)Cell
trapping efficienc proliferation

Figure 5.9. The proposed mechanism allowed trapping cells within defined spatial configurations, leading to
trapping efficiencies per unit of 39.8+6.2% for single cells (underlined with single arrows) and 6.2+4.2% for
multiple cells (underlined with multiple arrows) (a). Trapped cells started to adhere after 4hrs from the
seeding, while proliferation was detected within the first 48hrs (b). (Scale bars=100um)
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53.2 Experimental validation of the chaotic mixer SDG

The dilution patterns generated by the chaotic mixer serial dilution generator were
experimentally assessed for both soluble species and non-diffusive particles and compared
with those obtained through an equivalent diffusive SDG featuring non-grooved channels.
In details, for testing the diffusive mixing of soluble species, a blue dye solution was pumped
into either inlet at a flow rate of 36pL/hr while distilled water (dH20) into the other one, as
exemplified in Fig.5.5b. Upon the achievement of a steady state condition, three samples of
20pl of dilution were collected from each outlet and the average emission wavelength for
each dilution was quantified by means of a spectrophotometer (NanoDrop 2000c, Thermo
Scientific, Wilmington, USA). Experiments were carried out on three different devices (n=3)
and compared with expected values. For both the SDG configurations, emission wavelengths
of the six dilutions collected from the outlets were measured to match the expected linear
distribution with coefficients of determination equal to R?>=0.9891 and R?=0.9948 for the
diffusive SDG and for the chaotic SDG, respectively (Fig.5.10a).

The evaluation of mixing of non-diffusive assemblies was performed for both chaotic
and diffusive SDGs by pumping polymer-based non-viral gene vectors through the cmSDG.
Briefly, polyplexes were prepared at room temperature (r.t.) by adding ZsGreen plasmid
(Clontech Laboratories, Inc., CA, USA) to 25kDa linear polyethylenimine (IPEI,
PolyScience, Pennsylvania, USA) (final plasmid concentration in the transfection
suspension: 40ng/mL) in 150mM NaCl at N/P40. The N/P ratio is defined as the molar ratio
of the amino groups of the cationic polymer used to complex the phosphate groups of a given
amount of DNA. Polyplexes were incubated for 20mins at r.t. before use, finally featuring
an average hydrodynamic diameter of 1.37+£0.27um, as determined by Dynamic Light
Scattering (DLS, Zetasizer Nano ZS instrument. Malvern, UK). The final polyplex
suspension was pumped in the right inlet at a flow rate of 3.75uL/min, corresponding at
Re=1, while 150mM NaCl into the left one. After the achievement of a steady state
condition, three samples of 1.5uL of dilution were collected from each outlet and DNA
concentration was assessed by measuring the absorbance at OD260 by means of a
spectrophotometer (NanoDrop 2000c, Thermo Scientific, Wilmington, USA). Results were
collected as the average of four devices (n=4) and compared with expected values. The
results obtained through the chaotic mixer confirmed the generation of a linear partition of

the injected vectors (Fig.5.10b), matching the expected linear distribution (R?=0.9898). In
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contrast, constant concentrations of DNA were measured among the three outlets of the
diffusive SDG corresponding to 100%, 80% and 60%, while no DNA was detected for the

remaining outlets, thus demonstrating no mixing occurred within the device (Fig.5.10b).
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Figure 5.10. Characterization of chaotic- and diffusive- serial dilution generator (SDG). For assessing the
mixing of soluble factors, device were perfused with blue dye solution and dH20 and linear color patterns
were obtained for both the configurations (n=3) (a). The mixing of non-diffusive species was validated by
mixing non-viral gene vectors and NaCl buffer and measuring the DNA concentration of the dilutions collected
at the outlets (n=3). While the chaotic SDG generated a linear pattern of non-viral vectors (R?=0.9898), within
the diffusive SDG no mixing occurred (b).
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5.4 Cell transfection assessment within the microfluidic platform

The proposed single cell microfluidic platform was finally exploited for preliminary
experiments of cell transfection. To assess the potentiality of the microfluidic platform as a
tool to perform transfection experiments, 25kDa IPEI was chosen as one of the most popular
and effective polymeric gene delivery vectors, and thus used as a standard in transfection
experiments?*2, In details, single cells were seeded within the microchambers as previously
described and allowed adhering overnight. Twenty-four hours after seeding, the culture
medium was replaced with polyplex-containing fresh medium (20ng/uL of ZsGreen
plasmid). The microfluidic platform was then incubated at 37°C up to 3 days. Transfected
cells were periodically observed and photographed with Zeiss Axioplan microscope for
ZsGreen plasmid expression and with Leica DMIRD inverted microscope for cell
morphology. Cells were finally fixed by perfusing 4% paraformaldehyde for 20mins, after
washing in PBS, and cell nuclei were stained with DAPI. Fluorescence images were acquired
directly within the optically transparent glass-PDMS devices.

Fig.5.11 shows a fluorescent image of a transfected ZsGreen-expressing cell detected
12hrs from the exposure. The elongated morphology indicated the complete adhesion of the
cell to the substrate and thus its viability. These results, although preliminary, pave the way
for the use of such microfluidic device for the high-throughput screening of gene delivery

vectors and the optimization transfection protocols.

e e e e ot
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Figure 5.11. Microscopic observation of a single U87-MG cell transfected with IPEI/ZsGreen plasmid
complexes at N/P40. The ZsGreen fluorescence (green) and the DAPI staining (blue) were overlaid onto a
contrast image.
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5.5 Discussion

Aiming at the optimization of non-viral based gene delivery strategies °, the
possibility to work at a single cell level allows to directly and deterministically control the
efficacy of different transfection stimuli on cell behavior. Although conventional techniques
have been exploited for isolating single cells (i.e. flow cytometry, capillary electrophoresis)
27 they still suffer from a poor control over the cellular microenvironment. Conversely,
microfluidics has proven to be the leading tool for single cell analysis allowing for precise
fluid and cell manipulation while featuring a scale-size comparable to the cellular level %28,
In addition, microfluidic assays can be easily parallelized for testing several parameters at a
time within the same platform. These advantages make them suitable tools for intensive
studies aiming at developing optimized and innovative non-viral gene delivery systems in a
fast and effective fashion, thus overcoming the limitations of conventional bench-top
systems.

In this regards, we computationally designed and experimentally validated a PDMS
microfluidic platform for high-throughput single cell analysis, coupling the ability to handle
single cells to defined spatial configurations while precisely tailoring the microenvironment
around them. The device integrated two functional units: (i) a cell culture area for single cell
compartmentalization, consisting of six independent culture units, and that are individually
addressable through the lines of (ii) an integrated chaotic serial dilution generator for further
conditioning them through spatio-temporally controlled patterns of non-diffusive particles
(i.e. polyplexes).

To date, existing approaches for trapping single cells within microfluidic devices
mainly require either complex actuation systems or expensive fabrication procedures
difficult to be replicated in reproducible way 23, Such approaches, which allowed for
trapping single cells by actuating integrated valve systems?® or exploiting physical obstacles
as traps®®, have a drawback in terms of device fabrication. Recently a new approach was
presented to successfully isolate single cells within small trapping elements 43, While this
method was based on trap configurations geometrically optimized for achieving high
trapping efficiency, it resulted not suitable for adherent cell cultures, lacking in sufficient
space for cell spreading and subsequent proliferation. Thus, the ability to combine both
single cell trapping and culturing capabilities in separated chambers still remains an open

issue.
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Among others, an interesting solution has been recently proposed by Hong S et al. &,
who integrated an easy to handle single cell trapping mechanism, based on passive variation
of hydraulic resistances, directly with compartmentalized culture chambers 4. Although
promising, this approach was shown to require non-conventional fabrication approaches to
obtain suitable trap dimensions (down to 3um). Starting from the same principle, we here
optimized the trapping chamber geometry in the attempt to match both time reproducible
fabrication and trapping efficacy requirements. Culture units were considered, consisting of
three fluidically connected round-shaped culture chambers (®=250um, h=25um) integrated
with a downstream trapping junction (h=5um). Eight geometries were systematically
investigated through CFD modeling to maximize the trapping efficacy, while maintaining
the selectivity for individual cell trapping over a broad range of cell diameters. The
comparison of numerically calculated flow rates entering the chamber in both open and
occluded configurations yielded an optimal configuration in terms of trapping efficacy,
featuring 10pum wide trapping junctions and 50pum wide main channel. It is worth noting that
such optimized configuration featured sizes compatible with standard photolithographic
techniques 23, thus overcoming the main limitation of the previous work .

The experimental validation further confirmed the computational results. In detail,
the proposed trapping mechanism allowed achieving high single cell trapping efficiency (up
to 40%), having all six independent culture units simultaneously filled with individual U87-
MG cells within few minutes. A flow rate of 0.2ul/min, corresponding to Re 0.1, was chosen
to seed the device. Such value was found to be a good compromise between selectivity for
capturing single cells and seeding time. Indeed, the use of higher flow rates (around Re 1)
increased the possibility for multiple cells to enter the same chamber. At the same time, these
flow rates yielded higher pressure drops across traps ends, causing cells deformation and
their subsequent escape through the traps, thus in turn worsening the overall trapping
efficiency. Conversely, lower flow rates (around Re 0.01) led to longer seeding time, thus
enhancing the possibility for cells to aggregate within the perfused suspension and
consequently either to be trapped in clusters or to block channels. Noteworthy, at the selected
flow rate (0.2ul/min), the occurrence of a chamber entrapping multiple cells was
significantly lower than the percentage of single cell filled chambers. Such multiple cell
trapping phenomena were also mainly related to cells aggregation before entering the

chamber, rather than to the sequential entrapment of multiple cells.
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Cells trapped within the device and cultured up to 3 days, exhibited excellent viability
and proliferative activity, proving the proposed approach compatible for isolating and
culturing adherent single cells within compartmentalized chambers. Moreover, the chambers
configuration exhibited enough space for further cell proliferation, which is a fundamental
requirement for further transfection experiments. To the best of our knowledge, the
preliminary results showed in this study also demonstrated for the first time the possibility
to transfect adherent single cell by means of gene vectors within a microfluidic device.

The potentiality of the presented device to culture individual adherent cells in defined
spatial configuration and in a high-throughput fashion further allowed for easily tune the
chemical environment around them. Indeed, throughout the innovative transfection
strategies development stage, the possibility to deliver controlled combinations of vectors in
a spatio-temporal controlled manner is crucial for obtaining fast and reliable results. For this
purpose, the integrated serial dilution generator was ad hoc computationally designed for
mixing both soluble factors and non-diffusive entities, which essentially are nano-to-
micrometric polyplexes and lipoplexes. Numerical modeling showed that the
implementation of herringbone structures?? within the layout was able to increase the mixing
efficiency of large particles even at low Reynolds numbers (Re=1), and therefore such
structures were integrated within the final platform. To the best of our knowledge, we here
experimentally demonstrated for the first time the generation of linear concentration patterns
of DNA vectors within a microfluidic device. By injecting non-viral gene delivery vectors,
the establishment of a gradient was quantified through the analysis of the DNA content at
each outlet of the six cell culture units. Furthermore, compared to diffusion-based serial
dilution generators, the proposed chaotic SDG allowed obtaining reliable linear distribution
of polyplexes while maintaining relatively low pressure drops. The integration of this
element thus allows extending the potentiality of the device and/or the chaotic SDG module

itself for high-throughput screening over a wide range of molecules and particles.
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Conclusive remarks

In this chapter, we introduced an innovative microfluidic platform integrating all the
required functionalities for the optimization of non-viral gene transfection protocols,
allowing for testing multiple conditions (e.g. analyzing and comparing the transfection effect
of delivering different polyplex doses, over a variety of dynamic conditions, in diverse
culture or buffer media, and in different cell types) in an automatic and high-throughput
fashion. The presented preliminary transfection experiments showed the actual possibility to
achieve transfection of single cells, thus allowing for directly monitoring the gene transfer
efficiency and cytotoxicity by means of an “on-off” investigation at the single cell level. A
more exhaustive study is underway in our laboratories to exploit the full potential of this
microfluidic device in gene delivery experiments.

In perspective, the presented platform could represent a promising tool also in
different application of cell biology, allowing for a deterministic and precise control over
cause-effect relationships guiding cell behavior under controlled external chemical

stimulations.
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Nowadays, there is an increasing demand for innovative biomedical technologies
able to accelerate drug discovery and gene/cell therapy development processes. New
strategies are thus needed which allow for the simultaneous improvement of in vitro models
accuracy and experimental throughput. Over the past decade, microfluidics has emerged as
a promising tool in biology and biomedical research. In particular, its ability to generate
advanced microscale cell culture strategies offers insights to speed up and optimize the
design and development of novel biopharmaceutical and advanced (cellular or gene-based)

therapeutic approaches in an effective way.

In this scenario, this PhD project focused on the development and validation of four
microscale platforms for investigations in the cell biology field. All platforms were
conceived with the common aim of studying the effects of specific cues from the native
cellular microenvironment on stem cell behavior at a biologically relevant size level. To this
goal, each platform was ad hoc designed by applying key principles of microfluidics to meet
specific biological requirements. In details, different technical solutions were integrated
within  the proposed platforms to control and screen the effect of
combinations/concentrations of soluble factors and solid cues on cultured cells, while
featuring high-throughput screening capabilities. Moreover, exploiting the ability to
precisely manipulate fluids and particles (i.e. cells) within microchannels, we were able to
handle cells in precise spatial and functional configurations, otherwise difficult (or
impossible) to achieve through traditional macroscale approaches: from 3D scaffold-free

microaggregates, to controlled multicellular environment, down to the single cell level.

Once designed and fabricated, the proposed microfluidic platforms were fully
validated. At first, functional evaluations were carried out to investigate their technical
performances, and the corresponding outcomes were used to optimize their design.
Subsequently, as biological validation, each platform allowed the collection of relevant

results in a specific study in cell biology.

Such achievements suggest that the set of microfluidic platforms developed during
this PhD project could define a promising tool for different applications, ranging from the
optimization of new drugs and gene therapies, to the development of more specific and
effective tissue engineering strategies. However, to this ultimate goal, further optimizations

have yet to be done.
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First, with the final aim to transfer microfluidic technologies to biological,
biomedical and pharmaceutical research and development fields, the proposed final systems
should ideally be highly automatized and feature user-friendly interfaces, in order to be
easily translatable to non-specialized users. For this reason, a first required step forward will
be the optimization of the proposed devices, introduced here as research laboratory
prototypes, toward the generation of more automatic and accessible platforms, characterized

by intuitive sequences of operations and easily interpretable outcomes.

Moreover, a possible step forward is represented by the integration of two (or more)
of the different approaches proposed in this project as separate tools, within a single
microfluidic platform. This would allow to investigate the combined effect of multiple
stimuli on stem cell fate, thus better elucidating both their single and orchestrated contribute.
From a technological point of view, this requirement could be addressed increasing the
functionalities integrated within final systems. In turn, this could lead to complex technical
solutions, potentially more difficult to be translated to unskilled users. In this perspective, a
tradeoff between complexity and accessibility has to be reached before the introduced
platforms could effectively find ordinary applicability in cell biology investigations.

A further upgrade aiming at improving the performance and the biological benefit of
the proposed microfluidic platforms would be the integration of detection methods directly
on chip. Indeed, the readout of the presented platform was mainly limited to optical
microscopy techniques. Although a few traditional methods have already been proven
successful to the micrometer size scale (i.e. PCR, DNA array), the majority of traditional
assays requires quantities of samples typically higher than those achievable within
microfluidic devices, and this cannot be integrated within microscale platforms without
further innovations/optimization steps. In this perspective, more types of readouts should be
conceived and adapted, also considering the possibility to introduce new assays specifically
developed to take advantage of the unique characteristics of microfluidic devices (e.g.

improved control over fluid flow, energy transfer and reagent delivery).

As a possible limitation, it is worth noting that the achieved miniaturization leads on
one side to perform screening analyses in a high-throughput fashion, consuming small
quantities of potentially rare and/or expensive samples, but suffers on the other side from a

limitation in the possibility to scale up the processes. This could be considered a drawback
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for example in traditional TE, in which the understanding of processes involved in cell
commitment and the optimization of protocols for the generation of engineered tissues are

strictly related to their final clinical applications.

In conclusion, while underlining some limitations that still have to be addressed
before the widespreading of microfluidics as a common tool in cell biology, the main
findings of this PhD project suggest the effective potentiality of the presented set of
microfluidic platforms as a candidate starting point for the realization innovative and

effective tools to support future biological and biomedical researches.
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