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1. Introduction

1.1 The native cellular microenvironment

In vivo, cells are surrounded by a complex midtitorial environment characterized
by specific physicochemical properties (temperature, pH, oxygen tension), which provide
cells with exogenous stimuli deriving from soluble fast@eltmatrix interactions, and cell
cell contacts. The orchestrated interplay of these biochemical and physical extracellular cues,
referred to ascell microenvironmentregulates cells structure, function and behavior,
ultimately guiding their faté.

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 f&teSuch biochemical extracellular signaling
takes place through autocrine and paracrine intercellular communication mechanisms,
relying on the diffusion of biomolecules affecting the secreting cell (autocone)
neighboring cells (paracrine). Their efficacy on the modulation of cell behavior depends on
systems of proteins (including callirface receptors and intracellular signaling proteins) that
enable cells to respond to a particular subset of signals pecifis way 3. Moreover,
characteristic properties of biochemical factors, including concentrationsliféatnd
receptor binding affinities of the ligand of interest, contribute to determine their dynamic
role on modulating the behavior of a specifidl €.

In addition to soluble signals, also the sedtdte microenvironment, consisting of
extracellular matrix (ECM) factors, proteins immobilized to the ECM, and neighboring cells,
plays a key role in regulating cell f&tdndeed, the majority of celin 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. Inteageradso 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 apopto8isMoreover, there are specialized
tissues in which the selective adhesion of
maintenance of their physiological structure and function (i.e. myocardium, endothelium).
The regulation of such specialized interaes is governed by several cell adhesion and

junction molecules. Among them, a family ofGGdependent 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 cefidhesive contactsduring both the development of new
tissues and the controlled growth and turnover of adultbnes

Together, soluble factors, matipound cues, celtell contacts and cefthatrix
adhesions form a complex thrdamensional (3D) cell naroenvironment, which is also
characterized by spatiemporal dynamic gradients, acting as signals themselves to regulate
cell function and behaviof. While chemical gradients are generated within the cell
microenvironment due to diffusion mechanismadignts in ECM mechanical properties
and compositions are intrinsically related with the heterogeneity of tissue structures and
usually characterize the boundaries between different ti$sues

Considering the described complexity of the native cell miorioenment,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 accuratevitro models is of particular terest 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 antketomg

tissue functionalities are strictly dependentroultiple factors that act synergistically.
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1.2 Macroscalein vitro models

To date, much of the current understanding in cell biology relies on traditienal bi
dimensional (2D)n vitro cell culture models, which mainly consist on the static culture of
cdls 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 dishekijwmll plates,
flasks) feature levels of stiffness that are orders of magnitude higher than thosénfound
vivo. They also lack in presenting 3D cues typical of the native cell physical
microenvironment. Moreover, while cells are physiologically organiz@doximity to each
other, thus facilitating the intercellular communications, traditiommalvitro culture
environments are characterized by long distances among cells, anellcelleractions are
rarely organized and mainly dependent on experimeetding 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 wastistraditional 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 esuring a sufficient supply to cells. The aphysiological 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 alow control over the biochemical environment. Traditional cell culture approaches
thus represent simplified models poorly able to recapitulate the complexity ifownab,
lacking in probing the combined role of different factors on specific cellulaomegs and
subjecting cells to nophysiological culture environments, ultimately featuring
inappropriate sizscales.

In the past few decades, several attempts have been made to address some of these issues
proposing macroscale 3D culture models, relyioig innovative biomaterials, often
combined with laboratorgcale bioreactors'. 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 provideal and longrange order for tissue
development and functiolf. Many advances have been made in this direction in defining

innovative biomimetic material formulations, either natutdlor synthetic*#'’, and
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strategies for processing them into a wide range of 3D architectures, better mimicking the
structure of native tissué&'® Furthermore, the combination of biomimetic scaffolds and
bioreactor culture systems recently yielded promising results in enigigefenctional
bioconstructs’®?L 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 integratehocphysical stimulationsi.g.
hydrodynamic shear, mechanical compression or stretch, electrical grathiéh#)though
providing a more reprodilde 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 semales that are orders of magnitude bigger than the
native micr@nvironment, 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 otheriend, t
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, orvice versa

In this regards, application of microscédehnologies to cell biology studies recently
gave huge promises for simultaneously improving model accuracy and experimental
throughput 2%, Indeed, they enable an unprecedented control over the cellular
microenvironment, while reducing the time and thredesof experimental platforms for better
matching the cellular levéP. Moreover, they allow for easily testing many environmental
factors simultaneously, miniaturizing assays for Higloughput application&®. Among
them, microfluidic platforms have ecently demonstrated great potentialities for definimg

vitro models able to better recapitulate the complexity of cellular microenvironment.
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1.3 Microfluidic s 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 (@0 10*8liters) of fluids, molecules and particles within
artificially fabricated microsystems, using channels featuring dimensions fresntden
hundrels of microns?’. 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 techiiftyGest lithogaphy,
first introduced by t he 2*Yhasbeersdemoastrated be u p
one of the most robust strategy for microdevices fabrications, exploiting microstructured
molds obtained through photolithography to produce polymased miochips by replica
molding. Among others, the most popular material used in soft lithography for microfluidic
applications is poly(dimethydiloxane) (PDMS). PDMS is an elastomeric rubber with
particularly interesting properties, which make it ideal fprdaesign, mold and fabrication
of microfluidic systems featuring a wide range of geometries or for transferring
micropatterns with high fidelityia micro-contact printing techniques. Indeed, PDMS is
cheap and easy to prototype, and allows for replicating features ahiswdmetric
resolution; moreover, its chemical structure, characterized by inorganic siloxane backbone

and organic methyl groups attached to silicon, confers to PBM®&ique combination of

chemical and physical properti€s Fi rst, the PDMS6s |l ow gl a

makes it fluid at room temperature, while increasing the temperature it can be readily
converted into a solid elastomer by crieking in thepresence 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 group’s®2 PDMS is then particularly suitable for cell
culture studies, exhibiting high biocompatibility, gas permeability, low-Hutyescence

and optical transparency in a range of wavelengths comprised between 240nm and 1100nm,
thus compatible witbon chp imaging®:. 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 deviéésFinally, PDMS can be reversibly or

irreversbly bonded to several substrates.gf PDMS, glass, polystyrene), aiming at
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enclosing microchannels, by means of different strategies such as oxygen plasma treatment
3% partial thermal curindfor P DMS st abased tecmidué$®t i c k 0

Other tlan materiakrelated 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 surfae®olume ratio is highly increased 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 sssaghip (i.e.
protein analyse®’, DNA amplifications and sequencirtd), reducing measurement times,
improving sensitivity, selectivity and reproducibilify*2 Furthermore, in contrast with
traditional cell culture systems, which rely on excess atsamfmutrients 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 kegpmutrients 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 engy 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 cellulamicroenvironments. 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 modefS. 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**8, 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 featuriiagpheamechanical
properties/chemical composition across the matéfidl These approaches enabled a
substantially higher control and predictability in investigating the spatigoral dynamics
of cells interaction with different combinations/concemtrag 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 tempagablution for a given experimental setup
potentially at single cell levél.

In conclusion, microfluidic technologies constitute an innovative approach for
precisely in vitro tailoring the cell microenvironment, automating and parallelizing
experimentabns and coupling cell cultures directly with hitfiroughput analysis systems.
Microfluidic platforms thus represent promising 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 vitro culturing cells within more physiologically inspired
microenvironments. In this scenario, this PhD project envisions the exploitatianrobth
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 tdoisinvestigating and
modeling the effect dfifferent cues from the cellular microenvironmanaddressing stem
cell fate In details, four microscale platforms and/or techniqaeshocconceivedn the
context ofnational and international collaborai 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 definitionadechnological solution for addressing a

specific biological goal.

In Chaper 2, the development afmicrofluidic 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 factams.
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 andinvestigate processes involved in mesenchymal progenitor cells
differertiation, towards a 6devel opment al engineeringo

regeneration.

In Chapter 3,a microscale strategy is introduced to spatially tailor the 3D
microenvironment around cells, based on the combinati@n innovativebiocompatible
photopolymerizable hydrogel (VA86-GelMA) and an easy to handle photwld
patterning (PMP) technique. The work presented in this chapter is partially the result of
collaboration with the Cell and Tissue Engineering Laboratory (IRCCS Galeazzi Orthopedic

Institute, Milano, Italy).

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

Queensland, AustraliaJheintegrationof this mixeras upstream functional element within

11
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two different microfluidic platbrms is then demonstratéat the automatiestablishment of
2D and 3D osteogenic amulture models, aiming at investigating the influence of pre

osteoblastic cells on human mesenchysti@mmal cell osteogenic commitment.

In Chapter 5a microfluidic platformis introduced for (i) trapping and culturing
single cells into defined spatial configurations, (ii) whaletomatically delivering them
concentration patterns of naliffusive partcles (i.e. gene vectorshn exploitation of the
platform is then proposed performon chiphigh-throughput screening and optimization of
transfection strategies) the context of a collaboration with the Biocompatibility and Cell

culture Laboratory (RiCell, 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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Engineering Developmental ProcessBschetta P, Centola M, Tonnarelli B, Redaelli A, Martin |,
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Rationale

The design of strategies for generating phiggjically relevantin vitro models of
Apr-oit ®sueso, di r e-throughput and automatgaréenimg gapdbilitigsh
couldfind great applicability in several applications of cell biology. In particular, research
fields such as tissue morpgienesis, developmental biology and cancer biology, which
mainly rely on the capability of cells to-oeganize themselves, forming patterns on their
own, could highly benefit from systems able to favor the spontaneous cell aggregation into

controlledsizedcellular micromasses.

Soluble Factors
Serial Dilution Generator

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 morglgalatory factors on stem/progenitor cells
represent enabling todig investigate and possibly recapitulate developmental processes for
tissue engineérg applications.

In this perspective, the platform presented in this chapter was here exploited to
perform studies on limb bud developmerih collaboration with the Tissue Engineering
Laboratory (University Hospital of Basel, Switzerlandwith the am to investigate
processes involved in mesenchymal progenitor cells differentiation, towards
0devel opment al engineeringo aMoperinodatailhhis f or
chapter addresses the development of a microfluidic platform ter{@rgte and culture 3D
cellular microaggregates under continuous flow perfusion while (ii) conditioning them with
different combinations/concentrations of soluble factoesdrowth factors, morphogens or

drug molecules), in a higthroughput fashion.
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2.1 Introduction

Thein vitro recapitulation okey mechanisms involved in embryonic organogenesis
is increasingly beingecognized of great importance in the field of Tissue Engineering (TE)
1'and more in general of regenerative medidieSeveral techiques for regenerating
functional tissues have indeed found inspiration from developmental biology pardgdigms
giving ri-s@l tedd hfei dilsdb of deThiedpmgacheandists | enc
in faithfully recapitulatingin 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 cliigally relevant cell source, such as human adult bone matesived
mesenchymal stem/stromal cells (hBWBC) "8 Although suffering from an overall
heterogeneity in cell responses, these latter approaches have been recently empioyed for
vitro recapituiating early stages of limb developmeht- namely cell condensation,
undifferentiated proliferation of a mesenchymal cell population andlpadrogenesi¥’.
Developmental biology models suggest how these stepsghtly regulated by the interplay
of specificsignaling pathway$ namely, Wntb-catenin, FGF and TGFBMP i defining
complex and spatitemporally dynamic gradients. In detail, the proper activation of Wnt
canonical and FGF pathways initially promaties expansion of an undifferentiatedol of
limb progenitors, which subsequently are capable to undergo chondrogenesis under the
influence ofmembers of the TABMP superfamily*?!3 Several studies have been made
in the attempt of elucidating the role of such pathways onMBBC fate, mainly using 2D
cell cultures and, only recently, more relevant 3D models, consisting in culturing cell
macropelletd*'%, However, these 3D approaches still suffer from an overall heterogeneity
in cell responses and a consistently low pradifien ratel’. Main reasons for their
inadequacy are (i) the ngohysiological 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 hureds 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 reliablen 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 -thiigbughput cell
culture models, featuring unprecedented sp@toporalcontrol 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 traditionalatst approaches, providing constant
convective dilution of catabolites and stable supply of nutrients and morphogens stimulatory
factors'®'® Moreover, the ability to handle cells and fluids in precise spatial configurations
allows to precisely tailor # microenvironment around cells, potentially achieving spatio
temporally controlled delivery of morphogens combinati@nSeveral microfluidic devices
able to establish higthroughput 2D cell culture features were developed, either within
research labatories?:?* or as commercial platforms (e.g. CellAS¥CONIX Platform,
Millipore). However, the control over the third dimension still remains poorly explored due
to the challenge of combining microfabrication techniques to thessale of 3D micre
tissues. While promising results have been achieved generating cellular microaggregates
through conventional systems (i.e. microwells) and subsequently trapping them within
microfluidic channels>?, the ability to combine generation, culture under contisuo
perfusion, and analyses of mietiesues within a single microfluidic device, has only been
achieved by means of salfigregating embryoid bodies (EBs), and in a-tovoughput
manner®2

In this study, we combinetthe advantages of microfluidics@BD culture systems
in the attempt of developing a physiologigalvitro model of limb developmenio this
aim, we reported an innovative microfluidic platform for generating and culturing 3D adult
hBM-MSCs microaggregates under continuous @otrolled 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 design&d/éo thecondensation of
tens of mesenchymal cells within iiically-connected microchambers located in spatially
defined configurations, accomplishing the formation of microaggregates with uniform size
and shapé®. Two different SDG layouts were then implementech e f i r st char ac
alogarithmic configuréion, 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 demotest@amore uniform
and repeatable response of 3D microaggregates to specific morphogens involved in limb bud
developmenti(e.,Wnt and FGF pathways), in comparison with traditional macromass pellet
culture models. Finally, the effect of concentrationtperns of a key morphoregulatory
factor (TGH3) on hBMMSC 3D proliferation and differentiation was preliminary
investigated in a higkhroughput fashion, confirming the suitability of the platform to be
further exploited as am vitro model for sequentiy 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 bedetailed.

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 (Figi2.1a).
details, tvo different SDG layouts were designed based on a resistive flow scheme consisting
of microfluidic networks* for generating linear (100%, 80%, 60%, 40%, 20%, 0%) as well
as logarithmic (100%, 10%, 1%, 0.1%, 0%) concentration profiles of sdiatiiers. The
microfluidic networks were composed of thin fluidiesistance 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 thioperflow rates up to 12
pl/h wereconsidered for mixing chemical species featuring diffusion coefficients down to
D~10° cn? sec!. Both SDGs were rather compact, occupying a footprint of about Z5 cm
In order to perform correctly, the ratio betweennfloates at input ports (A1 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, C4C6) compriged 10 cubic culture chambers (side of 150 um) and was
integrated with a secondary channel (Fig.2.1a;08). Chambers were dimensioned for
culturing 3D microaggregates while ensuring enough space for their early expansion. Two
secondary inlets (Fig.2.1a2MA2) were also included in the layouts to facilitate the medium

change operations, defining a-pgss 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 techniquéd A thin microfluidic layer (thickness 1mm) was obtained by
replica nolding of PDMS (Sylgard® Dow Corning, Michigan, USA). Briefly, liquid PDMS
was cast on the mold in ratio 10:1 w/w (p@ymer 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 Us€oreTM). The chip was finally permanently bondedtglass
coverslide (diameter 50mm, thickness 150um; VWR International Inc., PA, U#) an
additional 1 min exposure to air plasma (Fig.2.1b). External connections were realized
through tygon tubing (1D = 0, 02 @rs(23pawme; n a,
Instech Laboratories Inc., PA, USA).

(a) Device Layouts (b) Microfluidic Device Fabrication
) i} PDMS
LINEAR LAYOUT LOGARITHMIC LAYOUT top layer
Al B1 Al A2 B2 B1

PDMS
microstructured
layer

Glass

cover slide

| Final Microfluidic Device
D1.D2.D3.D4.D5!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 generatori either featuring a linear or a logarithmic configurationand a 3Dculture area (a).
Dilutions of chemicals were generated from two main inletsgAjland delivered to downstream culture units
(C1-C6); furthermore, each unit was provided with a secondary channeD@1Two additional inlets (A2

B2) facilitated the medim change operations, defining apgss for the device. The final device was fabricated
with PDMS following standard selithography techniques. First, the PDMS microstructured layer was
bonded facing up to a PDMS top layer; then the device was bondedlass 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 desigmaaical
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 andaarall flow rate of 24ul/h for the linear SDG and 45ul/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 resultedrather 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 ul/h, a maximum variation of 5% from the expected value (9 pttiine) was
obtained.

Quantitative evaluations of chemical patterns generated by SDGs were then
performed, using two different readout approacles.the linear configuration, two dye
soluions were pumped through the main inktts flow rate of 10 pl/h each, as exemplified
in Fig.2.2a. After the achievement of a steady state condition, samples of 20 ul (n=3) were
collected from each outlet. A spectrophotometer (NanoDrop 2000c, Thermutif@gie
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 @atdwas required, being the output
dilutions widespread over four orders of magnitude. In details, a solutiihm§/mlbovine
serum albumin (BSA, Sigma, Buchs SG, Switzerland) ipQlas pumped into the right
inlet (A1) at a flow rate of 10 pl/h whiléH.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 me&@GAfaotein
Assay kit (Pierce, Theno Fisher Scientific, Reinach, Switzerlandpllowing the
manuf act ur e.TlleBSA comtentcation of the fave 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 negativecontrol), matching the expected logarithmic distributior’=0R9908)
(Fig.2.2¢c).

(b) Linear SDG (¢) Logarithmic SDG
10‘-
T
—
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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 wavelengthé@fBo ut | et sol utions (normalized f
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 hsspjantitative
measurement of thedutlet solutions resulted in a logarithmic trend, matching the expected concentrations

(n=3) (c).
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2.4 Generation, culture and analyses of 3D hBMMSCs micromasses

within the microfluidic platform

Following paragraphseport the preliminary biological validation performed on the
presented microfluidic platform. Isolation and expansion procedures ofMIBMs were
first described (2.4.1), followed by methods for the establishment of control macroscale
pellet cultures (2.2) 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 -MSCs isolation and expansion

Human mesenchymal stromal cells cultures (hRBIECs) were established as
previously described. hBM-MSCs were expanded in alpMEM containing 10% fetal
bovine serum (FBS), 4.5 mg/mt@lucose, 0.1 mM nonessentiali@mmacids, 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 twicgeek 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 h(BMMSC were centrifuged at 1,100 rdor 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 mMsodium pyruvate, 100 mM HEPES buffer, 100 Ul/ml
penicillin, 100 pg/ml streptomycin, 0.29 mg/mldlutamate, 0.ImM ascorbic acid 2
phospate (Sigma), ITS+1 (Sigma, 10 pg/mlinsulin, 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
TGHb3 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 chamiseduring the seeding. Devices were then submerged in sterile
PBS and degassét Subsequently, SFMas perfused through the main inlets of the device
(Fig.1a, Al and B1).

After expansion hBMMSCs were detachedliluted to the concentration of 10
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 -@&), while maintaining an
opposite mild medium flow (0.5 pl/min) from each inlet (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 hBAMSCs, a continuous flow rate of 5 pilerline was appéd
and maintained throughout the entire experiment, while the microfluidic platform was
incubated under standard culture conditions (T=37°C, 5%a@®@humidified atmosphere).
Phase contrast images of hBWSCs seeded into the microchambers were acquued/ e
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/Rb3 @r
with a combination of 20 ng/ml rhWnt3a (wingleéype MMTV integration site family
member3a; R&D) and 5 ng/ml FGF2.

24.4 Correlation between microaggregates diameter and cell number

A previously implemented algorithf for determining the number of chondrocytes
in an aggregate starting from its twlanensional 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 spbgacking 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 degudematching. In details, hBNMSC
microaggregates were formed within the platform and after 3 hours live phase contrast
images were acquired by means of a OlympusaBXnicroscope (Olympus, Tokyo, Japan).
The diameter of each microaggregate was calculatddeaaverage of two measurements.
Microaggregates were subsequently fixed in 4% paraformaldehyde (PFA) and
immunofluorescence stained for Dapi as described below. Confestack images of the

immunofluorescence microaggregates were acquired by meaasNikon 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 hBRECs microaggregates were shown to
match with the theoretical model (Fig.2R?=0.9565). The model was thus used during
experiments for estimating the number of cells starting from the measurement of

microaggregates diameter.

Correlation Diameter - Cell number
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Figure 2.3.Validation of a previously implemented algorithm (Martin et al., 1997) for correlatingelier
and cell number in the proposed hBWSCs 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 hBMMSCs in the Shase of theell cycle was quantified through a
5-ethyny}t2 @eoxyuridine (Edupased 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 deviaespecific time points (day 2 and 6).
Different incubation times with Edu were tested (Fig.Z¥and an exposure time of 24
hours was selected as the @igng an adequate temporal window over the cell cytle
Incorporation of Edu and quantificatiorof Edu™ cells were determined via
immunofluorescence staining, as described inrttreunofluorescence analysagssection.
Negative controls were obtained by treating samples with colchicine (100 ng/ml; Invitrogen,
Life Technologies) from day 0 of culirto 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 Olympads BX
(Olympus, Tokyo, Japan) and the averagarditers were evaluated through the ImageJ
software. The corresponding cell number was calculated in correlation with the
microaggregates diameter applying an algorithm developed by Martirf®amdl validated
for our specific samples (see paragraph4).4-or macropellets, similar analyses on the
diameter changes were performed, while the cell number quantification was carried out by
means of a standard CyQUARTcell 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 cfined for Edu immunofluorescence staining. Different Edu exposure time were tested
for studying the 3D proliferation of microaggregates (2hr, 12hr and 24hkc),(abtaining adequate results in
terms of temporal window over the cell cycle only for the 24¢posure (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 diectly within the device at constant flow rate (1 pl/min). Brieflysadution of
3% goat serum and 0.5% Tween20 (Sigma) in PBS was perfuséslian to permeabilize
cells and to block nonspecific bindings. Expression of vinculin anddtherin were detésd
by perfusing 10 pg/ml Mouse Anrtiinculin (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 expyassf
Collagen Il within microaggregates was also evaluated by perfusing 10 pg/ml of Rabbit
Anti-Ki67 and 10 pug/ml of Mouse AntCollagen Il (R&D) solutions for 1 hour. Finally,
microaggregates were perfused with specific secondary antibodies (GodMduge 1gG1
Alexa Fluor 546éconjugated for vinculin, Goat AnMouse IgGl Alexa Fluor 488
conjugated for Ncadherin and Collagen Il and Goat AR@&bbit IgG for Ki67) for 45 min.
Immunofluorescence for Edu staining was performed on bothkiiedted microagggates
and sections of macropellets by using Alexa Fluor-&gugated ClickT Edu Assay kit
( Mol ecul ar Probe, Life Technol ogi esThe acco
microaggregates staining was performed by sequentially perfusing theetegalutions
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 HM#&®0tome and the
Edu staining was obtained following a standard prot&col

Confocal images of immunofluorescence microaggregates were acquired directly
within the devices by means of a Nikon A1R Nala Confocal microscope (Nikon, Tokyo,
Japan), while immuofluorescence sections of macropellets were analyzed by means of an
Olympus BX61 microscopé’. The 3D percentage of Etluells over the total number of

cells was calculated through ImageJ software (NIH).
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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
platformas a tool foin vitro recapitulating early stages of limb developmianough adult
hBM-MSCs is describedObtainedresults are fully detailed, regarding hBMISCs
spontaneous condensation into microaggregates (2.5.1), subsequent 3D proliferation (2.5.2)
and response to specificorphogens stimulations (2.5.3), and compared with that achieved
from macroscale control models. Finallgsults obtained using the microfluidic platform as
a highthroughput tool for screening the concentratit@pendent effect of T&B on hBM

MSCs micomasses are reported (2.5.4).

251 Microaggregates condensation within the microfluidic device

Live phase contrast images of hBWISCs deposited into microchambers
documented a progressive cell condensation occurring within three hours from the seeding
(Fig.2.5a).Estimated the shear stress experienced by MBBCs during this time frame
negligible (lower than 18 dyne/cn? deriving froma i mposed f | owher at e
reported cell condensation was classified asearnally induced, leading afté4 hours
to the generation ahicromassg condensed into roughly spherical bodkg.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 aveeligaember of
77£15, as from experimental correlation achieved through the model previously described.

Early expression of adhesion proteins and interconnections among cells were also
assesseas further profof the hBMMSCs effective condensationtivin the microdevice.
Fig.2.5¢c shows the expressionngfural cadherin (Madherin)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 (FEd)2tightly interconnecting cells

within microaggregates.
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Figure 2.5 Microaggregate condensation. Time lapse phase contrast images o8&, initially filling a
microchamber. Cells started to aggregate within tens of minutes while reaching a congpieteternally
inducedcondensation after 3 hours from the seeding (a). Resulting microaggregates were cultured within the
chambers initidly occupying about 3% of the volume (b). Immunofluorescence images showed the expression
of adhesion proteins. The achievement of a full HBSICs condensation is confirmed after 3 hours from
seeding by Madherin expression, a cell adhesion molecule irein 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 ofperfused micromassesas assessed over a period of 7 days
culture upon TGB3 conditioning, and compared to traditional 3D macroscale cultures
(macromass pellets). In particular, two parameters were monitored throughoutttine:

(i) the total number of proliferative (i.e. Edu positive, Bdcells 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 Edaxpressing cells within the microaggregates (c, d) than within the pellet sections (a,

b), as confirmed by a statistically signédnt 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 foicio model (g). (Macroscale: n = 3.
Microscale: n=5. *p < 0.05. **p < 0.01).

Fig.2.6ad shows representative images of the Edu incorporation assay, acquired for
both macre and micre scales. The macromass pellets exhibited up to 0.64+0.34% Edu
cellsat 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 tHatefidu
were mostly found along the contour of macromass pellets (Fig.2.6aj®,padliferative
cells were present uniformly within the volumeparfused micromassébig.2.6¢,d). The
specificity of the Edu incorporation was confirmed by analyzing colchicested 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 diamefis.83+3.90%) from day 0
to day 7 (Fig.2.6f), associated with a drop in the DNA content (Fig.2.7). Artiroee
increase in dimensions was conversely measured for the masses (+4.71+1.85%)

during the same timeframe (Fig.2.69), correlated with a growth in cell number (Fig.2.3).
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Figure 2.7.CyQuantquantification 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 m@hogen combinations on hBMSC perfused
micromassesproliferation was assesd within the microfluidic platformin 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 BT3FA control condition (named
vehicle) was also establishedulturing microaggregates in SFM onlythe tested
combinations and concentrations of morphogens were selected based on promising results
in terms of hBMMSCs proliferation obtained through preliminary experiments carried out
on 2D cultures (data not showe@fter 3 days in culturethe vehicle conditiorexhibiteda
sl ight increase in cell number , comparabl
Conversely, lie percentage increase of cell number with respect to day 0 was significantly
higher when microagggates were conditioned with Wnt3a+FGK26.4%+15.1%)
compared tdothT G F §13.1%+4.0%)and vehicleconditiors (3.7616.4%) (Fig.2.8a).

Collagen Il expression was theassessfor the threetested conditions as to
investigate the role of selected morplng in early expression of a chondrogenic marker in
hBM-MSCs perfused micromasse€ollagen llwasonly detected n t h e-tredt€gdF b 3
group, possibly indicating its role in triggering a differentiation towards the chondrogenic
lineage already after threeays in culture (Fig.2.8d)Conversely, no Collagen Il was
expressedeither in the (Wnt3a+FGFZtimulated group Kig.2.&) or in the control
condition Fig.2.8).
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culture, the percentage increase of cell number with respect to day 0 was significantly higher when

mi croaggregates were conditioned with Wnt3a+FGF2 <co
was also performed (named vehicle), culturinigroaggregates in SFM without morphogens, leading during

the 3 days culture to a slight increase in cell nur
Collagen 1l expression was then investigated for the three conditions. Results showed emsi@xpof
Col Il agen | | ereatey graum possiblg indic&ifghitSrole in triggering a differentiation towards

the chondrogenic lineage dConversely, no Collagen Il was detected neither in the (Wnt3a+RGF2)
stimulated group (c) or in the ctrol condition (b).

25.4 Logarithmic screening over the effect of TGB3 on micromasses

The microfluidic platform was finally exploited as a hitifiroughput tool for
screening the concentratigependent effect of morphogens on hBASCs perfused
micromasses. Throughout the SDG unit, HBAMBCs micromasses were cultured under
continuous perfusion of chondrogenic medium (SFM enriched with of MO
dexamethasone), while serial dilutions of T&3Fwere established throughout the
logarithmic SDG configtation. In details, four orders of magnitude of T3F
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 B&E.00 ng/ml) resulted to
be toxic and lead to micromasses disaggregation (Fig:B)9avith no detectable cell
proliferation or chondrogenesis (Fig.2-@¢ At concentrations commonly used forvitro
chondrogenic differentiation protocof8*’, cells did not proliferate but consistently
deposited type Il collagen. Interestingly, the lowest B&Eoncentration (0.1 ng/ml) could
maintain proliferating cellover seven days in cultureyhile inducing chondrogenic

differentiation, as assessed by type Il collagen deposition.
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Logarithmic TGFf3 concentration pattern
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Figure 29.Logar i t hmi ¢ screening over the effect of TGFDb3 o
hBMMSCs were cultured for 7 days wunder continuous i
spanning over four order of magnitude (0, 0.1, 1, 10 and 100nhdAmase 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 investigateddsfier in
culture by staining microaggregates for Ki 67 and Co
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 develom vitro and in vivo strategies for skeletal tissue
regeneration, according to theblIpthisneged, pl es
the reproducible instruction of clinicathglevant cell sources (e.g., hBMSCs) toward the
endochondral route requires a deep understanding over their response to key
morphoregulatory stimuli in relevant 3D mod&l$n this study, we developed a miscale
platform for 3D mesenchymal cethicromassesn vitro generation and culture under
continuous and controlled perfusion, compatible with figbughput exposure to
exogenous factors and live cell imaging. We demonstréted hBMMSCs could
spontarously form 3D aggregates upon injection into the designed culture microchambers,
and respond more uniformly and efficiently toykmorphogens when perfused in the system
as compared to traditional macroscabe stati@pproaches. The work thus providgseoft
of-principle of the potentialities of the microfluidic platform as a Higloughput tool to
screen the effect of key morphogens on BBrfusedmicromasses specification at a more
physiological level, finally aiming at recapitulating the endochahdvutestarting from
adult cell sourcem a spatiestemporally controlled fashion.

To date, sveral strategies have been developed to induceotmdensatiorof cell
micromassg by means of static approaches (i.e., handiog techniques, microwells§

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,astempts

have been made to inject previously formed micromasses within microfluidic platforms for
the subsequent culture under controlled conditidf’s However, only few available devices
integrate both functionalities, and they mainly rely onititrensic ability of embryonic cells

to spontaneously form EB&?° Attempts have been recently made for generating
microaggregates within microfluidic platforms starting from adult cell sources; nonetheless,
they were mostly based on complex multifaiger designs in which cell condensation was
induced througlthe formation of vortices and rotational flows within microchambét$

We developed an innovative microfluidic platfolconsisting 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 concentrat®mf morphogensintegrating for the first time the
capabilities to (i) generate 3D hBMSC micromassemto 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 physiotadiscale.

In particular, the platform allowed obtaining condensation of tertsBdM-MSCs
(77+15) within each culture microchamber into spherical miarsss, without the need of
any rotational flowor externainduction. This was possible due to (i) tb&ladhesiveness
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 naxternally irduced condensation of hBMSCs
thus gave insights for overcoming one thie major limitation of traditional scaffoliee
systems involving 3D mesenchymal cell cultures, which are mainly based on macromass
pellets!’3L Indeed, such models require anialiforced centrifugation step, which leads to
the establishment of too tight cekll and ceHECM interactions, high variability in the time
required to form 3D aggregates (24+72 hours), which anyhow results longer with respect to
the limb mesenchymalrpgenitor condensation process, and-oarformly shaped tissues
45 Conversely, the proposed platform allowed to achieve an iniakxternally induced
condensation of hBMMSCs within 3 hours, generating miaonasse featuringrather
uniform sizes (5623.9um) anddimensionallysimilar to the native modeTlhe effective
interconnection among cells, forming condensed micromasses and not only cell clusters, was
further demonstrated e early formatiorof actin networks and by a uniform expression
of vinculin and Ncadherin throughout their entire volume. A deeper investigation should
though be performed for further characterizing the biological pathways involved iR hBM
MSCS aggregation, in order to coatp the proposed naxternally induced condensation
model with the spontaneous condensation phenomena occurring during limb development.

The platform was further exploited for culturirgenerated micromassesder
controlled perfusion aiming at investigad the uniformity of their response to external
morphogens stimuli. Compared with traditional macropellets models, which reaffdyed
from an overall heterogeneity in cell responses correlated with the presence of necrotic cores
1747 perfused micronssegesponded to TAR exhibiting a 33.8old 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 stges 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!’. Furthermore, by using fixegreviously optimizeanorphogen concentrations
17" optimized throughout preliminary desiependent studies on 2D hBMSCs culturesa
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
66.4t15.1% was observed in thperfused micromassdsom day O to day 3, whereas no
expression of collagen tygé was detectedConversely the perfusion of TGB3-based
medium induced an earlier onset of TeafRediated chondrogenesis compared to macroscale
models*®, as exemplified by the expression of collagen tf@dready after 3 days in culture.

Finally, the exploitation of the serial dilution generator unit allowed for screening the
concentratiordependent effect of a key morphoregulatory factor (@& ©6n the3D hBM-
MSCs model. The obtained preof-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. Interestitigdy 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 morphogée. resencef 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 presehtmicrdluidic system to
investigate the effect okey morphogensappliedin a controlled and higthroughput
fashion in different sequences, combinations and concentration ranges, on early stages of 3D

chondrogenesis by hBiMISCs.
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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 usedparticularly to replicat 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 thussems 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 vitro limb bud model, as well as: 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 celbndensation 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 theléi of cancer biology. Indeed, the ability to screen
directly on chipthe effect of different concentrations/combinations of chemotherapeutics
agents on 3D micromasses, mimicking the pathological microenvironment, could lead to a
better understanding ofiefogy, yielding a faster development of treatment strategies of
cancerrelated diseases.
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3

Tait l ori ng t he 3D mi cro
cel |l s: phot opol yihharsieda
phomwomlpdat t erning (PMP) p

This chapter partially refers to:

Fabrication of 3Dcell-laden hydrogel microstructures through phaotoldpatterning.Occhetta P,
Sadr N, Piraino F, Redaelli A, Moretti M, Rasponi M. Biofabrication 2013 (vol.5 issue 3 pp.10) DOI:
10.1088/175&082/5/3/035002

VA-086 Methacrylate Gelatine Photopolymerizalilydrogels: a Parametric Study for Highly
Biocompatible 3D Cell Embeddin@cchetta 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-toganize
themselves, including the study of tissue morphogenesis introduced in Chapter 2, in others
a predetermined guiding of cell patterning in the 3D environment is crucial fairobg
functional cellular responses. Most of the native tissues are indeed characterized by spatially
organized 3D functional uni ts T¢edsrandfediiu i | di n
extracellular matrix interactions. The ability to desiigritro models mimicking this spatial
organization contributes to @etter understanding over the role of 3D ECM
microarchitecture on different cells behavemd, in perspective, to engineer functional
constructs.

Hydrogel Multiple cell UVA light
molecules types source

¢ PDMS microstructured
molds

A microscale strategy for spatially tailogrthe 3D microenvironment around cells was introduced, which
combines an innovative biocompatible photopolymerizable hydroged@84&elMA) and an easy to handle
photomold-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, Italyye
introduced a novel protocol for tailoring the microarchitecture of the environment around
cells,through the generation of 3D cédiden hydrogel microscaled model$ie proposed
approach combines an innovative biocompatible photopolymerizable hydroged§&A
GelMA) and an easy to handle phatwld-patterning (PMP) technique, based on the use of
PDMS microstuctured molds.The introducedmethod could thus be considered as a
promising and cost effective tool for designing spatially accumatgro models mimicking
t he fAblidcdkisnog 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 microarchitectusmmprised of cells and ECM Each cell continuously interacts
with its surrounding3D microenvironmentthrough biochemical, biomechanical and
bioelectrical signals, which vary dynamically in both time and space and contribute in the
regulation of cellular behavior and fate processé¥hen developing newn vitro models
or functional bieconstructs, the ability of spatially and functionallplieating thenative
tissue microarchitecturis one of the crucial steps to obtain reliable and physiologically
consistent cell responsésindeed, while traditional 2@ vitro culture techniques lack in
reproducing the complex microarchitecture foummd vivo, 3D models have been
demonstrated to recapitulate unprecedentests from the native environmerft
Nevertheless, only few recent technological approaches succeedéloning the
microscale 3D geometrical features of cell microenvironmeAimong other methodshe
combination of novel biomaterials and microfabrication technologies has been rapidly
generating perspectives for addressing this chall&hge

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 hydrogefs Indeed, hydrogelsxhibit highsimilarities to the natral ECM
10 thanks tosome unique properties, such lEghly swollen network structurgsvhich
maximize nutrientdransfersthe presence of functional groups, which can be chemically
modified to add specific functionand mechanical propertieasily turable within a wide
range . Moreover, they have been demonstrated to be higfflge with innovative
microtechnologiesuch as photand soft lithographic approaché$ making them suitable
to obtain 3D biomimetic replicates with a highly controlled microtopographyariety of
synthetic**> and natural™?° macromolecules have been used so far to fabricate hydrogel
based engineered environmehtsither as substrates for cellular segdfi* or as celladen
3D matrices**®19, In particular, the fabrication of cdlden hydrogels is tightly correlated
to the biocompatibility of the rosslinking approach. Most chemical methods are not
compatible with 3D encapsulation of viable cells, usually relying on cytotoxic chemicals or
enzymatic agents to trigger the polymerizatidnOn the other handhérmal hydrogel

reticulation has been iegtigated 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 un?3. However, the presence of living cellsthin the biomateriaposes an
upper temperature threshold to 37°C, generally resulting in relatively long crosslinking time.
Being he temporal control over reaction a critical parameter to generate uniformly populated
3D constructsadditional rotating systems may be reqdite thermally crosslink celaden
hydrogels in order to prevent cell tendency to settle down and thus achieve a uniform 3D
cell distribution within the matrix*>. On the other hand, fast crosslinking reaction
corresponds to rapid gel viscosity increaseharacteristic 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 with tens of secondS. Photopatterning techniques are generally based
on the presence of a photomask between the light source and-fh&ymer solution, the

latter including lightspecific photoinitiator (P1) molecule$. Based on this approach, the
fabrication of free standing microgeléas well as micropatterrf€ has been demonstrated.

In addition, photopatterning was iterated for the construction of multicellular patlexss

well as the free standing microgels were assembled based on diffeaezattion forces
(interface based, magnetic, acoustic) to form complex macrostructtirégowever,
similarly to photolithography, the achievable resolution of microgels obtained with
photopatterning approaches is strongly affected by light source atthimi*. Moreoverthe
suitability of the photopolymerization process for embedding viable cells relies on the
definition of optimal and biocompatible combinations of polymeric precursors, light source
and Pl. Among others, methacrylate gelatin (GelMAg haen widely investigated in the

last few years in combinations with different PI molecules and lights sotfr¢@sIMA is

indeed acheap and easy to handle derivative of collagen, which presents both natural cell
binding motifs, such as RGD and MMigngive degradation sites, and different amino acid
side-chain functionalities (carboxylic acid, amines, hydroxyl) allowing for further covalent
mo d i y c d.tlrgasunes2959 is widely considered the golden standard for GelMA
hydrogel crosdinking 17*2%* 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, VA086, a water soluble azo initiator

molecule, recently proved toeld low cytotoxic effects in both precursor and radical forms
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36 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 geldbased photopolymerizable hydrogel was
introduced, obtained exploiting a biocompatible combination ofO& photoinitiator and
UVA LED light source. The effect of photopolymerization parameters was first
systematicallynvestigated to assess how the-podymer concentration (GelMA) and light
irradiance influences VA08&elMA hydrogelscrosslinking, mechanical and biological
properties at the macroscdées detailed in paragraphs 3.2 and 3V8)reover, with the aim
of obtaining 3D uniformly dispersed cdlhden micropatterns replicating user defined
geometrical features, we present a simple and innovative microscaled-Nryidto
Patterning (PMP) protocol based on VAB&IMA hydrogelgintroduced in the paragraph
3.4). This protocol combines the advantages of thermal mold patterning approaches (high
resolution without the need of expensive collimated light souréasith the benefits of
using photopolymerizable hydrogels (reduced crosslinking timpjoving for the fist time
the possibility to generate highly viable ekltlen micropatterns through a laest 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 photopolymerizdyérogel, named VA86-
GelMA, is introduced. First, GelMA synthesis and chemical characterization are described
(3.2.1). Subsequently, an innovative GelMA photopolymerization protocol, based on
biocompatible photoinitiator (VA86) and UV light source (UVALED), 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 Pl concentration, light irradg).

3.2.1 Gelatin methacrylate synthesis andH NMR characterization

Methacrylated gelatin (GelMA) was synthesized following a previously reported
protocol®? (Fig.3.1a). Briefly, type A porcine skin gelatin (Sigitirich 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 addingepited PBS and the
obtained solution was dialyzed for ten days against distilled water at 50°C throughout 12
14KDa cutoff dialysis tubing (Sigmaldrich Corporation, St. Louis, Missouri, USA). The
solution was finally filtered, freezéried for 66 hours andated at-80°C until further use.

As previously described for MAelatin'’, the efficacy of the methacrylation reaction
was determined byH-NMR analyzing the signals coming from the methacrylic moiety
before crossinking, sincethe resonances from the hatrylamide methylene protons occur
in a region free from other signals due to the proteir§5/2pm) In details, 30 mg of both
GelMA and plain gelatin were dissolved in 0.6 mL oD the sealed NMR tubes were
heated to 70°C till complete dissolutidrne spectra were recordati400 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 crtisking of methacrylamide
modified gelatin in the preseaof a PI activated by a 1.8 W LED (385 nm; E@@UAOQO,
LED Engine, Inc.) light source (Fig. 3.1b). In details, the PI moleculd&2¢bis (2methy}
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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 preyoler 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 timeas recordedA 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 andcubated 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 ctlisking reaction. Gelatin monomers were
reacted with methacrylic anhydride (MA) to replace lysine groups with methacrylate pendant groups (a).
Hydrogel networkwas then created crodmking 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
synthesizednaterial, by assessing the influence of different parameters on thdickosg

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

triplicates and the polymerization times were recorded.

Table 3.1Parameers tested during GelMA photopolymerization to assess their influenc
sample crosdinking time

% GelMA in prepolymer solution (w/v) 5, 7.5, 10

Irradiance (mW/crf) 1.5,2,35,6,14

First, the influence of the gelatin concentration was evaluated, maintainiF@B¥ A
concentration at 1.5% (w/v). Figure 3.2a shows a comparison between polymerization times
of samples obtained for GelMA 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. Moreoveasimgréne
GelMA concentration, the polymerization time decreased. In particular, for high MA
GelMA, polymerization times decreased from 320sec to 140sec at 1.5m\Atichfrom
140sec to 35sec at 14mW/gnwhen GelMA concentration was increased from 5% & 10
(Whv).

To assess the influence of PI concentration on polymerization times, GelMA was
tested fixing the concentration at 10% (w/v) and varyingQ8% concentration from 0.5%
to 1.5% (w/v). Increasing the V886 concentration resulted in a drop of thesstimking
time among all irradiance intensities (Fig.3.2b). In details, the increase -986/Aontent
reaction times dropped from 250sec to 140sec and from 45sec or 30sec at 1.5mvd/cm
14mW/cnft, respectively.
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Figure 3.2 GelMA crosdinking time infunction of LED irradiance. Comparison between polymerization
times of GelMA samples obtained varying gelatin (a) or088 (b) concentration. Error bars represent
positive standard deviations. (One way ANOVA p<0.05*; p<0.001**; p<0.0001tifferent GEMA %; #
different irradiance).
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3.2.4 VA-086-GelMA hydrogel rheological characterization

Dynamic shear oscillation tests were performed on GelMA samples at concentration
of 5%, 7.5% and 10% (wl/v), in order to assess the effect of Gelbl#fcentration on
hydrogel mechanical properties. Rheological measurements were carried out with an AR
1500ex rheometer (TA Instruments, USdginga coneplate geometry (diameter= 2cm,
truncation= 32um, working gap= @&1). Mechanical spectra were recordedooth 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 ppoltgmerizing 500 pl of GelMA
pre-polymer (1.5% of VA086) inside a 24vells plate at 2mW/cf
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Figure 3.3.St orage (GO6) and | cleked GelA in function df frdquesciesoat 37€Cr o s s
Sample photopolymerization was performed varying gelatin concentration (5%, 7.5%, 10% wi/v) while
maintaining 1.5% of VA86 and using a 2 mW/énmradiance. Axes are in Log scale and error bars identify

both positive and negative standard deviation.

The data in Fig.3.3 represent the averag
with standard deviation obtained at 37°C. In general, storageliredulted higher than

loss moduli at all concentrations tested, as shown in Fig.3.3. Increasing GelMA

concentration from 5% to 10% (w/v), resul te
an enhancement of gel stiffness. Starting from the resuttssoanalysiswe then showed
how the storage modulus (G6) is independent

confirming the chosen range of frequencies corresponds to the linear viscoelastic region
(LVR) ®. We thus compared obtained material®i t e r niis panticular, @&ults in

Fig. 3.4 showed t he av elnceasiegGelMadoncentratidnfragnd f or
5% to 10% (w/v), resulted in a statistical/l
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Temperature was finally found not to significantyfect 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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Sample potopolymerization was performed, varying gelatin concentration (5%, 7.5%, 10% wi/v) while
maintaining 1.5% of VA86 and using a 2 mW/érrradiance. Error bars identify both positive standard

deviation (n=3**p < 0.01. ***p < 0.001).
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both positive and negative standard deviation.
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3.2.5 Photoinitiator and light source biocompatibility assessment

To assess possible cytotoxic effects of factors used during the VBOBBA
hydrogel photopolynrezation, experiments were carried out on 2D cultures of human bone
marrow derived stromal cells (hBMSCs) andprimary human umbilical vein endothelial
cells expressing green fluorescent protein (HUVECs GHRB) 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 »®bells/cnt and cultured overnight. Suspended cells
were then removed and adherent cells were expanded:M80k culture was carried out
in complete medmadi fcioamdi Bdadgingd ofmddi um, 10 %
1 mM sodium pyruvate, 100 U hilpenicillin, 100e g '"slt r ept omyci n!t and 2
L-glutamine (all GIBCO®) supplemented with 5 nd h#GF2 (Peprotech). When -BD%
confluence was reached, cells were harvested and frozen. At need, cells were then thawed,
seeded at lower density (3 x31€ells cn?) and expanded again. Medium refresh was
performed every four days.

Primary human umbilical vein endothelial cells constitutively expressing green
fluorescent protein (HUVEC GFP; Chil drenos
endothelial cells growth matn EGM? 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 7080% of conflence was reached and the medium exchange was performed every
four days. A standard cell culture incubator, maintaining 5% of €@l and 37°C, was

employed for cell culture.

Biocompatibility assays

Biocompatibility assays were performed on 2D culturéshBM-MSCs and
HUVECs GFP. At this purpose, cells were seeded at a density of Baxnd @0 x 18cells
cm2 for h(BM-MSCs and HUVECs GFP, respectively. Samples with identical cell numbers
were frozen in order to be used as DNA reference. Right afternggethlls 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 adhera fp@riod 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 atwilic activity. In details, cells were incubated for 4
hours in AlamarBlue 10% v/v solution (Invitrogen) and #bsorbance was detected using
a spectrophotometer at 570 f¥fictor X3, PerkinElmer, Waltham, MA, USAThe number
of cells contained in eackell was then evaluatedaBiples were frozen a80°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
Proliferation Assay (Invitrogen). Working solutions were prepared according to the
manuf act ur eSampte fluprescence mtensity, detected with a spectrophotometric
approach (485/538 nm), was associated to cell DNA content through atcaiilotave. 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 thabsorbance value relative to the metabacttivity 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 egtlype, five replicates were

evaluated for each condition tested (n=5).

Table 3.2Scheme of the conditions tested on HUVEC GFP and-RE@s to assess UV light and Pl efft
on cell viability.

Condition Pl Light Source Photocrosslinking condition
name (exposure time) (exposuretime) tested
CTRL - - No stimuli
SE VA-086 VA-086 (4hr) - P1 (short exposure)
LE VA -086 VA-086 (24hr) - PI1 (long exposure)
SE Irg-2959 Irgacure 2959 (4hr) - P1 (short exposure)
LE Irg -2959 Irgacure 2959 (24hr) - PI1 (long exposure)
uv - & 385nm (3mins) UV light
UV + VA-086 VA-086 (4hr) & 385nm (3mins) Combined UV light and PI

The effect of long and short exposure to photoinitiator inactive molecules was first
analyzed, by comparing the Pl used in the presented protoced@8pwith the widely used

55



3. VA-086-GelMA hydrogebased PMP protocol

Irgacure295934. Two solutions were prepared by dissolving 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 activitie¥) Solutions were then used to
suspend cellsit 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 obtairfed wit
both the investigated Pls, as detailed in Fig.3.6a and b. In detaH88& & a 36fold higher

mass concentration than Irgace 5 9 (1.5% w/v compared
significantly affect cell viability and specific metabolic activity comparedctmtrol
conditions after a 4 hours exposure tilAdong exposure to VA86 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 consateeatireme case,
since for the presented protocol the cell exposure to-08& is limited to the
photopolymerization time (maintained lower than 360 seconds).

Being VA-086 molecules activated at a wavelength range of38&m, the
cytocompatibility of a 85nm LED light source was also assessed both individually and in
combination with Pl molecule. Three minutes exposure to 1W 385nm LED was applied to
cells in standard culture medium (UV condition) and cells in 1.5% w/v088& culture
medium (UV + VA086 candition), 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 3min exposure time compared to the conditions in absence of irradiation (Fig.3.6a,
b, d and e). Finally, treatment with UV and V86 (3min; 1.5% w/v) did not show any
statistically significant reductions on cell number and metabolic activity comparéee to t

control conditions (Fig.3.6¢ and f).
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Figure 3.6. Pl and UV cytotoxicity analyses. HUVEC GFP and hBMSCs 2D cultures were subjected to

different photocrosslinking treatments to assess the cytocompatibility e®8&&elMA hydrogels
polymerization. Sigle and combined effects of Short Exposure (SE, 4hr) and Long Exposure (LE, 24hr)
inactive Pl molecules (V886 and Irg2 959) and UV (&=385nm for 3min) we
treatment. For both cell types, the presence of both the Pl molecul¢slarsl e xposure to UV did
statistically significant reduction in cell number and specific metabolic activity compared to control. A
reduction in HUVEC GFP number was detected for088 LE though maintaining a high specific metabolic

activity (a b, d and e). The combination of ¥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 cellladen VA086-GelMA hydrogels: macroscale models

In the next paragraphs, the previously characterizeeD8&GelMA hydrogel is
exploited for the generation macroscale models for 3D cell culturing. As a preliminary
biological validation, hBMMSCs behawr when cultured within VA086-GelMA
hydrogels is first reported (3.3.1). Moreover, the establishment ofWE@s/HUVECs 3D

macroscale caulture 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. hBNMISCs were thus embedded within \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 trypsinizedViB84 at a final
concentration of 2 x facells/ml. The photopolymerization reaction was thusiedmut as
previously described maintaining sterile conditions, by irradiating the sample for 3 minutes
with a LED irradiance of 2 mW/ct Samples containing the same cell numbers were
produced and frozen to be subsequently used as DNA references. Tihedbé&dladen
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 cultudetails, at the defined time
points, each sample was washed in PBS, placed in a new well, and incubated at 37°C in 10%
v/iv AlamarBlue solution (Invitrogen Corporation, Isbad, CA, USA). After 4 hours, the
absorbance of the resulting solution at 570 nm maasured 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&1°C overnight andidested for 16 hours at 60°C

with 250 L of ProteinaseK (Sigmaldrich Corporation, St. Louis, Missouri, USA). After
digestion, 5 pl of the sample and 195 ul of the working solution, previously prepared
according to the manuf dmtba B6eblaéksnulppvalloptate.c o1 s,
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 hpeni2NA 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 hBMSCs cultured up to 7 days withiBelMA at different
concentrations (a). Cell laden GelMA samples were elioged with 2 mW/cm2 irradiance in the presence of
1.5% VAO086. Cell morphology after 7 days of culture was also assessedMBBS embedded within 5%
GelMA appeared more elongatéa), while 7.5% and 10% gelatin sample showed rounded cells (c, d) (Image
scale bar=200um).

After 3 days in culture, hBMMSCs showed similar specific metabolic activity for
all the conditions tested (Fig.3.7a). After 7 days in culture, however, cellsedh 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. Concerningrpablogy,
after 7 days of culture, hBMISCs 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 caulture model

To evaluate cell elongation and interactwithin gels with different mechanical
properties, cecultures of hBMMSCs and HUVECs GFP were established for all GelMA

concentrations (5%, 7.5% and 10% w/v).

GelMA5%

3

GelMA7,5% GelMA 10%

.

Figure 3.8.Cell behaviour when coultured within GelMA hydrogels. HUVECs GFP (green) and HBBCs

(red) were cecultured up to seven days within 5%, 7.5% and 10% (w/v) GelMA samples. Immediately after
embedding, cells appeared rounded in all samples)(After 3 days of culture HUVECs started to interact
within 5% (w/v) gel (d) while maintainedroundedshape in 7.5% and 10% (w/v) hydrogel samplei3. (&fter

7 days, within 5% (w/v) GelMA samples, HUVECs developed a nelikerktructure (g), whereas in 7.5%

and 10% (w/v) GelMA, HUVECs appeared sparsely connected aneMB84s remained round€b-i). Black

and cell free regions resulted from N2 gas release during pbolonerization (Image scale bar= 500 pm (a

i) and 200um for 10X magnifications).
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In details, hBMMSCs 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%xcé&lls/ml in the prepolymer
solution, maintaiing an hBMMSCs/HUVECs ratio of 1:1. The polymerization was
performed as previously described and samples with either onlyMB®Ms or HUVECs
were established as controls. All the datlen samples were cultured in HUVECSs culture
medium and maintained 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 roustape in both 7.5% and 10% (w/vEIGIA
samples (Fig.3.8e and f). The maximum cell spreading was reached after 7 days of culture
in 5% GelMA samples (Fig.3.8g), 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 netwik structure and hBMMSCs remained
almost rounded for the whole culture period (Fig.3.8h and i). Culturing-MBZs and
HUVECSs apart, on the contrary, resulted in isolated and rshaged cells within athree

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 beaviour within GelMA hydrogel established asatiure control. HUVECs GFP and hBM
MSCs (red) were cultured up to seven days within 5%, 7.5% andw@yGelMA samples. After 7 days, both
cell types appeared almost rounded within all GeIMA samples. (Image scale bar= 500 um).
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3.4 3D celHladen VA086GelMA micropatterns: an innovative photo-
mold-patterning (PMP) protocol

A novel photamold-patterning (PMP) protocol for hydrogel miestructuring is
introduced in these paragraphs, based on the previously characteriz686\GeIMA
hydrogel (Fig.3.10). As described in paragraph 3.4.1, the PMP protocol consists of four main
steps: 1)a PDMS microfluidicchip with geometrically defined micropatterns is placed
against a glass substrate and used as mold; 2) -tadef prepolymer lightsensitive
solution is loaded within the microchannels; 3) UVA light is provided through the PDMS
layer until complete crosslinking; 4) once the stamp is removed|am#in 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 geimeg differently
shaped and mutieight 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 hBMVSCs and HUVECs GFP mon(8.4.4) and cecultures (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 phmlithography technique®. Stamps were produced by replica molding on the
master molds by casting PDMS in a ratio 10:1 w/w-{mlymer to curing agent), degassing
and curing at 80°C for 3 hours. The PDMS stamps were trimmed so to show microchannels
openngs on their lateral sides and subsequentlypl@isma treated to induce surface
hydrophilicity. PMP devices were finally assembled by placing the stamps against histology
glass slides, which were previously treated v@tftrimethoxysilyl) propyl methagtate
(TMSPMA) (Sigma Aldrich®) to enhance hydrogel adhesitn

10% w/v VA-086-GelMA prepolymer solution was prepared as previously described
and used to suspend cells at the desired final concentration. In additionG86«@elMA
hydrogel, polyethylemylycol diacrylate (PEGDA, Sigmahldrich®) was also considered as
a commercially available alternative to assess the versatility of the proposed protocol.
Through a standard pipettor, 2.5 pl of the ¢@tlen prepolymer solution were placed in

contact wih 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 mW/ct 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 +
] Il B W different cell types
Sl

A B
Photocrosslinking Mold removal
385nm UVA LED
/1N
C D E

Figure 3.10.PhotoMold Patterning (PMP) protocol. The PDMS microfluidic mha$ 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 3Ppatterns are revealed on the glass substrate (d). An example of PMP is reported, where
three mold channels were independently filled with different colors (e).

3.4.2 Evaluation of PMP versatility and reliability: development of differently

shaped and multtheight 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 weneaseed, both having channel width
of 250um and height of 80um. Asxposure 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 um width and 80 pum height PDMS chidatures 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 4eolimated light source, the cross sections
obtained from both PEGDA and GelMA resulted squared, replicating the PDMS channels

layout without any magnification of patterns width
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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-086. PMP allowed to achievmicrometrically defined patterns,
narrowly replicating 250 um width and 80 pm height mold features for both the configurations and the
materials tested @@; scale bars: 1000 um). The hydrogel cross sections obtained from both PEGDA and
GelMA resulted sggred, exactly reproducing the PDMS channel lateral layoufs geale bars: 200 um).

Geometry 2 Geometry 1

Cross section

Moreover, he potentiality of PMP protocol to fabricate microstructures characterized
by multiple heights within a single step procedure was assessed. A mold laytaimiog
500 um wide channels with multiple height steps (210 um and 60 pm, respectively) was
realized through PDMS replica molding from a laser ablated polyester film/glass master
mold “°. Exploiting this PDMS mold as geometrical constraint, -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 esestions are depicted 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 V@86. The PDMS mdlused 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 deqmle
procedure. (Scale bars: 200 um).

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 withid8@&elMA through the
PMP protocol, and the resulting micropatterns were analyzed in terms of 3D cell dtributi
Cells were trypsinized, counted and resuspended at different initial concentrations (1, 5 and
10 x 1@ cells/ml) into 10% w/v GelMA containing 1.5% w/v \\®86 prepolymer solution
and the PMP protocol was performed as previously described leadinglldadea
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 treagsdjuentially with 4%
paraformaldehyde and 0.1% Tritdhto 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 SP&).3Dhposition of cell
nuclei was analyzed with a semnitomated object 3D counter plugin of the NIH ImageJ
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software, using an intensityased algorithm and verified in 10% microscope fields by
manual counts. To assess the cell distribution along the dhi@mggh, 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 preserach 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 cdls spatial distribution. Positions of cell nuclei geometrical centers at densities of 1, 5 and
10 x 106 cell miL were plotted from data obtained by analyzing confocal images of the DAPI stained cell
laden micropatterns at day 0. Cells were uniformlyribsted 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 micropatténe 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 dispersddng 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 photopolymerizati@sulting 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 ) resulted in a statistically
significant higher cell densitin the two central bands (20um each) of the channels (p<0.05),

probably due to the flow dynamics during the solution injection.

3.4.4 Cell culture within VA -086-GelMA hydrogel micropatterns

HUVECs GFP (Fig.3.14a and c) and hBWSCs (Fig.3.14b and d) weesnbedded
in 3D VA-086-GelMA micropatterns at 10x2@nd 3x16 cells/ml, respectively, and their

behavior was recorded over a 7 days culture péfiét

HUVEC GFP BMSC

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

Day 7 Day 7
Figure 3.14 Cell behavior within hydrogel micropatterndUVEC GFP (a and c¢) and hBMISC (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 thmaximum cell spreading by day 7 of culture. (Representative imagesciinF
stained samples; z step=5.48 um. Scale bar =250 um.). At day 7, HUVEC GFP created #i&engirkictures
preferentially near the outer surface of the hydrogel (c), while WB8Cs showed a tendency to align along
the main axis of the microstructures (d). (Representatiaetin/DAPI stained 3D projections; z=80.22 um.
Scale bar =250 um.).
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This biological validation was only carried on M¥86-GelMA, being PEGDA not
suitable for cdladhesion in its native forrfit. For this purpose, cells were trypsinized,
counted and resuspended into 10% w/v GelMA containing 1.5% wAO8BGAprepolymer
solution and the PMP protocol was performed as previously described. The glass slides
containing ck#-laden microgels were gently washed with PBS to remove possible unreacted
PI 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 sequentidig with
paraformaldehyde and 0.1% Tritdhto fix and permeabilize cells, followed by phalloidin
(BODIPY® 558/568 phalloidin, Invitrogen) and DAPI (Invitrogen) to fluorescently stain
respect i v e l-gctinyahdael euclei.cSanspledwere thus mountesdlides and
observed by fluorescent confocal microscopy (Leica TCS SP8).

After 24 h of culture both cell types started to actively elongate withirO8®&

GelMA hydrogels. At day 3, both types of cells started to migrate from the center to the
surface of nmgropatterns. 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 netwelike structures, preferentially near the outer surface of
the hydrogel, hBMMSCs showed a tendency to align along the main axis of the

microstructures.

3.4.5 PMP as microscale approach for defining ceulture models with highly

controlled microarchitectures

The potentiality of PMP protocol &patially organize differentedl types by means
of a single exposure stepas first assessed. Differently shag@dMS molds were thus
developed through replica molding from laser ablated polyester film/glass master*tnolds
Designed layouts allowed for the simultaneous injectioriftérént cellladen prepolymer
solutions within separated features of the same mold. In details;\M88k were divided
in two groups, each labeled either through red or green Vybrant (Molecular Prebes, V
22889). GelMA micropatterns embedding labeled RBISCs (10x16 cells mit) were
obtained as previously described. The samples were immediately analyzed by means of
fluorescent confocal microscopy (Leica TCS SH#).3.15a and Ishow two eliciting3D
spatially organized microarchitectures in which two tgtles (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.3.4hbrhis single step procedure can thus be used as
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flexible tool to combine different detypes (and potentially materials), creating more

complex geometries.

Day 1

Figure 3.15 Red and green labeled hBMSCs embedded in M#86-GelMA 3D spatially organized
microarchitectures (a and b). Interactions between cells embedded in different areasosfrodtures have
been showed after 5 days of culturd)(c

PMP was then exploited for fast and controlled megii types embedding within
multilayered 3D micropatterns. In details, muidtyered cellular structures were fabricated
embedding in two caecutive steps differently labeled hBMISCs 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 concentfi8&@elMA hydrogel
layers laden with red and green labele@M-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
tailoringin vitro the microarchitecture around célt¥€. Three are the main requirements for
the realization of 3D microstructured epbpulated constructs} the cytocompatibility of
the fabrication/embedding protocdl), the ability to control the microenvironment in size
and shape over the three dimensioandii) the possibility to distribute cells in a uniform
and controlled fashion within the microenvironment. Several attempts for matching these
requisites have been reporfed*°. Lately, the most promising approaches tried to combine
the high spaal resolution achievable through phetmd soft lithographic techniques with
the unique affinity of hydrogels with several cell embedding approdéhes 4

Within this context, we presented an innovative photdd-patterning (PMP)
protocol aimng 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 LEDerfitting peak at385nm),
exhibiting negligible cytotoxicity effects, was employed as controlled light source to
photopolymerize nthacrylate gelatin hydrogels in combination with the photoinitiator (PI)
molecule VA086, highly activated at this wavelength As previously showrf®, 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/cy the shifting to longer wavelengths dramatically reduces the
incidence of cell death, as further demonstrated in the reported 2D cell biocolityatibi
analyses.Moreover, the VA0O86 has been here demonstrated to minimally affect cell
viability both in its radical and inactive fornmmaking it a promising alternative to the widely
used Irgacure 2D, highly activated at shorter light wavelengthdsorption peak around
320nm)*°,

The photecrosslinking process for fabricating cilden VA086-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 peepurti

resulting matrices.
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The presentepghotopolymerization protocol was demonstrated to be highly effective
allowing obtaining fully cros¢inked samples within tens to hundreds of seconds. All
combinations used of polymer concentrations;886 contentand light irradiance yielded
to photacrosslinking times lower than 360s. These short dinkeg times, indeed,
resulted compatible with the cell embedding procedure, avoiding cells from settling down.
Moreover, while increasing LED irradiance resulitetbwer crosdinking times, it was also
showed to enhance the hydrogel porosity by meansgd&\release as a result of UV radical
induction*®. Starting from this characterization, an optimal photopolymerization protocol
was defined, fixing the LEDriadiance at 2mW/cfrand the PI concentration at 1.5% w/v,
fulfilling both the biocompatibility and the matrix homogeneity requirements for all
conditions tested. In detailsamples were polymerized for 3 minutes subjecting cells to a
total irradiation dee of about 600 mJ/é&nwell below a level previously demonstrated as
not toxic to cells, i.e. 1800 mJ/éM*°. As a remarkable advantage, the entire process was
easily performed under sterile conditions by placing the samples within standard Petyi dishe
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
availablity of more crosdlinks 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 tHadsel matrix
according to the required application.

Successful hBMMSCs embedding within VA86-GelMA samples revealed the
potentiality of our protocol to obtain and culture biocompatiblelaeién hydrogels up to
seven days supporting cell prolifemtiand 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: HRABICs resulted
more viable and mebalically active, and appeared more stretched after seven days in
culture in 5% w/v GelMA, as compared to 7.5% and 10% w/v samples. This finding suggests
that mechanical properties characterizing the lower hydrogel concentration better allowed
this cell tye to remodel and degrade the matrix. The presented combination of
methacrylated gelatin, VA86 photoinitiator molecule and UVA LED source was also

investigated for generating muttell types models, eoulturing hBMMSCs and HUVECSs.
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Results obtained wiin the softer GelMA hydrogels showed to enhance the interactions
between hBMMSCs and HUVECs when etultured, promoting the formation of well
established HUVECs netwotilke structures. In the same conditions, neither HUVECSs nor
hBM-MSCs cultured alone eve able to remodel the surrounding matrix at comparable
levels, suggesting that the presented material could be considered a promisittgraog
model for further studies on the interplay between these two cell populations.

Based on the macroscale chaerization of the presented biomaterial, we defined a
method to homogeneously embed and culture primary cells within 3D86AGelMA
hydrogels micropatterns exploiting the PMP proto€bke PMP method was in details tested
both on a continuous cell line (HUVEC GFP) and primary RBICs demonstrating the
possibility to embed viable cells also within 3D microgels, creating biocompatible and
favorable environments for cell proliferation asgreading, 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 geaatrical resolution comparable to that offered by traditional mold patterning
methods?>23 In fact, the PMP protocol exploits UVkansparent PDMS microstructured
stamps as physical molds for eldtien prepolymer. This leadsracrometricallyresolved
GelMA structures guaranteeing the desired 3D shape replication both in terms of layout and
cross section independently from the light beam collim&fiofihis was also demonstrated
starting from a commercially available synthetic prepolymer type (PEGD#yisg 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 photand soft lithographic techniques expand the
range of PMP fealsle geometries, allowing to obtain multiple shapes and heights within the
same mold. PMBas also been showed to be a flexible and versatile tool to combine different
cells (and potentially materials) within mu#thape and mutayer features, making @
simple tool to design and pattern complex 3D geometries with the aim of replicating
like microarchitectures.

Moreover, the exploitation of a liginitiated polymerization approach enables for a
fast cell immobilization within the matrices, geaegng 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 abersd. 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 compromisingher 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 nteb channelsThis advantage becomes more relevant in
case two or more cell types and/or materials are considered as fillers of different features of
the same moldit is worth noticing that to the best of our knowledge this is the first time
photopolymeriable cellladen micropatterns are obtained through the use of a LED as light
source. Hence, PMP represents a valid tool to create homogenously populaizdecell

constructs able to spatially recapitulate the native 3Dcedllland ceHECM interactions.
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Conclusive remarks

In the present chapter, a highly biocompatible plootsslinking process to obtain
uniform 3D cellladen 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 pr@olymer 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 generatirdgdssil hydrogel
with easy tunable mechanical and biomimetic properties, depending on parameters setting
duringthe photopolymerization process.

Finally, a novel protocol (PMP) tgenerate 3D hydrogel micropatterns with high
geometrical resolution and useatefined size and shape was introduced, based on the
proposed VA086-GelMA hydrogel. The PMP approach allows uniform cell inclusion
within micropatterns, creating cytocompatiblenda 3D geometrically controlled
environments favorable for cells growth, migration and spreadimgproposed microscale
strategy demonstrated highly versatility, being compatible withrthetro generation of
multiple shapes and heights 3D microstruesirpotentially 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 hydrdggdedin 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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The work described in this chapter was carried out afftteue Engineering and Microfluidics

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

Native tissues are characterized by interactions among different cell tyipies, w
communicate to each oth#rough both gradients of parine signals and direct cetkll
contacts. Moreover, cues from the extracellular matrix are involved in thecelbelar
communication phenomena, dynamically interacting with cell signaling throughout both
soluble and solid factors. The possibilityilwestigate and better understand this dynamic
interplay among diverse cell populations relies on the developmentuitio co-culture

strategies able to recapitulate such native complexity.
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A innovative microfluidic cell mixer was introduced for generation of 2D and 3D cell ezulture 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 3fulaare
models characterized by highly controlled microenvironmental conditMoge in detalil,
this chapter addresses the developmeataitrofluidic cell mixer that alloweébr diluting
initially concentrated cellular suspensioms, a programmedmanner,generating linear
concentration patterns (0%d00%, with steps 25%).he cell mixer is then integrated as
upstream functional element within two different microfluidic @atfs, for the automatic
establishment of 2D and 3D-collture 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 studiese been here demonstrated
throughout the establishment of 2D and 3D osteogenic models, aiming at investigating the
influence of preosteoblastic 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 direcelicell
interactions. Together, these int@llular communication phenomena play a key role in
defining cells commitment towards specific fatés The possibility to study theydamic
interplay of diverse cell populations relies on the development ofitro co-culture
strategies able to recapitulate such native complexity. To date, mosttere techniques
are based on the use of transwell systems, which relies on the aqrodf a permeable
membrane to keep cell physically separated, while allowing transmembrane
communications. Although exploited in several fields of cell biology (i.e. osteeditast
cells 3, neuronsastrocytes® cardiac fibroblastardiomyocytes® co-cultures), these
approaches generally lack in accurately recapitulating the complexity of multicellular
environmentsAs already detailed in Chapter they mainly consist in macroscale culture
systems in which cells are manuadlypwn under static conditie and wherdirect celtcell
physical interactions are inhibitédIn addition,these methods are tirm®nsuming, allow
for testing few conditions at a time and offer a limited control over dynamics of cell
communication processes.

Recently, microfabridgon technologies have been exploited to downscatittare
environments to a level that better matches the typical scale size of cellular interaction
phenomen&® A common miniaturized approach for generating highly organizexitore
models relieon the capability of spatially compartmentalizing different cell populations
within defined microenvironments, relying on the use of geometrical constiasesni
permeable membrané% micropatterning strategies (i.e. as described in Chaptér3yr
pneumatic/hydraulic valves®, Moreover, recent advances in the development of
microbioreactors for cell cultures allowed the combinatioalmvementioned advantages
of miniaturization with innovative, dynamic and hitiroughput strategies for tailogn
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 @atla supply

of nutrients®®, 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'’. 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 Chapt&f'2jhe capability to dilute
nonsolwble particles (e.g. cells) into defined ratios is still limited due to the lack of
convective mixing in standard microchannéfs To overcome the diffusive mixing
limitations of microfluidic devices, a few technical solutions have been propdsHaese
arebased on either active approaches, relying on external energy figttsr passive
manipulation of fluid flows’®*2°. Among the latters, great popularity has been obtained by
met hods based on 2asdgHadtic mxing’ dtrategisc botmdonsistiagd
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 8tmightforward
implementation on most microfluidic layouts without specific redesign but the addition of
staggered herringbones (HB) features on top of rectangularsgossnal channels.

In this chapter, we demonstrated the capability to dilute calpensions into
predetermined concentrations through the implementation of chaotic miirtigis aim,
we designed an innovative chaeliased serial dilution generator (SDG), optimized for
programmed dilution of cells allowing for the generation of lineamcentration patterns
(0%- 1007, withsteps 25%). The optimized cell mixer was first integrated in a microfluidic
device togenerate spatially controlled 2D-calture modelsvithin five downstream culture
units. The presented platform combined theitgtlid establish ceculture 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 evadat of coculture models in dependence of both
different cell ratios and paracrine signaling.

Finally, a second microfluidic platform wasd hocconceived, again based on the
cell mixer module, for the fabrication of 3D hydrogel microspheres embeddisgliteted
into programmed linear ratios. In details, thanks to-established knowledge of hydrogel
engineering and droplet microfluidic technolo§§y®, we coupled the presented cell mixing
approach with integrated flo¥ocusing elements, compatiblatiwvthe fabrication and the

subsequent analysis of uniforsized aqueous emulsion particles (i.e., droplets of hydrogel
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pre-polymer).Potentialities of the proposed cell mixer wéhesextended to the generation

of 3D multicellular microenvironments directhn chip The possibility to define complex
microscale models, recapitulating stimuli from both adjacent cells and microenvironment,
was thus envisioned with the final aim to inveateyeither 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 nerofluidic 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 pwsteoblastic cells on human mesenchymal stromal cell

ostegenic commitment.

82



4. Microfluidic cell mixer for 2D and 3D eoulture models

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 fundljona
validated, by assessing its efficiency in mixing soluble factors (4.2.3iffoisive particles
(4.2.4) and finally cells (4.2.5).

421 Cell mixer design and CFD optimization

A cell mixer, based on a chaotic SDG element, was implemented to mix chlis wit
split-andrecombine scheme, achieving programmed concentration ratios. It comprises a
symmetric microfluidic network (channel size of 240x100um in width and length,
respectively)?, integrated with HB grooves increase the mixing through vortex fation
27 The HB features, having the same width of underneath channels, were designed 60pum
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 oriertetigrhalf cycle.

The minimum number of repeating HB units required to ensure mixingpibf
soluble factors (i.e. growth factors, B4 x 10'! m%sec)and non-diffusive speciege.g.
cells) was identified througHinite element analysis by means of Computational Fluid
Dynamic models (CFD, Comsol Multiphysics). Analysese performed on 3D geometrical
models ofHB grooved channels consisting of ten HB units, using rectangular channels with
the same length as coofs. Geometries were discretized through a tethraedrical mesh,
consisting of about 1061 x 3@nd 110 x 1®elements, in the case of presence and absence
of HBs, respectively (Fig.4.1a). The flow field was computed by solving stationary Navier
Stokes equains for incompressible flow, setting density and viscosity equal to those of
water at 37°C (1000 kgArand 0.890 cP, respectively). Uniform velocity profiles were
applied to inlets, corresponding to Reynolds numbers (Re) ranging from 0.01 and 1
(Qin=0.2525ul/min), while a zeropressure condition was set to the outltno-slip
condition was applied to boundary walls. Convergence criterion was satisfied when the
normalized residuals for the velociti@erebelow 1 x 10° Mixing efficacywas 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 ire@stgat

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 ofategeunits ) (Fig.4.1c and

d). Imposing§ 1@, ME was calculated at the end of each repeated unit as it follows:

® o

DO p T

The mixing was considered complete for Mitgher than 0.95, thus beimghe minimum

number of repeated units required 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 nediffusive speciefe=0.01 (a) and 1 (b). An index of mixing efficacy was calculated (ME)
as function of repeated units (c, @he mixing was considered complete forMigher than 0.95, thus being

n the minimum number of repeated units required for achieving an efficient mixing.

Consideringsoluble factors, the presence of HB structuresisigntly 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 diffusigontrol channel, while the addition of HBs
allowed for obtaining a complete mixing after eight units. Regardingifbusive particles
(Fig.4.1d), auniform mixing is achievable throughrepetition of at least eight HBs units,
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while no significant mixag was detectable in corresponding rectangular control chaatnels

neither Re numbers

422 Cell mixer fabrication

A first chip layout(Fig.4.2)was designead hocfor the preliminary experimental
validation of the cell mixerEach level of the mixer watimensioned to ensure an efficient
cell mixing from the two main inlets (Al, A2lEstimated 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 unitshfarther increased at each SDG level, according
with the decrease of flow rate along the symmetric networlk detail, 17, 21 and 27 HB
units were integrated in the three levels of the SDG, respectively. déwastream
independent collecting units veeffinally implemented, each consisting anrectangular
culture chamber (w3000 x 16000 x h100 em).

Preliminary validation device layout

B1 T ’ B2

Level 1

% Level 2

% =e==s
ﬁ Level 3

Figure 4.2.Based on computational results, ad hocdevice layout was conceived for preliminary mixing
validations consistingof (i) a three level seriailution generatoiintegrated with herringbone units for chaotic
mixing (blue featuresand (ii) a collecting area comprising five parallel units. Each unit consisted of
rectangular culture chambgrw3 000 x |1 6000 x h100 em).

The cevice layoutFig.4.2)was drawn in CAD softwar@utoCAD, 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 36um thick layer for the HB structures, positioned on the
top of the previous an(Fig.4.2, blue features). Each layer \wasted at high resolution on
a chrome mask, subsequently used to prepare silicon wafer masters through
photolithography. SU050 and SU025 negative tone photoresists were used for first
and second layers, e cti vel y. Featur e hei ght was C
proyl ometry (Veeco NT1100). Master molds co

were also developed to produce control devices.
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Microfluidic devices were obtaineda soft lithography?® by replica molding of
PDMS (Sylgar Dow CorningMidland, MI) on the master mold. Briefly, PDMS was cast
on the mold in ratio 10:1 Aw (pre-polymer to curing agent), degassed and cured at 80°C for
3hr. After baking, devices were cut out and peeled off the8Si¢vice mastednput and
output ports were obtained through a 0.75mm biopsy puncher (Hard€dsdM). The
PDMS layer was finally plasma treated (Plasma Cleaner, Harrick Plasma, 20s, 10W,
380mTorr Q) and bonded to a cleaned (acetone, isopropanabgeit) 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 eler(mumlitatively
visualized by perfusing colored dyes; Fig.4.3a andds experimentally validated for Re 1
and compared to that obtained through the equivalent purely diffusive SDG (featuring non
grooved channels)n details,a solution 020 mg/mlbovineserum albumin (BSA, Sigma)
in dH.O was pumped from the A2 inlet at a flow rate of 25 pl/min, wherea®©dias
pumped through Al at the same flow rate. After the establishment of steady state conditions,
samples of protein dilutions were collected fromdb#ets (n=3) and the BSA concentration
was measured by means oB&A Protein Assay kit (Pierce, Thermo Fisher Scientific),
foll owing the man Ulhe aondeniratienrobDBESA contalneccirmthei fieen s
dilutions collected from output porteatched the expected linear distribution for the HB
device with an accuracy 2R0.9923 (Fig.4.3c). In contrast, BSA concentration

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

Soluble factors mixing validation

Bl HB mixing device
3 Control device

(a) HB device

P
(@)
~—

o
b

BSAexp/BSAnom [%]

o
T

1 2 3 4 5
Chambern

Figure 4.3.Characterization oHB (a) andCTRL(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 iratiebchambersolutions 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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4.2.4 Cell mixer experimental validation: mixing of non-diffusive particles

The partition of nordiffusive particles within the cell mixer was evaluated by means
of microparticles iIimage velocimetry (ePlV)
bifurcation (Re=1). Results were then compared with the equivalent pureigikf SDG.
For these measurement s, a suspension of re
was seeded from inlet A1, while dBl was pumped in A2. A TSI PIVCAM 188 CCD
(1280 x 1024 pixel resolution) camera synchronized with aloe@dl Nd:YAG puls 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 quehtifi 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), paeginjected into inlet A1 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 he 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 céetral ou
(outlet 3) of both devices. However this result is a consequence of the integral nature of the
measur e. |l ndeed, as depicted in ePIlV image
spread throughout the channel width, having a homogeneous conoantmtesponding
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 oHB (a) andCTRL(b) devices in diluting non diffusive particles. The partition
of nondiffusive particles were visualized (a,b) and quantified (c) through microparticles image velocimetry
(ePl V) analysi s, a g a ntrof HB deatfirésrfon achigvingt efffi@ient rméxiggudf noa me
diffusive particles.

4.2.5 Cell mixer experimental validation: mixing of cells

Cell mixing was assessed by seeding fluorescently labeleeBN8tells within both
HB and control device®Before cellseeding, autoclaved devices were submerged in sterile
PBS enriched with 25 pg/mL of amphotericin B (Gibco, Australia) and dega$sed
Subsequently, bioreactors were surface at ed wi th extracted hun
Biosciences, North Ryde, Australia)at s ol uti on concentration of
37°C. After expansions, NH3T3 were fluorescently labelethrough a 10 minutes
incubation in culture medium enriched with 5ul/ml of either DiO or DiL Vibrant solution
(DID, DiL and DiO multicolor kit, Ivitrogen Corporation, USA), harvested from tissue
culture pasks with TrypLE Express (Gibco, G
final concentration ofl x 1 cells/ml A reverse color gradient was generated by seeding
DiO- and Dil-labeled NIH3T3 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% gOSubsequently cells were fixed in 4%
paraformaldehyde (PFA) arideir nuclei were counterstained with Hoecl€tbit, 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 quantifiedy means of CellProfiler softwaré
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Figure 4.5.NIH-3T3 cells mixing validation. Di€and Dil-labeled 3T3 were perfused from oppednlets of
devices (Re=1and mixing vas evaluated at the five outlet chamba#tthile 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 imagésy(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 chamberbkig(4.5b). These results were supported by cell
guantification within the microbioreactor chambers (Fig.4.5c 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 establish ment of 2D coeculture models

With the aim to combine the ability to establish-axdture 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 micradactor consisting in five independent
culture area downstream the mixer outlets (Fig.4.6). Eadiure units consisted in ten
fluidically connected circular Z?tandtwasre ch
integrated with a lateral seeding channel. Twosdary 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 softwar¢AutoCAD, Autodesk Inc.) and fabricateda soft
lithography®® as previously described.

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

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

Level 3

Figure 4.6.A microbioreactoffor culturing 2D ceculture models was designed consisting ah@)previously
validated cell mixelblue featurespnd (ii) a culture area comprising five parallel uni3ilutions of cells
were generated from two main inlets (A2) and delivered to denstream culture units (blEach culture unit
consisted of 10 fluidically connected culture chambers and was combined with a lateral seeding Thannel.
additional inlets (B1B2) facilitated the medium change operations, defining-pdss for the device.
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4.3.1 Cell expansion

Primary osteogenic sarcoma human cell line (SAOS2) were culturgid80%
confluent according to the recommendation of th
medium, high glucose (Gibco, Australia) supplemented with 10% Betaihe Serum
(FBS), penicillin (100 units/mL) and streptomycin (100 pg/mL) (Gibco, Australia).

Human bonemarrow mesenchymal stem cell (hBMISCs, donor 8006, Lonza)
were seeded at 4000 cells/érand cultured until 80% confluent in maintaining medium
(MM),consisting in Dulbeccods modified Eagl eb
10% FBS, penicillin (100 units/mL) and streptomycin (100 pg/mL) (Gibco, Australia).
Medium was changed twice a week and hBMCs were used between P5 and P6 for

experiments.

4.3.2 Establishment of hBM-MSCs and SAOS2 osteogenic 2D auilture

models

Two different ceculture models were generated: (i) a reverse gradient of-hBM
MSC/SAOS2 and (ii) a low concentration gradient of SAOS2 seeded on equally dense
monolayers of hBMMSCs(see Thle 4.1)

Table 4.1 hBM-MSCs/SAOS?2 eoulture models

Co-culture model Microbioreactor unit hBM-MSCs/SAOS2

hBM-MSCs/SAOS2 reverse gradien 1 1.0
31
11
1:3
0:1
8:0
8:1
8:2
8:3

SAOS2 low concentration gradient

gaa A W N R O B WO DN

8:4

For the first model, hBMMSCs (0.5 x 10 cells/ml in maintaining medium) and
SAOS2 (0.25 x 10cells/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, h(BMMSCs were first seeded at a constant concentration (0.5cell®ml in MM)
through both inlets and allowed to adhere for 4 hours in an incubator (37°C, %00 CO
SAOS2 were then seeded on top of adherent WMBBCs, by perfusing SAOS2den
medium (0.25 x 16 cells/ml) from A2 and maintaining medium from Al (flow rates of
25pl/min). For both models, cells were allowed to adhere for 4 hours in an incubator (37°C,
5% CQ). Devices were then either stopped right after seeding for assessing geradration
cell gradients orplacedinul t ure under mil d continuous
unit 3% of either maintaining medium (control devices) asteogenic medium (osteo
devices) for 7 days. Osteogenic medium (OM) consisted of MM supplemeitite® mm
L-glutamine, 0.Xem dexamethasone, 5 ascorbic acid, and 1@m b-glycerophosphate.
Static controls were also established, consisting afuttires of h(BMMSCs and SAOS2
seeded in 96 wells plates with proportions matching those achieved mithisbioreactors

(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 dayO0 within all five culture units. To quantify the final cell miatiag, CD73
stained cells were identified as hBMSCs“. In the hBMMSCs/SAOS? reverse gradient
model, immunofluorescence images of cells seeded within chambers demonstrated the
formation of two inear patterns moving towards the microbioreactor irosje 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), b@idg the highest
hMSCs/SAOS2 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 numbéicells 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 unifogell distribution was achieved in the whole
microbioreactor after the establishment of the RBMCs monolayers, featuring each
culture chamber an average of (65+17) cells. These cell densities (2830+8608eltsicm
3145+818cells/c) respectively) matclthe static controls (set to 3000cellsfrbeing

compatible with preceding osteogenic differentiation stutliés
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Figure. 4.7. Establishment of programmed hBWMISCs/SAOS2 osteogenic-aalture models within the
microfluidic platform.Two differentmodels were generated: (i) a reverse gradient of HBBICsS/SAOS?2 {a

e) and (i) a low concentration gradient of SAOS2 on a constant monolayer ofM#D4s (f-)).
Immunofluorescence images of resulting mixing ratios were acquired (a, f), in whicivid@Mveradentified

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%\M8®1to 100% SAOS2,

with steps of 25%) and tlsecond 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 ceculture 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 preosteoblastic cells on hBNMSCs differentiation towards the osteogenic
lineage.Microbioreactors were maintained in culture for 7 days, under continuous slow
perfusion of either maintaining or osteogenic medi2re(l / hr t o ealhdy cul t t
were then were fixed and analyzéd situ both for immunofluorescence of alkaline
phosphgase 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
(normalzed for the total cell number) are showed for each consideredMB/Ms/SAOS2
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 arulture resulted in a significant higher expression of ELF97 when
osteogenic medium was perfused. It is worth noting that a similar trendbsas/ed 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. Foraaditians, three
technical repetition were analyzed, showing the same trend described previously for ELF97
expression (Fig.4.9).

94



4. Microfluidic cell mixer for 2D and 3D eoulture models

Alkaline phosphatase activity Cell proliferation

100

g
©
K]
Y 50
+
~N
0
4

ELF97/Area [%]

0 0
hMSC 81 82 83 84 hMsSC 81 82 83 84

(d) (h)

N
(=)

-
o

50

Ki67+/Cells [%)]

Osteogenic medium Mantaining medium
ELF97/Area [%]

0
hMSC 81 82 83 84

Y 0 hMSC 8:1 8:2 R
ELF97 PI Ki67 Pl

Figure. 4.8. hBM-MSCsSAOS2 perfusion eculture model: impact of SAOS2 concentration on alkaline

phosphatase expression aoell proliferation. Fluorescence images showing ELF97 (a, ¢) and Ki67 (e, Q)

expressions for each considered MBAMBCs/SAOS2 eculture ratios (8:0, 8:1, 8:2, 8:3 and 8:4), after 7 days

under either maintaining (a, e) or osteogenic (¢, g) medium slowpeérfan ( 2¢ |l / hr each col

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 Ki67ormalized for the total cell number (f, h) are showed for each chamber in the bioreactor.

Regarding cell proliferation (Fig.4.88, the number of Ki67cells increased with
the increase of hBMMISCs/SAOS2 ratio in maintaining medium, in accordance waith
higher proliferation rate of the SAOS2 cell line compared to HBSICs. Conversely, the
presence of osteogenic medium led to a plateau in the cell proliferation in culture conditions

characterized by the presence of SAOS2 cells (Figi).8g
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Figure 4.9 hBM-MSCs/SAOS2 perfusion -calture 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 unie(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 directlghip.For this
purpose, a microfluidic platform was conceived for the fabrication of 3D hydroge
microspheres embedding cells diluted into programmed linear ratios. Whit this platform we
envisioned the possibility either i) toodel 3D interactions among different cell types or ii)

to study the role of cell concentration on different tissues mogstesis (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) tomodel 3D interactions among different cell types or ii) to study the role of cell
concentration ordifferent tissues morphogenesis.

At these aims, a floviocusing elementhas been developed and functionally
validatedfor the generation of controllesized hydrogel microspheress describeth the
next paragraphs (4.4.1, 4.4.2, 4.4.3). Its integration downstream the cell mixer is then
showed, demonstratirtg bea promisingtool for generating 3D coulture models (4.4.4,
4.4.5).

4.4.1 Microfluidic platform for the generation of 3D microspheres

Several techniques have been propasdtie last few year®tgenerate microspheres
within microfluidic deviceg3344344 Among others, approaches based on theafied flow
focusing techniques haveigad popularity due to their robustne8st454647 Indeed, by
designing a 4€hannel intersection (3 inlet and 1 outlet, Fig.4.11b), undsized aqueous
emulsion particles (i.e. droplets) can be generated by tuning the concurrent flow rates of a
contnuous phase (i.e. oil) and a disperse phase (i.o@yeer solutionf®, Based on this

principle a microfluidic platform (Fig.4.11a) was designednsisting in two functional
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units: 1) the previously optimized cell mixer, delivering its outputs @re-polymer
solutions) to 2) five downstream flefecusing 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 swrreling cell mixer outlet,

and ii) two continuous phase channels (CP, Fig.4.11b green fedtunesjfusing solutions
immiscible with the DPIn particular, aiming at obtaining droplets with diameters ranging
around 100um, an aperture of 00 was sett the intersection of DP and CP flowing
channels, whose heights were set equal to 100um arainl4@spectively. To guide the
necformed droplets at a reduced speedg®0@vide channels were integrated downstream,
connecting each floviocusing element wit a corresponding collection area, conceived for
hosting microspheres during polymerization and imaging processes. The complete platform
layout (Fig.4.11ajvas drawn in CAD softwar@AutoCAD, Autodesk Inc.) and fabricated

via soft lithography*® as previosly 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

*-9-9-9-9

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 ad blue features), each outlets integrated with 2) aflosusing 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. prpolymer solution)leads to the generation of uniforsized droplets (depicted in

b as blue spheres). An aperture of 100em was set at
thickness of 100 and 140¢m, respect i streamyedch flo# 0 0em wi
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 mwiic3Bspheres
embedding cells at programmed linear ratios. Upon perfusion of two differepolyraer
solutions, five homogeneous solutions are provided at the outlets of the cell mixer
(Fig.4.12a), obtained as sequential dilutions of the inlepphgme 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 contrations) can be achieved. Each mixed-pre
polymer solution serves as disperse phase input for the correspondiffgdlesing element
(Fig.4.12b). Generated droplets, embedding different combinations/concentration of cells,
flow to the collection areas, ehe the polymerization may occur. Different polymerization
techniques can be exploited depending on thgphgmer 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

90060

Figure 4.12.Sequence of steps leading to the generation of 3D hydrogel micresgmebedding cells diluted

into programmed linear ratios. By flowing through the cell mixer, fivegmiymer solutions are obtained,

each loaded with different combinations/concentration of cells (a). Each solution flows as DP within the
corresponding fiw-focusing element, where the interaction with the CP leads to the generatiorpafiymger
droplets (b). Generated droplets, embedding different combinations/concentration of cells, finally reach a
collecting area, where the polymerization occurs (c).
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4.4.2 Validation of non-diffusive particles mixing in viscous fluid

At first, the capability of the previously optimized cell mixer to split 1gaffusive
particles suspended in viscous fluids (i.e-jpoé/mer solutions) was assessed. In details, a
solution featuring a dynamic viscosity of 10n#& 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 (di amteigetsofof 2e¢en
the cell mixer at a flow rate of ZBmin (Re=0.1) The splitting of micropatrticles into five
linear dilutions was evaluated through fluorescence microscopy from the outlets of the cell
mixer (Fig.4.13a), and results were compared to onesnga 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% glycekbhile a linear dilution of microparticles
was achieved by means of the cell mixer (a), no mixing occurred withtomitw| 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 foldcrease 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 fliid (i.e. prepolymer 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 te/Q), thus yielding a flow rate of the disperse phasg)Q
of Qn/5 at the input of the floviocusing elements. In details, twbfferent bp were
considered, 1 ande¥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 aiooit
surfactant (Span80, Sigma Aldrich) was exploited as continpioase and pumped through
CP inlets. Several flow rates of the continuous phase) (@ere investigated, spanning a
QcH/Qoe ratio between 1 and 20. For each considered@p ratio, after reaching steady
state conditions, images of nearmed droplets weracquired 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
centercenter distance between conseaitigiroplets 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 oflthe-focusing element. The influence of both
disperse phase flow rate (&) and @/Qop ratio on resulting droplet diameters (a) and spatial distributions
(b) was assessed and representative results were depieted Diameters quantification (a) showelat
increasing the @ resulted in bigger microspheres, while increasing the/Qbe ratio led to lower diameter
values. Quantification of the distance/diameter ratio (b) showed how decreasi@oRratios resulted in
shorter distances between generatiedplets.
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Fig.4.14a shows the influence of both disperse phase flow rat¢ #@d Q@r/Qopr
ratio on the size of generated droplets. In particular, an increase ingines@ted in the
generation of bigger microspheres. Considering, for example, aaobQkt/Qpp ratio of 10
(Fig.4.14d and g, respectively), the droplet diameter increased from 124/38n for a
Qop Of 1el/min to 166.022.31c for a @p of 5el/min. Conversely, the increase of the
Qcr/Qop ratio led to microspheres featuring smaller diameters. Fixing thratQel/min,
the diameter of obtained droplets ranged from 148088&m to 68.832.2&m, when the
Qcr/Qop ratio was increased from 5 to 20 (Fig.4.14c and e, respectively). Similar@p#o
of 5el/min, the diameter of obtained droplets changed from 250.4BEm to
110.2°&2.5&m, increasing the &/Qpp ratio from 5 to 20 (Fig.4.14f and h, respectively).
Moreover, a correlation between flow rates and spatial distribution of genergietsiveas
demonstrated (Fig.4.14b). In details, decreasiog@p ratios resulted in shorter distances
between generated droplets. For both considered v@lues, the distance between
consecutive droplets (normalized for respective diameter values) doulés the Q-/Qop
ratio was increased from 5 (Fig.4.14c and f) to 20 (Fig.4.14e and h). Moreover, regarding
the Q@pof 1el/min, Qce/Qor ratios lower than 5 resulted in overlapped droplets characterized
by a distance/diameter index lower than 1. This phesmwmn 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 ther @f 5¢l/min, the same event was not

registered, being &/Qor ratios lower han 5 ineffective to the droplets generation.

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

Figure 4.15.For Qe 0 f 1 ¢ | cHQpH ratios lo@er 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 uniformlghaped droplets at the same time
throughout all the five floWlocusing elements was assessed. Fig.4.16 shows microspheres
obtained at the five outlets of the microfluidic platform, fase@op ratio of 5 and @e of

1el/min.

Inlet Cell1 + Prepolymer Inlet Cell2 + Prepolymer

ggg
======

igi

Figure 4.16.Microspheres simltaneously obtained at the five outlets of the microfluidic platform, §ef@e
ratio of 5 and @p of 1el/min.
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444 Generation of microspheres embedding linear dilutions of microparticles

The ability of generating 3D hydrogel microspheres embeddiegr dilutions of
nondiffusive particles was evaluated by usPig§Gbasedphotopolymerizable hydrogels as
inlet prepolymerFl uor escent microparticles (di amete
polymer solution and pumped through one inlet of themider at a flow rate of 2&/min
(Re=0.1) while unloaded prpolymer 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 ar@op ratio of 10. Mcroparticles generated at each
flow-focusing intersection were collected in the five collection areas and polymerized upon
exposure to UV I|ight (d&%sird200mW/entlat 7om from+hd 6 5 n m,
source, EXFO Acticure 4000). Phasmtrast 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 embeéd microparticles (Fig.4.17b). The diameter of microspheres was
approxi mately equal to 1f®@-focusing €alibgatiodstutlyr a) , i
However, several irregularities were observed in particles generation, as clearly dapicted
the wnit 3. Such irregularity could be due either to perturbations generated upstream the flow
focusing and thus locally affecting tiig-r/Qop ratio, or to droplets collapsing before the
achievement of complete photopolymerization. thisughworth noting thapresented 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 hydrgel microspheres embedding linear dilutions of-ddfusive particles,

for Qcr/Qop ratio of 10 and @pof 1el/min. Microspheres were obtained from all the five units of the platform,
qualitatively exhibiting a linear gradient in the concentratiorofbedded microparticles (b). Apart from local
irregul arities, their dimension resulted rather unif
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4.4.5 3D hBM-MSCs/SAOS2 ceculture models: preliminary results

Finally, the possibility to exploit the proposed platform as a tool for generating
automatic 3D ceculture models in a higthroughput fashion was preliminary investigated.
As a proof of principle, 3D microspheres embedding RBECs and SAOS2 mixed at
progammed ratios were generated, again by mears REGbasedphotopolymerizable
hydrogel. hABM-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 e-polymer solution at a concentration 2fx 1¢ cells/ml and obtained celhden
solutions were simultaneously pumped through the cell mixer inlets at a flow rate of
2.5ul/min (Re=0.1) eactMineral oil enriched with 2% Span80 was pumped through the
coninuous phase inlets at a flow rate Iffpl/min, thus imposing a €/Qpp ratio of 10.
Microparticles generated at each flbocusing intersection were collected in the five
collection areas and polymerized upon exposure to UV light as previously desBhibesd.
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 linegaverse 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 shantpe DP viscosity, due either
to interactions between cell and fpelymer or to the generation of cell clust@rgurther
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

. |
. O @ k <
. \‘&3:

Figure 4.18.Generation of 3D hydrogel microspheres embedding BBCs and SAOS2 mixed at defined
ratios, for @p/Qppratioof 10and @cof 1€l / mi n. Mi crospheres were obtai
platform, qualitatively exhibiting a reverse diar gradient of hBMMSCs and SAOS?2 (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 investigati cell behavior in a controlled and reproducible Wa$f. Indeed,
through the reduction of dimensions down to typical cellular-sta¢es, fluid and mass
transport phenomena become easy to control within microfluidic channels. Moreover, the
length scale typical of microfluidics leads to highly predictablalftlynamics, governed by
a laminar flow regimé&'. 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 misolgible factors (as described in
Chapter 1)!82% 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 providivgrsatile
and robust tool for the establishment of programmed multicellular patterns. At this aim, we
integrated chaotic mixing features on top of a microfluidic netwdrto overcome the
diffusion limitation correlated to the absence of convectiver fad the microscale. Such
grooved structures named herringbone (HB) have been demonstrated to induce chaotic
stirring at |%bywiviBien arfd@ecombiratio® df the streaming flow, thus
decreasing the effective diffusion length among eatjg streamlines. Although
computationally and experimentally demonstrated to provide an efficient mixing solution at
the microscalé?®4, the exploitation of HEbased microchannels was never considened f
mixing cells into defined ratios for downstreamadture 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 d4gBoved channels. CFD rdsu
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 o wiixion
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 -@alstaadool
for generatig linear patterns of nediffusive particles in a highly controlled and automatic
fashion. ePlV investigations allowed for vi

diameter) within the entire element, showing an effective equipartition of paréitieach
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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 nondiffusive species in a fast and repeatable wayaAirst proof of principle, linear cell
patterns were generated diluting differently labeled 418TF8 cells, underling the ability to
obtain programmed mixing ratios with a precision hardly achievable through manual
operations.

The cell mixer was then tegrated within a 2D microbioreactor system. The ability
of establishing caulture models in a higthroughput and fully automated fashion was thus
combined with the advantage of culturing cells under continuous perfusion. Ten fluidically
connected chamb&were connected to the outputs of the cell mixer to generate controlled
cell-mixing ratios. Results obtainegeding different combinations/concentrations of RBM
MSCs and SAOS2 demonstrated the capability of the proposed chaotic mixing element to
provideprogrammed and reliable linear patterns of cells. In particular, the establishment of
two different models allowed underlining the versatility of the approach. The generation of
areverse gradient of hBN\ISCs/SAOS2 demonstrated the possibility of comigriio
different cell types, spatially tailoring their mixing ratios to match the specific application
requirements. Furthermore, the ability to timely guide the evolution -@uttare models
was also showed by delivering a linear pattern of SAOS2 onqu#lyiseeded monolayers
of hBM-MSCs.

In both 2D modelgthe reversédBM-MSCs/SAOSZ r adi ent and t he
concentration onep homogeneous cell distribution throughout microbioreactor chambers
after the seeding ensured consistent initial culture itond for further investigating the
evolution of ceculture modelsProliferation and osteogenic differentiation studies were thus
conducted to assess the possibility of-goaditioning hBMMSCs with preosteoblastic
cells to enhance their osteogenic eegrative 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. Interestingtihie maximum concentration of SAOS2 tested in this model
(hBM-MSCs/SAOS2 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 couldebsufficient 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 correlatedo the paracrine effect induced by the continuous mild perfusion from upstream
chambers. In addition, it is worth noting that the use ddw concentration gradient of
SAOS2, justified by the interest in investigating the role of even fevogteoblasticells

on hBM-MSCs osteogenic differentiatio®®’, highlighted the suitability of the systeim
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 #uomatic generation of 3D
multicellular microenvironments directbn chipwas envisioned, extending its applicability
to the mixing of particles suspended in highly viscous fluids (i.e. hydrogegiqgtyeners).

With this aim, the demonstrated ability iax cells into programmed ratio was combined
with the capability of tailoring the 3D microenvironment around them. In details, the
integration of flowfocusing elements downstream the cell mixer allowed the-high
throughput generation of pmolymer microsperes, 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 diam&@E)(em)

still maintaining the flow ratevithin 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 elemets 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 gvelymer solutions, being the generation of droplets
obtaired through the flowocusing 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
reactiond minimizing the risk of droplet collapsésand ii) taking advantage on the optical
transparency of the PDMSfavoring polymerizations directign chip®3. The generation of
photopolymerized microspheres embedding either a concentration gradient of mdespart
or a reverse gradient of hBMSCs/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 sptreres

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 modelsResults obtained from the generated hMSCs/SAOS2 2tuitore models
served asnexample for pointing out the potentialities of the proposed migrelctor as a
promising tool for investigating cedlell interaction dynamics. It is however worth noting
how the presented platform would be suitable for generating controledltcme models
potentially starting fromany mammalian cetombination

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 microenvironmeni® this aim we are
envisionng the possibility to integrate the advantages of biomimetic hydrogels with the
versatility of the proposed cell mixefor the fabrication of 3Dcell-laden hydrogel

microspheres tunabla terms of both concentrations acmimbinations of cells.
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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 vectorsjirabgene
carriers are promising in this perspective, although their low transfectioreretficieads to
the necessity of further optimizations. Aiming at overcoming the limitation of traditional
macroscale approaches, mainly consisting in 4bm@suming models relying on the
averaged responses from heterogeneous cell populations, we proposiedoftuidic
strategy for performing transfection studies on single cells in a-thrglnghput and

deterministic fashion.

Secondary Inlets Harringbones Unit

Inlet1 '—‘ [—' Inlet2

*
Seed1 .SeedJ SEQdJLCedd 4SeedS | Seed6
Outl OQuiz Out3 Outd Outs Outs

Trapping Chambers Unit

A microfluidic platform was introduced for single cell trapping and culturing, while delivering different
combinations/concentrations of nwiral gene vectors for higthroughput screening over their transfection
efficacy.

In collaboration with the Biocompatibility and Cell culture Laboratory (BioCell,
Politecnico di Milano, Italy} we combined the abilityottrap andculture 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 dafiebr dilutions of notviral 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 materfalBeing DNA and RNA negativelgharged
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 theedg 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 harfglong}he other
hand, they still require further optimizat in terms of transfection efficienéy*. Non-viral
gene delivery vectors are inherently cationic at physiological pH, thus they spontaneously
organize with nucleic acids in nanand micreparticles. In this scenario, the research for
optimized and inavative nonviral gene vectors through conventional beta system$
such as cell cultures in multiwell platess timeconsuming, demands relatively large
qguantities of materials and allows for simultaneously testing only a limited number of
materials ad 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 transfettionthe last years, great interestsh
thus been focused on single cell analysis and screening, which represents a promising tool
aiming at pursuing the direct and deterministic control over eaffiset relationships
guiding cell behaviouP. However, the analysis on single cells still gres a variety of
challenges. First, in order to obtain statistically significant responses, the ability to handle a
large number of individual cells in a highroughput fashion is crucidl Moreover, the
capability of reliably allocate individual cells in walefined locations is crucial for
subsequent analyses, often implying the tracking of cells throughout the culture $eriod
Finally, the typical size of features needed to address individual egflardls more strict
requirements with respect to standard culture tools in terms of sensitivity, selectivity and
temporal resolutiof.

Recent advances in microtechnologies and microfabrication are offering increasing
cues for addressing these challenygsreover, the reduction of scale leads to unique fluidic
phenomena, e.g. the increasing of surt@eeolume ratios, which results in shorter reaction

times, higher efficiencies, and lower material consumpftfoin the last few years, several
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strategieshave been proposed for single cell manipulations within microfluidic devices,
being exploited in a number of applications in the field of cell biofdgyHowever, these
approaches for trapping single cells require complex and expensive fabrication pFscedu
mostly due to the necessity of meldiyered device$?!3 As an alternative, small trapping
units were recently proposéd!’ to block cells along their fluidic path; however their
integration with chambers for subsequent culture is not trivialinkeresting approach
allowing for trapping and culturing single cells within a microfluidic devices was recently
showed by Hong and colleagu&svhich was based on a variable resistance mechanism
the cells functioning as fluid stopper once trappat 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 featizes of about 3um).

Herein, based on a similar principle, a low cost and silagler PDMS microfluidic
platform is presented for isolation and culture of a large number of individual adherent cells
into defined spatial configurations. The single cedpping 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 congesented 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 nediffusive particles (i.e. polymer/DNA complexes, polyplexes) under
spatiotemporally contlled chemical patterns. Herein, we provide the first puafof
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.
Suchplatform may thus represent a powerful tool for the implementation e¥inaingene
transfection protocols allowing for (i) testing multiple conditions in an automatic ane high
throughput fashion, while (ii) directly monitoring gene transfer efficienoy txicity
throughfi@owi rect investigations over singl e
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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 deviceon c e p t mai nly consists
el ementso: the trapping chamber (5.2.1 and
both functional units, concept and CFD optimization are reported. Finally, based on
computational results, an optimized fiqdétform 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 (Figh.la

(a) Trapping unit layout (c) Single cell trapping mechanism
Inlet i i
<+ l l
Outlet
]
(b) Chamber dimensions — » —) »
A R —— . L armmmmmmmaae
{ ‘.-'"
X Arortire Wchannel 4
hchannel Aperture i
_— ‘r"
\ Dchamber 7
v .
hrr;:-‘v;rhap 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 ‘shape:d

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 mecham 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 bsely @aeduction 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 chantbén details, a circular culture chamber
(0=2500m, h=250m) was conceived provided wi
(i) an upstream wide opening, which allows for both transportation of cells and diffusion of
media/conditioning factors, and (& downstream trapping junction which modulates the
hydraulic resistance. The mechanism of trapping is schematically depicted in Fig.5.1c.
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