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Abstract

This thesis explores the application of advanced technologies to opitmvize experiments
examining cellular responses to biophysical stimuli, particularly those involved in bone
biology research. The first chapter introduces a novel automated perfusion bioreactor that
integrates both fluid flownduced shear stress and pulsedtedecagnetic field (PEMF)
stimulation for cultivating 3D bone tissli&e constructs. Computational simulations were
employed to optimize the culture chamber design and predict the distribution of shear stress
and magnetic fields within the commercial Bidss scaffold. Preliminary biological
experiments using human bone mard&rived mesenchymal stem cells (BWSCs)

evaluated the osteogenic potential of these stimuli. The second chapter describes the
development of trabecular bone tisdike models using B-printed polylactic acid (PLA)
scaffolds and human BNISCs. The scaffolds, designed to mimic the morphological
features of the iliac crest (referred to as PLA600), were subjected to fluidnitweed shear
stress and pulsed electromagnetic field (PEMiR)dation. This chapter aimed to optimize

the stability of BMMSCs within the scaffolds and their sensitivity to PEMF stimulation by
evaluating various cell seeding methods and culture media, respectively. The third chapter
presents the employment of thptimal cell seeding method and cell culture medium to
investigate the molecular and cellular effects of PEMF stimulation ofVBB\s cultured

under fluid flowinduced shear stress via transcriptomic studies. This chapter aimed to
improve the understandiraf the signaling pathways involved in the PElfiduced bone
healing. The fourth chapter presents an upgraded version of the automated perfusion
bioreactor that provides intermittent hydrostatic pressure (simulating physiological loading
and unloading), iaddition to fluid flowinduced shear stress. PLA600 scaffolds seeded with
BM-MSCs using the optimized experimental conditions described in Chapter two were also
employed.This chapter aimed to evaluate cell viability under btisguelike mechanical

stimui simulating physiological unloading. The fifth chapter presents the employment of a
second type of 3fprinted biomimetic PLA scaffolds, designed to mimic the human
trabecular bone architecture in physiological conditions and to resemble the morphological
features of bones, specifically the ulna, tibia, and femur (referred to as P3S3). This chapter
aims to evaluate cell viability within these new scaffolds under fluid-freduced shear

stress, both with and without intermittent hydrostatic pressure, trergutomated perfusion
bioreactor described in the previous Chapters. Additionally, the study investigated changes in
gene expression levels induced by the introduction of intermittent hydrostatic pressure,



mimicking physiological loading experienced ohgr an irpatient rehabilitation program.

This multidisciplinary research offers novel insights into leveragingtro investigation
platforms to explore the cellular and molecular effects of biophysical stimulation, enhancing
the outcomes ah vitro studies and contributing to a reduction in animal use in research.



Sommario

Questa tesi esplora I'applicazione di tecnologie avanzate per ottimizzare esperimenti in vitro
che esaminano le risposte cellulari agli stimoli biofisici, in particolare quefivodi nella

ricerca sulla biologia ossea. Il primo capitolo introduce un nuovo bioreattore di perfusione
automatizzato che integra sia lo stress da taglio indotto dal flusso di fluido sia la stimolazione
con campo elettromagnetico pulsato (PEMF) pervaié costrutti simili a tessuto osseo 3D.
Sono state impiegate simulazioni computazionali per ottimizzare la progettazione della
camera di coltura e prevedere la distribuzione dello stress da taglio e dei campi magnetici
allinterno dello scaffold commesde Bio-Oss. Esperimenti biologici preliminari che

utilizzano cellule staminali mesenchimali derivate dal midollo osseo umanaB®I)

hanno valutato il potenziale osteogenico di questi stimoli. Il secondo capitolo descrive lo
sviluppo di modelli simili &essuto osseo trabecolare utilizzando scaffold in acido polilattico
(PLA) stampati in 3D e BMMSC umane. Gli scaffold, progettati per imitare le caratteristiche
morfologiche della cresta iliaca (denominati PLA600), sono stati sottoposti a sollecitazione di
taglio indotta dal flusso di fluido e stimolazione con campo elettromagnetico pulsato

(PEMF). Questo capitolo mirava a ottimizzare la stabilita delleNdS$C all'interno degli

scaffold e la loro sensibilita alla stimolazione PEMF valutando rispettivamantmetodi di
semina cellulare e terreni di coltura. Il terzo capitolo presenta I'impiego del metodo di semina
cellulare ottimale e del terreno di coltura cellulare per studiare gli effetti molecolari e cellulari
della stimolazione PEMF sulle BMISC coltvate sotto sollecitazione di taglio indotta dal

flusso di fluido tramite studi trascrittomici. Questo capitolo mirava a migliorare la
comprensione dei percorsi di segnalazione coinvolti nella guarigione ossea indotta da PEMF.
Il quarto capitolo presenta armversione aggiornata del bioreattore di perfusione

automatizzato che fornisce pressione idrostatica intermittente (simulando carico e scarico
fisiologici), oltre alla sollecitazione di taglio indotta dal flusso di fluido. Sono stati impiegati
anche scaffid PLA600 seminati con BMMSC utilizzando le condizioni sperimental

ottimizzate descritte nel Capitolo due. Questo capitolo mirava a valutare la vitalita cellulare
sotto stimoli meccanici simili a quelli del tessuto osseo che simulavano lo scaric@itsiolo

Il quinto capitolo presenta I'impiego di un secondo tipo di scaffold PLA biomimetici stampati
in 3D, progettati per imitare I'architettura ossea trabecolare umana in condizioni fisiologiche
e per assomigliare alle caratteristiche morfologiche deba,an particolare ulna, tibia e

femore (denominati P3S3). Questo capitolo mira a valutare la vitalita cellulare all'interno di
questi nuovi scaffold sotto stress di taglio indotto dal flusso di fluido, sia con che senza
pressione idrostatica intermittenutilizzando il bioreattore di perfusione automatizzato
descritto nei capitoli precedenti. Inoltre, lo studio ha esaminato i cambiamenti nei livelli di
espressione genica indotti dall'introduzione di pressione idrostatica intermittente, imitando il
caria fisiologico sperimentato durante un programma di riabilitazione ospedaliera. Questa
ricerca multidisciplinare offre nuove intuizioni sullo sfruttamento delle piattaforme di

indagine in vitro per esplorare gli effetti cellulari e molecolari della stinnmt&zbiofisica,
migliorando i risultati degli studi in vitro e contribuendo a ridurre l'uso di animali nella

ricerca.
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General Introduction

The use of animals in science has been a complex subject, sparkling philosophical and ethical
debates. For instance, René Descartes ¢1696) famously viewed animals as mere

machines, lacking consciousness or sentience. In contrast, Baruch Spinoza¢¥@32

argued that while animals are sentient, humans have a right to use them for their benefit since
their nature is different from that of humans. Voltaire (18948),Jeasd ac ques RoOUS S e :
17121 778), Jer e myil8e)nancdAathmidSshogbria48 6i486Q) 1 7 8 8
countered that animals are capable of suffering, despite lacking reason or speech, and should
not be treated as mere means to an[ghd'he Cruelty to Animals Act passed in Great

Britain in 1876 marked a pivotal milestone as it bshed the world's first legislation

regulating the use of animals in scientific rese§2thHowever, the utilitarian principle,

aiming for the greatest good for the greatest number, has been invoked to justify animal use
in scientific research on tlggounds of potential human benefit. This perspective continues to
underpin the ethical framework today in many parts of the world where scientific research
using animals is subject to effective regulafidh

Public concerns about animal experimebotafirst emerged at the Annual Meeting of the

British Medical Association (BMA) in 1874. This ignited the antivivisection movement,
leading to calls for legislation to ban animal experimentation and the formation of
antivivisection organizations within mths. Similar movements began in the United States,
culminating in the establishment of the American Afitiisection Society in 1883. While

the First World War temporarily dampened this debate, it did not extinguish it. In the 1970s,
antivivisection and @imal welfare groups united to advocate for new legislation governing
animal research and testing. These organizations can be categorized into three primary
groups: legitimate animal welfare organizations, mainstream antivivisection groups, and
animal righs activistd3]. The escalating incidents against researchers by animal rights
activists, from 627 events per year (190B997) to 76103 per year (20G2006), underscore

the urgent need to integrate a comprehensive understanding of biomedical riesedhneh
educational systefd]. The scientific community and some pharmaceutical trade associations
responded by establishing organizations to represent their perspectives in public and political
debates. In response, the campaigns of the animal ngivsment have ranged from

peaceful and legitimate protests to illegal and dangerous acts, such as the sending of letter
bombs. These campaigns have had some successes: a small laboratory dog breeder near
Hereford, UK, closed in 1997, followed by Hillgrot/arm (a cat breeder) in 1999, as well as
Shamrock Farm (a primate supplier) and Regal Rabbits in 2000. However, various political

10



factors have prevented them from achieving their ultimate goal of shutting down Huntingdon
Life Sciences (HLS), Europe's lagjeontract research compdhy. Understanding public

perceptions of animal use in scientific research requires delving into two central arguments:
the ethical considerations surrounding animal welfare and the necessity of animal research.

Regarding ammnal welfare, it is worth noting that scientists have developed alternative
methods to replace, reduce, or refine animal use, and have implemented welfare
improvements, such as the use of anesthetics, analgesics, humane endpoints, and
environmental enrichemt[5]. A prime example is the 3Rs principles (Replacement,
Reduction, and Refinement) introduced in 1959 by English biologists William Russell and
Rex Burch in their book "The Principles of Humane Experimental TechniffijeAligned

with the 3Rs principles, the Center for Alternatives to Animal Testing (CAAT) was
established in 1981 at Johns Hopkins University in Baltimore, USA, primarily focused on
finding methods to replace animals in cosmetics safety testing. Acknowldtdgidgficulty

of completely replacing animals in research, CAAT emphasized the importance of reduction
and refinement. In 1993, they organized the First World Conference on the 3Rs, which has
been held every-3 years since. Recognizing the need for frrtiction, the British

Government launched the National Centre for the 3Rs (NC3Rsw.nc3rs.org.ukin 2004,
aiming to encourage scientists to adopt the 3Rs. This was followed by the establishment of
similar natonal centers, mainly in European countif@ls These efforts culminated in the
passage of Directive 2010/63 on the Protection of Animals Used for Scientific Purposes by
the European Parliament in 2010 which sets out strict guidelines related toaelfaet in
researchj7]. The directive aimed to elevate and standardize animal welfare and use practices
across Europg].

While it may appear that the 3Rs principle inherently opposes the use of animals in research,
its primary goal is to mitigatenamal suffering by reducing or eliminating unnecessary or
avoidable pain, fear, stress, anxiety, bodily discomfort, and other significant negative
experiences inflicted on research aninj@]s Russel and Burch defined the 3Rs as follows:
fiReplacemenheans the substitution for conscious living higher animals of insentient
material. Reduction means reduction in the numbers of animals used to obtain information of
a given amount and precision. Refinement means any decrease in the incidence or severity of
inhumane procedures applied to those animals which still have to be used (564)

Although Russell and Burch emphasized that the primary objective of replacement is to
minimize animal distress rather than to abolish animal use entirely, as argoiéy al
Tannenbaum and Bennett (2015), critical questions pgd$isLan animal models emulate
specific features of human physiology and pathology? Do findings from animal studies
reliably translate to humans? Given recent technological advancemettts,a@inal

definitions of the 3Rs accurately reflect the current landscape of scientific research?

To address these questions, we must first examine the data. The European Commission's
2019 report provides statistics on animal use for scientific puspotbae Member States of

the European Union in 203Z)17. According to the report, in 2017, approximately 9.39
million animals were used for the first time in research and testing. Of these, around 1.3

11
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million were employed for the creation and mainterapicgenetically altered (GA) animal

lines. Mice constituted the most used species (61%), followed by fish (13%), rats (12%),

other mammals (8%), and birds (6%). Amphibians, cephalopods, and reptiles accounted for

less than 0.3% of the total, as did daggs, and noimuman primates, which are of particular

public concern. The main areas of animal use were basic research (45%),

translational/applied research (23%), and regulatory use to satisfy the requirements of certain
legislations (23%). Severity assagent revealed that 51% of all uses were classified as

omi Il dé, 32% as O6moderated, tTt:r®Woasrgsevercedur
Notably, only 2% of all animals used were reugit]. To determine the justifiability of

these relatively highumbers, we can examine the translational impact.

Several studies have reported low aniteghuman translational success rates, a phenomenon
often termed "translational failure." A recent umbrella review revealed that surprisingly 50%
of therapies acrossrious biomedical fields (range: 34% to 100%) transitioned from animal
studies to eariphase human clinical trials. Furthermore, 40% of these therapies progressed
to the more rigorous randomized controlled trial (RCT) stage (range: 29% to 62%). However,
a strikingly low proportion, only 5% overall (range: 0% to 20%), achieved regulatory
approval. Factors hindering translation include biological discrepancies between animals and
humans, poor methodological quality in both animal and human studies, angdisto

between animal studies and clinical trials, the stringent requirements of RCTs and regulatory
approval[11], as well as publication bias and insufficient reporting of details of animals,
methods, and materigdl$2]. A previous narrative review ginlighted that in drug

development the translation failure is over 92%. This high rate of failure has been attributed
to the limitations of animal models in accurately replicating human diseases. The authors
advocate for a paradigm shift in biomedical egsh, urging researchers and regulatory
agencies to adopt alternatives to animal testing for predicting human regpdhsese field

of tissue engineering follows the same pattern in terms of clinical trandladidrb].

These numbers raise seriapgestions about the necessity of animal research. High rates of
translational failure suggest that current animal research methods may not be as effective as
intended for biomedical research, particularly in drug development and medical device
innovation.However, researchers often choose animal studies for reasons beyond scientific
necessity. This phenomenon is known as "animal methods bias" in research and publishing.
While the publishing process is essential for scientific advancement, it can bedaéiugn

biases, such as a preference for anibased experiments. This bias can affect the likelihood

of a study being published and a grant application being accepted. It can also hinder the
adoption of noranimal research methods, which offer potentaiddits for preclinical

studieq16]. A recent survey found that researchers frequently feel pressured to include
animal experiments in their studies, even when they believe it was unnecessary, due to
reviewer requests and potential career consequéhépd o address this issue, editors, peer
reviewers, and the scientific community must be educated about animal methods bias, trained
in evaluating noranimal research, and encouraged to adopt a more inclusive research
environment that values diverse madologies. Funding agencies should prioritize-non

animal research and provide adequate resources to support its development and validation.
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Researchers should also be empowered to say no to animal experiments when they believe
they are unnecessary. Puldidvocacy for animairee research can play a crucial role in

driving change by demanding crueftge cosmetics, for instance, and supporting the shift
towards animafree researcfil6].

The high number of animals used in research and animal mditasdgoupled with limited
clinical translation, has led regulatory agencies to partner with academia and industry to
develop new approach models (NAMs). These NAMs encompass a range of alternatives to
animal testing, including computational modetsg(lico), advanced cell culture techniques
(such as cell and tissue cultures, organoids, orgarthip, and microphysiological systems),
and the use of alternative organisms (such as lower vertebrates and invertgl84t8f)

There are numerous examplef NAMs that have received regulatory approval and
contributed to the decrease in the use of animals in science. Notably, NAMs have been
widely adopted in industrial chemical safety assessments, particularly for cosmetic
ingredients. In the EU, RegulatidEC) No 1223/2009, enacted in 2009, prohibited the sale

of new cosmetic products tested on aninfal§. While animal studies remain necessary for
industrial chemical testing, growing concerns about the variability of animal data, time, cost,
and ethial implications are driving stakeholders to embrace NAMSs. This is especially true
for compounds that are often not designed to be biologically active and for exposures that are
generally unintentional and at lower levi24]. One prominent example isatheplacement

of the Draize test with NAMs based on human cornea epithelium to assess eye irritation
caused by chemicals and cosmefZ. Additionally, NAMs have been developed for skin
sensitization testinf23]. The NAMs developed for cosmetic meglients and industrial
chemicals can also be applied for pesticide te$idy Computational models are another
valuable tool, and several have been developed. For example, models that can predict
interactions with the estrogen receptor or identifgraftatinduced biological effects in

human cells have been develop2at].

Similar to industrial practices, research is increasingly focused on minimizing animal testing.
Given the known limitations of animal models in predicting human responsesisthere

strong demand for rigorous evaluationmowitro experiments. Technological advancements
have led to the development of numerous precliniceitro assays that can contribute to the
3Rs: replacement, reduction, and refinement of animal use. Thty @fian vitro models is

based on their ability to accurately replicate the complexity of real physiological or
pathological states, as this directly affects the value of the obtained data. While there is no
single solution that satisfies all requirengnhe development and application of these

models can contribute to advancing research and reducing animal use in science. One
significant advancement has been the transition from 2D cell cultures to 3D cell cultures and
co-cultures to creatm vitro tissuelike structures. 3D cell cultures can be broadly categorized
into scaffoldfree or scaffolebased culture systems, with scaffolds made from either natural
or synthetic material@5]. These models have been further refined by considering the
mechanical cues that cells experience in their natural environments. Cells are physical entities
that can sense and respond to local and global physical gtd@ulirhese physical stimuli
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are tissuespecific and include compression, tension, and sheassiret cells can also

respond to nomative stimuli, such as acoustic way2g]. By combining efforts and
technological tools, researchers have developed a wide range of engineered models for
various diseases, including those of the heart, lung, imesiver, kidney, cartilage, skin,
vascular, endocrine, musculoskeletal, and nervous systems, as well as models of infectious
diseases and cand@g]. These complex systems have also been employed for drug
development and precision medici28]. Therefore, the development of advanced
technologies, particularly those incorporating 3D cell culture and physical stimuli, offers a
promising avenue for reducing animal use while ensuring scientific validity.

0 THE PRIMARY AIM OF THIS THESIS IS TO INVESTIGATE THE INFLUENCE OF
DIVERSE PHYSICAL STIMULI ON CELLULAR BEHAVIOR THROUGH ADVANCED
IN VITROMODELS INCORPORATING 3D TISSUE CONSTRUCTS, BIOREACTORS,
AND CONTROLLED EXTERNAL PHYSICAL STIMULATIONGS

The main spcific objectives are:
0 Develop a novel automated perfusion bioreactor that integrates both fluid flow
induced shear stress and pulsed electromagnetic field (PEMF) stimulation to culture
3D bone tissudike constructs.
0 Optimize the culture conditions of bracular bone tissulike models resembling the
morphological features of the iliac crest within the developed biorebas®d
technology to investigate the effects of PEMF stimulation on bone maleawed
mesenchymal stem cells (BMSCs) behavior.
Uncower the molecular and cellular mechanisms underlying$1C responses to
PEMEF stimulation when cultured under fluid flamduced shear stress.
Investigate the response of BMSCs to the addition of intermittent hydrostatic
pressure as an additional physistinulus in the bioreactdrased technology.
Implement the developed bioreactmased technology to culture trabecular bone
tissuelike models resembling the morphological features of human bones,
specifically the ulna, tibia, and femur.

O«

O«

O«
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The present daoral thesis begins by addressing the urgent need for advanced technologies
capable of accurately replicating the complex features of native tissues. Biotesedr
technologies represent invaluable tools for researchers to study specific tissues under
physiological and pathological states, as well as to investigate therapeutic interventions.

0 In Chapter 1, | introduce a novel automated perfusion bioreactor that integrates both
fluid flow-induced shear stress and PEMF stimulation to cultivate 3Dtissuelike
constructs. Computational simulations were employed to optimize the culture
chamber design and predict the distribution of shear stress and magnetic fields within
the commercial Big)ss scaffold. Preliminary biological experiments using human
BM-MSCs were conducted to evaluate the osteogenic potential of these stimuli.

While developing an advanced bioreadbased technology is essential, it is equally crucial
to cultivate 3D bone tissde&e constructs that closely mimic the intricate archites
features of native bone tissue within the bioreactor environment.

0 In Chapter 2, | present the development of the first trabecular bone tigsie
constructs. These engineered tissues consist -@irBiled biomimetic polylactic acid
(PLA) scaffolds,designed to mimic the human trabecular bone architecture in
physiological conditions and to resemble the morphological features of the iliac crest
(referred to as PLAGOO). Various cell seeding methods (suspension seeding, cell
releasing 2% alginate, andb@6 celtreleasing collagen) and culture media (basal
medium and osteogenic medium) were tested to optimizeMBB& attachment and
facilitate the detection of BNMMISC responses to PEMF stimulation, respectively.

The precise signaling pathways underlyingdheical benefits of PEMF stimulation on bone
healing remain largely unexplored. As we investigate our innovative biordsged
technology, it is essential to ascertain whether it can shed light on the modified signaling
pathways within BMMSCs residig in trabecular bone tissdi&e scaffolds.

0 In Chapter 3, | explore how PEMF stimulation influences BMISCs cultured under
fluid flow-induced shear stress at the molecular and cellular levels through
transcriptomic studies. By analyzing the transcriptopnafiles of cells cultured
under diverse physical stimuli, we can elucidate the signaling pathways involved in
PEMFinduced bone healing.

To accurately mimic than vivo microenvironment of bone cells, it is essential to recapitulate
the complex interplaof mechanical stimuli, including compression, tension, shear stress,
and hydrostatic pressure.

0 In Chapter 4, | investigate the utilization of PLA600 trabecular bdike tissues
within an upgraded automated perfusion bioreactor. This enhanced gystedes
intermittent hydrostatic pressure (simulating physiological loading and unloading)
alongside fluid flowinduced shear stresBhe objective of this chapter was to assess
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cell viability under these combined betigsuelike mechanical stimuli.

Bone tissue, particularly trabecular bone, exhibits significant morphological heterogeneity.
This variation includes differences in porosity, trabecular thickness, connectivity, and
orientation. These morphological characteristics directly influence the meahproperties
and biological functions of the bone tissue.

0 In Chapter 5, | introduce a novel 3frinted biomimetic PLA scaffold, designed to
mimic the human trabecular bone architecture in physiological conditions and to
resemble the morphological feats of bones, specifically the ulna, tibia, and femur
(referred to as P333This chapter aimed to evaluate cell viability and changes in
gene expression within the new scaffolds under fluid fileduiced shear stress with
and without intermittent hydrogta pressure, mimicking physiological loading
experienced during an-patient rehabilitation program.
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Chapter 1

An automated 3Eprinted perfusion bioreactor
combinable with pulsed electromagnetic field
stimulators for bone tissue investigations

1.1 Abstract

In bone tissue engineering research, bioreadesgyned for replicating the main features of

the complex native environment represent powerful investigation tools. Moreover, when
equipped with automation, their use allows reducing user intervention and dependence,
increasing reproducibility and the aedl quality of the culture process. In this study, an
automated unlbi-directional perfusion bioreactor combinable with pulsed electromagnetic
field (PEMF) stimulation for culturing 3D bone tissue models is proposed. Aniesedly

control unit automatethe perfusion, minimizing the user dependency. Computational fluid
dynamics simulations supported the culture chamber design and allowed the estimation of the
shear stress values within the construct. Electromagnetic field simulations demonstrated that,
in combination with a PEMF stimulator, the construct can be exposed to uniform magnetic
fields. Preliminary biological tests on 3D bone tissue models showed that perfusion promotes
the release of the early differentiation marker alkaline phosphataseistdledical analysis
confirmed that perfusion favors cells to deposit more extracellular matrix (ECM) with respect
to the static culture and revealed thadivectional perfusion better promotes ECM

deposition across the construct with respect to unitiresd perfusion. Lastly, the Re@ime

PCR results of 3D bone tissue models cultured undéiréctional perfusion without and

with PEMF stimulation reveal efddupteguiatioioie onl vy
the expression of the osteogeningeollagen type | with respect to the static control, while

a ~foldup-regulation was measured when perfusion was combined with PEMF
stimulation, indicating a positive synergic pysteogenic effect of combined physical
stimulations.

1.2 Introductiom

Nowadays, due to the population aging coupled with rising of obesity and decreased physical
activities, bone fractures and their clinical management represent a heavgEmwmic
burden[1,2] complemented by a dramatically growing need for bonecephent worldwide
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[3,4]. In fact, although bone can usually regain functionality bylsediiing, there are
pathological conditions such as nonunion or large bone defects due to trauma, infections,
tumors or osteoporosis in which skHaling fails, caueg severe pain and immobility to
patient$5,6]. Besides the conventional surgical procedures adopted for managing-critical
sized bone defects, bone tissue engineering (BTE) is emerging as a promising strategy for
generating in vitro functional bone tiss substitutes to be implanted for promoiimgivo

bone regeneratign]. BTE approaches are based on the effective interplay among osteogenic
cells, threedimensional (3D) porous scaffolds, and physiological chemical and physical
stimuli[8,9]. Currenly, a direct translation of BTE strategies to clinical use still remains
challenging due to scientific, technical, and regulatory limitafi®id 2], and BTE

substitutes are mostly adopted as 3D bone tissue models for in vitro bone research and pre
clinical studiefl3,14] For example, it has been demonstrated that mechanical forces, such as
compression and fluid flomnduced shear stress, influence or even drive stem cells
differentiation into mature bone linea§esi 17]. Therefore, for a clear undganding of the
mechanotransduction mechanisms driving bone tissue development, homeostasis, and
regeneration, the in vitro modelling and analysis of 3D bone tissue models exposed to
controlled nativdike physical stimuli would be essent[dB]

In this context, several bioreactors have been developed and adopted as powerful
investigation tools for providing in vitro defined natilee physical stimul{197 27].

Technically, bioreactors imposing hydrostatic pressure were developed to mimic the native
like compressiofi28i 31]. Along with this approach, a variety of studies showed that direct
perfusion, by guaranteeing continuous medium flow through the 3D cultured constructs,
ensures efficient mass transport during both cell seeding and tissue[8a|&8] and

exposes the constructs to fluid flamduced shear stress profiles that can promote

proliferation and differentiation of osteoblasts and foster bone mineraliafi@w 36]. For
example, Bancroft and colleagues developed a direct uctidinal perfusion bioreactor
(total medium volume = 200 mL) based on a pe
deposition of mineral extracellular matrix (ECM) produced by marrow stromal osteoblasts
seeded on titanium fiber mesh scaffolds, when culturdéruperfusion for 16 day84,37].
Moreover, adopting the same setup and constructs, the combination of unidirectional
perfusion and osteogenic medium resulted in enhanced proliferation and differentiation of
mesenchymal stem ce[l38]. Subsequently, the Jlirectional/oscillating perfusion mode,

which was at first introduced to improve cell seeding efficidB6y42], has emerged as an
effective strategy to stimulate the constructs more uniformly by better recapitulating the
multi-directional movement of the interstitial fluid within the native bpt&44], promoting
osteogenic differentiation as wéllsi 47]. I n 2018, Bekkar-dek et al
directional perfusion bioreactor based on a syringe pump and found-thiegdibnal

perfusion, combined with osteogenic culture medium, enhanced osteogenic differentiation of
pre-osteoblasts seeded on chitosalroxyapatite scaffolds after 21 days of culti4rg).

However, only one study compared the effects of amd bidiredional perfusion on 3D

bone constructs, demonstrating that after 6 dasrectional flow promoted more uniform

cell proliferation and increased early osteogenic effects with respect to unidirectional flow
[48]. This result was obtained by using twéfelient norautomated perfusion systems: a
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uni directional perfusion bioreactor (total c
for chromatography, and a-tirectional perfusion device based on a syringe pump acting on

a flexible membrane (totaldulur e medi um vol ume = 1.5 mL). Mo
architectures and to the lack of automated control, the two perfusion devices needed different
manual operating procedures. For overcoming the intrinsic limitations of manual procedures,

a further crucial feature in advanced bioreactors is automation, which allows enhancing
environmental control and reducing user intervention, thus increasing process reproducibility

and standardization. In 2018, Schmid anedvtokers developed a perfusion bioreaavith

automated cell seeding and active control of oxygen concentration during the culture,

facilitating the investigation of BTE constructs with high homogeneity and viaf3y

Besides the welkknown mechanical stimuli characterizing the bassue environmenn

Vivo, in the last decades further physical stimuli, clinically applied for boosting bone tissue
regeneration, have been investigated. In particular, theénvasive pulsed electromagnetic

field (PEMF) stimulation was demonstrated ¢ster bone cell proliferation, differentiation,

and ECM protein expression, with evident beneficial effects in promoting endogenous bone
healing[49i 52]. PEMF stimulation induces a secondary electric field in the exposed tissue,
like the one generated imative bone during the transduction of mechanical energy into
electrical energy (bone piezoelectric behavibB)], which can trigger the cell membrane
depolarization and consequently stimulate ion curri&ds However, due to the variety of
PEMF simulators and setups adopted, a complete understanding of the biological
mechanisms induced by PEMF is yet missing and PEMF stimulation is empirically applied in
the orthopedic clinical practi¢é3,55,56] Thus, new investigation tools and approaches ar
required for performing halepth studies that could lead to defining optimal standardized
PEMF protocols for treating the different pathological conditions.

Inspired by this scenario, we developed a novel automated perfusion bioreactor that allows
culturing 3D constructs under tunable, automated oinbi-directional perfusion and that can

be combined with PEMF stimulators. Computational modelling supported the design
optimization of the bioreactor culture chamber, allowing characterizing the fluicnidysma

and the magnetic field across it. Rapid, flexible and-etisttive 3Dprinting techniques

were adopted for the manufacturing phase. A-trsemdly control unit was appositely

developed for enabling setting and automated control of the perfusipmvithithe final aim

of reducing the user dependency and increasing process reproducibility. For assessing the
bioreactor performances in terms of perfusion, preliminary biological tests were performed
on 3D bone tissue models, obtained by seeding hunegemohymal stem cells (hMSCs) on
commercial bone substitutes, cultured under anbi-directional perfusion. The biological
effects of the different imposed culture conditions were evaluated in terms of cell viability,
release of the early osteogenideliéntiation marker alkaline phosphatase (ALP), and ECM
deposition. Lastly, to verify the performances of the combined platform and to investigate the
potential preosteogenic effect of combining-tirectional perfusion and PEMF stimulation,

a realtime FCR-based test was performed culturing 3D bone tissue models for 14 days under
three defined conditions: static conditiondiectional perfusion, andgiirectional
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perfusion combined with PEMF stimulation. The expression of the osteogenic genes ALP
andcollagen type | were evaluated at the end of the culture bytReaPCR.

1.3 Materials and Methods

1.3.1 Bioreactor design, components and working principle

The proposed bioreactor was designed for providing, in a controlled manner, tunable direct
perfusion and to be combinable with a PEMF generator. In detail, the bioreactor is composed
of: (1) a culture chamber, for housing the cultured 3D construct; @)faspn unit, for

providing unt or bi-directional perfusion; (3) a control unit, for setting and automatically
controlling the perfusion unit from outside the incubdEogure 1.1A).

The perfusion unit is composedt (1) a culture medium reservoir with an inlet port, an outlet
port, a medium sampling port, and air filters; (2) oxygen permeable platoted silicone
tubing (Darwin Microfluidics, France); (3) luer fittings (IDEX Health & Science, United
States); ad (4) a peristaltic pump (G16DJ, Longer Precision Pump, China. All suitable for
incubation and for connection to the control unit. The flow rate ranges from 0.006 to 6
mL/min (for tubing with an internal diameter of 1.0 mm) and 0.024 to 24 mL/minufbang
with an internal diameter of 2.4 mm).

The control unit, connected to the pump via485 serial communication, is enclosed in a
compact box ( 1%3ahdefuipde8 with 4 micdoBontrolier board (Arduino

Micro, Arduino, Italy) that runs purposebuilt software. A usefriendly interface, based on

four push buttons and one LCD display (Arduino, Italy), allows setting the perfusion
parameters. In unidirectional mode, the flow direction can be set by selecting the direction of
rotation of thgoump head; however, in order to promote the outflow of possible air bubbles, a
bottomto-top flow is recommended. Indirectional mode, the user can set the cycle

duration, i.e., the time interval after which the flow direction is automatically invertez
bi-directional cycle duration can be adjusted from 1 second to 24 Irvalsninary tests for
assessing the bioreactor's performance in terms of watertightness and reliability were also
performed.

The bioreactor is combinable with a PEMF genergagure 1.1B) to deliver individual or

combined physical stimulations (umir bi-directional perfusion and/or PEMF stimulation) to

the cultured constructs. To deliver PEMF stimulation to the cultured constructs, a commercial
PEMF generator composed of a generatortatodsolenoids was selected (magnetic field
intensity = 1.5 mT, frequency = 75 Hz, I GEA
culture chamber can be placed between the solenoids.
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peristaltic pump .

control
unit

reservoir culture chamber

PEMF stimulator

Figure 1.1. Bioreactor setup(A) Photograph of the bioreactor components: culture chamber,
perfusion unit, and control unit, positioned outside the incub@dSchematic

representation of the bioreactor system, illustrating the interconnection between the culture
chamber, perfusion ithand control unit, as well as the integration of pulsed electromagnetic

field (PEMF) stimulation.
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The culture chamber is connected to the perfusion unit. By applying computational fluid

dynamics (CFD) simulations, two versions of the culture chambez ft i f i ed as A CC]
ACC20) were designed (SOLI DWORKS, Dassault S
consist of two cylindrical screwable parts, equipped with inlet and outlet channels and luer
threadgFigure 1.2A). CC1 is characterized by a cylindrical geometry with external

di ameter of 48 mm and height of 61 mm, and a
42 mm. For CC1, the culture chamber working
connect lagrally to the internal volume, and watertightness is achieved by combining an

interlocking mechanism and anridg inserted in the bottom part of the chamber for axial

sealing. CC2 layout was designed to improve the flow field distribution within the elnamb

and to reduce the working volume. In detail, CC2 has an external cylindrical geometry with a

di ameter of 48 mm and a height of 65 mm), wh
cone geometry upstream and downstream of the cylindrical ceatraltp wi t h a di ame !
mm and a height of 15 mm). For CC2, the work

channels connect eaxially to the internal volume due to curved paths, and-aingis

located on the top part of the chamber for radialisgaBased on CFD outcomes, CC2 was
selected as the optimal layout that was therp8Bted by stereolithography (SLA) using the
biocompatible Dental SG Resin (Form 3, Formlabs, United States), setting a layer thickness

of 50em (Figure 1.2B). To place the 3D constructs within these culture chambers, tailored
flexible cylindrical holders that can be prdgsnserted within the culture chamber. Four
cylindrical holders with intrenradaldi cdaimemetrerod
and a height of 15 mm were manufactured by <c
184, Dow Corning, United States) into modular acrylonitrile butadiene styrene (ABS) molds.

The molds were 3fprinted by fused deposition modeling (uf SE Plus, Stratasys, United

States) and cured at 60 °C for 5 h.
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outlet h
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Figure 1.2. 3D-printed bioreactor culture chambef&) Crosssectional views of the 3D
printed culture chambers, "CC1" and "CC2." The chambers are shown in gray, with the
silicone holder in blue and therimg in red.(B) The 3Dprinted culture chamber "CC2"
consists of a top section with afring and flow outlet, and a bottom section containing the
silicone holder and a representative scaffold.

1.3.2 CFD simulations and wall shear stress estimation

For supporting the djpnization of the culture chamber design, CFD simulations were
performed. In detail, the 3D geomet rflammls of C
4 . 9 9°elememt$) respectively, using tetrahedral elements for the bulk and hexahedral

elements fothe boundary layer (COMSOL Multiphysics 5.3, COMSOL Inc., Sweden). The

3D construct, assumed as a reference cylinde
modeled as a homogeneous and isotropic porous medium with the properties (permeability
k = 31017 par@sityii = 1])%f the commercial Bi®ss scaffold (Geistlich

Pharma AG, Switzerland), and was adopted for the preliminary biological tests. The culture
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medium was modeled as an incompressible, Newtonian fluid (dgnsity 9 . kg/m®,T 10
dynami ¢ vi s c o'$Rats gt 370C)=Thebgov@raing lequdtions of fluid motion
were solved in their discretized form in the fluid domain, while the Brinkman eqyagpn

in its discretized form was adopted for describing perfusion in treupa@omain. Four
steadystate simulations were performed for each culture chamber layout, with and without
the 3D construct and prescribing unidirectional perfusion with flow rate values of 0.3 and 1.0
mL/min (imposing a parabolic velocity profile) at timet of the culture chamber bottom. A
reference pressure was imposed at the outlet, and tblgoraondition was applied at the
internal walls of the culture chambers. Moreover, in order to investigate the development of
the flow upstream of the constituwithin CC1 and CC2, the velocity field distributions were
analyzed at three different horizontal sections of the culture chamber [{&iture 1.3).

CC1 CC2
I
[
e e YK ¢
2 L 73
S— ;1 l —4 1
¥ a B ]
!—>X zv—»)(

Figure 1.3. 3D view of the internafjeometry of CC1 and CC2 highlighting the direction of
flow perfusion and the 3 horizontal sections where the fluid velocity field distributions were
analyzed: 1) at 0.5 mm above the end of the inlet channel; 2) at midway between the
construct and the end the inlet channel (i.e., 4.5 mm below the construct for CC1 and 2.5
mm below the construct for CC2); 3) tangent to the construct.

The simulated flow regimes within CC1 and CC2, expressed in terms of Reynolds number

(Re) calculated considering the intardiameter of the inlet channel (3.7 mm) as the
characteristic |l ength, resulted to be | amina
mL/min). Following the adoption of the Brinkman equation, the wall shear stigsa the

porous construct was duated using the expression obtained by Wang and Tg®&0],

which provides an accurate estimation for constructs with permeability higher tA#&ma0

4 u
= — —V
Ve

Tw
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where p is the dynamic viscosity of the culture mediugw, i8 the average velocity of the
culture medium within the construct as obtained from CFD simulatkdashe construct
permeability, and a null cell density was assumed.

1.3.3 Electromagnetic field simulations

Electromagnetic field simulations were conducted to evaluate the compatibility of the
proposed bioreactor with the PEMF generfddl. Specifically, a 3D steadstate simulation

was performed using a commercial finite elerdested software (COMSOL Mighysics

5.3, COMSOL Inc., Sweden) to analyze the magnetic field distribution within the CC2 when
positioned between the two solenoids of the PEMF gendFature 1.4).

Figure 1.4. 3D geometry considered for the stationary electromagnetic field modeling.

The CC2's internal geomet’rgt waBediatrendzed6
triangul ar el ements. The Ampereb6és Law was so
of 160 mMA at each solenoid. A magnetic insul at
magnetic potential) was imposed on the domain boundaries. Each component was modeled
according to its electromagnetic proper{ji€able 11).

Table 11. Electromagnetic properties of the modelled domains (when the properties were
unknown, an analogous material was considered)

Domain Electric Relative Relative
conductivity (S/m) permittivity permeability

Culture chamber 1x 10 3.1 1

(photopolymer)

Holder (PDMS) 2.5 x 10" 2.4 1

Construct (glass ceramic) 1 x 10’ 24.5 1

[62]

Culture mediuni63,64] 1.45 80 1

Coils (copper) 5.998 x 10 1 1
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Coil sd6 c{@yer 1.33x10° 4.46 1
Air 0 1 1

1.3.4 3D bone tissuiike model preparation and culture under perfusion

Primary human bone marreglerived human mesenchymal stem cells (hBIECs) were

obtained from Merck (€12974 PromoCell GmbH, Germany) were cultivated in-tpucose

Dul bemaeadidfsi ed Eagl-glucose DIVIEM, igibco) THeldmo kisher Scientific,

Inc.) supplemented with 15% fetal bovine serum (FBS, gibco Thermo Fisher Scientific, Inc.)

and 1% antibiotics (penicillin/streptomycin, gibco Thermo Fisher Scientific, Inc.). Wetks

incubated in a humidified atmosphere with 5%,@037°C. The 3D bone tisslike models

were obtained©®chbllyintsaepesdd Indyedd dyllionder (di amet e
height = 6 mm) of ¢ o nrOse(Gasilich Pharima AGsM8zerlaria)s t i t ut e
as previously describd@6]. The 3D constructs were then cultured under static conditions for

48 h to allow full cell adhesion and spread.

The 3D bone tissukke models were inserted in the tailored flexible cylindrical holders,

which wee transferred into the bioreactor culture chamber (CC2), previously filled with 1

mL of culture medium. The bioreactor setup was then placed in the incubator. Using the

control unit, the flow rate was set to 0.3 mL/min under unidirectional perfusion mode o
underbidi recti onal perfusion mode (dkemddels dur at i
were dynamically cultured for 3 or 6 days with a total culture medium volume of 50 mL.

Control tests were performed with analogous 3D bone tigseienodels culteed in static

conditions, with a total culture medium volume of 3 mL that was changed every 3 days. All
experiments were conducted in triplicate (n = 3).

1.3.5 Assessments of 3D bone tidgteemodels cultured under perfusion

The effects of unior bi-directional perfusion were investigated in terms of cell viability,
alkaline phosphatase (ALP) release, and extracellular matrix (ECM) deposition. Cell viability
was evaluated at days 3 and 6 by assessing c

CellvViabi l ity Reagent (Life Technologi es, l'taly
instructions. Briefly, the 3D bone tisslike models cultured under static and dynamic
conditions were collected, submerged in the

Then 100 pL aliquots were transferred to a blackv@8l plate, and fluorescence signals

were measured with a spectrophotometer (Spark, Tecan Trading AG, Switzerland) at

excitation and emission wavelengths of 530 and 590 nm, respectively. The early osteogenic
marker ALP, released by constructs cultured under static and dynamic conditions, was

measured at days 3 and 6 using a colorimetric assay (ab83369 from AbCam, United
Kingdom) according to the manufacturerds ins
was collected and mixed with 50 pL of the pNPP solution and 10 pL of the ALP enzyme.

After 60 min, the optical density was evaluated by spectrophotometry (Spark, Tecan Trading
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AG, Switzerland) using a 405 nm wavelength. Finally, on day 6, the deposittt®\ivas
verified by histology. The 3D bone tisslike models cultured under static and dynamic
conditions were collected, fixed with 10% formalin, dehydrated with a series of 70%, 90%,
and 100% alcohol solutions, and embedded in resin (Tecnovit 720&rKG@ermany). The
constructs were then sliced horizontally parallel to the flow directiondéem) to a final
thickness of 8@ m. Histological analysis was performed on the central slices representative
of the scaffold core using Toluidine Blue(Merck, Italy). Images were acquired using an
optical digital scanner (NanoZoomer S60, Hamamatsu, Japan).

1.3.6 Combined hilirectional perfusion and PEMF stimulation culture and
quantitative PCR analysis
To assess the combined effects eflivectional grfusion and pulsed electromagnetic field

(PEMF) stimulation on 3D bone tisslike models, we cultured constructs for 14 days under
the following conditions: (i) static culture (control); (ii}-8irectional perfusion (flow

rate = 0.3 mlo/nmi=n,2 chy)di emenddtur(atial) ar f usi on (
mL/ min, cycle duration = 2 h) combined with
intensity = 1.5 mT, frequency = 75 Hz, expos

interference, constructs veemaintained in lovglucose DMEM supplemented with 15%

FBS. At the end of the culture period, we evaluated the expression of the early osteogenic
gene ALP and the late osteogenic gene collagen type | alpha 1 chain (COL1A1) using reverse
transcriptionquartitative PCR (RTgPCR). Total RNA was extracted using TRIzol
(I'nvitrogen Life Technol ogi es, I'taly) accord
and quality were assessed using a NanoDrop spectrophotometer (NanoDrop One, Thermo
Fisher Scientifidnc.). 1eg of total RNA was treated with DNase | to remove genomic DNA
contamination and was reverse transcribed using the iScriptTM gDNA Clear cDNA

Synthesis Kit (BieRad Laboratories) and a thermal cycler (Mastercycler X50s, Eppendorf).
Third, the genesf interest and the reference gene were analyzed via gPCR which was
performed on 1 ngL of cDNA using a master mix of SsoAdvancedTM Universal SYBR®
Green Supermix (BiRad Laboratories) and primers at a concentration cl4,5and the

reactions were parmed and monitored using a thermal cycler (CFX96TM Reale

System, BieRad Laboratories) according to the standard protocol. The cycle threshold for
each gene of interest was normalized against the reference gene that is the ribosomal protein
L34 (RPL31), and relative gene expression levels were determined using the Livak's using

the 2°% ' method[67,68], and the reference gene was used to normalize the results.
Experiments were performed in triplicate. The primer pairs of the analyzed genes are listed in
Table 12.

Table 12. Description ofthe designed primers.

Gene Forward Primer Reverse Primer
Alkaline phosphatas 50 GAG TAT GAG AGT 50 GAA GTG GGA GTG
(ALP) GAC GAG AAAG-3 06 CTTGTATC-3 6
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Collagen type | alpha 5 0GGATTC CAGTTC GAG 50 CAG TGG TAG GTG

chain (COL1A1) TAT GG-3 6 ATGTTC TG-3 6
Ribosomal protein L3¢ 5 -0GAC GTAGGC TTT CCT 5-0GTG CTT TCC CAACCT
(RPL34) ACAATAC-3 06 TCTT-306

1.3.7 Statistical analysis

All biological experiments were performed in triplicate and results were statistically analyzed

using the SPSS software (v.20.0, IBM, United States). Data normal distribution and

homogeneity of variance were confirmed by the Shapgitio | k 6 s andtedthe Levene
respectively; then, groups were compared by theweae ANOVA using the Tukey's test as

posthoc analysis. Significant differences were

1.4 Results

1.4.1 Preliminary bioreactor performance tests

The watertightness and aility of the bioreactor were preliminarily testedhnuse.

Firstly, the CC2 underwent 5 autoclave cycles, to assess the maintenance of geometry and
functionality. No deformations were observed in the CC2 components. Secondly, the CC2
was connected tdé perfusion unit and tested in unidirectional perfusion mode with and
without a reference scaffold (Bi0ss, Geistlich Pharma AG, Switzerland), using distilled
water at room temperature and imposing the highest flow rate provided by the pump (24
mL/min) for 58 h. No leakage was observed both with and without the reference scaffold
inserted. Moreover, in the case of scaffold inserted, the applied btttop unidirectional
perfusion efficiently promoted the outflow of air, preventing the residence lbfibinles that
could impair the culture process. Lastly, the control unit was connected to the pump and the
bi-directional perfusion mode was tested setting different cycle durations and checking the
inversion timing using a stopwatch. The control unit tigniespected the prescribed

conditions.

1.4.2 CFD simulations and wall shear stress estimation

The CFD simulations allowed characterizing the hydrodynamics within CC1 and CC2
layouts at the imposed flow rates of 0.3 mL/min and 1 mL{figure 15) for defining the
optimal layout. In detail, the flow streamlines developing within CC1 reveal recirculation
regions in the bottom and top parts of culture chamber, both without and with the construct
inserted. Differently, within CC2 the flow streamlifieiow the internal geometry of the

culture chamber avoiding recirculation regions, both without and with the construct inserted.
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Figure 1.5. Flow streamlines developing within CC1 and CC2. The flow streamlines
developed without construct and with an inserted construct modelled as porous medium in
CC1 and CC2 while imposing a modeled flow rat€A)f0.3 mL/min andB) 1 mL/min and
color-codedcompared with velocity values (m/s).

Upstream of the constru@figure 1.6), the longitudinal velocity component within CC1
exhibits an uneven distribution, with the maximum velocity misaligned from the longitudinal
axis near the inlet and a flattened profile at the entranqgaaire velocity vectors show a
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diverging pattern nedhe inlet and a converging pattern approaching the construct.
Additionally, within CC1, large regions of low or zero velocity, particularly at the bottom of
the culture chambédFigure 1.6A), indicate potential flovgtagnation. In contrast, CC2
demonstrates a symmetric, parabolic velocity profile throughout the upstream region. Only
near the walls of CC2 are low or zero velocities obseffFeglire 1.6B). Consequently, CC2
was choen as the optimal design for manufacturing.
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Figure 1.6. Flow development upstream of the construct in CC1 and CC2, analyzed at three
horizontal sectiongA) Bottom portion of CC1 with horizontal sections and the contour plots
of longitudinal velocity component (color) andptane velocity vectors (arrows) for the

three horizontal section@3) Bottom portion of CC2 with horizontal sections and the contour
plots of longitudinal velocity component (color) anepiane velocity vectors (arrows) for the
three horizontal sections.

Development of the flow upstream of the construct within CC1 and @@yzed at three
different horizontal sections. (a) Bottom part of CC1 with horizontal sections. (b) Bottom part
of CC2 with horizontal sections. Contour plots of the velocity component along the
longitudinal axis of the culture chamber with vectorggblane velocity components for the
three horizontal sections of CC1 (c) and of CC2 (d).
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The wall shear stress values within the construct, calculated from the average velocity values
obtained from the CFD analysis, turn out to be 3.23 or 10.75 mPatfolCC1 and CC2,
depending on the imposed flow rates, 0.3 and 1.0 mL/min, respediiadiie 1.3).

Table 1.3. Mean velocity and wall shear stress values within the construct calculated for the
different modelled conditions.

Chamber Flow rate Mean velocity within ~ Wall shear stress
layout (mL/min) the construct (m/s) (mPa)
CcC1 0.3 6.37 x 10 3.23
1 2.12 x 1¢¢ 10.75
CC2 0.3 6.37 x 1¢° 3.23
1 2.12 x 1¢ 10.75

1.4.3 Electromagnetic field simulations

The electromagnetic field simulations confirmed that positioning the bioreactor culture
chamber between the two solenoids of the PEMF generator does not affect the magnetic field
distribution, neither on the xFigure 1.7A) or xz (Figure 1.7B) cross planes. Additionally,

the simulations clearly showed that the construct housed in the bioreactor culture chamber is
exposed to a uniform magnetic field, as testified by the magndtari@gnitude isolines and

the contour plots on the longitudin@&igure 1.7C) and transvers@-igure 1.7D) sections of

the culture chamber. The magnetic field intensity resultmthe region occupied by the

construct is 1.5 mT, in accordance with the nominal value specified by the stimulator
manufacturer.
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Figure 1.7. Contour plots with isolines of the magnetic field magnitude developing around
and within the bioreactor culture chamber located between the PEMF stimulator solenoids.
(A) Distribution of the magnetic field on the xy cross plaB.Distribution of the magetic

field on the xz cross plangC) Distribution of the magnetic field within the longitudinal
section of the culture chambé¢) Distribution of the magnetic field within the transverse
section of the culture chamber.

1.4.4 Assessments of 3D bdissuelike models cultured under perfusion

To evaluate the bioreactor's suitability for 3D bone tissue culture, models were cultivated
under uni or bi-directional perfusion and static conditions. The metabolic activity of cells
exposed to unior bi-direc t i on all perfusion was comparable (
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statically cultured constructs at both days 3 aféigure 1.8A). Notably, in line with

previous studies, both urand bidirectional perfusion conditions led to a significant increase
in the release of the early osteogenic marker ALP into the supernatant compared to static
controls (p < 0.05, indicated by Bigure 1.8B). Specifically, after 3 days, dynamic culture
increased ALP release by approximatelyl®3%, and after 6 days, this rose te20, as
summarized iMable 14. No significant dferences were observed between-wamd bt
directional perfusion (p > 0.05).
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Figure 1.8. Biological assessments of 3D bone tisike models cultured under perfusion.

(A) metabolic activity of the 3D models cultured under unidirectional atlirectional
perfusion, evaluated at days 3 and 6 using a
percentage of the static culture control (100% viabil{{$).ALP release fronthe 3D models

cultured under static conditions (control), unidirectional perfusion, adddxtional

perfusion, assessed at days 3 and 6 (p < 0.05 indicated by 8). Bars represent the means of
three biological replicates +/1 standard dev

Table 14. Enhanced alkaline phosphatase (ALP) release by cells in perfused 3D bone tissue
like models (% vs static control).

Bioreactor setup Day 3 Day 6
Unidirectional perfusion + 10.82% + 21.23%
Bidirectional perfusion + 12.23% + 20.72%

Regarding ECM deposition and distribution, histological analysis of day 6 constructs
revealed that both unand btdirectional perfusion effectively stimulated adherent cells to
produce ECM compared to static conifeigure 1.9). ECM deposits (stained blue and
indicated by arrows) were significantly more abundant in perfused congffigiise

1.9B,C) than in statically cultured oné€Bigure 1.9A), as evident in both 10x and 20x
magnification images. Moreover, comparing-tamd bitdirectional perfusion, a more
homogeneous and consistent ECM deposition was observed wiitiettional perfusion

35



(Figure 1.9C), suggesting its superior efficiency in stimulating ECM secretion by adherent
cells.

A Static Culture B Unidirectional Perfusion C Bidirectional Perfusion

10x

v : 'V ‘ ’r:g; :,_";JZ'I 24
s ):Y s 'fx;#ﬁffﬂkk&?&

20x

Figure 1.9. Toluidine bluestained histological sections of 3D bone tisBke models after 6

days of cultivation(A) 3D bone tissudike models in static culturéB) 3D bone tissudike

models under unidirectional perfusiq.) 3D bone tissudike models underidirectional
perfusion. Black arrows highlight extracellular matrix (ECM) deposition. Scale bars represent
100em (10x) and 5@ m (20x).

1.4.5 Combined kilirectional perfusion and PEMF stimulation culture and
guantitative PCR analysis

To evaluate the combined effects ofdiectional perfusion and PEMF stimulation on 3D
bone tissudike models, cultures were maintained for 14 days under three conditions: static
culture (control), bdirectional perfusion, anddiirectional perfusion ith PEMF

stimulation. To minimize biochemical interference, constructs were maintained-in low
glucose DMEM supplemented with 15% FBS. At the end of the culture period, the
expressions of the early ALP and late COL1 osteogenic genes were a¢Segpged..10).

At the end of the culture period, the expression of the early ALP and late COL1 osteogenic
genes was assessed (Fig. 8). Specifically, when normalized to static (kijure 1.10A),
bi-directional perfusion resulted in a ~fifld increase in COL1 gene expression,
demonstrating the significant role of fluid flewduced shear stress in promoting collagen
type | expression, even in the absence of biochemical stimulation shiighg, the

combination of bidirectional perfusion and PEMF stimulation led to an even more
pronounced prasteogenic effect, with an almost-8fd increase in COL1 expression
compared to the control. This suggests that the additionalotd@hcreasebserved with

PEMF stimulation could be attributed to the secondary electric field induced in the constructs
by the PEMF. In contrast to the significant effects on COL1 expression, less pronounced
differences were observed in the expression of the eadgp@snic marker ALP among the
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three culture conditiond=igure 1.10B). Bi-directional perfusion resulted in a-fdld
increase in ALP expression, while the combination afilectional perfusion and PEMF
stimulation &d to a ~1.50ld increase compared to the control.
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Figure 1.10. Quantitative PCR analysis of 3D bone tiséike models cultured for 14 days
under static condition (control), bidirectional perfusion, and bidirectional perfusion with
pulsed electromagnetic field (PEMF) stimulatiGh) Expression level of collagen type
(COL1).(B) Expression level of alkaline phosphatase (ALP). Bars represent the mean fold
change of three biological replicates +/1
compared to the control (#) anddirectional perfusion (8) are indicatat p < 0.05.

1.5 Discussion

In the emerging and multidisciplinary research field of mechanobiology, it is clearly
recognized that physical stimuli arising from the surrounding microenvironment or externally
applied play a crucial role in influencing cell f§69,70]and, at the sisue scale, tissue
development, homeostasis, and even disease pathogenesis could be strictly dependent on
physical force$71]. In particular, bone and cartilage are among the tissues mostly influenced
by mechanical stimuin viva: being deputed to tHeody support and mechanical stress
dissipation, osteochondral tissues are highly exposed to compression and fluittiloed

shear stress. In parallel, further physical stimuli, such as thénmasive PEMF stimulation,

are increasingly adopted in cloail practice for promoting endogenous bone he4bby

However, a full understanding of the biological mechanisms induced in bone tissue by
defined physical stimuli is still missing and the influence of different stimulation parameters
and combinations unknown[72], leading to empirical treatments.

Inspired by the need of unrevealing how physical stimuli regulate cell and tissue functions,

we developed a versatile automated perfusion bioreactor combinable with PEMF stimulation
devices. As regardbe bioreactor culture chamber, two layouts were designed and compared
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in terms of hydrodynamic performances. The outcomes of the computational analysis
confirmed that the internal geometry of the CC2 layout allows the development of a
symmetric flow profie within the culture chamber and minimizes the regions with low or
null longitudinal velocity, reducing the risk of recirculation and stagnation zones. For these
reasons and due to the limited working volume (2.5 mL), CC2 design was selected as the
optimd geometry and was then manufactured by the SLAp8BXing technique, which

allowed fabricating the bioreactor following a singtep procedure, reducing complexity,
costs and lead timd2,73 77]. To provide controlled unbr bi-directional perfusionthe
closedloop perfusion unit was equipped with a peristaltic pump suitable to be incubated and
to be externally controlled. For the control unit, the selection of ectust/ opersource
microcontroller board allowed combining control accuracy andhiétyiawith compactness,
flexibility, and costefficiency. Placed outside the incubator, the #igendly control unit

allows externally setting and automatically controlling the perfusion unit, while keeping
constant the incubator conditions and redutirggcontamination risk.

The automated perfusion control, which enables selectinguhbi-directional perfusion

mode within the same platform and without user intervention along the culture, is the first
significant advantage and novelty of the progs®reactor. Indeed, conventional
bioreactors providing unidirectional perfusion are eitheratomated34,38]or exploit
automation strategies for regulating the flow rate, but do not allow reverting the flow
direction[33]. On the other side, hieactors delivering hdlirectional perfusion are

commonly based on syringe punig$,47,78] which are unsuitable for providing continuous
unidirectional perfusion. The only study that compared amd bidirectional perfusion on

3D bone tissudike mocels adopted two neautomated perfusion systems characterized by
different total culture medium volumes (250 mL vs 1.5 mL, respecti{48}) Differently,

our bioreactor allows comparing u@ind btdirectional perfusion modes using the same
device andotal culture medium volume of 50 mL.

As concerns the shear stress values induced by direct perfusion, several studies investigated
the optimal range fan vitro dynamic culture of 3D bone tisslike modelg20,79] In

detail, shear stress values remggfrom 0.55 mPa to 24 mPa were shown to stimulate
osteogenic differentiation of h(MSCs and to promote ECM mineralization inbetialcium
phosphat¢80] and silk fibroin[81] scaffolds. Differently, values exceeding 60 mPa were
shown to result icell death or detachmef&2], while values below 0.1 mPa did not

stimulate any ECM mineralizatid83]. In our study, the shear stress values developing

within the construct under unidirectional perfusion were estimated to be 3.23 or 10.75 mPa,
depenthg on the imposed flow rate (0.3 and 1.0 mL/min, respectively), thus confirming the
suitability of the bioreactor fan vitro bone tissue culture and maturation.

As proof of concept, biological experiments imposing onibi-directional perfusion mode

on 3D bone tissubke models, based on hBMISCs seeded on BiOss scaffolds, were
performed. Being a prealidated therapeutic product applied in clinic for small bone defects
repair, BioOss allowed specifically correlating the biological results wighapplied

perfusion conditions (unbr bi-directional mode compared with the static control). To our
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knowledge, this is the first time that, thanks to automation,amnd bidirectional perfusion

modes were compared using the same platform and totateuatiedium volume. Firstly, it

was demonstrated that the bioreactor perfusion culture does not introduce any disturbance for
the cells in comparison to the static control in terms of metabolic activity. Actually, the
imposed flow rate (0.3 mL/min) was agpiely selected to mimic the interstitial fluid

features in the native tiss{#4], providing nativelike flow-induced shear stress to the cells.
Moreover, no significant differences were observed betweerandibtdirectional perfusion
conditions in €rms of cell viability. The biological effect of the perfusion culture emerged

from the evaluation of the early osteogenic marker ALP. In fact, just providing directruni
bi-directional perfusion for a shetgérm culture (6 days), without the use ofeagjenic

medium, a general increase of the ALP release was observed for the constructs cultured under
perfusion compared willh tahe dap2dBatdan@.olmis 201 s
is in accordance with previous findings, showing that floduced shear stress alone is

crucial for boosting osteogenic differentiati@8,85] No significant differences were

observed by comparing the uand the bidirectional perfusion modes in terms of ALP

release. However, histological assessment enabledlneg the effect of the perfusion mode

in terms of stimulation of cells in secreting and depositing ECM within the construct pores.
Indeed, it is well known that flounduced shear stress can influence ECM deposition

[86,87] In particular, in literatwe it was shown that unidirectional perfusion can induce a
homogeneous ECM deposition within the construct, due to the different fluid transport and
consequent shear stress values experienced by the cells located in the proximal and distal
parts of the corteuct compared with the main fluid directipd8]. Conversely, bdirectional
perfusion has been reported as an effective strategy to provide uniform mechanical
stimulation over time to the construct, promoting osteogenesis in a more effective manner
andinducing homogeneous ECM deposition along the whole 3D bone-tiksuaodels

[48]. In our study, the histological images of the 3D constructs harvested after 6 days of uni
or bi-directional perfusion and stained with Toluidine blue confirmed thé&tigien favors

cells to better penetrate the scaffold structure as well as to deposit more ECM compared with
static conditions. Notably, the ECM deposition was more marked for the constructs exposed
to bi-directional perfusion, confirming the hypothesistthé®tdirectional flow can represent

a more efficient culture condition for 3D constructs mimicking physiological tissues. In
particular, Toluidine blue was selected for the staining of the 3D bone-lissurodels as it
specifically visualizes the prebglycan content in a tiss{#8]. Proteoglycans and

glycoproteins represent the majority of the yomtiagenous proteins of the bone matrix.

During the bone healing process, proteoglycans such as decorin, biglycan, and osteoadherin
play a pivotal rolen promoting and supporting the early mineralization of the matrix in the
first stages of osteogenesis. Therefore, it can be speculated that the regions positive to the
Toluidine blue staining showing a daokue pigmentation are representative of early
mineralization occurring in the pores of the constructs cultured under perfusion. These
experiments were performed for a short culture time (6 days) to assess the suitability of the
developed bioreactor to culture 3D bone tiskkee models under a physiolagil condition

such as perfusion. Moreover, the analysis of the ALP release and the histology of the
deposited ECM allowed determining the optimal perfusion mode (i-dirdutional
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perfusion) to be applied for further tests dealing with the investigafitime combined
stimulation(bidi r ect i onal perfusion + PEMF stimul ati

Indeed, the results from the electromagnetic field modelling showed that the proposed
bioreactor is in principle suitable to be combined with a commercial PEMF stimulator for
expasing 3D bone tissulke models to unibi-directional flowinduced shear stress and
uniform pulsed electromagnetic field. Based on the preliminary biological results, dedicated
biological tests were then performed for verifying the performances of theimednplatform

and for investigating the potential posteogenic effect on 3D bone tissue models of
combining bidirectional perfusion and PEMF stimulation. The constructs were cultured for
14 days under three different conditions (i.e., static cultunet(al), bidirectional perfusion,

and btdirectional perfusion combined with PEMF stimulation) and, for all experiments, the
maintenance medium was adopted for avoiding the interference of biochemical stimulation
that could lead to misleading interpretatiof the effects of the applied physical stimulations.
On day 14, the expression of the early osteogenic gene ALP and the late osteogenic gene
COL1 were evaluated by gPCR to provide a quantitative evaluation of the effect of individual
or combined appliedtimuli in terms of preosteogenic boost. Results revealed that bi
directional per f udoldupregplaion of COLLiincamparisonitothe ~ 4 0
control, and the further combination with PEMF stimulation boosted thiegipation of

COL1 upt o -fold.&Mis result represents promising evidence that the combination of bi
directional perfusion and PEMF stimulation leads to a positive synergic contribution in
promoting the expression of COL1, which is a fundamental component of the bone matrix
Indeed, COL1 represents thei 96% of the organic components of the bone tissue and is one
of the key factors in determining the bone mechanical properties (particularly elasticity and
flexibility) [89]. At the cellular and subcellular level, this skgie effect is due to the
combination of the fluid flowinduced shear stress and the PEMF secondary electric field
induced in the constructs. Fluid flewduced shear stress acts on the cell membrane and can
deform it, leading to alteration of membranetpnas and causing mechanotivated ion

channels to open and allow the influx of cations, such 45 Ba', and K, into the cell

[36,90] In parallel, PEMF stimulation can trigger the depolarization of the cell membrane
and consequently stimulate ioarrents, such as opening the#Qzhannels and leading to an
intracellular C&" ion accumulatiof91,92] Such ions unbalance can activate specific
cascades, such as the nuclear factors of activated cells (NFAT), enabling the transcription and
the syntlesis of osteogenic proteif33]. Regarding the less evident effect ofnegulation
observed for the ALP expression, although present, it should be noted that several studies
reported ALP to be upregulated within 2 days of osteogenic indy&4dntherefore, 14 days
could represent a too long culture time for appreciating the effect of physical stimulation on
ALP expression.

In literature, only the study of Wang and colleagues combined a perfusion bioreactor with a
sinusoidal electromagnetic fiel&MF) generatof52]. In detail, rabbit MSCs were seeded on
hydroxyapatite/collagen scaffolds and the constructs were cultured for 14 days under
unidirectional perfusion (10 mL/min) and EMF
frequencgxpodbr élzti me = 4 h/day) with and wi
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obtaining enhanced osteogenic differentiation at the end of the culture, similarly to our
results. However, the system proposed by Wang et al. allowed delivering only unidirectional
perfusion with no automated control of the pufbg]. Therefore, a further advantage and
novelty of the presented platform is related to its versatility to combine automadtéxt uni
directional perfusion and PEMF stimulation, which was demonstrated to bal éonc

boosting preosteogenic differentiation in 3D bone tissue models.

Some limitations could affect this study. In the CFD modelling the construct was assumed as
a homogeneous and isotropic porous medium, lacking the information about the real
microachitecture of the BigDss scaffold and neglecting the presence of the cells. Moreover,
the simulations did not consider that along the culture the construct geometry is modified by
cell proliferation and ECM deposition, which cause a decrease of the m@asize and an
increase of shear stress values over time. For these reasons, the computed shear stress values
can be considered as a reasonable estimation for the early culture stage and in the future
micro-computed tomography imaging of the constructtlve performed at day 0 and at
different time points in order to precisely characterize the flow dynamics within the construct
along its maturatiof@5i 97]. As regards the electromagnetic field modelling, it was

performed in steadgtate conditions. Aftough this approach neglects the temporal evolution
of the magnetic field occurring during a PEMF pulse, the results were sufficiently accurate
for describing the conditions occurring at the pulse peak while allowing a significant
reduction of the computanal costs. Concerning the biological tests, it should be noted that
for the perfusion condition a higher culture medium volume was used to compare with the
static condition (50 mL vs 3 mL changed every 3 days, respectively). A higher culture
medium volune provides a higher amount of nutrients, and it could be speculated that this
aspect, rather than fluid flomduced shear stress, could favor the metabolic activity of the
cells cultivated under perfusion compared with the statically cultured ones. Hoteviact

that the ECM deposition was more marked for the constructs exposeditedbional

perfusion compared with the ones cultured under unidirectional perfusion (same culture
medium volume) confirms that perfusion plays a beneficial role in EGMgiton. Lastly,

the adopted Bi®ss scaffold probably further contributed to stimulating osteogenesis due to
its chemical composition. However, since all the constructs cultured under either static or
dynamic conditions were based on Hiss scaffolds ahwere cultured using the same basal
medium (DMEM), the observed differences can be directly ascribed to the applied culture
conditions.

1.6 Conclusions

In this study, we developed, characterized, and tested a tunable perfusion bioreactor based on
automated control that can be combined with PEMF stimulation devices to be used as a
powerful tool for in vitro BTE production and investigations. The bioreactor is highly

versatile as it allows housing constructs of different sizes and delivers indigrdu@hbined
flow-induced shear stress and PEMF stimulations. Moreover, the adopted automation strategy
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enables providing unbr bi-directional perfusion within the same platform and using the

same total culture medium volume, significantly reducing g intervention and

dependence along the culture and increasing robustness and reproducibility of the culture
process. The preliminary biological tests on perfusion demonstrated that the only application
of perfusion was crucial for promoting osteogenftedentiation in the cultured constructs,

even without the use of biochemical stimulation. In fact; and bidirectional perfusion
conditions were effective in stimulating the osteogenic differentiation of the cultured 3D bone
tissue models, and higbhted that bdirectional perfusion better promoted the ECM

deposition throughout the construct. Lastly, as regards PEMF stimulation, biological results
demonstrated the synergic pveteogenic effect of combining-tirectional perfusion and

PEMF stimulaibn and confirmed that the proposed platform could be used for both the
production of BTE constructs and as a powerful investigation tool. In the next future, an
advanced investigation approach, based on the proposed bioreactor atmidughput
analysescould lead to unravel molecular mechanisms activated by biophysical stimulation
applied in clinic and to define the precise combinations of parameters inducing specific
biological effects, paving the way for optimized orthopedic clinical protocols.
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Chapter 2

In Vitro Reproduction of Trabecular Bone
Microenvironment for Investigating the Effects of
Pulsed Electromagnetic Field Stimulation on Human
Mesenchymal Stem Cells

2.1 Abstract

Bone tissue possesses a complex hierarchical structure and serves crucial mechanical and
biological functions. To advance bone biology research and regenerative thénapies,
models replicating thm vivo environment are essential. This study emptbgn advanced
vitro bioreactorbased platform to investigate the impact of biophysical stimuli on bone
regeneration and healing. Human bone matdenwved mesenchymal stem cells (BWSCs)
were seeded onto 3printed polylactic acid (PLA) scaffolds mioking the architecture of
trabecular bone (referred to as PLA600) using three cell seeding methods: suspension
seeding, celleleasing alginate, and ce#leasing collagen. The seeded scaffolds were
cultured in the perfusion bioreactor, providing fluiovitinduced shear stress, as previously
described in Chapter 1. Ce#leasing collagen proved optimal for cell infiltration and
distribution, enabling the generation of trabecular Bdetissuesn vitro. To further
enhance bone tissue regenerationsgdilelectromagnetic field (PEMF) stimulation was
integrated into the bioreactbased platform, as previously described in Chapter . BM
MSCs were cultured in either basal medium or osteogenic medium under fluithfioeed
shear stress with and withoUEMF stimulation. Our findings revealed that the combined
application of PEMF stimulation and fluid fleimduced shear stress significantly promoted
BM-MSC osteogenic differentiation, only in the absence of the biochemical stimuli of the
osteogenic mediunthus, this bioreacteibased platform offers a promising approach for
studying bone biology and exploring novasive therapeutic strategies for bone
regeneration.

2.2 Introduction

A total of 213 bones, excluding the sesamoid bones, make up the adult keteton.

These bones serve diverse mechanical, chemical, and biological functions. They provide the
body's framework necessary to support the body, facilitate movement and locomotion by
acting as attachment points for muscles, and offer a shield titat{z the vital organs from
injury. Moreover, they maintain the mineral balance within the body, regulatbasal
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equilibrium, serve as storage sites for growth factors and cytokines, as well as house the bone
marrow, where blood cells are produggéfand mesenchymal stem cells redile

Bone is a calcified tissue, generally composed of 60% inorganic compgpnerdr{ly

crystalline hydroxyapatite: [GEPOu)2]3Ca(OH}), 10% water and 30% organic component
(comprises more than 30 proteins witheycollagen being the most abundant, around 90%)
by weight[3]. The cells inhabiting this tissue are osteoclasts @desarbing cells) and
osteoblasts (bor®rming cells), in addition to osteocytes and bone lining cells that are both
involved in bonegemodeling, among other functions. While osteoclasts originate from
hematopoietic stem cells, osteoblasts originate from mesenchymal stem cells that are in turn
transformed to osteocytes and bdineng cells[4].

Bones can be categorized by shape (lshgrt, flat, and irregular bones) and porosity
(cortical bone, also known as compact bone or dense bone,-W¥% porosity, and
trabecular bone, also known as cancellous bone or spongy bone, ¥9BaPorosity)5].
There are various levels of haechical structural organization of bone tissue, which are: (1)
the macrostructure: cortical and trabecular bone; (2) the microstructure (from 10t B00
Haversian systems, osteons, and single trabeculae; (3) tmeicuistructure (110 em):
lamellae; (4) the nanostructure (from a few hundred nanometerst: fibrillar collagen

and embedded mineral; and (5) the-salostructure (below a few hundred nanometers):
molecular structure of constituent elements, such as mineral, collagemacollagenous
organic protein$6]. The mechanical properties of bone are depicted by its composition and
the various levels of hierarchical structural organizaffn

Thus, the cellular microenvironment of bone tissue is complex and dynamificantly
influencing cellular behavior. Consequentlyyitro experiments should strive to replicate
thein vivoniche as faithfully as possible to yield accurate and reliable results. Researchers
have been incorporating tissue engineering conceptsoais into biomedical research to
facilitate the transition toward more elaborgi®itro tissue models for studying cell
behavior in healthy or diseased std&js Bone tissue engineering (BTE) has focused on
developing engineered constructs to icelthe regeneration of functional bone tissues via
three components (i.e., biomaterials, cells, and signaling molecules). It offers a potential
alternative to conventional bone grdf$. Although only a few bone tisswengineered
constructs have beeranhslated from bench to bedside due to technical, business, and
philosophical challengd40], recent advancements have transformed this field, with bone
tissueengineered constructs servingm@sitro models for studying bone physiology and
pathology{11]. These noveh vitro tissue models exhibit unique attributes that set them
apart from the traditionah vitro ones, primarily their 3D architecture and the application of
biomechanical stimuli. However, to maximize their effectiveness, it is ésisentinderstand
their limitations and strengths.

The transition from 2D to 3D cell culture in BTE2] requires careful consideration of
several factors, including pore size (commonly ranging from 100 to 800 um) to mimic the
microarchitecture of trabecular bone and provide stem cells with geometrical cues for
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osteogenic differentiatiofi3]. 3D cell cultires are increasingly favored over 2D cell cultures
for several valid reasons. While 2D cell cultures are-etisttive and easy to manipulate,

they do not accurately replicate the physiological cellular microenvironment. In contrast, 3D
cell cultures ofér a more faithful representation of the physiological cellular
microenvironment by preserving cell shape,-teitell interactions, cefto-extracellular

matrix (ECM) interactions, proliferation rates, as well as gene and protein expression levels,
allowing for better modeling of physiological and pathological conditions. As a result, 3D
cell cultures became widely used in drug discovery, cell therapy, tissue engineering,
regenerative medicine, and modeling patholoffie$

The various 3D cell culturechniques can be grouped into rewmaffoldbased methods (e.g.,
hanging drop, low attachment plate, magnetic levitation), scaffaéed approaches utilizing
natural and synthetic biomaterials, and specialized platforms (e.g., microfluidic devices,
micropatterned plateg}4]. However, each technique has its own set of advantages and
disadvantages, with the most significant challenges lying in the complex workflow and the
final analyse$15]. It is essential to note that 3D cultures, while more plgygically

relevant than 2D cultures, do not fully capture the complexity ahtkievo niche. They often
lack the relevant cell types, growth factors, and idisgance signaling from other organ
systems (e.g. the immune and endocrine systems), angtttarnature prevents them from
replicating the dynamic perfusion and other mechanical stresses expemenicedl6].
Despite the challenges, 3D cell cultures offer greater utility than 2D cell cultures, as
evidenced by the discrepancies in the itssabtained using these two cell culture techniques
[17i 19].

Additionally, scaling up the size of bone tissrgineered constructs poses a significant
challenge due to the limitations of passive diffusion. This restricts the transfer of nutrients
and gasses within the 3D scaffolds, often leading to the format@medrotic core inside

the constructf20]. To improve mass transfer to cells, dynamic cell cultures using bioreactors
can be employed. The use of bioreactors can help in mimicking the supply of nutrients and
gasses, the continuous waste removal, asasehe mechanical stimulation of cells. Notable
examples include the spinaiisk bioreactor, rotating wall vessels, and perfusion bioreactors
(including Quasi Vivo® (QV) system and microfluidics). However, there is also a lack of
established guidelingsgarding the optimal flow rates, culture medium volume, and the
implementation of noinvasive, reatime in situmonitoring[21], and thus, the utilization of
bioreactors in various fields of research is still not standardized.

Beyond mass transfer, bioreactors are crucial for providing tse@fic biophysical stimuli

[22]. Mechanical stresses play a crucial roleirivo environments. This has prompted

researchers to introduce similar stimuli ifmovitro ones. Cells & constantly and cyclically

subjected to cyclic mechanical cues, both intrinsic (e.g., changes in cell density, shape, ECM
elasticity, and topography) and extrinsic (e.g., shear stress from fluid flow, hydrostatic

pressure, compression, and tens{@3). Their ability to respond to mechanical stimuli

within milliseconds is known as fAmechanotran
stages: first, the cells sense the stimuli (mechanosensing); second, signals are transmitted
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across the cells (mecharamsmission); and finally, the cells respond to the stimuli by

altering cellular activities (mechanorespon@d). Given the sensitivity of bone cells to
biophysical stimuli, accurately identifying the specific stimuli they encounter during cell
cultureis essential. This knowledge can bridge the gap between in vitro applications and the
biophysical conditions prevalent in native tiss[R%.

As such, bone tissuengineered constructs offer unprecedented opportunities to study bone
development, fraare healing, and the pathogenesis of bone diseases, such as osteoporosis
and osteoarthritis. While these models can more accurately replicate the spatial and
biomechanical complexity observedvivo, their clinical relevance should be interpreted

with caution, as they lack the full complexity of ianvivo environment. As more researchers

adopt 3D cell cultures, new methodologies will emerge, further advancing the development
and validation of thesmodels. Moreover, even if only a few aspects ofithévo

environment can be replicatedvitro, novelin vitro models often exhibit higher predictive

values compared to conventional ones. This strengthens the correlation between these models
and animasktudies. Consequently, thdasevitro tissue models can contribute to reducing the

use of animals in research, aligning with the principles of the European Directive

2010/ 63/ EC. This directive emphasizes the @3
replacement) to reinforce the importance of using alternativéro andin silico methods

for obtaining the essential information prior to clinical tri@s].

The biophysical stimuli that cells in the body are exposed to extend to electrical fields (EF)
magnetic fields (MF) and electromagnetic fields (EMF) ones. The frequency range of such
stimuli is extremely low (800 Hz), encompassing the action potentials of nerves and heart
tissue, skeletal muscle vibrations and frequencies elicited by rhythtiitties within other

body tissue$26]. Bone tissue is particularly responsive to these stimuli due to its inherent
piezoelectric properties, primarily derived from the highly organized and aligned structure of
collagen fibers within the bone matfX7]. Thus, bone is an electromechanically responsive
tissue, responding to external stimuli under two different configurations. The first is the direct
piezoelectric effect, which converts mechanical energy (compressive stress, tensile stress, and
applied vibration) to electrical energy. The second is the converse piezoelectric effect, which
converts electrical energy to mechanical energy, and can produce contraction, elongation, and
vibration[27]. Both direct and converse piezoelectric effects campte bone healing and
regeneration; however, it is highly challenging, even in tissues or cells stodiéw, to

determine which responses directly result from piezoelectric effects.

Biophysical intrinsic stimulation, often occurring in the form afged EMFs (PEMFsS), is

known to induce osteogenesis. Consequently, extrinsic PEMF stimulation has been applied to
stimulate bone healing and regeneraf@s]. To harness the beneficial effects of these
bioelectric signals, researchers have explored the use of smart piezoelectric biomaterials,
which can mimic natural bone bioelectric signals through direct and converse piezoelectric
effects. Examples includeanganic piezoceramics (leddhsed, leadree, or titanates),

organic piezoelectric polymers (synthetic and natural), and composites combining inorganic
piezoceramics and organic piezoelectric polyni2r$. Polylactic acid (PLA), a bibased
piezoelectit polymer, is permitted for the use in several biomedical applications by the Food
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and Drug Administration (FDA). Additionally, the FDA and European regulatory bodies
have allowed the use of PLA resin in food and drug delivery syg&8hsAs an FDA

appoved biomaterial, PLA has been widely applied due to its unique properties, including
biocompatibility, biodegradability, and piezoelectricity (piezoelectric constant is
approximately-10 pico Coulombs/N [pC/N]R9].

The primary objective of our studyas to develop an advancedvitro bioreactorbased
technology for bone biology research. We used a recently proposed advanced technology,
described in Chapter 1, based on an automated perfusion bioreactor that providesbene
like mechanical stimaltion (i.e., fluid flowinduced shear stress) and can be equipped with a
custommade PEMF stimulator. We initially constructed trabecular Hikegissues by

seeding human bone marralgrived mesenchymal stem cells (BWSCs) on 3Bprinted
biomimetic PLA gaffolds, designed to mimic the human trabecular bone architecture in
physiological conditions and to resemble the morphological features of the iliac crest
(referred to as PLA600). To optimize BMSC attachment and culturing under fluid flow
induced sheastress, we compared various esdleding methods including suspension
seeding, celleleasing 2% alginate, and 0.5% eaelleasing collagen. Next, we cultured the
most promising trabecular bone tissues in both basal and osteogenic media while applying
PEMF stimulation. This allowed us to identify the culture medium that best facilitated the
detection of BMMSC responses to PEMF stimulation under fluid fimguced shear stress.
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2.3 Materials and Methods

2.3.1 3D printing and characterization of ttrabecular bondike polylactic
acid (PLA) scaffolds resembling the morphological features of the iliac crest
(referred to as PLA600)

The design and fabrication of the @itinted, biomimetic PLA600 scaffolds have been

carried out according to a previousgported procedur@0]. Briefly, a random 3D

distribution of spheres, as virtual porogens with a diameter of 8)Qvas created by means

of a custoramade script to be subtracted from a cylindrical volume (10 mm diameter, 5 mm
height) to prepare thecaffold computernided design (CAD) models. The resulting files were
imported to ideaMaker (Raise3D Inc., Irvine, CA, USA) and sliced in the Z direction at 0.25
mm. Scaffolds were then fabricated by processing a PLA filament (FormFutura BV, The
Netherlang) using a Raise 3D N2 printer (Raise 3D Inc., Irvine, CA, USA), setting the
nozzle temperature at 205 °C and the build plate temperature at 8¢ @sulting scaffolds
had a trabecul ar spacing of 531 ¢ nrosityamf tr abec
60.34%. The scaffolds were previously characterized and tested for biogd8tl}ityhe

resulting scaffolds have a mean permeability value of 2.36 ® 4 [32]. The scaffolds

were submerged in phosphditeffered saline (PBS, 1X) and agééd on an orbital shaker for

2 h to remove polymeric residues. Subsequently, they were sterilized by immersion in 70%
ethanol for 4 h, followed by air drying.

2.3.2 Parallelized, automated perfusion bioreactor equipped with PEMF
stimulator

An automated perfusion bioreactor equipped with a custaae PEMF stimulator,
previously developed and described in Chapter 1, was parallelized here. Briefly, the
parallelized, automated perfusion bioreactor consists of three independpnn®d cultue
chambers (CCs) connected to three independent elospdhydraulic circuits controlled by a
custom control unit, designed for housing and culturing the 3D-likeé&ssues under direct
perfusion(Figure 2.1). Direct perfusion guarantees continuous medflow through the
cultured constructs, ensuring efficient mass transport and exposing the constructs to fluid
flow-induced shear stress, which is known to promote proliferation and differentiation of
osteoblasts and favor bone mineraliza{i®8,34].

Each CC (Dental SG Resin, Formlabs, United States) is composed of two screwable parts that
allow housing constructs of different sizes, which are in turn fiteissa tailored

polydimethylsiloxane (PDMS) holder (SYLGARD 184, Dow Corning, United Staegh

closed loop hydraulic circuit is composed of oxygemmeable tubing (Darwin

Microfluidics, France) and a culture medium reservoir, and is connected to a multichannel
peristaltic pump (G10Q J, Longer Precision Pump, China) suitable to be incubatbe.

The pump is controlled by a custom control unit, equipped with a microcontroller board
(Arduino Micro, Arduino, ltaly), that all ows
the same perfusion conditions in each CC. Finally, the custade PEMFstimulator (IGEA
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Clinical Biophysics, Italy) consists of a generator and two solenoids among which the
bioreactor CCs can be placed (magnetic field intensity = 1.5 mT, frequency = 75 Hz).

A
unit N

" \/
-

Reservoirs

CC between N

PEMF solenoids B PEMF
= — *=| generator

Figure 2.1. The bioreactobased investigation platforrfA) Schematic representation of the
parallelized, automated perfusion bioreactor and the custade pulsed electromagnetic
field (PEMF) stimulator setip, with three independent culture chambers and hydraulic
circuits; (B) Parallelized, automated perfusioiofeactor and PEMF stimulator sgb within
the incubator.

2.3.3 Trabecular bontke tissue preparation and evaluation

2.3.3.1 Cell culture conditions

Human telomerase reverse transcriptase (hTHRMortalized BMMSCs of clonal line

Y201, which was generated by James €B4l], were cultivated in basal medium (BM) that

islowngl ucose Dul beccods modified Eagl eds mediu
Scientific, Inc.) supplemented with 15% fetal bovine serum (FBS, gibco Thermo Fisher

Scientific, Inc.) and 1% antibiotics (penicillin/streptomycin, gibco Thermo Fisher Scientific,

Inc.) and incubated in a humidified atmosphere with 5% &@7°C. The cells are

passaged once they reacheeb8% confluency by enzymatic digestion using
trypsin/ethylenediamine tetraacetic acid (trypsin/EDTA, gibco Thermo Fisher Scientific, Inc.)
before each assay.

2.3.3.2 Cell seeding and culturing under two conditions

Cells wee directly seeded on the top of the PLA600 scaffolds inserted in the PDMS holders
of the automated bioreactor placed ina&dl cell culture plate either by suspension seeding
or by using cefreleasing hydrogels at a defined density of 3x106 cells aedfired volume

of 200¢L. For suspension seeding, cells were resuspended iel200BM; for cell-
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releasing 2% alginate, 4% (40 mg/mL) alginate solution was prepared using alginic acid
sodium salt from brown algae (Medium viscosity, Merck, Italy), aed thixed in a 1:1 ratio
with the cell suspension; and for eedleasing 0.5% collagen, cells were resuspended in 200
eL of 5 mg/mL PureCol EZ Gel solution (Merck, Italy). Samples were incubatedédr tb
allow cell infiltration and adhesion. Then, samples seeded by suspension seeding and cell
releasing 0.5% collagen were covered by BM and incubated overnight; whergzes

seeded by celleleasing 2% alginate were incubated overnight in€l56f 0.2 M calcium
chloride (CaQl) solution, and then washed once with PBS (1X) to remove the.CaCl
solution. After the overnight incubation, the samples were cultured in tvevedif culture
conditions for 21 days: static culture, in which the samples were kept in the cell culture plate,
and BM was changed everyd3days; and direct perfusion, in which samples were placed in
the automated perfusion bioreactor under unidireckial@ct perfusion at 0.3 mL/min with

50 mL of BM pumped from the reservoir, and the medium was changed every 7 days.
Samples were evaluated in triplicates (n = 3).

2.3.3.3 Cell viability assay

On day 21 of culture, the viability of BNMISCs seeded on theomimetic PLA600 scaffolds

using the three different cell seeding methods and cultured under the two different culture
conditions was evaluated via the |ive/dead
Kit for mammalian cells, Invitrogen Life Techlogies). Briefly, the scaffolds were removed

from the CCs of the bioreactor, placed in an&l cell culture plate, washed with PBS (1X),

and then incubated in a BM containing 2 uM calegM and 2 pM ethidium homodimet

(EthD-1). After 15 min of incubion at 37°C and 5% Cf{atmosphere, cells were imaged

using a fluorescence microscope (THUNDER Imager 3D Cell Culture, Leica Microsystems)

to visualize the green calcein AM that stains live cells and the red EthBt stains dead

cells.

2.3.3.4 Cell inftration and distribution assessment

On day 21 of culture, the infiltration and distribution of BWSCs were examined using a
scanning electron microscope (SEM) (FJ$M800, JEOL, Italy). For SEM analysis, the

scaffolds were removed from the CCs of therdaator, placed in a 24ell cell culture plate,

and gently washed with PBS (1X). Then, cells were fixed with 2.5% glutaraldehyde at 4°C
overnight, and after cell fixation, the 2.5% glutaraldehyde was dispensed, and samples were
washed with PBS (1X), dehgated in graded alcohol of 30%, 50%, 70%, 90%, and 100%
(twice) for 30 min each, covered by hexamethydisilazane (HMDS) for 30 min, and then air
dried in a chemical fume hood. Finally, samples were coated with gold using a sputter
coating machine (DIR2903BCTR Smart Coater, JEOL, Italy).
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2.3.4 Trabecular bonéke tissue stimulation using PEMF

Following the selection of the optimal cell seeding method, which igalethsing 0.5%
collagen, the bioreactdrased investigation platform was used to perfpraliminary studies
on PEMF stimulation for bone healing.

2.3.4.1 Trabecular bonkke tissue culturing under six conditions

Cells were directly seeded on the top of the PLA scaffolds inserted in the PDMS holders of
the bioreactor placed in av@ell cell aulture plate by using cetkeleasing 0.5% collagen at a
defined density of 3x106 cells and a defined volume ofe2Q@s described in Section 2.3.2.
The samples were cultured for 21 days either in BM or osteogenic medium (OM) (low
glucose DMEM supplemerdevith 10% FBS, 1% antibiotics, 20 mbAglycerophosphate,

50¢M ascorbic acieR-phosphate, and 1D M dexamethasone). Samples in BM and OM

were cultured in three different culture conditions: static culture, in which the samples were
kept in the cell cultre plate, and BM or OM was changed ever @ays; direct perfusion, in
which samples were placed in the automated bioreactor under unidirectional, direct perfusion
at 0.3 mL/min with 50 mL of BM or OM pumped from the reservoir, and the media were
changecevery 7 days; and direct perfusion with PEMF stimulation, in which samples were
placed in the automated bioreactor under unidirectional, direct perfusion at 0.3 mL/min with
50 mL of BM or OM pumped from the reservoir, and media were changed every 7 days,
accompanied by PEMF stimulation (1.5 mT, 75 Hz) for 4 h per day (corresponding to a
cumulative dose of around 75 h over 21 days). Samples were evaluated in triplicates (n = 3).

2.3.4.2 Gene expression analyses

To evaluate osteogenesis, revdraascriptionquantitative PCR (R'GPCR) was performed.
First, the total RNA was extracted using TR2bReagent (Invitrogen Life Technologies)
according to the manufacturer's instructions, except for allowing cell lysing for 10 minutes
instead of 5 mings, and the RNA yield and quality were assessed using a NanoDrop
spectrophotometer (NanoDrop One, Thermo Fisher Scientific Inc.). Secegaf otal

RNA was treated with DNase | to remove genomic DNA contamination and was reverse
transcribed using th&criptTM gDNA Clear cDNA Synthesis Kit (BiRad Laboratories)

and a thermal cycler (Mastercycler X50s, Eppendorf). Third, the genes of interest and the
reference gene were analyzed via gPCR which was performed oglL1laig@DNA using a
master mix of SsoAdainced™ Universal SYBR® Green Supermix (BRad Laboratories)

and primers at a concentration of 2N, and the reactions were performed and monitored
using a thermal cycler (CFX96TM Re&@ime System, BieRad Laboratories) according to

the standard protot The cycle threshold for each gene of interest was normalized against
the reference gene that is glyceraldehygn8sphate dehydrogenase (GAPDH), and relative
gene expression levels were determined using the Livak's meflf58%(225], [26]
comparedvith the corresponding control group. This part of the gene expression analysis
was aimed at helping in the selection of the culture medium, thus, we investigated the effects
of PEMF stimulation in two different culture media: BM and OM. For this purpmdiagen
type | alpha 1 chain (COL1A1), osteopontin (OPN), osteocalcin (OCN), andelatgd
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transcription factor 2 (RUNX2) were used as markers of osteogenesis; whereas, collagen type
Il alpha 1 chain (COL2A1) was used as a marker of chondrogenesigrifitez pairs of the
analyzed genes are listedTiable 2.1.

Table 2.1. Description of the designed primers

Gene Forward Primer Reverse Primer

Collagen type | alpha 5 6GGATTC CAGTTC GAG 56 CAG TGG TAG GTG

chain (COL1A1) TAT GG-3 6 ATGTTC TG-3 6

Collagen type Il alph: 50 AGG ATG GGC AGA 5-0CAGATTATGTCG TCG

1 chain (COL2A1) GGT ATAAT-3 06 CAG AG-3 6

Glyceraldehydes- 5 6GTATGACAACAGCCT 5-0GTCCTT CCACGATAC

phosphate CAAGAT-30 CAAAG-3 0

dehydrogenase

(GAPDH)

Osteocalcin (OCN) 5 -6AGG CGC TAC CTG TAT 5-4CTC CTG AAA GCC GAT
CAA-3 6 GTG-3 6

Osteopontin (OPN) 5CCCATCTCAGAAGCA 50TGG CTTTCG TTG GAC
GAATC-3 6 TTAC-30

Runtrelated 5 0GAATGC CTCTGC TGT 56 GAA GAC GGT TAT

transcription factor z TAT GA-3 0 GGT CAAGG-3 6

(RUNX2)
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2.4 Results

2.4.1 3D trabecular, bonkke tissues

The first step in developing functional trabecular bbke tissues involves efficient cell

seeding, ensuring adequate cell density and distribution. After 21 days of cultivation under
staticconditions and bonkke mechanical stimulation, the interaction between-BI¥9Cs

and the PLA scaffolds exhibited variations among the three different cell seeding methods.
The live/dead cell assay showed no differences in cell viability (around 90%) dineseg

methods, as indicated by abundant green fluorescence and the absence of red fluorescence.
The absence of red fluorescence does not imply no cell loss occurred; instead, it may suggest
that dead or detached cells were shed during thda@ulture peod. However, substantial
differences in cell morphology, infiltration, and distribution were observed between the three
cell seeding techniques, as demonstrated by both the live/dead assay and SEM analysis.

In detail, when cells were seeded via suspension, they exhibited a concentration bias toward
one side of the PLA scaffold. Under static culture conditions, the cells tended to accumulate
at the bottom side of the scaffold, since the gravity caused thengwa/flow of the cell
suspension. Under dynamic culture conditions, where media flowed from the bottom to the
top of the scaffold, cells were forced to concentrate on the top side of the s(fafjale:

2.2).

An alternative approach to increasing the efficiency of static seeding is the use of hydrogels,
and in this case, the choice of the hydrogel is of utmost importance. Our findings revealed
that celtreleasing 2% alginate led to nonuniform distribution anfidtiation of cells

throughout the scaffolds since they tended to cluster in specific regions. Moreover, cells were
confined within the hydrogel matrix, maintaining their round morphology and having limited
direct interaction with the scaffol@Figure 2.3).

The second hydrogel evaluated in our study was aaefhsing 0.5% collagen. This

hydrogel exhibited optimal cell distribution and infiltration throughout the scaffold both
under static and dynamic culture conditions. As showkFigare 2.4A, live/dead assay

confirmed that cells were evenly distributed at both the top and bottom of the scaffolds. The
SEM analysis supported these findings, revealing that cells were able to spread and attach
throughout the entire scaffold, as depicte&igure 2.4B.

Considering the critical role of cell density in bone tissue engineering, we selected a seeding
density of 3x10cells per scaffold, consistent with previous studies that highlighted the
advantages of higher cell seeding densities for bone formation ar@hiclipplications in

bone tissue engineering. Therefore, we chose biomimetic PLA scaffolds seeded with 3x10
BM-MSCs using 0.5% collagen as our trabecular Hikeetissue model for subsequent
experiments.
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A Static Culture Dynamic Culture

B Static Culture Dynamic Culture

Top

Bottom

Figure 2.2. Live/dead cell assay and scanning electron microscope (SEM) analysis of
biomimetic polylactic acid (PLA) scaffolds seeded with bone mauterived mesenchymal

stem cells (BMMSCs) via suspension seeding and cultured for 21 days under static culture
condiions and in an automated perfusion biorea¢fy Representative calcelsM/EthD-1
images of BMMSCs. Images represent the upper and lower sides of the scaffold. Images
were taken with 5x magnification; scale bars correspond to 3.1(B)8EM images of Bl-
MSCs. Images represent the upper and lower sides of the scaffold. Images were taken with
50x magnification; scale bars correspond to &0
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A Static Culture Dynamic Culture

B Static Culture Dynamic Culture

Figure 2.3. Live/dead cell assay and scanning electron microscope (SEM) analysis of
biomimetic polylactic acidPLA) scaffolds seeded with bone marraerived mesenchymal
stem cells (BMMSCs) via 2% alginate and cultured for 21 days under static culture
conditions and in an automated perfusion biorea¢#grRepresentative calcelsM/EthD-1
images of BMMSCs. Imags represent the upper and lower sides of the scaffold. Images
were taken with 5x magnification; scale bars correspond to 3.1(B)S8EM images of BM
MSCs. Images represent the upper and lower sides of the scaffold. Images were taken with
50x magnificatio; scale bars correspond to 5.
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A Static Culture Dynamic Culture

B Static Culture Dynamic Culture

Figure 2.4. Live/dead cell assay and scanning electron microscope (SEM) analysis of
biomimetic polylactic acid (PLA) scaffolds seeded with bone mauterived mesenchymal
stem cells (BMMSCs) via 0.5% collagen and cultured for 21 days under static culture
conditionsand in an automated perfusion bioreacfd). Representative calcelsM/EthD-1
images of BMMSCs. Images represent the upper and lower sides of the scaffold. Images
were taken with 5x magnification; scale bars correspond to 3.1(B)8EM images of BM
MSCs. Images represent the upper and lower sides of the scaffold. Images were taken with
50x magnification; scale bars correspond to &0
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2.4.2 The setip of cell culture conditions

Following the selection of the cell seeding method, the trabeculatlizertessues were
cultured for 21 days in OM or BM under different conditions: static culture (control), direct,
unidirectional perfusion without PEMF stimulation, and direct, unidirectional perfusion with
PEMF stimulation. Our goal was to identify the ioml cell culture medium that enables the
detection of the response of BMSCs to the biophysical stimulation provided by PEMF.
Therefore, the expression levels of COL1A1, OPN, OCN, and RUNX2 as the osteogenic
marker genes and COL2A1 as the chondrogeni&k@n@ene were relatively quantified by
RT-qPCR.

For cells cultured in OM, the results demonstrated that direct, unidirectional perfusion
without and with PEMF stimulation induced on
12f ol d change, r e s-poldacangevoe hoth fonditiadh&N) NX~ (. D . 8
and16f ol d change, r es p e c {oldcehargegfdrpothaconditior@but2 A1 ( -
not i n OPN -oldchangd réspectively), Bompared to static culikigure

25A). The ratio of COL1A1 to COL2A1 (COL1A1/COL2A1), definesl @n index of

osteogenic differentiation, was slightly higher with PEMF stimulation in Gidute 2.5C).

For cells cultured in BM and also in comparison to static culture, the results showed that

direct, unidirectional perfusion without PEMF stimulatiodueed only a slight upregulation

i n COL1Aflol(d clh &n gef)o, | dOCN a(n~g €el)-fold dRan@eéXadd ( ~ 1. 4
COL2A1 f(ol d.cB3hange), b-toldchangd). HoweverQditedt, ( ~ 0. 09
unidirectional perfusion with PEMF stimulation indua@edotable upregulation in COL1A1

(~ -f5al12d change) -faoond G@mhMn(ge)l2and a sl ight upr
fold change)-f, olRUNXRarge )2, 5@lddcan@]Dtothpgatkedt¢ ~ 0. 7
static cultureltigure 2.5B). The ratios of COL1A to COL2A1 (COL1A1/COL2A1) were

higher in BM in comparison to those in OM. Moreover, in BM, the ratio of COL1Al to

COL2A1 (COL1A1/COL2A1) was considerably higher in the presence of PEMF stimulation

in comparison to the absence of PEMF stimulagiéigure 2.5C).

Based on the RGPCR results, we may propose that PEMF stimulation notably enhances the
osteogenic commitment of BMISCs only when there are no biochemical stimuli provided

by the OM. This observation suggests that the presence of biochemicdil istitine OM

might mask the specific effects of PEMF stimulation on osteogenic differentiation.
Consequently, we opted to use BM rather than OM in subsequent experiments.
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Figure 2.5. Gene expression analyses of bone maidewed mesenchymal stem cells (BM
MSCs) in the trabecular bothige tissues after 21 days of culture. The osteogenic and
chondrogenic mMRNA expression in BMSCs cultured under direct, unidirectional perfusion
without and with pulsed electromagnetic field (PEMF) stimulation in comparison with static
culture in(A) osteogenic medium (OM) ar{B) basal medium (BM). The relative

expressions of collagen type | alpha 1 chain (COL1A1), osteopontin (OPN), osteocalcin
(OCN), runtrelated transcription factor 2 (RUNX2), and collagen type Il alpha 1 chain
(COL2A1) mRNAs were analyzed by reverse transcriptjaantitative PCR (R-GPCR) and
were calculated by 2®T method with normalization to the levels of GAPDH. Bars represent
the mean fold change of three biologi@al rep
The ratio of COL1A1 to COL2A1 (COL1A1/COL2A1) of BMISCs cultured in OM and

BM.
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2.5 Discussion

Creating ann vitro platform that closely mimics bone tissue's architectural and mechanical
properties is essential for bone biology research. To achieve this, we started our investigation
by evaluating three cell seeding methods: suspension seedingleatling 2% algirte, and
cell-releasing 0.5% collagen. This is a critical step in tissue engineering as it depicts cell
density and distribution. Our findings indicate that employing 0.5%rekdhsing collagen is

the best celseeding method, and they align with pricsearch. Camas@orres et al. (2020)
explored variations in the viscosity and density of the culture medium using dextran and
Ficoll, respectively. Their results demonstrated that increasing viscosity and density not only
facilitated the homogeneous infdtion of BMMSCs into the 3D scaffolds prepared from the
copolymer poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT), but
also enhanced osteogend86]. Moreover, collagen has been extensively evaluated in
various studies foradl seeding. For instance, Fahimipour et al. (2019), developed a bone
ECM-mimetic matrix composed of hepaifianctionalized collagen and immobilized bone
morphogenetic protein 2 (BMP2) to seed dental pulp MSCdbitricalcium phosphateb{

TCP) scaffoldsTheir findings revealed that the collagkeeparin matrix maintained the
bioactivity of BMP2, enhanced the cell seeding efficiency, and supported osteof@riesis

Our choice to adhere to higltensity seeding is supported by the findings of severalestud
including those of Hsieh et al. (20188]and Wu et al. (201989]who verified the

superiority of high cell seeding density.

The second step in developingiarvitro platform, specifically designed to assess the effects
of PEMF on BMMSCs within a bondike mechanical environment involves carefully
selecting the optimal cell culture conditions. Our research aimed to compare BM and OM in
terms of cellular and moleculahanges induced by mechanical and biophysical stimulation.
Notably, we observed a subtle association between fluidifidwced shear stress and the
osteogenic differentiation of BNMSCs in BM but not in OM. This was evidenced by a slight
increase in th€OL1A1 to COL2A1 ratio (COL1A1/COL2A1), suggesting a trend toward
osteogenic differentiation. However, no significant differences in the gene expression levels
of RUNX2, OPN, and OCN were observed between cells exposed to flukintweed shear
stress ad those cultured statically in BM. In contrast, in OM, only OCN expression was
slightly upregulated in cells exposed to fluid flamduced shear stress compared to those
cultured statically.

It is worth noting that other researchers have successiglyighted the positive impact of
mechanical stimuli on osteogenesis. In their study, Lim et al. (2019) successfully engineered
a fully automated bioreactor system (fABS). This system induced the proliferation,
osteogenesis, and chondrogenesis of humarMB\Cs within a watejacketed culture

chamber (WJCC) via a shear stress of 1.018%®8 even in the presence of the biochemical
stimuli [40]. Expanding the scope to more intricate bioreactor applications, Vetsch et al.
(2017) focused on a perfusion bioreactor that specifically emulates the mechanical
environment during early fracture healing or bone remodeling, corresponding to flow rates of
0.001 m/s and 0.061 m/s, respectively. In their investigation, humaiMBKIs were cultured
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alongside 3D silk fibroin scaffolds and an osteogenic medium under two distinct flow rates.
Their results showed that the cell fate was steered toward either pitadifieor osteogenic
differentiation by applying one of the two distinct flow raji¢%]. In an earlier study, Bjerre

et al. (2008) also employed a 3D cell culture of humarM$1Cs cultivated on silicate

substituted tricalcium phosphate{BCP) scaffoldsn a perfusion bioreactor using media
supplemented with 1®M 1,25-(OH).-vitamin Ds. Notably, at a flow rate of 0.1 mL/min, the
authors observed enhanced proliferation, osteogenic differentiation, and cell/matrix
deposition42]. The divergent outcomedbserved in bioreactor studies for bone tissue
engineering can be attributed to variations in experimental conditions related to the bioreactor
systems. These differences arise from unique experimental configurations, scaffold materials,
scaffold proper@s, cell types, culture durations, and environmental factors. To facilitate
meaningful comparisons, it is essential to employ identical, standardized bioreactor systems
under consistent experimental and environmental conditions, as previously emphasized by
Zhao et al. (2018}3] and other researchers.

Our investigation successfully demonstrated the osteogenic potential of PEMF stimulation
using ourin vitro bioreactofbased platform with BM rather than OM. This was evidenced by

the relatively high value of the COL1A1 to COL2A1 ratio (COL1A1/COL2A1) and the
significantly increased expression of OPN in cells cultured dynamically with PEMF

stimulation to thoseultured dynamically in the absence of PEMF stimulation. Rmigitro

studies have also substantiated the role of PEMF stimulation in bone regen&itatitmg

from experiments on 2D cell cultures, Ongaro et al. (2014) revealed that both human BM
MSCsand adipos@lerived mesenchymal stem cells (AMI5Cs), when exposed to
continuous PEMF stimulation (1.5 mT, 75 Hz)
absence or presence of BMP2), promoted osteogenic differenf@iprSimilarly, Kang et
a.(20B) demonstrated comparable outcomes wusing
8 h per day over a 2@ay period45]. On a similar note, previous studies by Jansen et al.
(2010)[46], Sun et al. (201(%7], and Tsai et al. (200948] reported ehanced osteogenesis

owing to PEMF stimulation. Conversely, other studies on PEMF stimulation using 2D cell
cultures, such as the ones performed by Kaivosoja et al. (RE]2nd Yan et al. (2010)

[50] were incapable of verifying the osteoinductivegerties of PEMF. Yet, the response of

cells to external stimuli varies significantly between 2D and 3D cell cultures, and the latter

was amply shown by the study performed by Schwartz et al. (280PYhus, the evaluation

of PEMFOs bi cslshmgdbe @inpulsowytdan®an 8D cell cult§s23. The few

studies on PEMF stimulation and 3D cell cultures involve titanium, calcium phosphate
scaffolds, and polymers, as described previously by Galli E§3l.One of the most recent

works on tianium by Bloise et al. (2018) involved nanostructured;TWthere human BM

MSCs were seeded on the scaffolds, cultured in osteogenic medium, and exposed to PEMF
stimulation (2 mT, 75 Hz) for 10 min per day for a total of 28 days. The authors showed that
PEMF can have a significant osteoinductive potential that involves selective cakdated
osteogenic pathway54]. One of the latest studies employing calcium phosphate scaffolds,
which was performed by Schwartz et al. (2008), did not achieve comparable results as the
authors were unable to demonstrate that PEMF stimulation enhances the osteogenic effects of
BMP2 onhuman BMMSCs cultured in osteogenic medifiib]. Ultimately, among the
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recent work on polymers, poly(caprolactone) (PCL) nanofibrous scaffolds and human AD
MSCs were cultured in basal medium or osteogenic medium for up to 21 days by Arjmand et
al. (2017, who were able to show that PEMF stimulation alone has an osteoinductive
potential similar to that of osteogenic medi{s6]. By this stage, the osteoinductive potential

of perfusion bioreactors and PEMF was examined separately, and as previoudhedgescr
mimicking in vitro the bone tissugpecific environment is a central factor in bone biology
research. Thus far, only a limited number of studies examined PEMF as part of an in vitro
bone tissue experimental model encompassing 3D cell cultures dnsigrebioreactors.

The | atest work by Wang et al. (2019) evalua
in vitro using hydroxyapatite/collagen type | (HAC) scaffolds and rabbit8$Cs in basal

and osteogenic media, as well as in vivo by implarttiegobtained celladen constructs in a
rabbit femur condyle defect model, and the obtained results showed that EMF ameliorated
bone regeneration and bone integraf®r]. The desirable outcomes of PEMF on bone cells
using 3D cell cultures and perfusibioreactors were also highlighted by Tsai et al. (2007)

via poly(DL-lactic-co-glycolic acid) (PLGA) scaffolds and rat osteobld5&]. Although

none of these platforms entirely replicate the bone tispeeific environment, they represent

a more legimate tool for bone biology research.

2.6 Conclusions

In this study, we aimed to develop an advarninedtro bioreactorbased platform that closely
mimics the architectural and mechanical properties of trabecular bone tissue to investigate the
effects of PEMF stimulation on BMISCs. We found that seeding BMSCs into the 3D

printed PLA scaffolds that mimic thechitecture of trabecular bone using 0.5% collagen
cell-releasing yielded high cell density and distribution. Fluid floduced shear stress had a
subtle influence on the osteogenic differentiation of-BM4Cs due to the absence of

significant difference gene expression levels of key osteogenic markers between cells
exposed to shear stress and those cultured statically. However, the addition of PEMF
stimulation significantly enhanced the osteogenic differentiation of\BSCs cultured

within the bioreaair-based platform, particularly in BM, as it promoted the expression of
osteogenic markers. This suggests that the presence of biochemical stimuli from the OM can
mask the effects of mechanical and physical stimuli orMB$Cs. Although our bioreactor
basedlatform could successfully house trabecular bone tilBkaeonstructs for extended
periods, future refinements are necessary to more accurately replicate the dompiex

bone microenvironment. Incorporating factors, such as hydrostatic pressupgession,

and celfcell co-culture could provide a more realistic model for studying bone regeneration.
Despite these limitations, our findings highlight the potential of PEMF stimulation to enhance
bone tissue regeneration. By further investigating tbkecular pathways underlying PEMF
induced osteogenesis, we can unlock valuable insights into the therapeutic potential of PEMF
for bone tissue regeneration and healing.
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Chapter 3

Unraveling the Transcriptome Profile of Pulsed
Electromagnetic Field Stimulation in Bone
Regeneration Using a Bioreact®ased Investigation
Platform

3.1 Abstract

Human mesenchymal stem cells (hMSCs) sense and respond to biomechanical and
biophysical stimuli, yet the involved signaling pathways are not fully identified. The clinical
applicaton of biophysical stimulation including pulsed electromagnetic field (PEMF) has
gained momentum in musculoskeletal disorders and bone tissue engineering. We herein aim
to explore the role of PEMF stimulation in bone regeneration by culturing trabecuéar bon

like tissues under bodi&e mechanical stimulation in an automated perfusion bioreactor
combined with a customade PEMF stimulator. After selecting the optimal cell seeding and
culture conditions for inspecting the effects of PEMF on hMSCs, as debanidhapter 2,
transcriptomic studies were performed on cells cultured under direct perfusion with and
without PEMF stimulation. We were able to identify a set of signaling pathways and
upstream regulators associated with PEMF stimulation and to disimtiuise linked to bone
regeneration. Our findings suggest that PEMF induces the immune potential of h(MSCs by
activating and inhibiting various immurelated pathways, such as macrophage classical
activation and MSHRON signaling in macrophages, respeslyy while promoting

angiogenesis and osteogenesis, which mimics the dynamic interplay of biological processes
during bone healing. Overall, the adopted bioreastsed investigation platform can be used

to investigate the impact of PEMF stimulation om&oegeneration.

3.2 Introduction

Bone tissue is highly responsive to biophysical stimuli, which means that it can convert these
stimuli to biochemical cues that directly regulate bone remodHin&®one remodeling is

further influenced by the tissue's piezoelectric properties, which enable the conversion of
mechanical forces into electrical potentials, creating a physiological electrical
microenvironment that plays a significant role in bone reggios [2]. The piezoelectric
properties of dried bone and wet bone were previously described by Fukada and Yasuda
(1957)[3]and Reibish and Nowick (1978)], respectively. Given these findings, researchers
suggest that mechanotransduction aloneagfully capture the complexity of the native
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bone environment. The term fAbiophysical tran
mechanotransduction and electrical coupling to represent the process of sensing,
transmission, and regulation of biophysistinuli promoting osteogenedts].

The anatomist and surgeon Julius Wolff proposed in 1892 that bone remodeling is influenced

not only by biological factors but also by mechanical loading. Harold Frost, an orthopedic
surgeon, expanded on Wolff's thgan 1987. He showed that the quality and frequency of

the mechanical stimulus alter bone formation. Frost also postulated that different

biomechanical loading ranges can either lead to bone formation or bone resorption, a concept

he termed the "mechanostheory”[6]. Ot her researchers also sup
now well known now that bone cells, including osteoblasts, osteoclasts, osteocytes, bone

lining cells, and mesenchymal stem cells (MSCs), sense and respond to a variety in
endogenousral exogenous biophysical stim{ifi]. This biomechanical environment is also
crucial during fracture healing and the unde
theory of #fAcaus a]l8],whichewaofythen detsiledsby the studigk B 6 0

Claes et al. on mesenchymal stem cells (M$€4)P].

The biophysical stimuli to which bone cells are responsive can be categorized into: internal
structural stimuli, such as matrix stiffness and topography; external stimuli including
compression, tesion, fluid flow-induced shear stress, hydrostatic pressure, and acoustic
stimuli; and electromagnetic stimuli comprising electric current, electric field, magnetic field,
and electromagnetic field]. This understanding has led to the implementatia@xofenous
physical stimuli in clinical settings to manipulate bone healing. A key advantage of
translating biophysical stimuli to clinical settings is their movasive natur¢ll1]. Moreover,
biophysical stimuli are being recognized as a fourth pillar, alongside scaffolds, cells, and
bioactive molecules, in bone tissue engineefiraj.

In clinical settings, electrical stimulation has been applied to various conditions, including
acute fractures, delayed unions, nonunions, and joint arthrodesis. It can be delivered through
three primary methods: direct electrical current, capacitive coupling, and induction coupling.
Direct electrical current techniques are invasive, requiringtip&antation of one or more
cathodes into the bone. In contrast, capacitive coupling and induction couplingare non
invasive. Capacitive coupling involves placing two electrodes on the skin overlying the
fracture site, creating an electrical field acrdssdffected area. Induction coupling utilizes a
pulsed electromagnetic field (PEMF) device, which is placed on the skin over the fracture site
to induce an electrical current within the tiss[.

Ultrasound stimulation has also been used in clipiczctice, more specifically, low

intensity pulsed ultrasound (LIPUS), which has been commercially available since the Food
and Drug Administration (FDA) approved it in 1994 as an adjunct therapy for healing
primary fractures and in 2000 for the treatmaimhon-union fracture$14].The accumulation

of data on the efficacy of LIPUS in the treatment of delayed unions and nonunions led the
UK National Institute for Health and Care Excellence (NICE) to issue a statement in 2010
supporting the use of LIPU® teduce fracture healing time and to provide clinical benefit,
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particularly in circumstances of delayed healing andumion[15]. The most widely

employed LIPUS stimulation parameters comprised an ultrasound frequency of 1.5 MHz, a

burst waveformwitta 28 0on & doB00 a 1 kHz repetition
temporal average intensityshka) of 36, nawi/dcna dosage [@d. 20 min
However, additional research is necessary to delve deeper into the underlying mechanisms of
LIPUS-enhanced fracture healing. While previous studies have indicated that ultrasound
stimulation can positively influence multiple stages of bone repair, giresmunclear at

which phase of the healing process stimulation yields the greatest Iperiefit

Static magnetic fields (SMFs) that are characterized by having constant intensity and
orientation, due to their potential effects on bone metabolism. Tdeyllheen used in the
prevention and treatment of various baetated diseases, such as osteoporosis and
osteoarthritis, as well as for the promotion of fracture healing and bone defec{¥8pair
Preclinical studies tested various magnetic flux dessitnagnetic field directions, and
exposure times with different cell types. The outcomes were highly dependent on the
experimental conditions in in vitro studies. Yet, all animal studies in the literature
demonstrated beneficial effects on bone regeioerflt9]. Despite multiple beneficial effects
reportedn vitro andin vivo, SMFs remain unapproved by the FDA, and their underlying
mechanisms remain unclear.

Other therapeutic strategies based on exogenous physical stimulation include the employment
of photobiomodulation (PBM) at different wavelengiB6]. Low-level laser therapy

(LLLT), the most commonly used type of PBM, has been used to treat bone fractures and
have been shown to improve pain and physical fun¢®h It has also been appli¢al
accelerating orthodontic tooth movem§gR] and preserving alveolar socket after tooth
extraction[23]. While potential mechanisms have been identified, there are still gaps in our
understanding. Moreover, optimal treatment settings for diffe@mditions remain unclear,
and more clinical research is needed to confirm the safety and efficacy of PBM for various
bone repair applicatiorf20]. Wholebody vibration (WBV) training24] and shockwaves
(sonic pulses]25] are exogenous physicaimuli that, while employed in clinical settings

for bone healing, are less frequently utilized than the others.

The clinical translation of bone growth stimulators involved also those based on pulsed
electromagnetic field (PEMF). The accumulation of datdhe safety and efficacy of PEMF
stimulation led the FDA to reclassify them from Class Ill to Class Il devices in[2620

The most established clinical application of PEMF are the treatment of delayed union or
nonunion fractures, osteoarthritis, @gporosis, osteonecrosis, and tendon disof@&tsin

addition to musculoskeletal chronic pain including low back 8h Moreover, following

this reclassification, PEMF therapy has garnered increased attention and has been explored in
variousclinical settings.

One recent study demonstrated the efficacy of combining PEMF with platblgtiasma
(PRP) for earlystage knee osteoarthritis, offering superior pain relief and functional
improvement compared to either treatment alone. A PEMF device operating agBd H5
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mT was used for 20 minutes per session, 5 times per week, over 3 consecutive treatment
courses each consisting of 15 sess[@98% Furthermore, PEMF therapy has been explored

for fracture healing. A clinical study examined the use of a Frakleaéing Patch (FHP)

device, emitting pulsed electromagnetic fields at 20 kHz with a 10 Hz cycle frequency and an
intensity of 0.080.5 mT, to accelerate the healing of acute distal radius fractures treated with
open reduction and internal fixation (ORIBP]. In addition to fracture healing, PEMF

therapy has shown promise in musculoskeletal conditions. A study demonstrated that a
combination of PEMF therapy (1 mT at 50 Hz for 10 minutes per session, 16 sessions) and
homebased exercise can significanihyprove knee muscle strength and reduce pain in
individuals with enestage knee osteoarthritis, especially in females and older §#ijlts

Another study investigated the use of PEMF therapy (via SpinalStim, designed specifically
for patient use in thbome setting) in conjunction with standard surgical care for lumbar
spinal fusion. The results indicated that PEMF therapy can significantly improve fusion rates
and patienteported outcomes, such as pain, function, and quality of life, in patientaskith r
factors for pseudarthrodi82]. In the field of dentistry, PEMF therapy has been investigated
for pain management following tooth extraction. A randomized controlled trial utilizing the
AlgoCare Maxillofacial device (TSS Medical, Turin, Italy) f@ hours per day over 7 days

was found to reduce pesperative pain after third molar remoyaB]. As these studies

highlight, PEMF therapy is being explored in a variety of clinical applications, with varying
device specifications and treatment protecBurther research is needed to optimize the use
of PEMF therapy and to establish clear guidelines for its clinical application.

Researchers have been exploring broader indications of PEMF therapy, such as postoperative
pain and edema after plastic semg[34], treatmentesistant depressidB5], and oncology

[36]. Subsequently, scientists combined PEMF stimulation with biomaterials for bone tissue
engineering to ameliorate the clinical outcomes of its applicaf@fjsClinicalTrials.gov

(acessed November 2024) lists around 30 ongoing clinical trials investigating PEMF as an
intervention, while approximately 60 completed trials have results available for only 20 of
them, with pain management being the most common {88JisA search of the EU Clinical

Trials (https://euclinicaltrials.eu/) did not reveal any ongoing clinical studies on PEMF,
suggesting that its evaluation by clinical trials is less prevalent in Europe compared to the US
[39]. However, a search of PubMeckidified over 10 studies published on PEMF clinical

trials just in the year 2024 alof0].

Yet, challenges remain due to the diverse EMF stimuli (frequencies, intensities, waveforms,

and durations of exposure) and biomaterial heterogejdityRe®archers have uncovered
various signaling pathways underlying PEMFOGSs
osteogenesis, chondrogenesis, andiafilimmation. However, a comprehensive

understanding of these pathways is still lack#is44]. Additionally, the absence of

standardized clinical guidelines for PEMF stimulation parameters poses a challenge for its
widespread clinical ugé5,46]. Furthermore, the potential health risks associated with PEMF
exposure in routine clinical settings tmoth healthcare providers and patients need
considerationj47,48]
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With the purpose of tackling the knowledge gap in PEMF research, the objective of our study
was to explore the effects of PEMF stimulation on stem cell behavior and osteogenic
commitment To achieve this, we utilized the in vitro bioreadbaised investigation platform,
described in Chapter 2, that is based on an automated perfusion bioreactor that provides
bonetissuelike mechanical stimulation (i.e., fluid floimduced shear stress)caoan be
equipped with a custoomade PEMF stimulator. First, we prepared trabecular-bkee

tissues, consisting of 3printed biomimetic polylactic acid (PLA) scaffolds and human bone
marrowderived mesenchymal stem cells (BWSCs) seeded on the scaffsldsing 0.5%
cell-releasing collagen. Then, we investigated the impact of PEMF stimulation evi B84
cultured under bonkke mechanical stimulation provided by the automated perfusion
bioreactor via transcriptomic studies. The latter was performed wnusrstanding the
signaling pathways involved in the effects of PEMF stimulation is crucial for identifying the
underlying cellular and molecular mechanisms related to bone regeneration and repair.

e



3.3 Materials and Methods

3.3.1 Trabecular borike tissue preparation using PLA600 scaffolds

Human telomerase reverse transcriptase (hTHRMortalized BMMSCs of clonal line

Y201 were directly seeded on the top of the PLA600 scaffolds inserted in the PDMS holders
of the bioreactor placed in avéell cell culture plate by using cetkleasing 0.5% collagen at

a defined density of 3xf@ells and a defined volume of 260, as described in Section

2.3.3 of this thesis.

3.3.2 Trabecular borike tissue culturing under three conditions

The samples were culted for 21 days in basal medium (lglucose DMEM supplemented

with 15% FBS and 1% antibiotics) under three different culture conditions: static culture, in
which the samples were kept in the cell culture plate and the medium was changedevery 3
days; drect perfusion, in which samples were placed in the automated bioreactor and
perfused unidirectionally at a flow rate of 0.3 mL/min with 50 mL of medium, and the

medium was changed every 7 days; and direct perfusion with PEMF stimulation, in which the
sanples were cultured as in condition 2, but with additional PEMF stimulation (1.5 mT, 75
Hz) for 4 h per day (corresponding to a cumulative dose of around 75 h over a period of 21
days). Samples were evaluated in triplicates (n = 3). The samples were &bidbows:

ASO represents static culture, ADO represent
represents direct, unidirectional perfusion with PEMF stimulation.

3.3.3 Transcriptomic studies: RN®equencing (RNASeq)

3.3.3.1 RNA purification and qglity assessment

Total RNA was isolated using TRIZYI Reagent (Invitrogen Life Technologies), as

described in Section 2.3.4 of this thesisd then purified with the Qiagen RNeasy Mini Kit

(Qi agen, Hi |l den, Ger many)instruetions. ®RNAdyieldagndt o t he
guality were assessed using a NanoDrop spectrophotometer (NanoDrop One, Thermo Fisher
Scientific Inc.). Total RNA concentration was measured using QubitTM RNA BR Assay Kit

and QubitTM 4.0 Fluorometer (Invitrogen, Thermo Fishaeific Inc.). The RNA integrity

was assessed using the Agilent 4200 TapeStation System (G2991AA) with the Agilent High
Sensitivity RNA ScreenTape Assay (Agilent Technologies Inc., Santa Clara, CA, USA). All

RNA samples had an RNA integrity number (RB) 9 and wer e-qulidynsi der ed
samples.

3.3.3.2 RNAseq library construction

For RNA-seq library preparation, 300 ng of total RNA per sample were subjected to a
ribosomal RNA depletion protocol using the llluminaTM Stranded Total RNA Prep, Ligation
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withRiboZer oE Pl us Kit (lllumina, San Diego, CA,
libraries were measured using Qubit TM 1X dsDNA HS Assay Kit and QubitTM 4.0

Fluorometer (Invitrogen, Thermo Fisher Scientific Inc.), and their quality was assefised wi

Agilent 4200 TapeStation System and Agilent High Sensitivity D1000 ScreenTape Assay
(Agil ent Technol ogies Inc.). Li braries were
platform (lllumina Inc.) using a NextSeq 500/550 High Output Kit v2.5 (150 cycle® 1 75

bp read length, paireeind) (lllumina Inc.) to achieve sufficient read depth for the analysis.

3.3.3.3 RNASeq bioinformatics

FastQ{49] and MultiQC[50] softwares were used to verify the quality of RISaq data.

RSEM computational pipelin®1] was used to quantify the expression of each human gene
annotated to Ensembl v100 databfst} and on hg38 reference genome. STAR ali¢b8f

was used in the alignment step of RSRideline. To filter out the quantified genes that are
notexpre sed in our model, only genes with a TPM
further analysis, considered to be expressed. Principal component analysis (PCA) plotting

was performed using the fAprcompo package of
[54] was used to define differentially expressed gene (DEGSs) with the following thresholds
|log2FC| > 1 and p.adj < 0.01. Heatmaps showing unsupervised hierarchical clustering of
genes were produced using the #fAphaeadysisobp o f un
DEGs was performed using Metasc@p®] with default parameters and also using QIAGEN

IPA software (QIAGEN Inc., https://www.giagen.com/us products/discearg
translationaresearch/nexgeneratiorsequencing/ informatieand data/intgretation

contentdatabases/ ingenuifyathwayanalysis/). Selected IPA pathways were filtered using
log(p-value) > 3. Moreover, to find Gene Ontology (GO) terms associated with the upstream
regul ators detected by theveEPAuanda@abDpsi $ henl i
upstream regulators was filtered to select only the "transcription regulator" molecules, with a
pvalue < 0.001 and associated target mol ecul
then annotated with ToppGene Syté] with default parameters, and the resulting GO terms

were filtered using a-palue adjusted with Bonferroni Correction < 0.001. Semantic Plot was
produced using Revigb7]wi t h iHomo Sapienso as species.

3.3.3.4 Data availability
The RNASeq data aravailable in the NCBI GEO with the following ID: GSE231791.

3.3.4 Gene expression analyses

Gene expression analyses were performed following the transcriptomic studies to validate the
raw expression signals of 11 genes that are commonly investigatezlitetature, and the
differential expression of 3 genes that served as a validation of theSeyAas described in
Section 2.3.4 of this thesis. The raw expression signals of the following genes were
evaluated: the adenosine receptors A2A adenosinpteed@d2AAR), A2B adenosine
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receptor (A2BAR), and A3 adenosine receptor (A3AR); the member of th&\bat&nin
signaling pathway that is Wnt family member 1 (WNT1); the epigenetic factor that is
microRNA 26al (miR26A1); the markers of osteogenesis thatosteocalcin (OCN) and
Runtrelated transcription factor 2 (RUNX2); and finally, the markers of angiogenesis that
are intercellular adhesion molecule 1 (ICAM1) and kinase insert domain receptor (KDR).
The differential expression of the following geneswaaluated: the marker of osteogenesis,
osteopontin (OPN); the marker of chondrogenesis,-BR¥X transcription factor 9 (SOX9);

and the marker of angiogenesis, platelet, and endothelial cell adhesion molecule 1
(PECAML1). The primer pairs of the analyzeshgs are listed ifable 3.1.

Table 3.1. Description of the designed primers

Gene

Aza adenosine receptc
(A22AR)

A2 adenosine receptc
(A28AR)

A3 adenosine receptc
(A3AR)
Glyceraldehydes-
phosphate
dehydrogenase
(GAPDH)

Intercellular adhesiol
molecule 1 (ICAM1)

Kinase insert domail
receptor (KDR)

microRNA
(MiR26A1)
Osteocalcin (OCN)

26al

Osteopontin (OPN)

Platelet and endotheli:
cell adhesion molecul
1 (PECAM1)
Runtrelated
transcription factor Z
(RUNX2)

SRY-Box transcription
factor 9 (SOX9)

Wnt family member 1
(WNT1)

Forward Primer

5 CCATGC TAG GTT GGA
ACAA-30

50 CCC AAG TGG GCA
ATGAATA-30

5-0ATG ACT TGC CTACTG
CTTATC-3 0

5 GGTATGA CAACAG CCT
CAAGAT-3 0

5-0GTC ATC ATC ACT GTG
GTAGC-3 6

5-0CCT CACCTG TTT CCT
GTATG-3 0

5-0GTG GCCTCG TTC AAG
TAATC-3 06

5 -0AGG CGC TAC CTG TAT
CAA-3 06

5 -CCCATC TCAGAAGCA
GAATC-3 6

5-0CTA CAC CCAAGT TCC
ACATC-3 0

5 -0GAATGC CTC TGC TGT
TATGA-3 0

50 TCT GAA CGA GAG
CGA GAA-3 0

5 OCTT CGG CAA GAT CGT
CAAC-3 6
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Reverse Primer

5 -0GAC CAC ATC CTC AAA
GAG AC-3 6

5060 CTG CTT GGC AGA
GAAGATAC-3 0

5 0TGG TGA CCC TCT TGT
ATCT-30

5-0GTC CTT CCACGATAC
CAAAG-3 6

5-0GGC CTG TTG TAG TCT
GTATTT-3 0

5-0GCT CTT TCG CTT ACT
GTTCT-3 0

50 CCG TGC AAG TAA
CCAAGAA-30

5CTC CTG AAAGCC GAT
GTG-3 06

50TGG CTT TCG TTG GAC
TTAC-30

5-0CGC CTT GTC CTT CTC
AATTA -3 0

50 GAA GAC GGT TAT
GGT CAAGG-3 0

5-0GCG GCT GGT ACT TGT
AAT -3 0

50 GGA TTC GAT GGA
ACCTTCTG-3 6



3.4 Results

3.4.1 Read processing and alignment

The high throughput screening (HTS) quality control (QC) is summarizeidime 3.1.

Figure 3.1A shows that all samples had a read depth of 29 million paimddeads on
averageFigure 3.1B shows that the average of the Phsedled quality score of dac

nucleotide in all the reads was >34 in all the samples. Also, no adapter sequences were found
in the raw reads, so trimming was not necessary. The reads were subsequently aligned against
the human reference genome hg38 and a quantification of evergsagmgene was

obtained, where expressed gene were defined as those with transcripts per million (TPM) > 1
in at least one sample, as described in Section 3.3.3 of this thesis.

Furthermore, the integroup and intragroup variabilities of the expressed gemwere

assessed by clustering the samples via the principal component analysis (PCA). The results

that are presented Figure 3.1C revealed the transcriptomes of the three distinct groups,

which are ASo, fADoO, and fAPcdGtranscopiomesdfthe epar at e
biological replicates of each group cluster tightly. These two observations indicate that the
replicates are more highly correlated within samples than between samples.

A o

FastQC: Sequence Counts

PCA plot
[}

D1 _R1

D1_R2

D2_R1

P2_R1

PC2(20.97%)

S1 R1
S1_R2
S2_R1

5 10M 15 0 5M 30M 40M
Number of reads

Unique Reads @ Duplicate Reads : !
PCI1 (47.33%)

FastQC: Mean Quality Scores
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Figure 3.1. Read processing and alignment of RiSAquencing RNASeq) data(A)

Barplots representing the read depths for every sample of theSRi§Aor both R1 and R2

FastQC files. The gray portion of the bars report the number of the duplicate reads and the

blue ores report the number of the unique reads. The plot was generated using [B8$tQC

and MultiQC[50] softwares(B) Plot representing the average of the Pteealed quality

score among the bp position of the reads for every sample of theIRNAThe ot was

generated using FastQ@9] and MultiQC[50] softwares(C) Principal component analysis

(PCA) plot of the samples ofthe RNde g, i n which AS0 represents
represents direct, wunidir ect unidinrecidnal pedusionu si on,
with PEMF stimulation.

3.4.2 Differential expression analysis

The differential expression analysis of the
AS0, and AP0 versus ADO0) detected changes in
versus AS0, 654 genes in AP0 v@EigsaB8B),iS0, and
which summed up to a total of 956 unique DEEgure 3.2A). These DEGs were defined

using |log2FC| > 1 and p.adj < 0.01 as statisticabffat as described in Section 3.3.3 of this

thesis. The complete tables reporting log2FC and adjustetiip of the DEGs in each

comparison are provided as a supplementary file 1. Moreover, the upstream regulators were
filtered to select only the dfidlueaMOflcand pti on r
associated target molecules in the dataset C

To gain biological insights from these lists of DEGs, further analyses were performed. For
the sake of explicating the results obtained by the transcriptomic studies in a concise and
explicit manner, we focused our attention on the changes in the expressisnof genes

and upstream regulators related to bone regeneration on one hand, and to some of the
previously reported biological effects of PEMF stimulation on the other. The latter was done
using QIAGEN IPA, as described in Section 3.3.3 of this th&kis.identified DEGs were

first used to identify the signaling pathways that are affected by PEMF stimulation, and
second, to identify the upstream regulators that are affected by PEMF stimulation. The
identified upstream regulators then underwent patremaghment analysis to identify the
pathways that are regulated by the identified upstream regulators and the genes that are
involved in the pathways. Furthermore, we only included the results obtained for the
comparison of APO v alobjedise offolrStudg was to wackidowen pr i nc
the signaling pathways targeted by PEMF stimulation in an in vitro environment resembling
as closely as possible the physiological environment of bone tissue.
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Figure 3.2. Heatmaps of differentially expressed genes (DEGSs) of bone maedwed
mesenchymal stem cells (BMSCs) cultured in basal medium for 21 days. Heatmap of

al |l DEGs in each of t he (B) Heatmaps of DEGsipthethfe® S0, A
commpri sons (ADO versus ASo, APO versus ASO0, &
culture, ADO represents direct, wunidirection

unidirectional perfusion with PEMF stimulation.
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3.4.3 Immune potential of PEMF stimtitan

Bone healing involves multiple phases that overlap, and these are the inflammatory phase,
fibrovascular phase, bone formation phase, and bone remodeling phase. The acute
inflammatory phase is known to facilitate normal bone healing, and as such, inhabition
inflammation and chronic inflammation are associated with delays and impairments in bone
healing, respectivell8].

The GO enrichment analysis of the DEGs in th
MetascapéFigure 3.3A) showed that the signaling pathways evoked by PEMF stimulation

and implicated in the first phase of bone healing are: GO:0006954 (inflammatory response),
R-HSA-1280215 (cytokine signaling in immune system), GO:0001819 (positive regulation of
cytokine prodation), WP5055 (burn wound healing), GO:0002697 (regulation of immune

effector process), and-RSA-6798695 (neutrophil degranulation). The analysis of DEGs in

the comparison of AP0 \Fgurslddprevéaledadditiesnaln g QI AGE
signaling pattvays, which are: mammalian target of rapamycin (mTOR) signaling (enriched

only), macrophage classical activation signaling pathway (activated), antigen presentation
pathway (enriched only), pathogéruced cytokine storm signaling pathway (activated),

Th1l pathway (activated), Th2 pathway (enriched only), M8PN signaling in macrophages

pathway (deactivated), Thl and Th2 activation pathway (enriched onl§p, Hignaling and

production in macrophages (deactivated), wound healing signaling pathway éaljtivat

macrophage alternative activation pathway (activated), and neuroinflammation signaling

pathway (activated). The pathway enrichment analysis of the upstream regulators highlighted
positive regulation of immune system process, response to woundingpsitide regulation

of cytokine productiorfFigure 3.5B).

84



ver sus
factors( T F s )

40g10(P)

046 10 Bl

GO:0009615: response to virus
hsa05164: Influenza A
GO 0002253 actuvallon of i |mmune response

e bioge:
R HSA 156842 Eukaryotlc Transla!lon Elongation
GO:

to steroid
G0:0050730: regulation of peptidyl-tyrosine phosphorylation
G0:0003205: cardiac chamber development
G0:0080840: artery development
GO:0040013: negative regulation of locomotion
G0:0050890: cognition
GO0:0042063: gliogenesis
GO:0031400: negative regulation of protein modification process
WP5055: Burn wound healing

R-HSA-6798695: Nautmph degmnulahun
:0007548: sex differe
M53: PID INTEGRIN3 PATHWAY
GO 2000628 regulatlon of miRNA metabolic process
hondral ossification

—_— 000301855 regulation of proteolysis

G0:0030097: hemopmesns

G0:0014068: of inositol 3-kinase si

G0:0090287: regulation of cellular response to growth factor stimulus

positi
GO:0002697: regulanon of i nmmune eﬂector process
G0:0008285: negative

77: Vitamin D receptor pal
G0:0071396: cellular response to lipid
G0:0030855: epithelial cell differentiation
GO:0030335: positive regulation of cell migration
R-HSA-9006934: Signaling by Receptor Tyrosine Kinases
GO:0042327: positive regulation of phosphorylation
GO0:0010817: regulation of hormone levels
GO 0003013: circulatory system process
0:0009725: response to hormone
R HSA-1474244: Extracellular matrix orgamzanon
GO:0001558: regulation of cell growtt
GO 0007167: enzyme-linked receptor pm!eln signaling pathway
: negative
GO 0072001: renal system developmem
~ hsa04640: Hematopoietic cell lineage
WP5115: Network map of SARS-CoV-2 signaling pathway
R-HSA-1280215: Cytokine Signaling in Immune system
G0:0098609: cell-cell adhesion
GO 0001819 positive regulatlon of cytokine production

GO 0032102: negative regulahon of response to external stimulus
GO:0001775: cell activation
GO 0001944 vasculature development
NABA CORE MATRISOME
GO 0040011: locomotion
GO:0080326: cell chemotaxis
M5885: NABA MATRISOME ASSOCIATED
WP3624: Lung fibrosis
C‘O 0006954
5205323 Rheumatoid arthritis
GO 0072089: stem cell proliferation
G0:0043269: ion of ic ion
GO0:0048732: gland development
G0:0032787: monocarboxylic acid metabolic process
R-HSA-372790: Signaling by GPCR
1 2 a in flament-based process
sitive regulation of binding
3:. epnhahal cell proliferation
G0:1903530: regulation of secretion by cell
WP2882: Nuclear receptors meta-pathway
G0:0009611: response to wounding
GO: 0070482 response to oxygen levels
GO:001
GOl 0034330 cell Juncnon orgamzahon
G0:0050678: cell
G0:0050922: negative regulahon of chemotaxi:
G0:1901615: organic hydroxy dpound melabollc process
GO:0070542: response to fatty aci
G0:1901214: re%ulallon of neuron death
M3468: NABA ECM REGULATORS

GO:0008979: response to oxidative stress
GO 0030278 regulation of ossification

GO 0051345 positive regulaﬂon of hydrolase activity
R HSA 109582 Hemostasis
1: respiratory system development
GO 0007584 response to nutrient
G0:0071363: cellular response to growth factor stimulus
tion

GO:0001501: skeletal system development

G0:0007565: female pregnancy

WP3888: VEGFA-VEGFR? signaling pathway

G0:0010942: positive regulation of cell death

GO:0003018: vascular process in circulatory system

WP5283: Chronic hyperglycemla impairment of neuron function

GO 0032652:
0:0009410: response to xenoblot:c stimulus

GO 0007423: sensory organ development

G0:0097435: supramolecular fiber organization

G0:0040007: growth

GO:0061061: muscle structure development

G0:0062012: ion of small

GO: ; i
GO:0060976: ccron’ary vasculature development

85

G0:0120035: regulation of piasma membrane bounded cell projection organization
WP28' ithway

SSAd

SsAQ

stat

-log10(P)

0236 10

Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
~ Regulated by:
Regulated by:
' Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:
Regulated by:

asand

ic cul

BRCA1
EP300
ESR1
STAT3
SIRT1
SREBF1
ARNT
HIF1A
JUN
IRF1
STAT1
RELA
NFKB1
SP1
RFX5
CIITA
FOXO1

Figure 3.3. Functional analysis of the differentially expressed genes (DEGS) of bone
marrowderived mesenchymal stem cells (BWSCs) cultured in BM in the comparison of
D 0(A) tHeatmamof teeGO deem@aHeatmap of transcription
ASO represents
represents di

ture, ADO
uni directional pe



EIF2 Signaling

Regulation of eIF4 and p70S6K Signaling

mTOR Signaling

Macrophage Classical Activation Signaling Pathway
Multiple Sclerosis Signaling Pathway

Antigen Presentation Pathway

Pathogen Induced Cytokine Storm Signaling Pathway
Thl Pathway

Th2 Pathway

PD-1. PD-L1 cancer immunotherapy pathway
Pathogenesis of Multiple Sclerosis

MSP-RON Signaling In Macrophages Pathway

Thl and Th2 Activation Pathway

IL-12 Signaling and Productionin Macrophages
Wound Healing Signaling Pathway

Macrophage Alternative Activation Signaling Pathway

Neuroinflammation Signaling Pathway

40

[}
(&3]
w
o
w
o

20
-log(p-value)

o
o
-
o
-
o

. Acitvated pathways
. Decitvated pathways

. Enriched pathways

Figure 3.4. Bar plot representing selected enriched pathways from QIAGEN Ingenuity
PathwayAnal ysi s (I PA) of differentially express
versus ADO06, where ADO represents direct, uni
unidirectional perfusion with PEMF stimulation. Orange bars represent activatedaya in
APO in comparison with ADO,; Bl ue bars repres
with ADO; Bl ack bars represent pathways that

ADoO .



Semantic pace Y

miRNA metabolic process

[regulation of protein modification process]
8 [rezulaﬁon of miRNA metabolic pro:ess] MIRNA transcription
[regulaﬁan of Iocomotion] mRNA transcription
~ ~
o [regulatlon of immune system process]
" ~ =~
regulation of cell migration
. [os!eoblast diﬂ‘erentlation] [cytokine producﬂon]
‘ >
4 . (skeletal system morphogenesis| (1eukocyte activation)
C ﬂ 0 cell activation
v
2+
[stem cell population maimenance]
04 R
[ ietic or lymphoid organ nentj ___—= '
-2 [cir:umorv system developmen(]
-4 .
g ' /{cellulnr response to external stimulus|
: |
- /{response to mechanical stimulus] [M'
-8 epithelium development
-8
growth
muscle cell proliferation
-104
T T T T T T T T n
-8 - -4 -2 (] 2 4 8

TP53

TGFB2 -
TAF4

BMP7

NFKBIA

FGF2

MAPK1

MAPK14 -
CTNNB1 i
RUNX2

FGFR1

PTEN

SMAD!1

SMAD3

VEGFA

BMP2

MAPK3
SMARCA4

sample _groupl

Color: Value

-50
-40

-20

Size: Log Size

O 13

38
6.2

sample_group
9 P
D
0.5
0
-0.5

<1

Figure 3.5. Upstream regulators detected on QIAGEN InggnBathway Analysis (IPA) of

the comparison of APO versus ADO, where ADO
AP0 represents direct, unidirectional perfus
upstream regulators that were differentiaipressed. (B) Pathway enrichment analysis of

the upstream regulators using Revigo.

87



3.4.4 Angiogenic potential of PEMF stimulation

With regards to the second stage of bone healing, the fibrovasculapBlasee GO
enrichment analysis in the comfmud3s8on of HAPO
highlighted GO:0001944 (vasculature development), GO:0003013 (circulatory system

process), GO:0060840 (artery development), and WP3888 (vascular endothelial growt

factor A-vascular endothelial growth factor receptor 2 (VEGHAGFR?2) signaling) as
signaling pathways promoted by PEMF. The ana
versus fADO us (Figge 3@)did tEideéntify Bighaling pathways associated

with angiogenesis. However, the identified upstream regulators included VEGFA,

transforming growth factor beta 2 (TGFBZ2), fibroblast growth factor 2 (FGF2), fibroblast

growth factor receptor 1 (FGFR1), and some members of the mitageated protein

kinase (MAPK) signaling pathway, which are MAPK1, MAPK3, and MAPKBEi4ure

3.5A). The pathway enrichment analysis of the upstream regulators highlighted the regulation

of vasculature developmefiigure 3.5B).

3.4.5 Osteoinductive potential of PEMEmulation

The final phases of bone healing are the bone formation and bone remodeling§8jases

Since the preliminary gene expression analyses revealed that only whdikbéanechanical
stimulation was coupled with PEMF the upregulation in the osteogenic marker COL1A1
became significant, the transcriptomic studies served the purpose of clattiying

osteoinductive potential of PEMF stimulation. The GO enrichment analysis of the DEGs in
the comparison of AP0 versus ADO using Metas
G0:0001501 (skeletal system development) with the main TFs involvedfseabgnin 1

(CTNNB1) and nuclear factor kappa B (fB) inhibitor alpha (NFKBIA)(Figure 3.3). By
contrast, the analysis of DEGs in the compar
(Figure 3.4) did not identify signaling pathways associated with osteogeregisas in the

case of angiogenesis, the related upstream regulators should be acknowledged, and these are:
members of the canonical Smdependent signaling pathway of the transforming growth

factor (TGF}b/bone morphogenetic protein (BMP) signaling, whize BMP2, BMP?7,

SMAD1, and SMAD3; members of the noanonicalSmadindependent signaling pathway

of the TGFB/BMP signaling (that is, p38 mitogeactivated protein kinase/p38 MAPK)

including P38 MAPK; members of the WNdF¢atenin signaling pathway inaing

CTNNB1 and WNT3A (predicted by IPA, but not actually expressed in our samples); the
member of the Nf&B signaling pathway that is NFKBIA; as well as the ruelated

transcription factors (RUNX) including RUNXZigure 3.5A). The pathway enrichment

analysis of the upstream regulators highlighted regulation of osteoblast differentiation,
ossification, and regulation of WNT signaling pathwgigure 3.5B).
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3.4.6 Secondary pathways altered by PEMF stimulation

As the present work aimed to explore belogical effects of PEMF stimulation using an
innovative bioreactebased investigation platform, the results obtained by the transcriptomic
studies were thoroughly examined. Not surprisingly, the biological effects of PEMF have
gone beyond bone healiagd in this section, we presented a few of the biological effects of
PEMF stimulation that were investigated by previous studies.

To start with, the possible role of PEMF stimulation in initiating epigenetic alterations was
checked, especially that thisle called attention recently. Cited as an example, the work by
De Mattei et al. (2020) presented that PEMF stimulation can modulate miRNAs involved in
osteogenesis and angiogenesis, mainly miR26a and mi{B2pbn the current study, the
pathway enricment analysis of the upstream regulators highlighted miRNA transcription and
MiRNA metabolic procesg-igure 3.5B). Therefore, a deeper insight into the biological
significance of these epigenetic alterations can present a great topic for future research.

Moreover, the first signaling pathway that was primarily underlined by the analysis of DEGs
in the comparison of APO versus ADO wusing |P
(elF2) (deactivated), refocused the attention on the possible modifisati gene expression

of human BMMSCs that can be triggered by exposure to PEMF. elF2 is known to play a
central role in the integrated stress response (ISR), an adaptive signaling pathway required for
the maintenance of cellular homeostasis by redymiotgin synthesis, while allowing the
translation of a set of MRNAs encoding transcription factors and other pri@@jn¥he

modified signaling pathways and downstream events involved in gene expression were
searched for, and included the regulatibel&4 and p70S6K signaling (enriched only)

(Figure 3.4), and the upstream regulators comprised SWI/SNF related, matrix associated,

actin dependent regulator of chromatin, subfamily a, member 4 (SMARCA4) and-BAXA
binding protein associated factor 4 (TAF4), among otffemure 3.5A). The pathway
enrichmentnalysis of the upstream regulators highlighted positive regulation of gene
expressior{Figure 3.5B). These data can support the hypothesis that PEMF perpetrated its
functions by directly altering gene expression, from transcription and translation to

epigenetics.

Another utility of PEMF stimulation that was previously described by various studies is its

potential use in certain pathological conditions with the intention of ameliorating the

pathogenesis of these conditions. The pathological conditionséhatdetected in the

present study include multiple sclerosis (MS) and tumor. For MS, the analysis of DEGs in the
comparison of AP0 v er (Figuse 34) Dghlighted M8 gignaiigA GEN | P
pathway (activated) and pathogenesis of MS (enriched,any this desirable outcome of

PEMF was detected by various studies that explored the effects of PEMF on sgégiicity

Besides MS, biophysically stimulated BMSCs exhibited tumor suppression properties, and

the analysis of DEGs in the comparisofioP 0 v er sus A DO (kigurel4) QI AGEN
included PB1, PDL1 cancer immunotherapy pathway (deactivated), in addition to the
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expression of the upstream regulators TP53 and phosphatase and tensin homolog (PTEN) that
are known tumor suppressd@figure 3.5A).

3.4.3 Validation of raw expression signals and differential gene expression

To further investigate the signaling pathways that were reported by previous studies as

potential pathways targeted by PEMF and to validate the results obtained by the

transcriptomic studies, gene expression analyses were performed. Accordingly, the change

in the relative expression | evels of certain
were tracked down for the validation of the raw expression si¢gfgsre 3.6) and for the

validation of the DEG$Figure 3.7).

Here we present the outcomedité gene expression analyses obtained for the comparison of
AP0 versus ADO in order to compare them with
(Figure 3.6C). Starting with signaling pathways, the relative expression levels @R\

A28AR, and AAR mMRNAs were detected to examine adenosine signaling as it is extensively
reported in the literature, but was not highlighted by the transcriptomic studies of our study.
While A2AAR and AsAR were slightly upregulated(.0 and 0.6old change, respectively)

due to PEMF stimulation, AR was not. Another signaling pathway that is highly noted by
previous works is the Wifi/catenin signaling pathway with WNT1 being the mainly

reported member. The relative expression level of WNT1 mRNA showed that WNT1 was not
expressed by BMMSCs, even after PEMF stimulation. This finding is in line with the results

of the transcriptomic studies, since CTNNB1 and WNT3A (predicted by QIAGEN IPA, but
not actually expressed in our samples), and not WNT1, were the identified reerhtier
WNT/b-catenin signaling pathway. To get additional information on the epigenetic

alterations caused by PEMF, the relative expression level of the most commonly reported
epigenetic modulator in the literature, that is miR26A1, was evaluated, st ishowed

that PEMF caused a slight elevation in the expression of miRZBAD-{old change), and

this was also verified by transcriptomic studies that highlighted other miRNAs, and not
mMiR26A1, as major epigenetic players.

To corroborate the biologat effects of PEMF on the cellular level, the relative expression
levels of the osteogenic markers, angiogenic markers, and chondrogenic markers were traced.
The outcomes showed higher expression of RUNX2, OCN, and OPN mRNAs with PEMF
stimulation in compason with perfusion alond)1.9, 1.7, and 147-ibld change,

respectively), and similar tendencies were seen with the mRNAs of the angiogenic markers
ICAM1, PECAM1, and KDR 1.9, 13.7, and 1-fold change, respectively) and the mRNA

of the chondrogenic mker SOX9 D2.5-fold change). Based on the results, we can
hypothesize that PEMF stimulation tends to preserve the ability eMB@s to differentiate

into various cell types. This is because both osteogenic and angiogenic markers were
upregulated. This pperty is a key characteristic of stem cells, which are known for their
ability to differentiate into different cell types.
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Figure 3.6. Gene expression analyses of bone maidewwed mesenchymal stem cells (BM

MSCs) cultured in basal medium. The relative expressions of various mRNAs in the three
comparisongA) i Do verBiPon ey sy Gnmdcovermnuws ADO, in
reppesents static culture, ADO represents dire
direct, unidirectional perfusion with PEMF stimulation. The relative expressions of the

MRNAs were analyzed by reverse transcriptiprantitative PCR (RTGPCR) and wre
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calculated by Z*®T method with normalization to the levels of GAPDH. Bars represent the
mean fold change of three biological replica

DEGs validated
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Figure 3.7. Heatmap of validated differentially expressed genes (DEGS) of bone marrow

derived mesenchymal stem cells (BWBCs) cultured in basal medium. The genes are-SRY
Box transcription factor 9 (SOX9), osteopontin (OPN), and platelet and endothelial cell

(1]
|
IR
8]

adhesiomo | ecul e 1 (PECAM1). ASO represents stat
unidirectional perfusion, and AP0 represents
stimulation.

3.5 Discussion

Understanding how cells respond to external physical stisaliucial for unraveling

complex signaling pathways involved in disease treatment. In our study, transcriptomic
analysis was employed to elucidate the molecular and cellular alterations induced by PEMF
stimulation. The DEGs identified by transcriptomicdsés were analyzed to identify the
signaling pathways and upstream regulators altered by PEMF stimulation by comparing the
culture conditions AP0 and ADO. Moreover, th
pathway enrichment analysis. Starting with fing phase of bone healing, our results

showed that in the absence of a pathological state, such as bone fracture, PEMF has an
immune potential as it stimulates the immune properties of humaiMBRIs and can

therefore modulate the immune system. Thisouone is consistent with the findings of

previous studies that presented the-arftammatory properties of PEMF. However, it is

worth noting that mosnh vitro studies performed to date were done on 2D cell cultures and in
the presence of an inflammatatate, and only a few of them investigated MSCs. For
instance, synovial fibroblasts from OA patients were exposed to PEMF by Ongaro et al.
(2011), who showed that EMF predisposed aniaflammatory state via the activation and
upregulation of the adeno® receptors # and As, the inhibited release of prostaglandin E
(PGE) and other proinflammatory cytokines, and finally, the elevated release-of anti
inflammatory cytokine$62]. For the immune potential of PEMF stimulation, several studies
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suggested the involvement of ARs, and proposed A2AAR and A3AR as the major players in
various cell lines including human neutrophils, synoviocytes, chondrocytes, and osteoblasts
[63]. The tanscriptomic studies of the present work did not highlight signaling pathways
involving ARs; yet, these transmembrane receptors are not the only ones that can be linked to
the immune potential of PEMF stimulation. This point was demonstrated by othesstudi

such as the work done by Ferroni et al. (2018), who studied mTOR signaling pathway in
particular, and revealed that human-M5Cs exposed to PEMF showed increased cell
proliferation, cell adhesion, and osteogenic commitment even in inflammatory oosdita

MTOR signaling pathwaj64]. The involvement of the mTOR signaling pathway was also
demonstrated in the transcriptomic studies of the present study, as mentioned above.

The second phase of bone healing, the fibrovascular phase, is also taygeEdF

stimulation, according to our results. This capacity of PEMF stimulation has been reported by
previous in vitro studies too, yet, they were mainly performed on 2D cultures. One example is
the recent study by Gerdesmeyer et al. (2022), who usedryrhmman BMMSCs cultured

in osteogenic medium and exposed them to-imtgnsive PEMF (80150 mT, 13 Hz) for

up to 14 days. The authors showed that only at day 7 of culture PEMF with a magnetic field
strength of 80 mT caused an increase in the relgasadgiogenic factor VEGF, while it did

not upregulate the expression of VEGF andgsteogenic factors genfgh]. In previous

work in vitro and in vivo, Tepper et al. (2004) also depicted a major role of FGF2 in the
angiogenic potential of PEM[B6]. Regardless of the heterogeneity among the examined
angiogenic markers, there is substantial evidence of the involvement of the MAPK signaling
pathway, with a concrete role of FGF2 in the angiogenic potential of PEMF stimulation. This
was also observed the present study using BMSCs, since the transcriptomic studies
underlined upstream regulators that are tightly linked to the activation of MAPK signaling
pathway and to the regulation of angiogenesis.

Finally, the last phases of bone healing, whighthe bone formation phase and bone
remodeling phase, are also altered by PEMF stimulation relative to our findings. However, it
is noteworthy that regardless of the firm bond between PEMF stimulation and bone healing,
the complete mechanisms participatinghis action are slightly recognized, and adding to

this, the findings of studies are not well defined. In 2D cultures, for instance, Gerdesmeyer et
al. (2022) did not observe a significant upregulation in the expression of COL1, ALP, OCN,
and BMP2 by bman BMMSCs exposed to PEMF after 7 and 14 days of culture in
comparison with cells cultured in the absence of PESHF. Conversely, Wu et al. (2018),

using mouse embryonic stem cells exposed to PEMFX0.4nT, 30 Hz), revealed that

PEMF induced ostdatastogenesis through increased intracellul&’ Gad the Wnit
Ca&*/Wnt-b-catenin signaling pathwd@7] The effect of PEMF stimulation on bone healing

was also tested in 3D cultures. Using calcium phosphate (CaP) surfaces and three different
cell lines (human BMMSCs, human osteoblalste osteosarcoma MG63 and Sa@8ells,

and normal human osteoblasts}h@&artz et al. (2009) showed that PEMF stimulation

elevated the expression of the TNF receptor superfamily member 11b (TNFRSF11B), but did
not alter that of RANKL, suggesting that PEMF stimulation acts via a signaling pathway
other than those that medi®ANKL expression or secretid68]. The signaling pathways
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involved in bone metabolism that are mainly correlated with the osteogenic potential of
PEMF include TGH/BMP signaling[69], WNT/b-catenin signalingi70], and NFaB
signaling[71]. In thepresent study, members of all three pathways were detected to be
upregulated by PEMF stimulation. Alongside this, the single most startling finding is the
remarkable upregulation of the expression of OPN caused by PEMF stimulation in
comparison with persion alone. The latter is worth further investigation, especially that

OPN possesses multiple functions and plays roles in inflammation, cardiovascular diseases,
cellular viability, cancer, diabetes, and renal stone didéae

3.6 Conclusions

In spite of the advancements in uncovering the biological effects of biophysical stimulation,
including PEMF, a comprehensive understanding of the altered signaling pathways is yet to
be realized. There is no doubt tiawitro experiments omitting the agplexity and

peculiarity of tissue types are henceforward deficient, and in parallel, legislations aiming to
stop the use of animals for scientific purposes niak@vo experiments an unfeasible
alternative. As such, the most propitious substitute ispipiication of advanced vitro
investigation tools that attempt to replicate the parameters of specific physiological
environments as closely as possible. Human mesenchymal stem cells (hnMSCs) are sensitive
to biomechanical and biophysical stimuli, whitieans that it is enormously substantial to
track down the signaling pathways involved in the stimuoésponse transformations

resulting from biomechanical and biophysical stimulation.

Based on evidence from the current study, humarNBBLCs cultivated iranin vitro

investigation platform replicating the microarchitecture of trabecular bone and the
physiological environment of bone tissue can respond to PEMF stimulation by inducing bone
healing via the expression of immune, angiogenic, and osteogenitiglofEime study also
successfully mapped the gene transcripts of humarAVBB\Cs that are sensitive to
biomechanical and biophysical stimulation. Another observation to emerge from this study is
the ability of PEMF stimulation to initiate new features inhiobenan BMMSCs including

the aptitude to interfere in certain pathological states. Thus, based on evidence from the
present study, the proposidvitro investigation platform represents a suitable tool for
investigating the biological effects of PEMF stilation.

The current work is a call for other researchers to avail themselves of the opportunity to
access the transcriptome profile of human-BMCs to direct their future research. It should
be emphasized that a lot remains obscured, and more workdsedh® discover how
different cell types respond to PEMF stimulation, how mechanical stimuli resembling the
bone physiological environment affect the biological effects of PEMF, and how the
modification of PEMF parameters (amplitude, frequency, pulsesslaao duration of
exposure) modify the biological outcome.
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Chapter 4

Upgrading the Automated Perfusion Bioreactor with
Hydrostatic Pressure to Better Mimic Bone's
MechanicaEnvironment

4.1 Abstract

Bone is a dynamic tissue that experiences a complex mechanical environment. The intricate
interplay between various mechanical stimuli and bone cells orchestrates processes such as
bone remodeling, adaptation, and repair. In this work, we upgraded theustgwdescribed

in vitro bioreactorbased platform. By incorporating pinch valves with adjustable settings
(period and duty cycle), we can deliver hydrostatic pressure, simulating physiological loading
or unloadingFor this purpose, human bone marrdaived mesenchymal stem cells (BM
MSCs) were seeded onto ginted polylactic acid (PLA), as described in Chapter 2, and
cultured under three different condition: static culture; within the perfusion bioreactor
providing fluid flow-induced shear stress, @®viously described in Chapter 1; and within

the upgraded perfusion bioreactor providing both fluid floduced shear stress and

intermittent hydrostatic pressure simulating physiological unloading to evaluate cell viability.

4.2 Introduction

The respase of bone cells to physical forces plays a significant role not only during bone
modeling and remodeling, but also during bone healing, bone regeneration, and implant
osseointegratiarExercise intervention programs have shown to reduce bone losseas@cr
bone mass regardless of the gender, age, and initial bone health status. It is speculated that the
maintenance of skeletal integrity relies on the interplay between cellular response to
hormonal stimuli and mechanical load stindlj, although the mechanisms through which
the mechanical microenvironment alters cellular behavior is still not well known. Several
studies have shown that athletes have higher bone mineral density (BMD) and linked this
improvement to the mechanical stimglince the greater the mechanical loading, the greater
the BMD[2]. On the other hand, astronauts who participate onrdoingtion space missions
and remain in a zergravity environment are known to experience substantial reduction in
BMD and bone stregth due to the absence of mechanical loafi3hg
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The mechanical microenvironment's significant influences on bone health is also evidenced
by various clinical interventions. Distraction osteogenesis (DO), for instance, is a surgical
technique employetb address conditions, such as leg length discrepancy, bone deformity,
large bone defects, or bone resection. This technique involves creating a transverse bone
section (osteotomy) and separating the bone segments rhythmically and gradually, applying
specfic tensile forces. This longitudinal mechanical strain triggers bone regeneration, which
begins with the formation of immature bone, followed by mineralization, and ultimately,
consolidation with the surrounding bone tisftie Similar principles applyo bone fractures.
Although personalized clinical guidelines for optimal mechanical strain parameters
(frequency and magnitude) in fracture healing remain elusive, a consensus exists on the
importance of a sequential approach: initial stability (immaodiian and compression, non
load-bearing), followed by progressive loading (partial and full {badring)[5]. Mechanical
forces also play a critical role in bone implant osseointegration. Consequently, implant
design, particularly in terms of force tsamission, is a crucial fact{].

The underlying reason for all the aforementioned examples of how the presence or absence of
mechanical cues alter bone health is rooted in the biomechanical and biophysical
environment of bone tissue. These environments vary significantly at differeotrécelt

levels (macroscopic, microscopic and nanoscopic). Bone adaptation is regulated by the
complex interplay of biomechanical and biophysical factors, encompassing the commonly
considered ones, which are matrix strain, fluid fiomuced shear stress,dahydrostatic
pressure, as well as the piezoelectricity and streaming potgiitiblowever, non

mechanical factors, such as hormones, immune responses, and angiogenesis, are equally
important and interact with the biomechanical and biophysical cues to regulate bone
regeneration8]. To fully understand bone regeneration, advameeitro models capable of
recapitulating multiple stimuli, including physical, mechanical, biological, and chemical
factors, are necessary.

Interstitial fluid flow is a key player in bone health. Mechanical loading generates interstitial
fluid flow throughporoelastic flow within the lacunaanalicular network and via
intramedullary pressurization. While the former primarily generates flow within the bone
matrix, the latter induces significant flow at both the endosteal surface and within the tissue
[9]. This interstitial fluid flow generates various mechanical stimuli, particularly fluid-flow
induced shear stress and hydrostatic pregé0te

Weinbaum and colleagues (1994) developed a model of fluid flow within the bone matrix,
considering the presence of proteoglycans. Their model predicted that the shear stress exerted
by this fluid flow on bone cells ranges from 8 to 30 dyn/gi3. Howe\er, different studies

reported varying values of shear stress, depending on factors such as the type of loading
(bending, axial loading, torsional loading, etc.), velocity, and other variables. Notably, the

fluid shear stress experienced by human boneirsnuadeterminef7].
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According to Zhang et al. (1998), when we walk, our bones experience a certain level of
cyclicstress(01 8 MPa) and strain (1000 e€U). This st
pressure within the bone, particularly in the/density regions. This pressure, estimated to

be around 0.27 MPa, is significantly higher than the pressure in blood é23eWhilein

vitro studies have shown that this pressure can stimulate bone growth, it is difficult to directly
measure and gy this effect in living organisms due to technological limitations. It is

speculated that the unique structure of bones, with areas of concentrated stress, might amplify

this pressure, potentially leading to even higher levels than the estimated 0.Z7]|MPa

To assess the role of mechanical cues in bone healing and regeneration, this study aimed to
investigate the effects of hydrostatic pressure on stem cell behavior and osteogenic
differentiation. To achieve this, we employed an upgrduectactorbased platformThis
platform was designed based on the bioredutsed platform described in Chapter 2. It
incorporated pinch valves with adjustable settings (period and duty cycle) to deliver
hydrostatic pressure simulating either physiolagimloading or loadingl'he hydrostatic
pressure characterizatioras performed usingpllagenloaded PLA600 scaffolddMoreover,
bone marrowderived mesenchymal stem cells (BMSCs) were seeded onto polylactic acid
(PLA600) scaffolds (described in Chap®y, and cultured under various betigsuelike
mechanical stimulation€ells were cultured statically, or exposed to fluid flowluced

shear streswithout and withhydrostatic pressure simulating physiological unloading (5
kPa). Cell viability was asseed under these conditions on day 7.

4.3 Materials and Methods

4.3.1 Parallelized, automated perfusion bioreactor equipped with pinch valves

The automated perfusion bioreactor equipped that was previously described in Chapter 2 was
equipped with solenoidctuated pinch valve (Cole Parmer GmlfHpure 4.1A) placed
downstream to provide intermittent hydrostatic presétigure 4.1C and4.1D). The pinch

valve settings, including period (0-3® s) and duty cycle {000%), can be modified via a

fully automated Arduindoased control boxI'he pinch valves can be easily and quickly
connected to perfusion systeRiessure measurements were perforogdg norinvasive

pressure sensors (HIK Sensor@igure 4.1B) using the PLAG00 scaffoldslescribed in

Chapter 2 of the thesik)aded with collagen
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Figure 4.1. The upgradethioreactorbased investigation platforrtA) The solenoidactuated
pinchvalve (Cole Parmer GmbH)B) The pressure sensors (HIJK Sensoré@) The
solenoidactuated pinch valvelaced downstream the culture chamber of the bioreqExpr.
The upgradedutomated perfusiobioreactorsetup with two activesolenoidactuated pinch
valves within the incubator.
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4.3.2 PLAG60O trabecular bostike tissue culturing within the perfusion
bioreactor equipped with pinch valves

4.3.2.1 Cell culture conditions

Human telomerase reverse transcriptase (hTHRMortalized BMMSCs of clonal line

Y201, which was generated by James 18], were cultivated in basal medium that is fow
glucose Dul beccods modi fied Eagl edsic,cmedi um (
Inc.) supplemented with 15% fetal bovine serum (FBS, gibco Thermo Fisher Scientific, Inc.)

and 1% antibiotics (penicillin/streptomycin, gibco Thermo Fisher Scientific, Inc.) and

incubated in a humidified atmosphere with 5%,@0D37°C. The cells wereapsaged once

they reached 800% confluency by enzymatic digestion using trypsin/ethylenediamine

tetraacetic acid (trypsin/EDTA, gibco Thermo Fisher Scientific, Inc.) before each assay.

4.3.2.2 Cell seeding on PLA600 and culturing under three conditions

PLAGOO scaffolds were inserted into PDMS holders placed wwalbcell culture plate. To

reduce the hydrophobicity of the scaffolds prior to cell seeding, they were washed with PBS

(1X). Subsequently, two drops of 5 mg/mL PureCol EZ Gel solution (Megdl) Wwere

added to the scaffolds to remove residual PBS from the pores. The scaffolds were then

incubated at 37°C to allow the polymerization of collagen, thereby minimizing cell loss. Cells

were seeded directly onto the PLA600 scaffolds at a definederadity of approximately

3x1C cells and a defined volume of 260, as described in Section 2.3.3 oéthesis.The

samples were incubated for 4 h to facilitate cell infiltration and adhesion, then covered with

BM and incubated overnight. After tlowernight incubation, the samples were cultured for 7

days under three different culture conditions: static culture, in which the samples were kept in

the cell culture plate and the medium was changed evéryay's; direct perfusion, in which

samples werplaced in the automated bioreactor and perfused unidirectionally at a flow rate

of 0.3 mL/min with 50 mL of medium; and direct perfusion with hydrostatic pressure, in

which the samples were cultured as in conditionu? with additional intermittent

hydrostatic pressure of around 5 kPa (period = 10 s, duty cycle = 50%) to simulate

physiological unloadig. Samples were evaluated in triplicates (n = 3). The samples were

|l abeled as follows: fAS0 represents static cu
perfusion, and ADHPO represents direct, unid
simulating physiological unloading

4.3.2.3 Cell metabolic activity assay

The resazurin reduction assay was performed to assess cell metabolic activiyMB B8/
Resazurin sodium salt (powder, Merck, Darmstadt, Germany) was used to prepare 1%
resazurin solution in 1X PBS, which was diluted in basal medium to a final concentration of
0.015% (v/v) to prepare the working solution prior to easy assay. On day 7 oéctitu
scaffolds were removed from the CCs of the bioreactor and placed iwelll&ll culture

plate. 3 mL of resazurin working solution were added to each scaffold. Followthg a 3
incubation period, 100 uL aliquots were used for fluorescence qeaititi at excitation and
emission wavelengths of 530 and 590 nm, respectively, using a microplate reader (Tecan
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GENios Microplate Reader, Spark, Tecan Trading AG, Mannedorf, Switzerland). The results
were averaged over three biological replicates (n = 3).

4.3.2.4 Cell viability assay

On day 7 of culture, the viability of BMISCs seeded on the biomimetic PLA600 scaffolds
was evaluated via the |Iive/ dead cel |l assay
mammalian cells, Invitrogen Life Technologies). Bigethe scaffolds were removed from

the CCs of the bioreactor, placed in av2dll cell culture plate, washed with PBS (1X), and

then incubated in a basal medium containing 2 uM caldélnand 2 uM ethidium

homodimerl (EthD-1). After 15 min of incubatioat 37°C and 5% Cg&atmosphere, cells

were imaged using a fluorescence microscope (THUNDER Imager 3D Cell Culture, Leica
Microsystems) to visualize the green calcein AM that stains live cells and the red EihD

stains dead cells.

4.3.2.5 Cell infiltraton and distribution assessment

On day 7 of culture, the infiltration and distribution of BWSCs were examined using a
scanning electron microscope (SEM) (J$M800, JEOL, Italy). For SEM analysis, the

scaffolds were removed from the CCs of the bioreaplaced in a 24vell cell culture plate,

and gently washed with PBS (1X). Then, cells were fixed with 2.5% glutaraldehyde at 4°C
overnight, and after cell fixation, the 2.5% glutaraldehyde was dispensed, and samples were
washed with PBS (1X), dehydratedgraded alcohol of 30%, 50%, 70%, 90%, and 100%
(twice) for 30 min each, covered by hexamethyldisilazane (HMDS) for 30 min, and then air
dried in a chemical fume hood. Finally, samples were coated with gold using a sputter
coating machine (DIR9030SCTR &art Coater, JEOL, Italy).

4.4.3. Statistical analysis

All experiments were performed with three biological replicates. Data are presented as means
+ standard deviation (SD$tatistical comparisons were performed using awag analysis

of variancglANOVA), followed by the Tukey posgtoc test Statistical significance was

defined as a{value < 0.05. The analysis was conducted using R (R Core Team,[20R0)
RStudio (Rstudio Team, 202[0)5], and the tidyverse packafjs].
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4.4 Results

4.4.1Hydrostatic pressure characterizatusing collagerioaded PLAG00
scaffolds

As shownin Figure 4.2, adjustments to the solene&ttuated pinch valve's settings,
specifically period (s) and duty cycle (%), while maintaining a constant fluid flovof &
mL/min, allow for the attainment of hydrostatic pressure values within the collageed
PLAG60O0 scaffold that fall within the physiological unloading and loading rai@gseral
studies estimated the hydrostatic pressure values during physadlogicading and loading.
These studies indicate that at rest, pressure values range between 30 and 60-&kiP),(4
while physiological loading results in values greater than or equal to 80 mmHg (1J2 KPa)
Therefore, the following settings werdesgted to evaluate cell viability within the upgraded
automated perfusion bioreactor: 0.3 mL/min with as@@ond period and 50% duty cycle to
simulate physiological unloading, achieving a pressure value of 5 kPa (approximately 37.5
mmHg) (Figure 4.2).
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Figure 4.2. Peak pressure values (kPa) measured using pressure geid¢oensorenfor

a solenoidactuated pinch valvgCole Parmer GmbH The xaxis shows the settings of the
upgraded automated perfusion bioreactor: flow rate (mL/foimperfusion in addition to

period (s) and duty cycle (%f the pinchvalveP L A6 00 scaffolds | oaded
PureCol EZ Gel solution (Merck) were used for characterization.
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4.4.2 Cell viability and infiltration within the PLA600 scaffolds under three
cultureconditions

BM-MSCs seeded within PLA600 scaffolds using 0.5% @@éasing collagen were cultured
for 7 days undethreedifferent conditions: statii S perfusion only (fluid flowinduced

shear stress) D, @and perfusion with pinch valves added (flumirf-induced shear stress and
hydrostatic pressure simulating physiological résf) H FR@sazurin reduction assay
demonstrated that cell metabolic activity in the presence of hydrostatic pressure was
comparable to that without hydrostatic pressure. Momgalkre metabolic activity was
statistically significantly higher for cells cultured under fluid flavduced shear stress in
comparison to those cultured under static conditions ("D" vs. “88Jye = 0.027). However,
this was not the case for cells cu#td under fluid flowinduced shear stress with hydrostatic
pressure simulating physiological rest in comparison to those cultured under static conditions
("DHP" vs. "S", pvalue = 0.054]Figure 4.3A). These results were further confirmed by
live/dead assaffFigure 4.3B). Additionally, SEM analysis revealed that the addition of
hydrostatic pressure did not alter cell infiltration and distribution within the scaff6igisre
4.4).
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Figure 4.3. Viability of bone marrowderived mesenchymal stem cells (BWSCs) within

the PLA600 scaffolds under static, direct perfusion, and direct perfusion with hydrostatic
pressure culture conditions for 7 dags* p < (APMetaliol)c activity of BMMSCs
cultured withinPLA600 scaffolds using Resazurin reduction as¢By.Live/dead assay of
BM-MSCs cultured withirPLA600scaffolds.
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Figure 4.4. Infiltration of bone marrowderived mesenchymal stem cells (BWSCs) within
the PLAG0O scaffolds under static, direct perfusion, and direct perfusion with intermittent
hydrostatic pressure culture conditions for 7 days using scanning electron micr&Ebdfy (
analysis.
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4.5 Discussion

The development of advanced technologies based on in vitro platforms that accurately
simulate bone tissue's complex mechanical microenvironment is crucial for advancing bone
tissue engineering researd8]. The currenstudy presents a novel approach that
incorporates both fluid flovinduced shear stress and hydrostatic pressure to mimic
physiological conditiongi.e. physiological unloading and loadin@he results demonstrated
that the addition of hydrostatic presstwehe automated perfusion bioreactor did not
adversely affect cell viability or infiltration within the scaffold. This suggests that the
platform can provide a suitable environment for studying stem cell behavior under various
mechanical stimuli.

There are currentlifour commonly usedynamicbioreactorsised inbone tissue

engineeringwhich are theotating wall vessel bioreact@pinner flask bioreactpr

compression bioreactoaind perfusion bioreact¢t9]. Currently, perfusion bioreactoase

the most popular dynamic bioreacfaf]. However, then vivomechanical milieu of bone

tissue is considerably more intricate, encompassiragray of stimuli. To faithfully

recapitulate this complexiiy vitro, a combinatorial approach is necegsategrating

multiple mechanical cues. Consequently, researchers have endeavored to develop bioreactors
capable of synergistically delivering flufbw-inducedshear stress, induced by perfusion,

with additional stimuli such agompressinand hydrositic pressures.

In a stateof-the-art perfusion bioreactoRindtet al. (2024) combined perfusioh. T

mL/min) with cyclic compressive loadin® % strain and 1 Hz for 1) ho evaluate the

viability and differentiation of osteocytes cultured within vari@@smicroporous scaffokl
Their findings confirmed that they weredevelop a 3D model to study bone cell behavior
under realistic mechanical conditioj2d]. Similarefforts were also reported thypvecchioet

al. (2019)[22] and Hoffmann et al. (201%23], among othersret, combining two

mechanical stimuli is not enougBandino & Lacroix (2010) demonstrated the crucial role of
recapitulating the dynamics ofechanical stimuli transmitted to cells during tissue
differentiation. By combining computational models with 3D cell cultures exposed to
compressive load and perfusion flow, they were able to capture the discontinuous nature of
mechanical stimuli experiead by cells seeded within a scaffold over t[i2®.

Hydrostatic pressure has also been implemented in bioreactors systems, alone or in
combination with other stimulZvicer & Obradovic (2018) discussed the importaotce
biomimetic bioreactors faimulating hydrostatic pressure values similar to those found in
human intervertebral dis¢85]. Researchers have also combined hydrostatic pressure with
other stimuli to promote tissue regeneratii@novd26]. Nazemour et al. (2017), have
applied abiomimetic bioreactor based on perfusion and oscillating hydrostatic pressure to
examine the effects of these stimuli on chondrogef2g]sAw Yong et al. (2022) were able
to culture osteocytes in a 3D environment mimicking bone tissue, while apphfifigsion

and adjustable hydrostatic pressure.yllwere able tshow thathe developethioreactor
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accurately simulates the mechanical response of osteocytpsoaittes a valuableol for
investigating the role of osteocytes in both healthy bonecandetrelated bone disea§28].

However, it is important to note that this study focused on simulating physiological rest
conditions. Future studies should investigate the effects of dynamic mechanical loading on
stemcell behavior within this platfon. By incorporating various loading regimes, we can

gain a deeper understanding of the mechanisms underlying bone formation and remodeling.

4.6 Conclusions

In conclusion, this study presents a promismyitro platform for investigating bone biology
under physiologically relevant conditions. The platform successfully simulates both fluid
flow-induced shear stress and hydrostatic pressure, providing a more accurate representation
of thein vivomicroenvironmentFuture research will focus on expanding the platform's
capabilities to simulate dynamic mechanical loading, enabling the study of bone tissue
response to various physiological and pathological stimuli. This advanced platform has the
potential to acceleratthe development of innovative therapies for bone regeneration and
repair.
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Chapter 5

Synergistic Effects o¥ariousMechanical Cues on
Mesenchymal Stem Cell Behavior in Engineered 3D
Microenvironments

5.1 Abstract

Bone is a dynamic tissue with physical and mechanical properties specific to each location.
These properties calso vary within the same anatomical site and among individuals. As
bone cells are sensitive to changes in their environment, such alterations influence cellular
behavior. Here, we aimed to investigate cellular behavior within our advanced bioreactor
basedsystem using trabecular bone tisdikie constructs mimicking the morphological

features of bones, specifically the ulna, tibia, and femur. For this purpose, human bone
marrowderived mesenchymal stem cells (BW5Cs) were seeded onto the novel@inted
polylactic acid (PLA), referred to as P3S3, using-celitasing collagen (as described in
Chapter 2), and cultured under two different condition: static culture and within the perfusion
bioreactor providing fluid flowinduced shear stress (as describe@hapter 1) to evaluate

cell viability. After confirming the cell viability within the P3S3 scaffolds and the bioreactor
system, celseeded scaffolds were cultured within the upgraded perfusion bioreactor
providing fluid flow-induced shear stress, eitl@one or with hydrostatic pressure,

mimicking a 2hour daily physiological loading, similar to anpatient rehabilitation

program, for 14 days. Cell viability and gene expression analyses were conducted. Our
findings indicated that the viability of BNSCs within the 3Bprinted scaffolds remained
unaffected by the various dynamic culture conditiéikile the simulated physiological

loading program did not significantly impact gene expression related to mechanotransduction
and osteogenesis, future studig explore the effects of longer culture durations and higher
pressure magnitudes to optimize the rehabilitation protocol.

5.2 Introduction

Trabecular bone is a mechanosensitive and metabolically active tissue. As such, its
microarchitecture and comptien vary between anatomical locations and with [dgeThe
microarchitecture of trabecular bone can be described by several indices, such as bone
volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp),
and trabeculanumber (Tb.N) values obtained commonly via microcomputed tomography
(¢CT) [2]. The composition of trabecular bone, measured mainly via Fourier transform

115



infrared (FTIR) microspectroscopy, provides data on mirteralatrix ratio, mineral
maturity/crystdinity, and collagen maturity/crosslink8]. Both bone microarchitecture and
composition, in addition to whole bone geometry, are determinants of bone strength and
fragility [4]. Although the mechanical strength of bone stems from the interplayaoietyv

of factors, the effects of microarchitecture are most commonly studied. Studies have shown
that microarchitecture plays a crucial role in bone fragility, independent of bone dBhsity

Another important factor contributing to bone strengthragifity is mechanical stimulation.

Thus, bone adapts its microarchitecture and composition in response to mechanical loading
(e.g., weightbearing exercisgp] and its opposite, mechanical unloading (e.g., bed rest or
spaceflight)7]. This is calledbone adaptation. According to Charles H. Turner (1998), it
follows these three principles: (1) dynamic loading: Bone responds to movement and activity,
not stillness; (2) quick response: Even brief periods of stress can trigger bone growth or
repair; and3) adaptation to routine: Bone adjusts to regular patterns of stress, becoming less
sensitive to familiar loads].

During bone healing, the recruitment of circulating mesenchymal stem cells (MSCs) to the
injury site is a natural biological proce¥ghile the mechanisms of MSC homing are not

fully understood, studies have demonstrated that the biochemical and mechanical
microenvironments synergistically induce and promote osteogenesis. The biochemical
microenvironment, composed of cytokines and chenesk and the mechanical
microenvironment, characterized by mechanical cues, both play significant roles in this
procesg9]. The direct physical environment significantly influences MSC behavior,
prompting the design of biomaterials for bone tissuersgging to incorporate physical,
mechanical, and chemical factors whenever posEible

The optimal scaffold design must balance porosity and pore size to promote both cellular
activity and vascularization, while also considering mechanical propexieltimately lead

to successful bone regeneration. Future research should explore the use of gradient pore size
scaffolds to develop intricate tissue structures that resemble the natural bone architecture
[11]. Given the inherent heterogeneity in banicroarchitecture and composition at different
anatomical locations and among different individuals, tailoring the bone material to specific
repair needs is a key factor. Studies have shown that the minimum pore size should be 100
em to allow for cellular activity and nutrient transport, but ideally over&6ao enhance

bone formation and vascularizatifif0]. Physical factors include porosity, pore size, surface
roughness, surface topography, surface free energy, wettabygyalbvgraphic texture, and
patterned surfacq40].

Since the response of MSCs to mechanical stimuli within the bone tissue environment plays a
crucial role in bone health and healing it is essential to consider it. Mechanical stimuli
encompass the mieanical properties of the extracellular matrix and mechanical stimuli

intrinsic to bone tissue include fluid fleimduced shear stress, hydrostatic pressure,
compression, and tensiph0]. The impacts of mechanical loading on fracture healing and

bone regeneration have been reported by sewevélo studies examining various types of
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mechanical loading (compressive pressure, tensile strain, and fluid shear stréssj\and

ones exanming various types of movement (interfragmentary, tensile, or shear). However,
findings fromin vitro models have not been fully validatedmnvivo models, due to the
significant differences among these models. Thus, identifying mechanical sespbisive
molecular targets and developing clinical therapies targeting these molecules requires future
research to bridge this gap by standardizing mechanical parafpd@fers

Consequently, understanding the architecture, composition, and mechanicalreawiroh
bone tissue at specific anatomical locations is essential for designing adianitex
technologies targeted for bone tissue. As such, bioreactors that can accurately mimic the
vivo bone environment and optimize MS@kediated bone tissue regeation are considered

a great tool, especially when they can host 3D bone tigsieonstructs. While existinig

vitro investigation platforms cannot satisfy all the requirements to fully replicate the native
bone tissue environment, significant praggéas been made in the design and application of
bioreactors for enhancing artificial bone tissue gridf8s14]and advancing bone biology
researchl15i 17].

In line with the movement towards more representative 3D bone-tiksumnstructs and
bioreactors that better mimic the mechanical environment of bone tissue, the primary
objective of our study was to test the performance of the prior and upgradetsefsinan

vitro bioreactorbased investigation platform using new scaffolds, referred to as P3S3. These
scaffolds are 3Bprinted polylactic acid (PLA) scaffolds designed to mimic the human
trabecular bone architecture in physiological conditions anelsemble the morphological
features of bones, specifically the u[d&], tibia, and femuf19]. Bone marrowderived
mesenchymal stem cells (BMSCs) were seededthet®3S3Zcaffolds and cultured under
various bondissuelike mechanical stimulations$n the first experimental condition, cells

were cultured statically or exposed to fluid flimduced shear stress. Cell viability was
assessed under these conditions on day 21. In the second condition, cells were exposed to
fluid flow-induced shear streg the absence and presencéydrostatic pressure simulating
physiological loading (15 kPa) for 2 hours per day for 14 days, mimicking jpatient
rehabilitation programCell viability was assessed, and gene expression analysis was
performed to evalate the effects of hydrostatic pressure on osteogenic differentiation and
mechanotransduction.
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5.3 Materials and Methods

5.3.1 3D printing and characterization of the trabecularfikagolylactic acid
(PLA) scaffolds resembling the morphologitahtures of bones, specifically
the ulna, tibia, and femur (referred to as P3S3)

The design and fabrication of the @itinted, biomimetic P3S3 scaffolds have been carried

out according to a previously reported proced63. Briefly, a random 3D distrilttion of

spheres, as virtual porogens with a diameter ofe300was created by means of a custom

made script to be subtracted from a cylindrical volume (10 mm diameter, 5 mm height) to
prepare the scaffold compuiaided design (CAD) models. The resultiilgs were imported

to ideaMaker (Raise3D Inc., Irvine, CA, USA) and sliced in the Z direction at 0.25 mm.
Scaffolds were then fabricated by processing a PLA filament (FormFutura BV, The
Netherlands) using a Raise 3D N2 printer (Raise 3D Inc., IrvinelJSA)), setting the

nozzle temperature at 205 °C and the build plate temperature at 8¢ @sulting scaffolds
had a trabecular spacing of 284 e€m, a trabec
44.7%. The scaffolds were submergeghosphatéuffered saline (PBS, 1X) and agitated

on an orbital shaker for 2 h to remove polymeric residues. Subsequently, they were sterilized
by immersion in 70% ethanol for 4 h, followed by air drying.

5.3.2 Parallelized, automated perfusion bioreaetiipped with pinch valves

The upgraded automated perfusion bioreactor described in Section 4.3.1 of the thesis was
used for the following experiments. Namvasive pressure sensors (HJK Sensoren) were used
to measure pressure in P3S3 scaffolds loadedowlthgen.

5.3.3 P3S3 trabecular botike tissue preparation and evaluation within the
perfusion bioreactor

5.3.3.1 Cell culture conditions

Human telomerase reverse transcriptase (hTHRMortalized BMMSCs of clonal line

Y201, which was generated by James ddl], were cultivated in basal medium that is fow

gl ucose Dul beccobds modified Eag]lSeiénsificcmedi um (
Inc.) supplemented with 15% fetal bovine serum (FBS, gibco Thermo Fisher Scientific, Inc.)

and 1% antibiotics (penicillin/streptomycin, gibco Thermo Fisher Scientific, Inc.) and

incubated in a humidified atmosphere with 5%,@037°C. The cedl were passaged once

they reached 800% confluency by enzymatic digestion using trypsin/ethylenediamine

tetraacetic acid (trypsin/EDTA, gibco Thermo Fisher Scientific, Inc.) before each assay.
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5.3.3.2 Cell seeding on P3S3 and culturing under two condition

P3S3 scaffolds were inserted into PDMS holders placediwell&ell culture plate. To

reduce the hydrophobicity of the scaffolds prior to cell seeding, they were washed with PBS
(1X). Subsequently, two drops of 5 mg/mL PureCol EZ Gel solution (M#gdl) were

added to the scaffolds to remove residual PBS from the pores. The scaffolds were then
incubated at 37°C to allow the polymerization of collagen, thereby minimizing cell loss. Cells
were seeded directly onto the P3S3 scaffolds at a definediensiity of approximately 2x£0
cellsanda ot al vol ume of 150basalmedicadmp oske@ olf Af0 -
mg/mL PureCol EZ Gedolution (Merck, Italy) The samples were incubated for 4 h to

facilitate cell infiltration and adhesion, then covevath basal medium and incubated

overnight. After the overnight incubation, the samples were cultured in two different culture
conditions for 21 days: static culture, in which the samples were kept in the cell culture plate
and the medium was changed eve# days; and direct perfusion, in which samples were
placed in the automated bioreactor and perfused unidirectionally at a flow rate of 0.3 mL/min
with 50 mL of medium, and the medium was changed every 7 days. Samples were evaluated
in triplicates (n = 3

5.3.3.3 Cell metabolic activity assay

The resazurin reduction assay was performed to assess cell metabolic activigMBB#/
Resazurin sodium salt (powder, Merck, Darmstadt, Germany) was used to prepare 1%
resazurin solution in 1X PBS, which was d¢&d in basal medium to a final concentration of
0.015% (v/v) to prepare the working solution prior to easy assay. On day 21 of culture, the
scaffolds were removed from the CCs of the bioreactor and placed iwaelll&Il culture

plate. 3 mL of resazuriworking solution were added to each scaffold. Followingna 3
incubation period, 100 pL aliquots were used for fluorescence quantification at excitation and
emission wavelengths of 530 and 590 nm, respectively, using a microplate reader (Tecan
GENios Micrglate Reader, Spark, Tecan Trading AG, Mannedorf, Switzerland). The results
were averaged over three biological replicates (n = 3).

5.3.3.4 Cell viability assay

On day 21 of culture, the viability of BBMISCs seeded on the biomimetic PLA600 scaffolds
waseal uated via the |ive/ldead cell assay (LIV
mammalian cells, Invitrogen Life Technologies). Briefly, the scaffolds were removed from

the CCs of the bioreactor, placed in avdll cell culture plate, washed with PBS (14nd

then incubated in basal medium containing 2 pM catédthand 2 uM ethidium

homodimerl (EthD-1). After 15 min of incubation at 37°C and 5% £fmosphere, cells

were imaged using a fluorescence microscope (THUNDER Imager 3D Cell Culture, Leica
Microsystems) to visualize the green calcein AM that stains live cells and the red EtaD

stains dead cells.

5.3.3.4 Cell infiltration and distribution assessment

On day 21 of culture, the infiltration and distribution of BWSCs were examined using a
scaming electron microscope (SEM) (JSIW500, JEOL, Italy). For SEM analysis, the
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scaffolds were removed from the CCs of the bioreactor, placed iwa&lR4dell culture plate,

and gently washed with PBS (1X). Then, cells were fixed with 2.5% glutaraldetytié a
overnight, and after cell fixation, the 2.5% glutaraldehyde was dispensed, and samples were
washed with PBS (1X), dehydrated in graded alcohol of 70%, 90%, and 100% (twice) for 30
min each, covered by hexamethyldisilazane (HMDS) for 30 min, andathdned in a

chemical fume hood. Finally, samples were coated with gold using a sputter coating machine
(DI1-29030SCTR Smart Coater, JEOL, Italy).

5.3.4 P3S3 trabecular betike tissue culturing within the perfusion bioreactor
equipped with pinclvalves under a simulated rehabilitation program

5.3.4.1 Cell seeding on P3S3 and culturing under two conditions

Cells were seeded onto the P3S3 scaffolds as previously desortbection 5.3.3The

samples were cultured for 14 days under two differelii@iconditions: direct perfusion, in

which samples were placed in the automated bioreactor and perfused unidirectionally at a

flow rate of 0.3 mL/min with 50 mL of medium; and direct perfusion with hydrostatic

pressure, in which the samples were cult@®th condition 2but with additional hydrostatic

pressure of around 15 kPa (period = 10 s, duty cycle = 70%) to simulate physiological

loading Samples were evaluated in triplicates (n = 3). The samples were labeled as follows:

ADO represrntdbsrdcteonal perfusion, and ARP1O0
perfusion with hydrostatic pressure simulating a rehabilitation program.

5.3.4.2 Cell metabolic activity assay

The resazurin reduction assay was performed to assess cell metaboly acBWI-MSCs.
Resazurin sodium salt (powder, Merck, Darmstadt, Germany) was used to prepare 1%
resazurin solution in 1X PBS, which was diluted in basal medium to a final concentration of
0.015% (v/v) to prepare the working solution prior to easy assagia@a4 of culture, the
scaffolds were removed from the CCs of the bioreactor and placed iwelll&Il culture

plate. 3 mL of resazurin working solution were added to each scaffold. Followihg a 3
incubation period, 100 L aliquots were used for fasmence quantification at excitation and
emission wavelengths of 530 and 590 nm, respectively, using a microplate reader (Tecan
GENios Microplate Reader, Spark, Tecan Trading AG, Mannedorf, Switzerland). The results
were averaged over three biological regtes (n = 3).

5.3.4.3 Gene expression analyses

Gene expression analyses were performed as described in Section 2.3.4 of thBribigjs.

total RNA was extracted using TRIZ¥IReagent (Invitrogen Life Technologied) € g o f
total RNAwas treated to remove genomic DNA contamination and to be reverse transcribed
usingVerso cDNA Synthesis KifThermo Fisher, Italy), and gPCR was performed using the
SYBRE Sel ec t(ApMiadsBiosystemd]ith&rmo Fisher, Italfhe cycle threshold

for each gene of interest was normalized against the reference genéttusing 3
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monooxygenase/tryptophamgonooxygenase (YWHAZ), and relative gene expression
levels were determined using the Livak's methdd®@f [22,23]

The evaluated gen#sclude those involveth osteogenesisyhich areRuntrelated
transcription factor 2 (RUNX2), alkaline phosphatase (AlbBjeopontin (OPN)psteocalcin
(OCN), andmatrix metalloproteinase 3 and 9 (MMP3 and MMRBg cation channeligzo-
type mechanoseitiwe ion channel component(PIEZO1); the integrinslphav beta3
(IntegrinUvb3) andalpha5 b et a1l ( |; thatrangcriptiomal dd&ctivatoyes
associated protein (Y AP1) andWW domainrcontaining transcription regulator protein 1
(WWTRL, alsoknown as TAZ1); proteins of thashomologfamily member A
(RhaA)/Rho-associated coiledoil containing protein kinaggR OCK) signalingpathway
which are RhoA, ROCK1, and ROCK2; proteins of tlamsforming growth factor beta

(T G B/BMAD signaling pathway, which arel G FLBSMAD family member ZSMAD?2),
andSMAD family member7 (SMAD?7); the proteidanus Kinasé (JAK1) of the JAK/
Signaltransduceend activatorof transcription(STAT) signaling pathway that is also known
asinterleukin (IL)}-6 signalingpathway members of th&Vinglessrelated integration site
(WNT)/Catenin betdb-catenin) signaling pathway, which ak&/nt family member 5A
(WNT5A) andcatenin Beta {CTNNB1), mitogenactivated protein kinase(MAPK1) of
extracellularsignalregulateckinases 1/2 (ERK1/%ignaling pathway; and finally, proteins
involved in celicell connections, which areearogenic locus notch homolog protein 3
(NOTCH3) and fizzled classreceptor §FZD8). The primer pairs of the analyzed genes are

listed inTable 5.1.

Table 5.1. Description of the designed primers

Gene
Runtrelated transcription
factor 2 (RUNX2)

Alkaline phosphatase (ALP

Osteopontin (OPN)

Osteocalcin (OCN)

Matrix metalloproteinase 3

(MMP3)

Matrix metalloproteinas@
(MMP9)

Piezotype
mechanosensitive ion
channel component 1
(PIEZO1)
Integrinalphav beta3
(IntegrinlITGAV)
Integrin alph&b betal
(ITGA5)

Forward Primer

5 0GAATGC CTC TGC
TGT TAT GA-3 6

5 0GAG TAT GAG AGT
GAC GAGAAAG -3 6
5 06CCC ATC TCA GAA
GCAGAATC-3 6

5 -0AGG CGC TAC CTG
TAT CAA -3 06

5 -0AAG GAG ATG ATG
GAC AGAGA-3 0

5-0GCC AAG TTG GGA
GAT TAGAC-3 06

5 0GAA TCT CAA CAA
CTC GCA AAG-3 6
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Reverse Primer

5 6GAA GAC GGT TAT
GGT CAAGG-3 6

5 0GAA GTG GGA GTG
CTT GTATC-3 6
50TGGCTTTCGTTG
GACTTAC-3 6
5-6CTC CTG AAA GCC
GAT GTG-3 6

5-0CTG ACG TGC AGG
TAG TAATG-3 0

5 -0GCA GACGAC TTC
AGA GAATAG -3 6

5 0CAG TCG CTT ACT
GGG AAT AG-3 6



Y esassociated protein 1
(YAP1)

WW domainrcontaining
transcription regulator
protein 1 (TAZ1)

Ras homolog family
member A (RhoA)
Rho-associated coiledoil
containingprotein kinasel
(ROCK1)
Rho-associated coiledoil
containing protein kinas2
(ROCK2)

Transforming growth factor

beta (TGB)

SMAD family member 2
(SMAD2)

SMAD family member 7
(SMAD7?)

Janus Kinasé (JAK1)

Winglessrelated integration

sitefamily member 5A
(WNT5A)
cateninBeta 1 (CTNNB1)

Mitogenactivated protein
kinase 1 (MAPK1)
Neurogenic locus notch
homolog protein 3
(NOTCH3)
Frizzledclassreceptor 8
(FZD8)

Tyrosine 3

5 -GAGA ACC GTT TCC
CAGACTA-3 0
5 -GAAA TCA CCA CAT
GGC AAG A-3 06

5 0ACC TGA AGA AGG
CAGAGATA-30
5 -0GGC ATG GTA CGA
TGT GATAC-3 6

5-0CTG GTG GAG ACC
TTG TAAAC-3 06

5 -0GAC AGC AGG GAT
AACACAC-30

5 -0GAA GAG GAG TGC
GCT TATAC-3 0

5 0CCATCAAGGCTT
TCG ACTAC-3 0

5 0TGG AAC CAA CGA
CAATGAG-3 0
5-0GGA CTT TCT CAA
GGA CAG AAG-3 6

5 0AGG AAG AGG ATG
TGG ATACC-3 6

5 -0GTA CAG GAC CTC
ATG GAAAC-3 0

5 -0GAG AGC TGC AGT
CAG AAT ATC-3 6

5-0CTT CAC CGT CTT
CTG GATCG-3 0
5 -0GGA GGG TCG TCT

monooxygenase/tryptophar CAAGTAT-3 6

5-monooxygenase
(YWHAZ)

5 OTCA GCT CCT CTC
CTTCTATG-3 6
5 -0GAG ATT TGG CTG
GGATACTG-3 6

5 6CAG CTC TCG TAG
CCATTTC-3 6

5 8CCA CCA GTC ACA
TTC TCT TC-3 6

5 0GGA GTG TAT TGC
ATC CAG AG-3 6

5 0CCA TGA GAA GCA
GGA AAG G-3 0

5 -0GCC AGC CAT ATC
TCT GAT TAC-3 6

5 -0GCT GAT CTG CAC
GGT AAAG-3 06
5-0GTC CCT GAG CAA
ACAGATAC-3 6
5-0CCT TCG ATG TCG
GAATTGAT-30

5 -0GAG CTC GAG TCA
TTG CAT AC-3 0
5-0CTC TGA GGA TCT
GGT AGA GAA-3 0

5 -0GCA GGC ACA GTA
GAAAGAA-30

5 -0GGC CGA GAG GAA
GAT AAT GG-3 6

5 0ATC TCT TAG CTC
CGT CTC AA-3 6

5.3.4. Statistical analysis

All experiments were performed with three biological replicates. Data are presented as means
+ standard deviation (SD). Continuous variables were compared usingtailauottest.

Statistical significance was defined as-egtue < 0.05. The analysis waesnducted using R

(R Core Team, 202Q24], RStudio (Rstudio Team, 202[25], and the tidyverse package

[26].
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5.4 Results

5.4.1 Cell viability and infiltration within the P3S3 scaffolds under dynamic
culture conditions

To create functionabonelike tissue, it is essential to efficiently seed cells onto 3D scaffolds.
We used 0.5% celleleasing collagen to seed BMSCs within the P3S3 scaffolds, as it
demonstrated optimal results when used with PLA600 scaffolds (described in Chapters 2, 3,
and 4 of the thesis). After 21 days of culture under specific conditions, we observed no
significant differences in how BAWSCs interacted with the P3S3 scaffolds, regardless of
static or dynamic culture conditionBhe applied celseeding method maintaithénigh cell
viability, as confirmed by the resazurin reduction assay. Moreover, the metabolic activity of
BM-MSCs within P3S3 cultured under perfusion was significantly higher than that of
samples cultured under static culturevgdue = 0.021)Figure 5.1A) andlive/dead assay
(Figure 5.1B). Additionally, there were no significant variations in cell shape, penetration
into the scaffold, and overall distribution, as evidenced by both live/dead staining and SEM
images(Figure 5.1B).
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Figure 5.1. Viability and infiltration of bone marrowlerived mesenchymal stem cells (BM
MSCs) within the P3S3 scaffolds under static and direct perfusion culture conditions for 21
days.(A) Metabolic activity of BMMSCs cultured within P3S3 scaffolds using resazurin
reduction assay (*-palue < 0.05)(B) Live/dead assay and scanning electron microscopy
(SEM) analysis of BMMSCs cultured within P3S3 scaffolds.
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5.42 Hydrostatic pressure characterization using colldgadedP3S3
scaffolds

As shown inFigure 5.2, changes in the settings of the soleraatiuated pinch valve in terms

of period (s) and duty cycle (%), while maintaining a constant fluid flow (0.3 mL/min) allows
the achievement of hydrostatic pressure values within the collagdadP3S3scaffold

falling within the physiological unloading (rest) and physiological loading ranges. Several
studies estimated the hydrostatic pressure values during physiological unloading and loading.
They showed that at rest, pressure values range between 30 and 60 rasrikRaj4while
physiological loading results in values greater than or equal to from 80 mmHg (1@KpPa)

For this reason, the following settings were chosen to evaluate cell viability within the
upgraded automated perfusion bioreactor: 0.3 mL/min with 10s period and 50% duty cycle to
simulate physiological loading achieving a pressure valdé &Pa(Figure 5.2).
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Figure 5.2. Peak pressure values achieved by solenotdated pinch valve falling within
physiological unloading and physiological loading ranges. Peak pressure values (kPa)
measured using pressure sensors (HIJK Sensoren) for a saehated pinch valve (Cole
Parnmer GmbH). The »axis shows the settings of the upgraded automated perfusion
bioreactor: flow rate (mL/min) for perfusion, in addition to period (s) and duty cycle (%) of
the pinch valve. Characterizations were performed URB%3scaffolds loaded with50 & L
PureCol EZ Gel solution (Merck).

5.43 Cell viability and infiltration within the P3S3 scaffolds under dynamic
culture conditions simulating a rehabilitation program
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When BMMSCs cultured within P3S3 scaffolds were subjected to a new dynamic culture
condition, incorporating fluid flowinduced shear stress and hydrostatic pressure simulating
physiological loading, the resazurin reduction assay indicated that the introduction of the new
mechanical stimulus did not adversely affect cell viability. Orctiv@rary, hydrostatic

pressure resulted in a significant increase in the metabolic activity e¥iBKs compared to

the control group (BMMSCs exposed to fluid flomnduced shear stress alone), with-a p

value < 0.05 (pralue = 0.037)Figure 5.3).
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Figure 5.3. In vitro cytocompatibility assessment using resazurin reduction assay. Metabolic
activity of bone marrowderived mesenchymal stem cells (BWSCs) culturedvithin P3S3
scaffolds for 14 days under two conditiodsect perfusion providing fluilow-induced

shear stress (D) and a rehabilitation program providing fluid-ifmluced shear stress with
hydrostatic pressure of 15 kPa simulating physiological loading for 2 h per day (RP1) (*p
value < 0.05).
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5.44 Gene expression analysis of cells within the P3S3 under dynamic culture
conditions simulating a rehabilitation program

The introduction of a hydrostatic pressure of 15 kPa, simulating physiological loading for 2
hours per day over a total duration ofddys (excluding weekends), induced only slight
upregulation in the evaluated gerEgyure 5.4). In details, the upregulations of
osteogenesieelated genes wel@l.4 fold-change for RUNX2D2.2fold-changdor ALP,

DO0.7 fold-change for OPND1 fold-change for OCND2.3 fold-change for MMP3, anB0.8
fold-change for MMP9. The cation channel, PIEZO1, was upregulatéd Byfold-change

The integrins (ITGAV and ITGAbS) as well as the transcriptional coactivators (YAP1 and
TAZ1) were upregulatectthe same extent, and the valuesite fold-changeandD2
fold-chang, respectively. Members of the RhoA/ROCK signaling pathwaylfa6d= b / S ma d
signaling pathwayvere upregulated b1 fold-change except for SMAD7 whose fold

change i91.6.JAK1 was upegulated byD2.7 fold-change while MAPK1 byD2 fold-
changeWNT5A and CTNNBL1 of th&Vn t -¢afenin signaling pathwayere upregulated by

D2 fold-changeandD1.6 fold-changerespectively. Finally, NOTCH3 and FZD8
representing genes involved in both @l connections were upregulatedDy.4 fold-

change

128



Osteogenesis TGFp/Smad Signaling

9]
[

g N
£ s 3
=3
g I I 2315
9 7 52 [
Sz s f T,
gz I BT
£ 1} I N
S @ O
205 | l Egos
27 ZE
E 0 £
g - . © o g o
5 45 [RUNX2 ALP  OPN  OCN MMP3 MMPI 2 TGEBI SMAD? SMAD?
Cation Channel JAK/STAT Signaling
, 28 ¢
g <
2 I T275
2
215 2
ES £ 2
-k )
TE 2 g 265
= A
z = © O 26
< Jos E®
32 521255
= Z=
= 0 8 25
2 Piezol o JAKI
Integrins ERK1/2 Signaling
_ 1.8 25
£ 16 £
S 14 g 2
Eg 12 g
EE I 2315
2 f: 0.8 2 g .
= 06 5=
=2 o4 T205
AN N~
3 0.2 =
g 0 E 0
Z ITGAV ITGAS Z MAPK 1
Transcriptional Coactivators Whnt/pB-catenin Signaling

W
2
N

AR I I I 2t [

£Eo , S

=S 30 I

f-;: s 551

> - o

£z, L £Z

ot £

E 205 oS

E 3

= 0 g 0

z YAPI TAZ1 2 WNT3A CTNNBI
Rho/ROCK Signaling Cell-Cell Connections

_ 16 r 18

2 14t 2 16

g 12} I = 1-: I

I =812

ST s = 1}

g 2208 |

2206 E<0s6 |

EP-YY g =

2 20.4 T 50_4 L

2702 =702

E o E o

Z RhoA ROCKI ROCK2 P FZDS8 NOTCH3

Figure 5.4. Gene expression analyses of bone maidevwed mesenchymal stem cells (BM
MSCs) cultured within P3S3 scaffolds for 14 days. The relative expressions of various

129



MRNAs in BMMSCs cultured under fluid flomnduced shear stress with hydrostatic

pressure of 8 kPa simulating physiological loading for 2 h per day (RP1) in comparison to

those cultured only under fluid flommduced shear stress (D) are represented. The relative
expressions of the mMRNAs were analyzed by reverse transcrgpiamtitative PCR (RT

gPCR) and were calculated by tH&2< method with normalization to the levels of Tyrosine
3-monooxygenase/tryptophamionooxygenase (YWHAZ). Bars represent the mean fold
change of three biological replicates +/1 st
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5.5 Discussion

Successfuktell seeding onto 3D scaffolds is a critical step in tissue enginedmitigl cell
densityand seeding efficiencsignificantly influenceosteogenesisell viability andcell
distribution within the scaffolfR8]. In this study, we investigated the efficacy of a 0.5% cell
releasing collagen to seed BMSCs within P3S3 scaffolds,cell seeding method

previously shown toesult in optimal cell viability, infiltration, and distributiqReferences

to Chapters 2, &nd 4).

Our findings demonstrate that this method is effective in maintagahgiability and
promoting cell infiltration into th&3S3scaffolds, in bothstaticanddynamic culture
conditions.Furthermorethe novel dynamic culture condition, combining fluid flanduced
shear stress with hydrostatic pressure sirmgathysiological loading, did not compromise
cell viability. Thesefindings aresignificant agheysuggest that the P3S3 scaffolds and the
cell eding method are compatible witte upgraded perfusion bioreagtahichis essential
for recapitulating the mechanical environment of nabieeetissues.

It is well-established that mechanical stimuli can directly stimulate bone forniation
inducingthe osteogenic lineage commitment of stem ¢28%. To delve deeper into this
phenomenon, we investigated physiological loadintyced osteogenediy evaluating the
expression levels @enes associated with osteogendlis findings revealed thdie

application of a 15 kPa hydrostatic pressure for 2 h daily over 10 days resulted in a modest
upregulation of various genes involvedosteogenesis. Although modesie upregulation of
RUNX2, ALP, OPN, OCN, MMP3, and MMP9 indicates a potential stinmradf osteoblast
differentiation and bone matrix mineralizatidrhis finding suggests that whitbe tested
settings ohydrostatic pressure can stimulate cellular responses, the exstaotell

activation may be influenced by the intensity and domadf the stimulus.

This is consistent with previous studies, which have shown that higher levels of mechanical
stress are required to elicit significant increases in bone formétiarrecent study by
GhasemzadeHhlasankolaeet al. (2023), timanadiposederived MSCsn suspension were
exposed tdydrostatic pressumanging between 5 and 25@& 10 min or 1 h, while
encapsulated ones were exposedytdic hydrostatic pressur@ cycles of 10 min each) at 5
or 50 MP&for threetimesperweek, upto three weeksThe results showed that osteogenic
differentiation process is magnitudependent, and the authors obtained better osteogenic
differentiation with the 50 MPa groJyf0]. Similar outcomes were obtained Btavenschet

al. (2018), who exped human BMMSCs to cyclic hydrostatic pressurel® kPa, 100 kPa
and 300 kPa magnitudes at frequencies of 0.5 Hz, 1 Hz and 2 Hz for 1 h, 2 h and 4 h of
stimulation The authors concluded that osteogenic differentiation of stendegisnds on

the intersity and frequency of the stimulaticeind thatigher intensity and frequency (300
kPa, 2 Hz) led to the strongest bebeming responseHowever, evettower-intensity
stimulation (10 kPa) was sufficient to promote collagen production and mineral dapositi
[31]. Chenget al. (2022) applied hydrostatic pressure of a magnitude of 30 kPa for 1 h per
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day for up to 12 day® placentaderived multipotent cells (PDMCsand showed that these
settings of the hydrostatic pressure were abéntance calciurdeposition and facilitate
ostemenicdifferentiatian [32].

When Neliler et al. (2016) explored how applied hydrostatic pressuré-2inté kPa and a
frequency of 0.002 Hz affects mineral deposition by comparing simulation results with
experimental data, they concluded that bone cells respond to pressure in two ways: (1)

through a mechanism of fAcell memory, 0O which
exposure, influencing hei r current mineralization behavi
recovery, 0 suggesting that cells need ti me t

[33]. The same pressure and frequency values were evaluated by Henstock et aln(2013) o
organotypically culture@x vivochick fetal femurs, and also concluded that cyclic, rather
than static, hydrostatic pressure plays a crucial role in bone growth and rem{&#ling

Other authors also highlighted the importance of applying cyclicdsyatic pressure rather
than static ones, which were unable to induce osteogenic differentiattamahMSCs in

3D collagen hydrogel culturesren at magnitudes as high as 280 |35

Beyond understanding how cells react to physical forcesgiitisal to unravel the

underlying molecular mechanisrabone growth and repair. This knowledge will not only

help us understand normal and abnormal bone responses to mechanical stress but also pave
the way for new treatments for bone diseaBesergingresearch is shedding light on the

intricate molecular mechanisms underlying mechanotransduction, revealing several key
molecules and pathways involved in this procE$ctors of mechanotransduction include

the Piezo channels (Piezol and Piezo 2), imtegand transcriptional coactivators (mainly

YAP1 and TAZ1) whereas, signaling pathways inclugeoA/ROCK signaling pathway
TGFb/ Smad s i g 8AKISTAR gignadireg tpdthwayy/n t -¢afenin signaling

pathway andERK1/2 signaling pathwajs6,37]

For this reason, in our study, we evaluated the gene expression levels of various molecules
involved in mechanotransductiofhe upregulation of PIEZO1, a mechanosensitive ion
channelsuggests its potential role in transducing hydrostatic presgnals into cellular
responseslhe activation of integrins and YAP/TAKnown players in mechanotransduction,
further supports this notioithe upregulation afiolecules involved in thBhoA/ROCK,
TGFb/ Smad, J AK/ -BaleAimsjgnakng phthwessstggests their involvement

in mediating the effects of hydrostatic pressure on MS$6@sse pathways are known to
regulate a variety of cellular processes, including proliferation, differentiation, and apoptosis
[36]. The upregulation of NOTCH3 and FZDO#&)plicated in cellcell communication

suggests that hydrostatic pressure may also influenceadkeihteractions.

Yet, the upregulation of the evaluated genes was not significant. This can be linked to the
modest upregulation in the genes involvedsteogenesis, as explained abcMéhough we

did not observe significant differential expression of the genes examined, previous studies have
identified alterations in these genes undiferentconditions.Sugimoto et al. (2017) exposed

a variety of cells (e.g. primary BIMISCs, immortalized BMMSCs and osteoblasts) as well as
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medaka f i s h(10tkRa)hyarostatic lostihdor 10 days The authors showed that
continuous induction with hydrostatic loadinnduced osteogenic differentiation, and also
highlighted the role of hydrostatic pressure in activating PIEZO1, which in turn induced the
expression of bone morphogenetic protein 2 (BMP2). Moreover, the authors showed that
ERK1/2 and p38 mitogeactivatal protein kinase signaling, but not transient receptor potential
cation channel subfamily V member 4 (TRPV4)Jun Nterminal kinase (JNK), and Smad
signaling pathway are also involved in the mechanosensitive cell fate determination in
multipotent stem dis [38]. However, in their study, the authors exposed cells to continuous
hydrostatic pressure simulating physiological loading, while in our study, physiological
loading was simulated for 2 h per day.

While many studies have explored the impact ofmaccal forces on cellular functi@nd
molecular mechanisms involved in bone regeneratf@nfindings are often inconsistent.

This inconsistency can be attributed to various factors, such as cell type, culture conditions,
and substrate propertiesdditionally, the precise nature of the mechanical feqoplied

including its frequency, intensity, and duration, can significantly influence cellular responses
[39]. In contrast to previous studies, which examined cells in diverse environmentsidyur st
uniquely combined hydrostatic pressure with fluid flmslucedshear stress and employed

3D models that mimic trabecular bodéws, o fully understand how mechanical forces

affect stem cells, i important to carefully control these factors andigtthem one at a

time.
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5.6 Conclusions

This study successfully demonstrated the feasibility of seedingVB8@s onto PLA
scaffoldsmimicking the human trabecular bone architecture in physiological conditions and
resemhhg the morphological features bbnes, specifically the ulna, tibia, and femur
(referred to in this Chapter as P338ing 0.5% celleleasing collagerhe viability of B
MSCs within the scaffolds was not influenced by the administration of mechanical stimuli,
which are fluid flowinduced shear stress and hydrostatic pressure simulating physiological
loading.The application of a 15 kPa hydrostatic pressure for 2 h daily ovedaylperiod
resulted in a modest upregulation of genes associateastébgenesiand
mechanotransductian BM-MSCs cultured othe P3S3caffolds. While these findings
suggest that hydrostatic pressure can stimulate cellular responses, further research is needed
to optimize themagnitude anduration andf the stimulus to maximize bone formation.
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Conclusion & Future Prospective

Notwithstanding the limitations inherent to our specific experimental matelsinderlying
principles and conclusions have broader implications.

In Chapter 1, we describedhe develoment of a perfusiobioreactorthatoffers a powerful
investigationtool for in vitro bone biologyesearch. Its versatility in delivering custoatite
biomechanicahndbiophysical stimuli, combined with automated control, enables precise
investigation of the effects d@iuid flow-induced shear streasdpulsed electromagic field
(PEMP stimulationon bone cell differentiation and tissue formation.

In Chapter 2, the automated perfusion bioreactor was used for culturingrBied

polylactic acid (PLA) scaffoldmimicking the human trabecular bone architecture in
physiological conditiorand themorphological features of the iliac crest (referred to as
PLAG600).We were able to demonstrate that 0.5%-iasing collan is optimal for efficient
cell seeding and basal medium rather than osteogenic medium allovesetigoth of the
effects of PEMF stimulation orobemarrowderivedmesenchymadtem cells (BM-MSCs)
culturedin a more physiologically relevant environment.

In Chapter 3, transcriptomic analysis revealed the complex molecular mechanisms
underlying the rggonse oBM-MSCsto PEMF stimulation. The identified gene signatures
provide valuable insights into the potential of PEMF as a therapeutic tool for bone
regeneration.

In Chapter 4, PLA600 seeded with BNMSCs using 0.5% collagen were tested in the
upgradedautomated perfusion bioreactor that enables the delivery of controllable fluid flow
induced shear stress and hydrostatic pressure simulating physiological unloading and loading.
We were able to demonstrate tHatd flow-induced shear stress and hydrtstaressure

simulating physiological unloadindid not compromise cell viability, and as sutttis

platform enables a more accurate understanding of bone cell behavior and tissue formation.

In Chapter 5, we applied the upgraded automated perfusiorebaior with a new PLA
scaffoldmimicking the human trabecular bone architecture in physiological conditions and
resembling the morphological features of bones, specifically the ulna, tibia, and femur
(referred to in this Chapter as P3S8lter culturing BMMSCs seeded on these scaffolds
under fluid flowinduced shear stress in the absence and presence of hydrostatic pressure
simulating physiological loading (2 h per day;d#&y period) modest upregulation in genes
involved in osteogenesand mechanotransduction were deteckbd.study demonstrated

that hydrostatic pressure can stimulate osteogenic differentiation é¥1BMIs yet, urther
optimization of pressure parameters is needed to maximize bone formation.
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Future experiments willim to optimize rehabilitation programs simulated using the

upgraded automated perfusion bioreactor. These programs will be progressive, with the
magnitude of hydrostatic pressure increasing weekly. Additionally, PEMF stimulation will be
integrated into theimulated rehabilitation program.

Overall, many obstacles are still in the way of a complete integratiadvaihced
technologies for the optimization of vitro experiments aimed at studying biophysical
stimulation. Howeverthis and other works provide important insights on lcballengesan
be addressed and workflows adapted to reap the benedittvafced technologidsr thein
vitro study of complex biological process&ghich is crucial to reduce the use of animals in
research.
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