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Summary

Osteoimmunomodulation (OIM) is a mechanism through which orthopedic
biomaterials may modulate the function of immune cells to promote osteogene-
sis. OIM is considered a potentially effective way for improving osseointegration.
The surface characteristics of orthopedic implants (e.g., topography, wettabil-
ity, surface chemistry, and charge) can significantly influence their potential OIM
behavior. Modifying these properties can, therefore, be considered a powerful
method for achieving the described OIM response.

In recent years, the study of the interactions between cells and surface to-
pographies has attracted much attention. The stiffness of the substrate and the
design of nanotopographical features have been known to determine stem cell fate.
Furthermore, the scale of topographies plays a significant role in modulating cel-
lular responses in the bone microenvironment due to the micro/ nanostructure of
the bone. Among the different possible length scales of topographies, the role of
submicron topographies on OIM functions has been less frequently studied. That
is partially because it is quite challenging to fabricate surface topographies with
controlled shapes and dimensions. Moreover, the currently available technolo-
gies for the fabrication of submicron features usually involve multiple fabrication
techniques and steps.

In this thesis, uniform submicron patterns are, for the first time, 3D printed
with controlled dimensions using a single-step nanoprinting technique called two-
photon polymerization (2PP). In addition, the effects of the dimensions of the
3D printed submicron pillars on the response of two types of cells involved in the
OIM process (i.e., preosteoblast and immune cells) are extensively studied, both
separately using monocultures and in interaction with each other using a direct
co-culture model performed in the presence of submicron pillars. The topic and
objectives are further introduced in Chapter 1.

In Chapter 2 and Chapter 3, the 3D printing methods required for fabri-
cating submicron pillars are improved to optimize the uniformity of the printed
pillars, strengthen the adhesion of the submicron features to the substrate, and
reduce the printing time. We further investigate the effects of the printing param-
eters (i.e., laser power and laser scanning speed) on the dimensions of the pillars
at the submicron scale and the mechanical properties of the printed material. As
a proof of concept, the submicron patterns are integrated into 3D structures that
are fabricated using a single-step process, thereby creating scaffolds whose surfaces
are decorated with surface ornaments. The submicron patterns are also integrated
into microfluidic chips to enable studies under dynamic cell culture conditions.
Since the conventional print configurations are more efficient in fabricating ho-
mogeneous and reproducible pillars, we select this configuration to produce the
arrays of submicron pillars that are used for all the subsequent in vitro studies.



The material used is compatible with all the three different cell types used in this
thesis, namely murine preosteoblasts, human mesenchymal stem cells, and murine
macrophages.

Once the conditions for pattern fabrication are established, we investigate
the effects of the dimension of the submicron pillar, particularly the height and
interspacing of the pillars, on the response of preosteoblasts (Chapter 4) and
macrophages (Chapter 5).

In Chapter 4, the early and late responses of murine preosteoblast cells
(MC3T3-E1) to submicron patterns are analyzed. The early investigations (i.e.,
up to 24 hours of culture) include: (i) the quantification of the cell adhesion char-
acteristics through single-cell force spectroscopy; (ii) a study of the cytoskeletal
organization and focal adhesions; (iii) a study of the settling states of the cells
on the different patterns; (iv) an investigation of the mechanical characteristics
of the cells residing on the patterned surfaces using atomic force microscopy. The
study of the late cellular response primarily focuses on the extracellular matrix
produced by the cells after 21 days of culture. The cells interacting with taller
and denser pillars are characterized by numerous thick actin stress fibers and
greater values of the elastic modulus. Interestingly, the same pillars significantly
upregulate the expression of osteopontin by the cells under both osteogenic and
non-osteogenic conditions. Our findings paint, with an unprecedented level of
mechanistic detail, a picture of at least one possible cascade of events from ini-
tial cell adhesion to eventual matrix mineralization. In addition, submicron scale
pillars with a specific height and interspace could induce the osteogenic differen-
tiation of preosteoblasts without osteogenic supplements. These results strongly
support the role of submicron physical cues as modulators of cell behavior with
beneficial effects on osteogenesis.

In Chapter 5, we study the effects of the same series of patterns on murine
macrophages (J774.A.1). The aim is to investigate if the patterns induce macrophage
polarization. Together with the findings of Chapter 4, these results enable us to
identify the range of pillar dimensions within which both osteogenic and immune
responses could be positively regulated. Therefore, we investigate the effects of
the patterns on macrophages under two different testing conditions: (i) in the
presence of soluble inflammatory factors, and (ii) when using proinflammatory
M1-activated macrophages. The findings indicate that the taller and denser pil-
lars could regulate the polarization of macrophages towards an anti-inflammatory
phenotype, which is a desirable transition for subsequent osteogenesis. Interest-
ingly, the same patterns enhanced the matrix mineralization of preosteoblast cells
in a non-osteogenic culture medium. Therefore, our results reveal submicron scale
patterns are able to generate both osteogenic and immunomodulatory in vitro cel-
lular responses. This novel concept of multifunctional topographies opens up a
new approach for enhancing the OIM behavior of orthopedic biomaterials.

Having learned about the osteogenic and immune behaviors of cells in inter-
action with the submicron pillar, the study presented in Chapter 6 embarks on
another challenge, namely to study the cell-cell and cell-pattern interactions by es-
tablishing a direct co-culture model involving the macrophages and preosteoblasts.
Firstly, we study the interactions between the M1-stimulated macrophages and



preosteoblasts (OBs) at various cell ratios and over different culturing times. Sub-
sequently, we investigate the impacts of the submicron pillars on the two types
of cells in the established direct co-culture model. M1 and OBs remain alive
and proliferate actively in a mixture of DMEM and o-MEM (1:1), regardless of
the cell ratio in the co-cultures. On day 7, the expression of PGE2 and TNF-«
are upregulated in the co-cultures relative to the monocultures of OBs and Mls,
respectively. Interestingly, the incorporation of 3D printed submicron pillars in
the co-culture model enhances the differentiation of OBs, as revealed by the rela-
tively higher RUNX2 expression. Our findings highlight the importance of direct
co-culture models and the role of submicron patterns in the osteoimmunomodu-
lation process.

In Chapter 7, we conclude with an overall discussion about the main findings
of this dissertation as well as some recommendations for future research.






Samenvatting

Osteoimmunomodulatie (OIM) is een eigenschap van bot-biomaterialen en
verwijst naar hun vermogen om de functies van immuuncellen te moduleren tot
het bevorderen van osteogenese. OIM worrdt beschouwd als een krachtige meth-
ode om bot integratie van het implantaat te verbeteren. De fysiochemische eigen-
schappen, van met name het oppervlak (biju. topografie, hydrofiliciteit, opper-
vlaktechemie en lading), kan de OIM van een biomateriaal significant beinvloe-
den. Hierom wordt het moduleren van deze eigenschappen gezien als een krachtig
hulpmiddel voor het behalen van een juiste OIM reactie.

De afgelopen jaren trok de studie van de interacties tussen cellen en to-
pografieén veel aandacht. Het is inmiddels bekend dat zowel de stijfheid van
het substraat, als het ontwerp van topografische kenmerken op nanoschaal het
lot van stamcellen kunnen bepalen. Bovendien speelt de schaal van topografieén
een belangrijke rol in het moduleren van cellulaire reacties in het botmicrom-
ilieu als gevolg van de micro/ nanostructuur van het bot. De rol van submi-
cron topografieén op OIM-functies is het minst bestudeerd in vergelijking tot
andere lengte schalen. De reden hiervoor is voornamelijk dat het nog steeds
een grote uitdaging is om topografieén met gecontroleerde vormen en dimensies
(d.w.z. fysieke patronen) te vervaardigen. Bovendien zijn er gewoonlijk meerdere
fabricagetechnieken/stappen nodig om submicron-structuren te creeren.

In dit onderzoek gebruikten we een geavanceerde productietechniek, namelijk
direct laser writing (DLW), om submicron-patronen te ontwikkelen in één stap.
Vervolgens hebben we uitgebreid de rol onderzocht van de dimensies van de
submicron-pilaren op de ruimtelijke organisatie van de cellen die betrokken zijn
bij de OIM-functie, d.w.z. preosteoblasten en immuuncellen. We hebben het
onderwerp en de doelstellingen in Hoofdstuk 1 geintroduceerd.

In Hoofdstuk 2 en 3 hebben we verschillende printconfiguraties bestudeerd
om de uniformiteit van de geprinte pilaren te verbeteren, de adhesie van de
submicron-structuren aan het substraat te verbeteren en de printtijd te verkorten.
We hebben verder de effecten onderzocht van printparameters (d.w.z. snelheid
en laserkracht) op de afmetingen van de submicron-pilaren en de mechanische
eigenschappen van het geprinte (bulk)materiaal. Om het concept te bewijzen
hebben we de patronen geintegreerd (i) in 3D-structuren, die in dezelfde stap
werden vervaardigd, wat resulteerde in scaffolds met oppervlakte ornamenten en
(ii) in microfluidische chips om studies onder dynamische celcultuuromstandighe-
den mogelijk te maken. Omdat de conventionele printconfiguratie sneller was bij
het vervaardigen van homogene en reproduceerbare pilaren, hebben we deze con-
figuratie geselecteerd om de arrays van submicron-pilaren te produceren voor alle
daaropvolgende in vitro studies. Het gebruikte materiaal was niet cytotoxisch voor
de drie verschillende celtypen die in dit proefschrift werden onderzocht: muis pre-



osteoblasten, menselijke mesenchymale stamcellen (hMSCs) en muis macrofagen.

Nadat de juiste printinstellingen vastgesteld waren, hebben we in de vol-
gende twee hoofdstukken de effecten onderzocht van specifieke pilaareigenschap-
pen, namelijk verschillende hoogten (300 nm, 500 nm, 1000 nm) en tussen-
ruimtes (700 nm, 1000 nm), op de preosteoblasten (Hoofdstuk 4) en macrofagen
(Hoofdstuk 5).

In Hoofdstuk 4 we hebben onderzocht de vroege en late respons van pre-
osteoblastcellen op de verschillende patronen. Specifiek gaat het/ons onderzoek
naar de vroege respons over: (i) het kwantificeren van de krachten tussen de
cellen en het substraat op korte tijdschaal (na 2 s en 60 s); (ii) de cytoskeletale
organisatie (actinevezels), de vorming, en de kenmerken van focale adhesies en
de verspreidingspatroon van de cellen op de verschillende patronen na één dag op
kweek te hebben gestaan; (iii) het mechanisch in kaart brengen van levende cellen
op verschillende patronen ook na 24 uur groei; (iv) een onderzoek naar de mech-
anische eigenschappen van cellen gehecht aan patroonoppervlakken, met behulp
van atoomkrachtmicroscoop. Voor de late cellulaire respons hebben we ons gecon-
centreerd op de extracellulaire matrix die door de cellen na 21 dagen groei wordt
geproduceerd. De cellen die interacteren met langere en dichtere pilaren werden
gekenmerkt door talrijke dikke actine stressvezels en een hoge elastische mod-
ulus. Interessant genoeg hebben dezelfde pilaren de expressie van osteopontine
door de cellen onder zowel osteogene als niet-osteogene omstandigheden aanzien-
lijk verbeterd. Onze bevindingen schetsen een beeld van minstens één mogelijke
cascade van gebeurtenissen die met aanvankelijke celadhesie begint en uiteindeli-
jke matrixmineralisering voortzet, veroorzaakt door een initiele verandering in
cellulaire functies (bijv., de organisatie van celcytoskeleton en cel elastische mod-
ulus). Bovendien tonen ze aan dat submicron-pilaren met een specifieke hoogte
en tussenruimte osteogene differentiatie van preosteoblasten kunnen veroorzaken
bij afwezigheid van osteogene supplementen.

In Hoofdstuk 5 hebben we het effect van dezelfde serie patronen op macrofa-
gen bestudeerd. Het doel was eerst te onderzoeken of de patronen macro-polarisatie
veroorzaken. Ten tweede, door te relateren aan de bevindingen van hoofdstuk
4, om te analyseren of er een reeks pilaar-dimensies bestaat die zowel een osteo-
gene als positieve immuunrespons zou kunnen aansturen. Daarom hebben we de
effecten van de patronen op macrofagen onder twee verschillende omstandigheden
onderzocht: (i) in de aanwezigheid van oplosbare ontstekingsfactoren en (ii) bij
het gebruik van pro-inflammatoire M1 geactiveerde macrofagen. Onze data liet
zien dat de langere en dichtere pilaren de polarisatie van macrofagen konden mod-
uleren naar een anti-inflammatoire fenotype, wat een wenselijke overgang is voor
latere osteogenese. Interessant genoeg veroorzaakte dezelfde patronen osteogene
differentiatie van preosteoblastcellen bij afwezigheid van osteogene supplementen.
Ons onderzoek wijst dus uit dat er patronen bestaan die zowel osteogene als im-
munomodulatoire cellulaire reacties in vitro kunnen veroorzaken. Dit nieuwe con-
cept van multifunctionele topografieén demonstreert een nieuwe aanpak voor het
verbeteren van de OIM-eigenschap van botbiomaterialen in cocultuur-modellen
(Hoofdstuk 6).

Na geleerd te hebben over het osteogene en immuun gedrag van cellen tijdens



de interactie met de submicron-pilaar, onderzoeken we in Hoofdstuk 6 een an-
dere uitdaging, namelijk het bestuderen van de cel-cel- en cel-patroon-interacties
door het opzetten van een direct co-cultuurmodel bestaande uit macrofagen en
preosteoblasten. Als eerste hebben we de interacties onderzocht tussen murine
MI-macrofagen (J774A.1) en murine-preosteoblasten (MC3T3-E1) bij verschil-
lende celverhoudingen en over verschillende kweektijden met behulp van een di-
rect co-cultuurmodel. Vervolgens hebben we het effect van submicron-pilaren op
de twee soorten cellen in het ontwikkelde directe co-cultuurmodel bestudeerd.
Zowel M1 als OBS bleven in leven en verspreidden zich actief in het mengsel van
DMEM en o-MEM (1:1), ongeacht de celverhouding in de co-culturen. Op dag
7 nam de expressie van PGE2 en TNF-« in de co-cultuur toe in verhouding tot,
respectievelijk, de mono-gekweekte osteoblasten en M1s. Interessant genoeg heeft
de integratie van 3D-geprinte submicron-pilaren in het co-cultuurmodel de differ-
entiatie van preosteoblasten versterkt, zoals blijkt uit de relatief hogere RUNX2-
expressie, en de ontsteking gemoduleerd. Onze bevindingen benadrukken het
belang van directe co-cultuurmodellen en de rol van submicron-patronen in het
osteoimmunomodulatieproces.

In Hoofdstuk 7 sluiten we af met een algemene discussie en aanbevelin-
gen. Het werk dat we presenteren in dit proefschrift werpt licht op 3D prints
van submicron-patroon die relevant zijn voor de regeneratie van botweefsel. We
onthulden het potentieel van submicron-pilaren met een specifieke hoogte en
tussenruimte om osteoimmunomodulatoire eigenschappen te bereiken. Deze ken-
nis baant de weg naar het ontwerpen van osteoimmunomodulatoire topografieén
voor in vivo testen.
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Nomenclature
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B-GL
2PP
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AC
AFM
Akt
ALP
AM
ARG
ARS
ATR
BMP
BMSC
BSA
BSP
CAD
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CD206
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Beta-glycerol phosphate
Two-photon polymerization
Acrylic acid
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Serine/threonine protein kinase B
Alkaline phosphatase
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Bone morphogenetic protein

Bone marrow-derived mesenchymal stem cells

Bovine serum albumin

Bone sialoprotein
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Calcein acetoxymethyl ester
C-C chemokine receptor type 7
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Cyclooxygenase 2
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Deza
DiLL
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EBL
ECM
ELISA
ERK
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FAK
FBS
FCS
FEBID
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FTIR
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Chemical vapor deposition
4,6-diamidino-2-phenylindole
Dexamethasone

Dip-in laser lithography

Direct laser writing
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Deoxyribonucleic acid

Electron beam induced deposition
Electron beam lithography
Extracellular matrix
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Extracellular-signal-regulated kinase
Ethidium homodimer

Force of adhesion
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Fluorescence-activated cell sorting
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Focused electron beam induced deposition
Focused ion beam induced deposition
Focused ion beam lithography
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Human immortalized mesenchymal stem cell
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MAPK
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Indium tin oxide

Laser power
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Pro-inflammatory macrophage
Anti-inflammatory macrophage
Mitogen-activated protein kinase
Mean fluorescence intensity
Magnesium

Mesenchymal stem/stromal cell
Numerical aperture

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nanoimprint lithography

Nitric oxide

Nitric oxide synthase
Preosteoblast

Osteocalcin
Osteoimmunomodulation
Osteopontin

Oncostatin M

Phosphate buffered saline
Polycaprolactone
Polydimethylsiloxane
Penicillin-Streptomycin

Paraformaldehyde



PGE?2
PGMEA
PI3K
PLA
QI
qPCR
R,
RhoA
ROCK
RPMI
RUNX?2
SCFS
SEM
SLA

Sr

STL
TGF-3
TLR—-4
TNF—«
Wadn
XPS

Y AP

Prostaglandin E2
Propylene glycol monomethyl ether acetate
Phosphatidyl-inositide 3- kinase
Polylactic acid
Quantitative imaging
Quantitative polymerase chain reaction
Average roughness
Ras homolog family member A
Rho-associated protein kinase
Roswell park memorial institute medium
Runt-related transcription factor 2
Single-cell force spectroscopy
Scanning electron microscope
Stereolithography
Strontium
Standard tessellation language
Transforming growth factor-3
Toll-like receptor 4
Tumor necrosis factor a
Work of adhesion
X-ray photoelectron spectroscopy

Yes-associated protein









Introduction



Chapter 1: Introduction

1.1. Regenerative biomaterials for bone implants

Bones have intrinsic healing and regeneration capabilities, but they cannot fully
regenerate in some instances, especially when defects are too large such as those
caused by severe trauma or the resection of bone tumors [1]. Unfortunately,
the typical clinical treatment approaches (e.g., autograft) have serious limita-
tions such as condition of host tissue and donor site morbidity [2]. Such clinical
challenges are being addressed within the context of “tissue engineering”, which
was introduced in 1987 [3]. This field has opened up a new direction towards
new strategies for bone tissue regeneration. Combining tissue engineering with
advanced emerging sciences such as biomaterials, stem cell biology, and regen-
erative medicine creates the newly established multidisciplinary concept entitled
“regenerative engineering” [3]. Implementing this concept in bone regeneration
requires the development of biomaterials as one of its main pillars.

Regenerative biomaterials for bone applications should possess ideal proper-
ties to support the self-healing mechanisms of the bone. Upon implantation, the
structure, composition, and biochemical cues of the biomaterial should modulate
immune reactions, support the migration and differentiation of stem and progen-
itor cells, and enhance tissue regeneration [4]. Fabricating a biomaterial capable
of regulating all aspects of the bone regeneration process is highly complicated.

The first generation of biomaterials, sometimes called “bioinert”, is biocom-
patible and provides sufficient mechanical support but may not specifically stim-
ulate bone formation due to their insufficient interaction with the surrounding
tissue [5, 6]. Non-biodegradable metallic biomaterials (e.g., titanium or titanium
alloys), synthetic polymers (e.g., polymethyl methacrylate), and ceramics (e.g.,
alumina) can be considered part of this category [3, 5]. The second generation
of orthopedic biomaterials is bioactive/bioresorbable material that may induce
tissue regeneration and make a bond with the tissue interface upon implantation
[3, 7]. Examples are naturally derived polymers (e.g., collagen and hyaluronic
acid) that improve cell attachment [7], biodegradable synthetic polymers (e.g.,
polylactide (PLA) and polycaprolactone (PCL)) that can customize the mechan-
ical properties [7], and bioactive glass, which is the first artificial material known
for its osseointegration potential [8]. The latest generation of orthopedic biomate-
rials possesses tailored physical (e.g., porosity, geometry) and chemical properties
(e.g., (in)soluble factors such as growth factors, chemicals, immobilized adhesion
ligands) [3, 9]. This type of materials is instructive, multifunctional, and capable
of directing cell fate [3]. Although they induce different responses to multiple cell
types [10] a close and effective interaction between the immune and skeletal cells
is required to accomplish the formation of bone [11].

Understanding the sometimes unpredictable responses of various cells to the
implanted biomaterials and the underlying signaling pathways is critical for un-
raveling the effects and possible modulatory role of biomaterials in the complex
process of immunomodulation and bone regeneration.

\V}
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1.2. Ostecimmunomodulatory biomaterials

Osteoimmunomodulation (OIM) has recently emerged as a potential biological
characteristic of orthopedic biomaterials for regulating immune response and me-
diating bone regeneration [12, 13]. Three major elements, namely immune cells,
bone cells, and biomaterials, are involved in OIM [14]. Understanding the inter-
action among immune and bone cells is essential as a first step. Due to the close
communication between immune and bone regeneration processes, immune cells
could significantly affect the bone formation in the presence of biomaterials that
are considered foreign bodies [15]. These phenomena could be directed by the
cytokines that immune cells express in their microenvironment, leading to either
chronic inflammation or bone healing [15]. The impacts of biomaterials on the
inflammatory reactions and osteogenesis should, therefore, be understood for op-
timal bone regeneration. The following emerging strategies should be considered
when designing advanced OIM biomaterials:

e Modification of the biomaterial’s composition: The integration of
specific elements (e.g., Mg, Sr) [16, 17] or inflammatory cytokines (e.g.,
oncostatin M, (OSM)) may be used to modulate OIM [18].

o Optimization of the particle size (from nano to macro scale), pore
size, and porosity of scaffolds. Nanoparticles [19, 20] and micropores
between 30-40 pum [21] are reported to direct macrophages towards a pro-
healing phenotype, but non-porous structures and random pore size may
have an opposite effect.

o Modification of biomaterials surface (chemistry or topography):
Nanoscale topographies [22, 23], surface roughness [24], and hydrophilicity
[25] are found to direct the interaction of bone cells and macrophages.

Most of these approaches exploit specific underlying mechanisms involving
single cells and biomaterials. Of those strategies, the ones conducive to osteogen-
esis [26, 27] may propose a set of design objectives for developing OIM orthopedic
biomaterials.

At the early stage of implantation, cells rapidly perceive and react to the
physiochemical characteristics of the biomaterial surface [28]. For example, mod-
ifying the surface of biomaterials using osteogenic agents is reported to enhance
the osteogenic differentiation of stem cells in vitro [29, 30]. Even so, control-
ling the in vivo release of multiple molecules with the desired dose increases the
complexity of biomaterials [30, 31]. On the other hand, the surface patterning of
biomaterials not only allows them to mimic the native extracellular matrix (ECM)
but may also help them regulate the immunogenic and osteogenic response of cells
[29]. Together with the chemistry of the biomaterial, surface topographies, espe-
cially at the nano- and submicron scale, may influence the cascade of molecular
interactions involved in the early inflammation [29] and the later differentiation
of stem cells into the osteogenic lineage [32] via mechanotransduction pathways
[31]. Therefore, biomaterials decorated with such patterns may be harnessed for
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their osteogenic and immune-modulation potential, thereby broadening the range
of surface cues that can be used to develop bone regenerative biomaterials. Nev-
ertheless, not much is known about the influences of controlled surface patterns
on early inflammation and subsequent osteogenesis.

The osteoimmunomodulatory effects of the surface topography of biomate-
rials have been unevenly studied [12]. The focus of previous research has been
mainly on the osteogenic behavior of cells but not the OIM response. Surface
roughness is considered a potent physical cue that could alter the response of
both osteoblasts and immune cells. At the scale of micro, for example, the pro-
healing response of macrophages is reported to be enhanced on hydrophilic mi-
croroughened surfaces [33]. Machine learning techniques have been recently used
to identify the proper chemical and topographical features for immunomodula-
tory osteoconductive biomaterials [34]. Micropillars made of ethyl acrylate, with
a diameter smaller than 6 pm and a height of 10 pm, have been found to cause
macrophages to exhibit a prohealing response [34]. The highest upregulation
of the ALP activity of human immortalized mesenchymal stem cells (hiMSCs)
was observed on microfeatures with a diameter smaller than 7 pm and rotations
> 25 © relative to the x-axis [34]. At the nanoscale, increasing the roughness
on the titanium surface from 6-12 nm upregulated the in vivo secretion of pro-
inflammatory markers [35]. When gold particles with sizes of 16-68 nm are added
on a chemically modified surface (with allylamine (AA) or acrylic acid (AC)),
the level of inflammatory cytokines (e.g., TNF-q, IL-1, IL-6) induced by murine-
derived macrophages (Raw 264.7 cells) decreased as compared to the chemically
modified flat substrate [29]. Furthermore, the AA-modified surfaces with 68 nm
topographies boosted the osteogenic differentiation of bone marrow stromal cells
(BMSCs) in the conditioned medium derived from materials/macrophages [29)].
At the submicron scale, titanium grooves polarized macrophages to the M1 phe-
notype (inflammatory response) by increasing the surface roughness from 100 nm
to 400 nm [36]. Moreover, a conditioned medium of material/macrophages was
found to enhance the differentiation of preosteoblasts [36]. However, little is yet
known about the regulation of the OIM response, especially by submicron pillars.

In addition to the abovementioned findings, it has been reported that specific
pattern geometries could modulate the osteogenic [31] and immune [37] responses
in monocultures. Among the various shapes of patterns, pillars, defined as high
aspect ratio features protruding from a surface, are less investigated for bone
regeneration. At the microlevel, the increased hydrophobicity of micropillared
surfaces, as compared to flat ones, has been found to decrease the initial cell
adhesion, spreading, and the expression of ECM proteins (BSP-2 (bone sialopro-
tein) and collagen-I) in human osteoblasts (MG-63) [38]. However, the effects
of submicron pillars on bone regeneration and inflammatory responses are rarely
studied.

One of the reasons for the limited understanding of the role of nano- and
submicron scale patterns in regulating cellular functions has been the limited
availability of fabrication techniques capable of producing patterns with controlled
features (i.e., dimensions, geometry, and spatial organization) on sufficiently large
areas in a high-throughput manner. While the continuous progress of nanofabrica-
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tion technologies is increasingly facilitating the study of the cascades of biological
events involved in the dynamic process of bone regeneration at the interface with
surface-modified biomaterials [39], engineering implants with controlled patterned
surfaces is still challenging. That is due to the different manufacturing technolo-
gies needed to produce complex 3D biomaterials and the ones required for surface
micro/nanopatterning [40]. The size of patterns is often 6 - 7 orders of magni-
tude smaller than the actual size of the orthopedic implants [31, 41]. There is
still no single-step manufacturing technique that could produce biomaterials inte-
grating such multiscale features. Moreover, the fabrication of well-defined micro
and nanoscale structures in one single-step process is highly challenging since the
fabrication technique requires great precision and sensitivity [42].

Additive manufacturing (AM) techniques have recently facilitated the fabri-
cation of free-form geometries by reducing the fabrication steps and overcoming
the limitations of traditional fabrication techniques [43]. For metals, the min-
imum feature sizes achieved by powder bed fusion technologies are around few
tens of micrometers [44-46]. Micro- and submicron scale AM techniques are
not currently well-developed for metals [44]. Although several high-resolution
methods suitable for metals, such as focused electron/ion beam induced deposi-
tion (FEBID/FIBID), have been successful in fabricating features in the range of
0.05-10 pm [44], they tend to be very slow, making them unsuitable for the fabri-
cation of actual orthopedic implants. For polymeric materials, stereolithography
(SLA) machines can produce mesoscale structures with surface microfeatures at
a writing speed of 20 mm/s [47]. Furthermore, direct laser writing (DLW) can
generate centimeter-scale complex 3D structures with submicron resolutions at
high speed in a single-step process [47]. However, producing uniform submicron
scale features with a high speed over a large area remains challenging.

1.3. Aim, objectives, and outline of the thesis

This thesis aims to apply 3D printing techniques to create highly ordered submi-
cron pillars over large areas and elucidate their effects on the bone and inflamma-
tory cells by using in vitro mono- and co-culture models. The ultimate objective
is to gain more insight into the OIM response of biomaterial surfaces covered
by submicron pillars. Towards that aim, the following sub-objectives are defined
(Figure 1.1):

Obj. 1) 3D printing of submicron patterns: To fabricate and characterize
the 3D printed submicron pillars with controlled feature sizes for subsequent
cellular studies.

Obj. 2) Modulating the response of multiple cell types by submicron
pillars with different dimensions: To investigate the impact of submi-
cron pillars on the bone and inflammatory cells.

Obj. 3) Direct co-culture of osteogenic and inflammatory cells in the
presence of submicron pillars: To establish a direct co-culture model
and investigate the OIM potential of submicron pillars.
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The challenges associated with each sub-objective are discussed below:

1) Fabrication of submicron patterns:
The 2PP technique (Figure 1.2a) was chosen to fabricate pillars since it
offers a single-step fabrication process. However, the 3D printing of highly
ordered pillars in the submicron range using the 2PP method requires mas-
sive optimization of the printing parameters to create uniform pillars with
controlled dimensions and interspacing with high speed. We tried to find
answers to the following questions:

o “What would be the minimum feature sizes achievable by 2PP?”
o “Can we create highly ordered patterns over a large surface area?”

e “Can we speed up the printing process?”

In Chapters 2 and 3, we investigated the use of both main configurations
(DiLL and conventional) used in 2PP (Figure 1.2a) to cover a large surface
area with highly ordered pillars at high spatial resolutions. We assessed
the cytocompatibility of the materials used with MSCs and preosteoblasts.
Lastly, we engineered a multiscale scaffold and a microfluidic platform in-
corporated with submicron/nanoscale topographies, which can provide a
promising model for 3D cell culture.

2) Interaction of multiple cell types with submicron pillars:
After successful printing of biocompatible patterns, the next research ques-
tion was:

e “How do the dimensions and arrangement of the patterned surfaces
requlate the behavior of osteogenic cells and immune cells?”

We investigated the effects of submicron patterns (Figure 1.2b) on pre-
osteoblasts (Chapter 4) and macrophages (Chapter 5):

¢ Osteogenic response: We performed a comprehensive study with
special attention to the adhesion phase of preosteoblasts on the pat-
terned and non-patterned surfaces. We also developed a novel method
to quantify the adhesion characteristics and the mechanical properties
of the adherent cells. These techniques allowed us to study the possi-
ble interrelations between early cell adhesion, mechanics, and the late
osteogenic activity of preosteoblasts.

¢ Immunogenic response: The cytocompatibility of biomaterials and
the immunomodulatory potential of submicron pillars with various di-
mensions were investigated in Chapter 5. We studied the morphol-
ogy and polarization of murine-derived macrophages interacting with
6 different types of submicron patterns (Figure 1.2b) in the presence
of M1-inducing stimuli at multiple time points. Moreover, we explored
whether the proposed submicron pillar dimensions can modulate the
polarization of M1 macrophages towards a more favorable pro-healing
phenotype.
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3) Cross-talk between immune and osteogenic cells in a direct co-culture
model:
The interactions between the inflammatory and osteogenic cells in a direct
co-culture model integrated with topographies has not been investigated be-
fore. Therefore, Chapter 6 concludes the research presented in this thesis
by studying the following question:

o “How do osteogenic and immune cells interact with submicron patterns
in a direct co-culture model?”

We first established a direct co-culture model and used it to investigate
the interactions between murine M1 macrophages (J774A.1) and murine
preosteoblasts (MC3T3-E1) at various cell ratios and over different culturing
times. The direct co-culture model was then applied to study the effects of
3D printed submicron pillars on both types of cells.

(a) Printing configurations in two-photon polymerization (2PP) technique

(1) Conventional () DiLL

63X LensJ &L 63X Lens
— !

Qil <— Resist (IP-Dip)

Borosilicatecoverslip‘/ A f :

Resist (IP-L 780)

Borosilicate coverslip

(b) The arrays of 3D printed submicron pillars interfaced with preosteoblasts and macrophages

Height 250 nm Height 500 nm Height 1000 nm
250 nm

Interspace 700 nm

Interspace 1000 nm

Figure 1.2: The fabrication of submicron pillars with (a) 2PP technique. (b)
The geometries that are selected for the study of the OIM response.
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Submicron Patterns-On-a-Chip: Fabrication of a
Microfluidic Device Incorporating 3D Printed Surface
Ornaments

Manufacturing high throughput in vitro models resembling the tissue microen-
vironment is highly demanded for studying bone regeneration. Tissues such as
bone have complex multiscale architectures inside which cells reside. To this end,
engineering a microfluidic platform incorporated with three-dimensional (3D)
microscaffolds and submicron/nanoscale topographies can provide a promising
model for 3D cell cultures. There are, however, certain challenges associated with
this goal, such as the need to decorate large surfaces area with high-fidelity 3D
submicron structures. Here, we succeeded in fabricating a microfluidic platform
embedded with a large area (mm range) of reproducible submicron pillar-based
topographies. Using the two-photon polymerization (2PP) as a 3D printing
technique based on direct laser writing, uniform submicron patterns were cre-
ated through optimization of the process parameters and writing strategy. To
demonstrate the multiscale fabrication capabilities of this approach, submicron
pillars of various heights were integrated onto the surfaces of a 3D microscaf-
fold in a single-step 2PP process. The created submicron topography was also
found to improve the hydrophilicity of the surface while being able to withstand
flow rates of up to 8 mL/min. The material (IP-Dip resin) used for patterning
did not have cytotoxic effects against human mesenchymal stromal cells after
3 days of dynamic culture in the microfluidic device. This proof-of-principle
study, therefore, marks a significant step forward in manufacturing submicron
structure-on-a-chip models for bone regeneration studies.

Published as: Nouri-Goushki, Mahdiyeh, et al., ”Submicron Patterns-On-a-Chip: Fabri-
cation of a Microfluidic Device Incorporating 3D Printed Surface Ornaments.” ACS Biomate-
rials Science & Engineering 5.11 (2019): 6127-6136, https://doi.org/10.1021 /acsbiomaterials.
9b01155.


https://doi.org/10.1021/acsbiomaterials.9b01155
https://doi.org/10.1021/acsbiomaterials.9b01155

Chapter 2: Submicron Patterns-On-a-Chip: Fabrication of a Microfluidic Device
Incorporating 3D Printed Surface Ornaments

2.1. Introduction

Bone regeneration is a complex biological process that supports skeletal health
throughout our lifetime. In this process, osteoprogenitor cells migrate, proliferate,
and differentiate to restore and repair bone injuries [48, 49]. However, the bone
regeneration capacity of the human body is either inadequate or is compromised
in the case of large bony defects, infections, arthritis, and tumors [50-53]. The
innate bone regeneration capacity should therefore be augmented through bio-
materials that promote osteogenesis, thereby enhancing the performance of the
bone regeneration process [53-55]. The vast majority of such biomaterials intro-
duced to date work on the basis of locally delivering biomolecules such as bone
morphogenic protein (BMP) to promote the osteogenic differentiation of human
mesenchymal stromal cells (hMSCs) [30, 56]. There are, however, concerns regard-
ing the size-dependent toxicity effects of some of these biomolecules [30, 57, 58]
particularly in larger animals such as humans. In addition, such biomolecules are
often expensive and may have undesired side effects [57, 59].

An alternative approach tries to exploit the effects of (nanoscale) topogra-
phies on cellular processes including migration, adhesion, proliferation, and dif-
ferentiation to enhance the bone tissue regeneration performance of biomateri-
als [60, 61]. In particular, several studies have shown that very specific shapes
and dimensions of nanopatterns could stimulate the osteogenic differentiation of
stem cells [31, 62, 63]. Moreover, the same nanoscale patterns could be used to kill
bacteria so as to minimize the risk of implant-associated infections [64—66]. How-
ever, it is still unclear how different design parameters of the surface nanopatterns
affect the various cellular processes both for the host cells and bacteria [67, 68].
One therefore has to perform many experiments to systematically study the ef-
fects of a large number of design parameters on the different types of cellular re-
sponses. This challenge is further compounded by the fact that the experiments
have to be repeated for different cell types including stem cells, immune cells,
and different types of bacteria (e.g., Gram-positive, Gram-negative). Therefore,
high-throughput experimental setups that allow for such large systematic studies
are required. Lab-on-a-chip devices that incorporate various nanopatterns inside
a microfluidic chip are very attractive solutions for such an application. Such de-
vices also allow improving the mass transfer of nutrients, metabolites, gases, and
metabolic byproducts while controlling the temperature and pH [69]. However,
fabrication of such devices would require a multiscale manufacturing approach to
create the nanopatterned surfaces and to integrate them into the chip.

Micro- and nanoscale patterns can be fabricated by removing material from a
bulk material using top-down nanopatterning techniques such as lithographiy [70]
and etching [71, 72]. These structures can be also manufactured by deposition of
atoms, molecules, or nanoparticles in processes by so-called bottom-up nanopat-
terning (e.g., focused electron beam induced deposition (FEBID) [73], chemical
vapor deposition (CVD) [74], and molecular self-assembly [75]). Although some
of these techniques are capable of producing features with ultrafine resolutions
(< 100 nm ), they are often restricted in terms of surface quality, upscaling, and
combination and alignment of multiple elements. To overcome these restrictions,
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here, we use three-dimensional (3D) direct laser writing (DLW) [76, 77]. DLW
works on the basis of two (or multiple) photon polymerization (2PP) and allows
for printing 3D objects at the nanoscale and larger (up to mm) feature sizes [78].
Barata et al. [78] developed a microfluidic chip integrated with microstructures
through a combination of photolithography, 2PP, and hot embossing. They stud-
ied the interaction of human osteosarcoma cells with the biomaterial under a low
flow rate of continuous medium perfusion. In another study, Yong et al. [79] de-
veloped a microfluidic device incorporated with nanogratings through a stitching
and micro-transfer assembly technique rooted in polymer thin film technologies.
Despite the availability of these few studies, a versatile technique to fabricate
microfluidic devices endowed with nanoscale features is still lacking [69].

Manufacturing a large area of nanopatterns for cell culture and preserving the
geometrical accuracy after assembly are the two main challenges in the integration
of nanopatterns within microfluidic devices [69]. In this study, we fabricated a
large surface area with nanopillars made through the 2PP process and embedded
them within a microfluidic chip (Figure 2.1).

The uniformity of the nanopillars was boosted by proper selection of the ma-
terials and writing mode, as well as by correcting for the substrate tilt. The mor-
phologies of the nanopillars were first characterized and then upscaled to a larger
area (mm range). We then fabricated a micro-scaffold covered with nanopillars
of various heights. In addition to measuring the adhesion force and wettability,
we performed dynamic culture of hMSCs to evaluate the biocompatibility of the
nanopatterned surfaces.

2.2. Materials and methods

2.2.1. Nanopatterning using 2PP

We used the 2PP process for additive manufacturing of the surface nanopatterns
using a Photonic Professional GT (Nanoscribe, Germany) machine. This machine
works on the basis of a pulsed femtosecond laser (center wavelength = 780 nm,
pulse duration = 100 fs, repetition rate = 80 MHz) and is equipped with a 63X
objective lens (NA 1.4, numerical aperture). The Piezo writing strategy and dip-
in laser lithography (DiLL) configuration were selected for writing the nanoscale
features. The nanopillars were created using an acrylate-based resin (IP-Dip,
Nanoscribe, Germany) atop an indium tin oxide (ITO) coated fused silica glass
(ITO glass) (Nanoscribe, Germany). Before printing, the substrates were cleaned
with acetone and isopropyl alcohol (IPA) (both Sigma-Aldrich, Germany). After
writing, the samples were developed in propylene glycol monomethyl ether acetate
(PGMEA, Sigma-Aldrich, Germany) for 25 min, followed by 5 min of development
and rinsing in IPA.




Chapter 2: Submicron Patterns-On-a-Chip: Fabrication of a Microfluidic Device
Incorporating 3D Printed Surface Ornaments

ﬁ ~ ; <~— ITO glass

A <—|P-Dip resin

(a) Two-photon polymerization
Dill configuration L\

<— 63x-Objective lens

Upscaling patterns l

Bonding through Oxygen plasma /

(b) (c)
R I
L o

;o

ITO coated glass

Figure 2.1: (a) A schematic illustration of the 2PP process to prototype a large
area of nanopatterns. (b) Oxygen plasma bonding process for cell study. (c),
(e) SolidWorks and real view models of the mechanical clamp set-up used to
align the channel over the topography in the nanopattern delamination test. (d)
Aligned nanopatterns along the channel edge. Microdroplets can be seen after
the experiment. Scale bar is 200 pm.
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2.2.2. Upscaling of nanopatterns and fabrication of a multiscale
3D scaffold

The writing parameters of the 2PP process were first optimized for printing repro-
ducible nanopillars of known dimensions in an area of 100 ym x 100 pgm. Larger
areas of this nanotopography (up to 2 mm x 1.7 mm) were then achieved by
repeat-printing the previously optimized area. The procedure was then extended
to nanopillars with various heights on a 3D woodpile structure, which was fab-
ricated using the machine’s Galvo mode which has a larger throughput. Each
woodpile had a cross section of 5 ym x 5 pm, a length of 55 pm, and a pitch of
10 pm.

2.2.3. Characterization of the nanopatterns

Nanotopographical surfaces were characterized using a scanning electron micro-
scope (Jeol InTouchScope JSM-6010LA, Japan). All specimens were sputter-
coated with a ~ 10 nm thick gold-palladium layer before imaging. Furthermore,
an optical microscope (Keyence Digital Microscope VHX-6000, USA) was used
to acquire pixel intensity maps and to evaluate the reproducibility and unifor-
mity of the nanopillar dimensions. The wettability of the nanopatterned surfaces
was assessed using a drop shape analyzer (KRUSS DSA100, Germany). First,
the samples were cleaned with TPA (Sigma-Aldrich, Germany). Then, droplets of
deionized water (0.1-0.3 pL) were laid on the nanopatterned and non-patterned
surfaces. The contact angles were recorded after 5 s (three measurements per
sample).

2.2.4. Image processing and quantification

The acquired SEM images were analyzed using ImageJ (open source image anal-
ysis software, http://rsb.info.nih.gov/ij/index.html) to measure the height, diam-
eter, and uniformity of the nanopatterns over a large area. To do so, the height
and diameter of the nanopillars were first quantified through high-magnification
SEM images at 13000X from a few sample regions within the nanopatterned area
that were then used to calibrate the mesoscale image of the nanopattern obtained
from low-magnification images (taken at 850X via SEM and stitched together).
Furthermore, optical images of the same area were taken to analyze their pixel in-
tensity map. Finally, the pixel intensity map of the optical images was correlated
with the data obtained from high-magnification SEM images using a custom-made
MATLAB code (2017 b) to identify the numbers, dimensions (mean + SD), and
uniformity of the printed nanopillars (Table 2.2).

2.2.5. Fabrication of the microfluidic device

A single microchannel of 200 ym height, 1 mm width, and 7.85 mm length was
fabricated via the mold replication technique. First, the mold was 3D printed
using the stereolithography technique (Envisiontec Micro Plus HD, Germany).
Then, a mixture of polydimethylsiloxane (PDMS) (Sigma Aldrich, Germany) and
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the curing agent (10:1 w/w) (Sigma Aldrich, Germany) was poured into the 3D
printed molds and desiccated for 1 h to remove any trapped air bubbles. After 3
h curing at 70 °C, the PDMS part was peeled off the molds. The PDMS layer was
then placed over the substrate while aligning the channel with the nanopatterns
(Figure 2.1b, d). The method of bonding PDMS to the substrate depended on the
type of the experiment performed later. For the delamination test, PDMS was
pressed onto the substrate through a mechanically designed clamp, while oxygen
plasma was used in the case of the specimens prepared for cell culture.

2.2.6. Delamination test

The delamination of the nanopillars was tested with respect to the various flow
rates of deionized water. Nanopatterned strips of 1 mm x 0.1 mm were integrated
into the microfluidic chip and were held leak-tight with the help of the clamp.
The CAD model and the actual 3D printed mechanical clamp (made with an
Original Prusa I3 MK2S printer, Czech Republic) holding the chip are presented
in Figure 2.1c and e, respectively. The different flow rates of deionized water
(1, 3, 5, and 8 mL/min) were applied in the chip through a peristaltic pump
(Ismatec ISM915, Germany). The nanopillars were observed before and after
the experiments using optical microscope and SEM to check whether they were
delaminated.

2.2.7. Dynamic cell culture

Two 1 mm x 0.3 mm areas of nanopatterned and non-patterned sheets (with a
height of 3 m) were printed in parallel and aligned along the channel edge. Both
the nanopatterned surface and the channel side of the PDMS were exposed to air
plasma (Low Cost System Atto, Diener Electronic, Germany) for 2 min (power
level = 40 W, chamber pressure = 4 mbar) after which they were brought into
contact.

hMCSs (passage 7; Lonza, Switzerland) were cultured in alpha minimal es-
sential medium (aMEM: 10% (v/v) fetal calf serum (FCS), pH = 7.5, Phenol-red
free; Life Technologies, USA) as previously described in detail by us [80]. A
cell seeding concentration of approximately 1.1 x 105 cells/mL was used for the
dynamic cell culture. The microfluidic device was flushed 3 times with aMEM
medium followed by seeding into the microchannel. The cells were then incubated
(at 37 °C, 5% CO2) for 6 h before starting the flow of culture medium at 10 pL/h,
using a NE-1200 syringe pump (KF Technology, Italy). After 3 days, the cells
were rinsed 2 times with phosphate buffered saline (PBS, Life Technologies, USA)
and incubated 10 min in a fixative solution (4% PFA and 1% GA (Sigma-Aldrich,
Germany) in PBS) at room temperature. The fixed samples were washed 2 times
with distilled water for 5 min and then immersed in a series of graded alcohol-
PBS solution (50%, 70%, 96%) for 15 min, 20 min, and 20 min respectively. The
samples were dried overnight at room temperature. At last, the specimens were
gold-sputtered before obtaining SEM images.
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2.2.8. Cell viability

A live/dead cell assay (ThermoFisher Scientific, USA) was performed to study
the viability of the cultured cells. After 3 days of dynamic cell culture, hMSCs
were washed 3 times with PBS and incubated in a mixture of 5 ug/mL Hoechst
33342 (Nuclei Dye, Sigma-Aldrich, Germany) and 10 mg/mL propidium iodide
(Dead Dye, Sigma-Aldrich, Germany) for 15 min at 37 °C. In this fluorescence-
based assay, Nuclei Dye stains the nucleus of both live and dead cells in blue
while Dead Dye penetrates the membrane of the dead cells (red). After staining,
the cells were washed with PBS and viewed with a confocal microscope (Axiovert
200MOT, Zeiss, Germany).

2.3. Results and discussion

2.3.1. Fabrication of reproducible uniform nanopatterns

Selection of an appropriate print configuration and writing parameters within
the 2PP process is necessary to produce uniform and reproducible topographi-
cal nanopatterns. To further enhance the uniformity of the nanopatterns, a tilt
correction strategy for substrate was adopted and the effects of different config-
urations were evaluated. Lastly, a parametric study was conducted to assess the
effects of 2PP writing parameters on the uniformity of the nanopatterns and the
minimum feature size that could be reliably achieved.

2.3.1.1. Effects of print configurations

Different configurations and respective materials (resins and substrates) for the
2PP process were evaluated (Table 2.1).

Table 2.1: Configurations, materials, and the interface signal amplitude in the
2PP process.

Configuration Materials Interface signal amplitude
DiLL IP-Dip + ITO coated fused 1000 — 2000

silica glass
DiLL IP-Dip + fused silica glass 600 - 700

Conventional IP-L 780 + borosilicate glass 300 - 400

In comparison with the other types of substrates, a significant improvement
(up to 86%) in the uniformity of the nanopatterns was achieved by printing over
the I'TO-coated fused silica glass when scaled up to a 2 mm x 1.7 mm area
in the DiLL configuration (Figure 2.2a). The ITO-coated fused silica substrate
in combination with IP-Dip resin yielded a higher interface signal amplitude (a
value directly proportional to the refractive index mismatch at the interface of
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the resin and the substrate) in comparison with an uncoated fused silica sub-
strate (Supplementary Figure 2.1). When using the conventional configuration
(IP-L 780, borosilicate glass), the signal amplitude decreased even further (Sup-
plementary Figure 2.2). Enhancing the interface signal amplitude decreased the
noise and helped in more accurate detection of the substrate surface. This noise
was decreased by increasing the refractive index difference between the two media
(Supplementary Figures 2.1 and 2.2).

2.3.1.2. The effects of tilt correction

The Piezo writing strategy was selected among the available writing modes in
the 2PP process to produce each nanopillar as a single voxel. At the nanoscale,
a large variation in the nanopillar dimensions along the direction of writing was
observed due to the angular motion of the scanner during the writing process
(Supplementary Figure 2.3a). We used a tilt compensation method to reduce
such effects where a correction accounting for the tilt of the substrate (accuracy
in the range of 0.01°) was made to obtain a more uniform nanopattern (Supple-
mentary Figure 2.3c). This procedure required measuring the interface position
(in the z-direction) followed by fitting a linear plane to the measured position
data points. The tilt angle of this fitted plane in the x- and y-direction were
then input into the 2PP machine program to add the appropriate offsets in the
z-coordinate while traversing in the x- and y-directions. The uniformity of the fab-
ricated nanopillars increased after applying the tilt correction to the ITO-coated
sample (Figure 2.2b). The uniformity of the nanopatterns written on manually
tilt-corrected, auto tilt-corrected, and uncorrected substrates (ITO fused silica,
DiLL configuration) are compared in the supplementary information (Supplemen-
tary Figure 2.3).
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Figure 2.2: (a), (b) The effects of the print configuration and tilt compensation
on the uniformity of the fabricated nanopatterns (n = 4). Both cases (a) and (b)
were compensated for tilts. (¢) Morphological characterization of uniform nanopil-
lars (the scale bar is 1 pm while the tilt angle is 20°). (d) Optical image of the
area depicting the different kinds of the regions covered by surface nanopatterns
(the scale bar is 100 pm). (e) Stitching low-resolution SEM images to create an
area of 1 mm x 100 pm (the scale bar is 100 um). (f) The frequency distribution
of the diameters of the nanopillars determined using SEM image (Figure 2.2e).
(g) The frequency distribution of the pixel intensities obtained from the optical
image (Figure 2.2d). (h) The nanopatterned surface was extended to a 2 mm x
1.7 mm area (the scale bar is 500 pm). (i) Morphological characterization of the
nanopillars from the damaged area (region 3 in Figure 2.2d). The scale bar is 5
.
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2.3.1.3. Effects of 2PP writing parameters

Achieving nanopatterns of specific dimensions involves optimizing a number of
parameters such as the laser power, time of exposure, interface distance, and
other Piezo writing-based parameters. Nanopillars as small as 160 nm in diam-
eter and 300 nm in height could be fabricated using the Piezo writing strategy
(Supplementary Figure 2.4). The height and diameter of the nanopillars change
together with the laser parameters. It is therefore challenging to fix one of these
dimensions, while varying the other. The higher values of the laser power and
exposure time caused the diameters of the nanopillars to increase (Supplementary
Figure 2.4), while the height and diameters of the nanopillars decreased with the
interface distance (Supplementary Figure 2.5). The adhesion of the nanopillars
to the substrate was also affected by the chosen value of the interface distance
(Supplementary Figure 2.6). Increasing the interface distance, however, caused
the printing process to start deeper into the substrate and reduced the uniformity
and reproducibility of the nanopillars (Supplementary Figure 2.6). Moreover, the
uniformity of the nanopillars improved with the laser power and exposure time
(Supplementary Figure 2.7). After optimization of all these 2PP parameters, a
laser power of 27.2 mW, an exposure time of 2400 s, and an interface distance
of 0.3 um were selected to achieve reproducible and uniform nanopatterns (Fig-
ure 2.2¢). The ellipsoidal shape of the nanopillars (Figure 2.2¢) were similar to
that of the focal point of a focused laser beam. The focal point shape origi-
nates from the nature of the diffraction and cannot be improved by lens design
or through adjustment of the optical system [81].

2.3.2. Characterization of nanopatterns

2.3.2.1. Measuring uniformity over large area

An area of 1 mm x 0.1 mm was nanopatterned using the above-mentioned optimal
laser parameters (Figure 2.2d, ). The uniformity of this printed topography can
be quantified through the pixel threshold intensity values. The pixel threshold
intensity can be detected by correlating the histogram describing the distribution
of the nanopillar diameters (Figure 2.2f) with the data regarding the distribution
of the pixel intensity (Figure 2.2g). Here, the uniformity of the nanopatterns is
defined as the percentage of the area in which the diameter of the nanopillars
is larger than the cut-off value (7.e., nanopillar diameter > (mean diameter - 50
nm)). An upper limit of about 500 nm was also applied on the diameter to avoid
counting delaminated nanopillars stuck to the substrate in this analysis. Through
this method, about 73% of the area (Figure 2.2d) has nanopillar diameters higher
than 284 nm (uniformity is calculated using the data presented in Table 2.2).
These nanopatterns upscaled to an area of 2 mm x 1.7 mm (Figure 2.2h)
with a printing time of about 87 h and 50 min. This process is therefore not an
ideal option for mass production of nanopatterned areas, but rather for the rapid
nanopatterning of large areas. The uniformity of this area was measured to be
about 86% (n = 10). Several types of regions can be seen after printing in larger
areas (Figure 2.2d). Region 4 showed a uniform distribution of nanopillars, while
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Table 2.2: The specifications of the nanopillars (obtained from image analysis).

Expected number of nanopillars 156250

Actual number of nanopillars 118966

Interspace (center to center) 800 nm

Mean diameter (d) & SD 334 £ 30 nm

Mean height (h) + SD 1541 + 60
nm

the color intensity decreased in region 5, indicating a decrease in the nanopillar
diameter. A further drop in the nanopillar diameter created areas similar to the
region 2. There were also areas where there are no nanopillars (region 1) or
areas where nanopillars were delaminated (Figure 2.2i and region 3 in Figure 2.2d
during the development process in PGMEA and IPA due to the weak adhesion to
the substrate. This usually happens when the laser beam focuses far above the
substrate surface or when the edge of the voxel that is going to be printed is too
close to the surface of the substrate [81]. Although printing over large areas could
not give us 100% uniform nanopatterns in this study, the uniformity significantly
enhanced after optimization of 2PP parameters in the Piezo writing strategy,
testing various print configurations, and applying a manual tilt correction.

2.3.2.2. Wettability

The water contact angle decreased from 81.84 +3.15° (n = 9) on the plain sub-
strate to 41.7 £3.9° (n = 9) on the nanopatterned surface (Figure 2.3a). Previous
studies [82-84] reported a water contact angle of 60° - 80° for the ITO glass. This
variation indicates that the angle depends on the pre-cleaning procedure and may
change due to the different solvent cleaning processes and plasma treatments [85].
An un-treated commercially available ITO glass has been found to exhibit a wa-
ter contact angle of about 90° [85]. In this study, exposure to chemicals such as
acetone, IPA, and PGMEA had been considered due to the involved sample devel-
opment process. The Wenzel’s model [86] Equation 2.1, describing a homogeneous
wetting regime, was used to estimate the contact angle of uniform nanopatterns
wetted by droplets.

cos b, = Rcosly (2.1)

Here, the apparent contact angle of the droplet on a nanopatterned and a
smooth non-patterned surface is given by 6, and 6,, respectively [86]. On a
rough surface, the roughness factor is determined by R which describes the ratio
of the actual surface area to the apparent surface area of a rough surface. In this
study, by assuming cylindrical nanopillars of height h, diameter d, and pitch p,
the roughness factor can be calculated using Equation 2.2 as:
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Figure 2.3: (a) Water contact angle measurement diagram. (b), (c¢) The optical
and SEM images of the nanopillars after performing the microfluidic delamination
tests at a flow rate of 8 mL/min. No signs of delamination were observed. The
scale bar is 100 ym in (b) and 5 pm in (c). The tilt angle is 20° in (c).

R=1+ndh/p? (2.2)

By substitution of the dimensions Table 2.2 in this equation, the roughness
factor is calculated to be R =~ 3.49. Replacement of this value into Equation 2.1
yields 6,, = 60.3°, which is higher than the experimental value of the contact
angle (47.1°). The deviation seen in the experimental value of the contact angle
from the one predicted by the Wenzel’s model could be attributed to the small
non-homogeneity in nanopatterns (due to process limitation, there are few regions
with imperfect nanopillars) and assuming nanopillars as cylindrical rather than
using their actual truncated ellipsoid shape. This model, however, does correctly
predict the increase in the hydrophilicity in such a case.

2.3.2.3. Adhesion force of the nanopillars

The shear stress on the microchannels walls of 7.85 mm length (I), 1 mm width
(w), 200 pm height (2h), and a flow rate @ (liquid: water with a dynamic viscosity
= 8.9 x 107* Pa.s) was measured through Equation 2.3 [87, 88] Table 2.3.

7 = 3uQ/2wh? (2.3)
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Leakage was occasionally observed for a flow rate of 5 mL/min. Above this
flow rate, keeping the chip leak tight was impossible (especially at the inlet and
outlet connection points). The nanopillars, on the other hand, remained unaf-
fected by flow rates of up to 8 mL/min. Figure 2.3b and ¢ show pictures of pillars
that had been exposed to such flow rates. It can therefore be concluded that
the wall shear stress should be more than a few tens of Pascal to delaminate the
nanopillars.

Table 2.3: The microfluidic testing conditions used to test the resistance of the
nanopillars against delamination.

Flow rate (mL/min) Shear stress (Pa) Comments

1 2.2 Nanopillars unaffected,
no leakage

3 6.7 Nanopillars unaffected,
no leakage

5 11.2 Nanopillars unaffected,

occasional leakage

8 17.9 Nanopillars unaffected,
leakage via inlet /outlet

Equation 2.4 indicates the shear force applied to the nanopillars during the
microfluidic flow studies.

Fy = 7mr? (2.4)

Here, the shear stress 7 applied to the nanopillars has been estimated as the
wall shear stress (Equation 2.3). Consequently, the drag force can be estimated
to be in the order of 107 N and could therefore be neglected. Nanopillars were
also experiencing a traction force by hMSCs cultured on them, which could lead
to bending and delaminating the pillars (Figure 2.5¢). The bending force on the
nanopillars can be estimated using the following equation:

§ = 4F13/3nErt (2.5)

where § is the linear horizontal displacement of the nanopillar tips, F' is the
horizontal bending force, [ is the length of the nanopillar, r is the radius of the
nanopillar, and E is the Young’s modulus of the polymeric material. § can be
estimated to be in the range of a few hundred nanometers from the SEM images
(Figure 2.5¢), E to be in the range of a few GPa [89], r ~ 167 nm, and [ ~ 1.54
pm. These estimations resulted in calculated forces in the order of hundreds of

N



Chapter 2: Submicron Patterns-On-a-Chip: Fabrication of a Microfluidic Device
Incorporating 3D Printed Surface Ornaments

nN to a few uN. This estimated range of forces is in agreement with the values
reported by Fu et al. [90].

The forces applied by the cells to the nanopillars are much higher than the
drag forces. One could therefore conclude that the cell traction forces delaminated
the nanopillars during the dynamic cell culture experiments.

2.3.3. Fabrication of multiscale structures

The possibility of printing 3D micro-architectures such as porous scaffolds with
controlled porosities and nanotopographies using the 2PP process enables new ap-
proaches to the design of biomaterials. Although, it is not easy to print uniform
nanopatterns onto large-scale 3D printed structures such as scaffolds and flat
sheets, we succeeded in writing nanopillars with variable heights over a micro-
scaffold (Figure 2.4). The potential of shifting between the Galvo and Piezo
writing strategies in a single process allowed for this novelty. The Galvo writing
strategy was used to fabricate the 3D woodpile structure, while the Piezo writ-
ing strategy (by applying the optimized parameters) was used to incorporate the
nanopatterns on the woodpile layers. It is also worth mentioning that increasing
the distance from the woodpiles surface leads to a gradient in the height and di-
ameter of the nanopillars created on the surface of various woodpiles (Figure 2.4b
and c). This approach could be used to create 3D cellular microenvironments
that resemble more closely the native extracellular matrix or can provide novel
surface physical cues to control cellular functions.
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Figure 2.4: (a) SEM image of nanotopographies incorporated into a woodpile-
based micro-scaffold. (b), (¢) The nanopillars with different heights.
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2.3.4. Cytocompatibility

The live/dead fluorescence microscopy images taken after 3 days of dynamic cul-
ture on the polymeric flat surface (Figure 2.5a) and nanopatterned surfaces (Fig-
ure 2.5b and ¢) indicated no visible signs of hMSCs death. In addition, cells could
colonize and spread on the patterned area quite uniformly (Figure 2.5¢). These
preliminary findings suggest that the IP-Dip resin is not cytotoxic for these cells.
Other studies have coated surfaces made from similar resin with biocompatible
layers (e.g., TiOg2, collagen, and fibronectin) [91-93] before cell culture while this
resin can be used without any biocompatible coating.
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Figure 2.5: Live/dead staining of the hMSCs after 3 days of culture on (a)
the control surface (i.e., a printed flat surface with the same material used for
the submicron pillars) and (b) submicron patterned surfaces. (c) Bright-field
microscopy images of the cells shown in (b). (d, e) Cell-surface interface by SEM:
(d) cells residing on the flat surface and (e) cells on submicron patterned area.
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A closer look at the surface-cell interface by SEM showed a well spread mor-
phology of the hMSCs on the flat polymeric surface (Figure 2.5d) and visible
extensions interacting with the cells from the surrounding glass substrate. The
cells on the nanopatterns (Figure 2.5e) exerted contractile forces on the nanopil-
lars, which caused them to bend and delaminate. As calculated before, the es-
timated cell traction force is in the order of hundreds of nN to a few uN. It
is therefore necessary to improve the nanopillar adhesion for cell studies. This
could be achieved by increasing the diameter of the nanopillars, reducing their
height, exploring other resins, and increasing the interface distance (which starts
the printing process deeper into the substrate).

2.4. Conclusions

We developed a method to create microfluidic chips decorated with surface nanopat-
terns as well as to fabricate 3D porous scaffolds with a large area of nanopatterned
surface areas. Both microfluidic chips and 3D porous scaffolds could be used
in bone regeneration studies. The direct laser writing (i.e., 2PP) process has
the potential of creating bone scaffolds with optimal feature sizes and a bespoke
topological design. Varying the processing parameters of 2PP resulted in direct
changes in the feature sizes at the nanoscale. Furthermore, the created nanoto-
pographies enhanced the surface hydrophilicity and, could withstand flow rates
of up to a few mL/min. In addition, the results of hMSCs culture indicated no
evident cytotoxicity of the material (IP-Dip resin). Although we succeeded in cre-
ating a large area of nanopatterns in a single step, the long printing time remains
a major limitation in this approach.

2.5. Supplementary information

2.5.1. Effects of substrate type and print configurations on the
nanopatterns uniformity

Different types of substrate (Supplementary Figure 2.1) and print configurations
(Supplementary Figure 2.2) were assessed to fabricate uniform nanopatterns. It
was found that ITO coated fused silica in combination with DiLL configuration
resulted in printing more homogenous nanopatterns. These parameters were eval-
uated in Piezo writing strategy (Supplementary Figure 2.1, 2.2) .
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Supplementary Figure 2.1: Increase in nanopatterns uniformity by using ITO
coated fused silica (by about 15%) in comparison to a normal fused silica sub-
strate. (a) Nanopatterns uniformity on the fused silica glass. (b) Nanopatterns
uniformity on the ITO coated fused silica glass. The change in the substrate type
increases the interface signal amplitude from 600-700 to 1500-1600. Tilt correc-
tion was conducted for both cases. The experiments were performed in Piezo
writing strategy using DiLL configuration, a laser power of 27.2 mW, an exposure
time of 2400 us, and an interface distance of 0.3 pm.

Supplementary Figure 2.2: Increase in nanopatterns uniformity upon the
transition from the conventional (IP-L 780, borosilicate glass) to DiLL configu-
ration (IP-Dip, fused silica) in Piezo writing strategy. (a) Printing in the con-
ventional configuration on borosilicate glass using IP-L 780. (b) Printing in the
DiLL configuration on fused silica glass using IP-Dip. The change in configura-
tion type increases the interface signal amplitude from approximately 300-350 to
600-700. Both samples were corrected against tilt. A laser power of 32 mW and
an exposure time of 2000 us applied in both cases.
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Supplementary Figure 2.3: Increase in nanopatterns uniformity on correcting
the sample tilt. (a) Nanoatterns uniformity without tilt correction. (b) Nanoat-
terns uniformity using the auto tilt correction. (¢) Nanoatterns uniformity using
manual tilt correction. This was done for IP-Dip and ITO glass combination by
applying a laser power of 27.2 mW and time of exposure of 2400 us.

2.5.2. Effect of tilt correction on the nanopatterns uniformity

In Piezo writing strategy, the machine displays the substrate tilt in x and y
directions and manipulates the z coordinate of the Piezo element to compensate
for these tilts. However, it was found that the tilt values measured by the machine
were not repeatable (even for the same sample) and hence produced unsatisfactory
results. This lead to conduct a manual tilt correction through measuring the z
position of the Piezo at different points to obtain the tilt angle of the substrate
along z and y directions (Supplementary Figure 2.3).

2.5.3. Effect of 2PP parameters on the dimensions and
uniformity of nanopatterns

Effects of laser power, exposure time, and interface distances on the nanopatterns
dimensions (height and diameter) and uniformity were evaluated in Piezo writing
strategy. The pillars height as well as diameter increase with the laser powers and
exposure time, while the dependence of nanopillars height and diameter on the
interface distance shows a decreasing trend (Supplementary Figure 2.4, 2.5). It
can be seen that the nanopatterns uniformity decreases with large unwritten areas
appearing on increasing the interface distance (Supplementary Figure 2.6). It is
interesting to note that the percentage of printed area also decreases as the laser
power is decreased which indicates the dominating effects of laser fluctuations at
lower laser powers (Supplementary Figure 2.7).
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Supplementary Figure 2.4: Parametric study of nanopillars dimensions with
laser parameters (a) Increasing nanopillar diameter with laser power (mW) for
different times of exposure, T (us) (b) Increasing nanopillar height with laser
power (mW) for different times of exposure, T (us). The measurements were
done in the DiLL configuration using ITO coated glass substrate and at a constant
interface distance of 0.1 um. The error bar denotes two standard deviation in both
cases.
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Supplementary Figure 2.5: Effects of interface distance on (a) nanopillars
diameter (b) nanopillars height. The dependence of nanopillars diameter on the
interface distance is not monotonically decreasing. However, the dependence of
height shows a decreasing linear trend. The laser power and exposure time were
fixed at 14.4 mW and 1600 pus respectively. The error bar denotes two standard
deviation in both cases.
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Supplementary Figure 2.6: Decrease in nanopatterns uniformity with increas-
ing interface distance: (a) 0.1 gm (b) 0.3 pm (c¢) 0.6 pm, and (d) 0.8um. The
pattern uniformity reduces by increasing interface distance (towards right). While
on making interface distance smaller (right to left), areas containing eroded pil-
lars can be seen thus indicating an insufficient attachment. The experiments were
performed using the DiLL configuration with ITO coated glass substrate, a laser
power of 14.4 mW, and a time exposure of 2400 us.

Supplementary Figure 2.7: Change in nanopatterns optical image with laser
power: (a) 27.2 mW, (b) 24 mW, (c) 20.8 mW, and (d) 14.4 mW. The change
in nanopatterns color represents the variation in nanopillar dimensions. The
nanopatterns uniformity reduces for smaller nanopillar dimensions (towards the
right). The experiments were performed using DiLL configuration with ITO
coated glass substrate, an exposure time of 2400 us, and an interface of 0.3 pm
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3D Printing of Large Areas of Highly Ordered
Submicron Patterns for Modulating Cell Behavior

Fabricating large areas of geometrically complex and precisely controlled to-
pographies is required for the studies of cell behavior on patterned surfaces.
Direct laser writing (DLW) is an advanced 3D-fabrication technique, which facil-
itates the manufacturing of structures within various scales (from a few hundred
nanometers to millimeters). However, this method requires improvements in the
accuracy and reproducibility of the submicron and nanoscale features that are
printed over a large area. Here, we present a scheme to both improve the uni-
formity of the printed submicron patterns and decrease the printing time. The
effects of various processing parameters (e.g., laser power and writing field) on
the dimensions and uniformity of submicron pillars as well as on their Young’s
modulus and surface wettability were assessed. Decreasing the writing field to
33 x 33 ,um2 significantly improved the uniformity of submicron pillars that
were printed over an area of 4 mm? in a single-step process. Preosteoblast
cells (MC3T3-E1) were used to assess the cytocompatibility of the used material
(IP-L780 resin) with a focus on cell morphology, cell proliferation, cytoskele-
tal organization, and the elastic modulus of the cells. The cells cultured for 2
days on the submicron pillars showed a polarized shape and a higher Young’s
modulus of the area corresponding to the nucleus relative to those cultured on
flat surfaces. Taken together, the results of the current study clearly show that
the submicron patterns created using DLW are both cytocompatible and could
modulate the morphology and mechanical properties of cells. This work paves
the way for direct printing of submicron features with controlled Young’s moduli
over large areas in a single-step process, which is necessary for systematically
studying how such patterns modulate cellular functions.

Published as: Nouri-Goushki, Mahdiyeh, et al., 73D Printing of Large Areas of Highly
Ordered Submicron Patterns for Modulating Cell Behavior” ACS Applied Materials & Inter-
faces 2020, 12, 1, 200-208, https://doi.org/10.1021 /acsami.9b17425.
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3.1. Introduction

Controlling cellular processes such as cell migration, proliferation, and differen-
tiation is required for guiding and modulating tissue formation and regenera-
tion [94-97]. In naturally occurring systems, the micro- and nanotopography of
the extracellular matrix (ECM) plays an important role in this regard [98-100].
Mimicking the small-scale topography of the ECM and assessing the resulting
cell-surface interactions are, therefore, necessary when developing novel biomate-
rials [101-105]. Indeed, recent studies have shown that nanoscale topographical
features incorporated onto biomaterial surfaces could be used to guide the differen-
tiation of stem cells towards the osteogenic lineage [31, 106, 107] and kill bacteria
that may otherwise cause biomaterials-associated infections [65, 108]. Achieving
the desired effects is, however, often contingent on decorating the entire surface
of (usually porous) biomaterials with precisely defined and geometrically complex
nanopatterns [98].

Fabricating porous biomaterials whose surface is covered by such types of
nanopatterns remains a major unsolved challenge due to the inherent incompat-
ibilities existing between the technologies required for the free-form fabrication
of a complex porous structure and those required for free-form surface nanopat-
terning [109]. In fact, there is 5-6 orders of magnitude of difference between the
length scale of the required nanopatterns (10-500 nm [31]) and that of the micro-
architecture of the scaffold (10 — 900 pm [41]) used for bone implants. On the
one hand, no single free-form fabrication technique could create precisely con-
trolled structures over such a wide range of length scales. On the other hand,
combining multiple techniques is not feasible given the huge internal surface of
porous biomaterials that cannot be reached once they have been fabricated. To
put this technical challenge in perspective, it is worth reviewing the length scales
that can be achieved by different types of 3D printing techniques. On the side
of large length scales, the techniques based on material extrusion (e.g., fused de-
position modeling [110]), powder bed fusion processes [111] (e.g., selective laser
sintering [112, 113] and electron beam melting [114]), and material jetting (e.g.,
inkjet technology [115-117]) could achieve length scales between 250 pm and 1
mm. Stereolithography can reach somewhat higher resolutions (i.e., down to 10
um) while being capable of manufacturing large structures [118]. On the side of
smaller length scales, electron beam induced deposition [119] could be used for
free-form fabrication of structures with feature sizes between 10 nm and a few
micrometers [120].

A notable exception to the above-mentioned rule is direct laser writing (DLW)
working on the basis of two-photon polymerization (2PP) [121]. Although not ca-
pable of covering the entire range of the desired length scales, it covers a significant
part of that range with features sizes as small as 200 nm and as large as 100 mm
[122, 123]. Fine-tuning this technique to its limits has even allowed for achieving
sub-20 nm feature sizes [124]. 2PP is therefore ideally positioned to address the
challenge of free-form fabrication of nanopatterned porous biomaterials.

Incapability of tuning the defined geometries, particularly at high spatial
resolutions and over specially large areas, has restricted the investigations of the
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effects of nanofeatures on the cellular behavior [107]. Even though DLW is a
promising technology to fulfill these requirements, controlling this process over
such a large range of length scales, to combine high enough speeds with high
enough accuracy and repeatability, is technically extremely challenging. In fact,
even submicron and nanoscale patterning of large surface areas has not been
sufficiently addressed before. In a previous study [125], we demonstrated that the
application of the piezo-mode DLW for the submicron patterning of large surface
areas is associated with both a long printing time and high levels of inaccuracy
(i.e., non-uniformity) of the resulting pillars. Here, we followed an alternative
DLW configuration (the so-called galvo-mode) for upscaling the area of patterned
surfaces while decreasing the printing time and enhancing the uniformity of the
fabricated features. Furthermore, we studied how different processing parameters
influence the geometrical and mechanical properties of the resulting patterns.
Finally, we created large patterned surface areas and studied the effects of patterns
on the morphology, proliferation and mechanical properties of preosteoblast cells.

3.2. Materials and methods

3.2.1. Fabrication of the patterns

The geometry of individual pillars (diameter = 200 nm, height = 700 nm) was
imported as a standard tessellation language (STL) file into a job preparation
software (Describe, Nanoscribe, Germany). Describe then produced a general
writing language (GWL) file from that STL file. The GWL code was modified
to upscale the submicron pillars (pitch = 700 nm) so that they covered a large
area of 4 mm?. The file was then imported into the Photonic Professional GT
machine (Nanoscribe, Germany) for 2PP exposure. The machine was equipped
with a femtosecond (fs) laser source that emitted 100 fs pulses at 80 MHz with a
wavelength of 780 nm (Figure 3.1a).

The galvo writing mode and conventional configuration were used for pattern-
ing similar surface areas (Figure 3.1al). A droplet of photoresist (IP-L780, Nano-
scribe, Germany) was placed atop a borosilicate coverslip (Nanoscribe, Germany).
The laser beam was then focused within the resin using a 63x microscope objec-
tive (numerical aperture [NA] = 1.4). After exposing, the development process
was performed in propylene glycol monomethyl ether acetate (PGMEA, Sigma-
Aldrich, Germany) for 25 min followed by 5 min rinsing in isopropyl alcohol (IPA)
(Sigma-Aldrich, Germany) and subsequent blow-drying with air.

The submicron pillars were written using a scanning speed of 1200 pm/s.
The effects of different laser powers (Lp: 12-21% of the mean power value at
the objective aperture) on the dimensions and Young’s moduli of the submicron
pillars were assessed accordingly. The water contact angle measurements, the
measurement of the detachment force of the pillars, and the cells experiments
were then performed on the pillars created using a Lp of 21%.
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3.2.2. Microscopic characterization of the patterns

The features resulting from the writing processes were characterized using a scan-
ning electron microscope (SEM, Nova Nano Lab 650 dual beam system, FEI com-
pany, USA) before and after culturin ~ 5 nm) before imaging. Two-dimensional
maps of the patterned areas were also acquired by an optical microscope (Keyence
Digital Microscope VHX-6000, USA) to check the uniformity of the patterns. The
dimensions of 100 different pillars were quantified from SEM images using ImageJ

.....

3.2.3. Contact angle measurement

A drop shape analyzer (KRUSS DSA100, Germany) was used to measure the
wettability of the patterned surfaces. Deionized water droplets (volume = 2 pL)
were placed on the non-patterned (borosilicate coverslips) and patterned surfaces.
The contact angle was measured after 5 s (three measurements per specimen).
The specimens were cleaned with IPA and dried with nitrogen gas prior to the
measurements.

3.2.4. Mechanical characterization

3.2.4.1. Young’s modulus

The mechanical experiments reported here were performed using an atomic force
microscope (AFM) (JPK Nanowizard 4, Berlin, Germany) while the correspond-
ing data post-processing was carried out with the JPK SPM data processing
software (JPK instruments, v6.1, Berlin, Germany).

The Young’s moduli of a number of large deposits of the IP-L780 resin (i.e.,
pillars with a diameter of 1 pum and height of 500 nm) written at different laser
powers were measured using the quantitative imaging (QI) mode, and an NM-TC
probe (Bruker, Billerica, USA) with a nominal spring constant of 350 N/m. The
deflection sensitivity of the cantilever was calibrated on a sapphire surface using
the contact method and resulted in a value of 21.33 nm/V. The spring constant
of the probe was assumed equal to the nominal value and the relative method of
calibration was applied to estimate the corresponding tip radius. A polystyrene
sample with a nominal Young’s modulus of 3 GPa was used as the reference ma-
terial. The tip radius was then adjusted to make the measured Young’s modulus
of the reference sample equal to the nominal value at an indentation depth of 10
nm. A Poisson’s ratio of 0.4 was assumed. A tip radius of 10 nm was found to
result in a Young’s modulus of 3.1 GPa for the polystyrene. Then, a constant set
point force of 500 nN was applied to each sample in order to obtain an indentation
depth of 10 nm. The Hertz’s contact mechanics model was used to calculate, from
the force-distance curves recorded in each point of the scanned area, the Young’s
modulus corresponding to each scanned point. The Young’s modulus of 3 pillars
for each 2PP printing condition was calculated, from the Young’s modulus map,
as the average values in a selected area corresponding to the top of the pillar.
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3.2.4.2. Detachment force of pillars

The measurement of the detachment force of the pillars was performed using the
same instrument and a NCHV probe (Bruker) with a nominal spring constant of
40 N/m, a nominal cantilever length of 115 um, a thickness of 3.5 um, and a tip
height of 10 pgm. The thermal noise calibration technique was used to measure
the spring constant and the sensitivity of the probe, which were found to be
respectively 38.26 N/m and 19.51 nm/V.

Areas of 20 pm x 20 pm (containing 13 pillars) were scanned successively in
QI mode, with a pixel time of 18 ms, a Z length of 500 nm, and increasing values
of the lateral force (from 2 uN to 5.5 uN) obtained by setting increasing values
of the set point deflection (from 52 nm to 130 nm). The number of detached
pillars corresponding to each level of applied force and the eventual changes in
the morphology of the scanned pillars due to the applied force were evaluated by
acquiring, after the application of each force value, a QI image with a low set
point deflection (i.e., 1.5 nm).

The scanning direction was chosen such that the contact between the probe
and the pillars occured on one of the lateral faces on the front of the pyramidal
AFM tip. The force (Fy) applied to the pillar is therefore directed along the
normal to that surface. The magnitude of the lateral component of the force
applied to the pillar was calculated as:

Fuas = \[F} . + F, (3.1)

where:
Fn 3 = FncosBcosy, Fy, = Fnsinfcosycosp — Fysinysing (3.2)

are the components of Fy along the two orthogonal directions (x and y)
normal to the axis of the pillar (z). From the beam theory and after applying the
geometry considerations, Fy, can be calculated as:

*
Fy = kd (3.3)

. 3(hm'p+£) .
siny — ——p—=2-sinfcosy

where, d, is the set point deflection of the cantilever, k* is the equivalent
spring constant of the system cantilever + pillar, 5 is the half front angle of the
tip (measured by SEM imaging of the probe), and -~ is the angle of inclination of
s
liip is the length of the tip (measured by SEM imaging of the probe). The other
parameters include ¢ that is the tilting angle of the cantilever holder with respect
to the horizontal direction (10° in JPK systems), hs;, that is the height of the
tip, and ¢ that is the thickness of the cantilever. The parameter k* was measured
as the slope of the contact region of the force-distance curves when the tip was in
contact with the pillar (e.g., at a scan point before pillar failure).

the tip wall with respect of its axis and is calculated as v = arctan where

~
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3.2.5. Cell experiments

3.2.5.1. Cell seeding and culture

Preosteoblast cells (MC3T3-E1, Sigma Aldrich, Germany) at passage 11 were
seeded on the control (borosilicate coverslips) and patterned surfaces (n = 4) at
a concentration of 25 x 103 cells/mL. The samples were incubated in the alpha
minimal essential medium (a-MEM without ascorbic acid: supplemented with
10% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin (10.000
units/mL), pH = 7.5, Life Technologies, USA) for 2 or 4 days (37 °C, 5% CO>).
The medium was refreshed after 2 days.

3.2.5.2. Cytoskeleton staining

Actin staining was performed on days 2 and 4. Therefore, the cells were washed
two times with phosphate-buffered saline (PBS, Sigma Aldrich, Germany) and
then fixated in 4% formaldehyde/PBS (Sigma Aldrich, Germany) at room tem-
perature for 10 min. Then, the samples were rinsed with PBS and the cells
were permeabilized with 0.5% Triton/PBS (Sigma Aldrich, Germany) at 4 °C
for 15 min. The specimens were then incubated in 1% bovine serum albumin
(BSA)/PBS (Sigma Aldrich, Germany) for 5 min at 37 °C followed by the ad-
dition of rhodamine conjugated phalloidin (1:1000 in 1% BSA/PBS, Life Tech-
nologies, USA) and incubation for 1 h at 37 °C. Subsequently, the samples were
washed 3 times for 5 min with 0.5% Tween/PBS (Sigma-Aldrich, Germany) fol-
lowed by washing with PBS for 5 min. Next, 70 uL Prolong gold (containing
4’ 6-diamidino-2-phenylindole (DAPI), Life Technologies, USA) were added to
the cells and the samples were mounted on glass slides and observed using a
fluorescence microscope (ZOE fluorescent cell imager, Bio-Rad, USA).

Consequently, the stained specimens were rinsed 2 times with distilled water
for 5 min. The cells were then dehydrated in a series of graded ethanol/PBS
solutions (Sigma-Aldrich, Germany) as follows: 15 min in 50%, 20 min in 70%,
and 20 min in 96%. The specimens were allowed to dry overnight and were gold
sputtered for SEM imaging.

3.2.5.3. Image analysis

The images of the stained cells on days 2 and 4 were processed using ImageJ.
First, the image overlay of the fluorescently stained F-actin and nucleus was split
into channels to separate the nucleus from the F-actin network. The grayscale
nucleus and F-actin images were thresholded to produce binary nucleus and F-
actin images, respectively. The cell density was determined through counting the
nuclei observed in four different 1 mm? areas of each specimen. The area of the
cells was quantified through measuring the actin area of 150 single cells on four
different 1 mm? area of the specimens. By fitting an ellipse to the actin area
of each cell, which can be performed through particle analysing in ImagelJ, the
degree of anisotropy (DA) was calculated using the following equation:
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DA=1-dy/dy (3.4)

where dy and d; are the minor and major diameters of the fitted ellipse
(ImageJ, BoneJ2, https://github.com/bonej-org/Bonel2 /tree/bonej-6.1.1). DA
= 0 means the cell is fully isotropic and does not have directionality, while DA ~
1 indicates a strong preferential orientation in the cells.

3.2.5.4. AFM characterization

The morphology and mechanical properties (Young’s modulus) of living cells at
day 2 were characterized using an AFM (JPK Nanowizard 4, Berlin, Germany).
The JPK Petri dish heater was used to maintain cells at 37 °C during the measure-
ments. A MLCT-Bio probe (type B, rectangular) with a nominal spring constant
of 0.02 N/m and a tip having the shape of a square-based pyramid (nominal front,
side, and back angles of 35°) was used. The probe was calibrated using thermal
noise method, resulting in a sensitivity of 23.29 nm/V and a spring constant of
0.017 N/m. A set-point force of 1 nN, a pixel time of 18 ms, and a Z length
of 1.5 pm were used for the measurements on each cell. The Young’s modulus
was calculated by fitting the force-distance curves obtained in each point of the
scanned area to the Hertz-Sneddon model considering a square-based pyramid
as the indenter. The maximum height of the cells was measured in the region
corresponding to the nucleus. The reported values of the Young’s modulus are
the average of the Young’s moduli measured in selected areas corresponding to
the cell nucleus.

3.2.6. Computational models

A nonlinear finite element solver (Abaqus 6.14) was used for the numerical sim-
ulations of the reaction force of the pillar under bending. The 3D geometries of
a pillar and a glass plate were first created in the finite element program. Two
different linear elastic material models were assigned to the pillar (Ep, = 4.55
GPa, vy, = 0.4) and the glass plate (E; = 63GPa, vy = 0.2 [126]). The Young’s
modulus of the pillar (printed with Lp = 21%) was already measured through
a nanomechanical system and explained in more details in section 3.2.4. The
pillar was assumed to be attached to its glass base. Therefore, a tie constraint
was used at their interface. A 20-node quadratic brick element with hybrid mode
formulation (C3D20H) was used to create the 3D mesh.

To apply the displacement-controlled boundary conditions, a reference point
was defined at the top surface of the pillar, which was kinematically coupled to
the corresponding nodes of that surface. Different displacements (up to 235 nm
at which point the submicron pillars partially detached from substrate, as it was
obtained from the SEM images of the cells) normal to the main axis of the pillar
was applied to the reference point. The reference point was free to rotate in
three directions. A clamped boundary condition was applied to the base plate
to constrain the possible rigid body motions of the submicron pillar and base
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plate. The reaction force (along the direction of the applied displacement) at the
reference point was calculated. We also performed a mesh sensitivity analysis for
different minimum element sizes (i.e., 80, 60, 40, 20 nm). An element size equal
to 20 nm led to < 1% variations in the calculated value of the reaction force and
was, therefore, used to obtain all of the results that are reported below.

3.3. Results and discussion

3.3.1. Pattern fabrication

The 2PP technique can accurately manufacture microscale structures (i.e., with
feature dimensions above one micron). The main challenge, therefore, is in print-
ing submicron and nanoscale features with high precision over large areas of the
surface[124, 125]. One of the important parameters affecting the uniformity of
DLW objects at these length scales is the writing field, which was assessed by
the optical imaging of the arrays of pillars printed with two different field sizes
and analyzing the contrast of the images obtained for each field (Figure 3.1b, ¢).
By decreasing the writing field from 100 pgm x100um to 33 pm x33um, the tilt
and the astigmatism of the galvo scanning process were less pronounced, which
led to more uniform pillars (Figure 3.1c). The variation in the pixel intensity
shows the difference in the height of the printed pillars. The coefficient of pixel
variation (i.e., CV = SD/mean) was 3 times smaller after optimizing the printing
process (i.e., decreased from 17.6% to 5.25%, Figure 3.1d, e), meaning that the
procedure proposed in this study resulted in multi-fold decrease in the variations
observed in the height of the submicron pillars (Figure 3.1c, e). Furthermore,
for the larger writing field (i.e., 100 pm x100um), a decrease in the pixel inten-
sity was observed with the printing time (Figure 3.1f), which shows an increase
in the height of the pillars (the lower the intensity, the larger the height of the
pillars). In addition, larger variations were observed within each field. On the
other hand, for the smaller writing field (i.e., 33 pm x33um), the pixel intensity
inside various fields was more or less constant regardless of the printing time (Fig-
ure 3.1g), which suggests that the height of the pillars is uniform. In this study,
the submicron patterns were uniformly reproduced over areas up to 4 mm?. In
terms of the printing time, the technique proposed here resulted in three times
shorter printing times for the same area as compared to the piezo printing mode
reported in our previous study [125]. Obviously, the printing time depends on the
dimensions and density of the printed pillars, and the area to be patterned. For
example, the printing time was 6-8 h for covering an area of 1 mm? with pillars
whose diameter and height are presented in Figure 3.2e.
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Figure 3.1: A schematic drawing of the applied nanoscale 3D printing technique
and the results of the writing field optimization process. (a) A schematic illustra-
tion of the 2PP system: the system consists of an exposure source (Ti Sapphire
laser, pulse duration: 100 fs, wavelength: 780 nm, and repetition rate: 80 MHz)
and a /2 wavelength plate and a cube polarizer for attenuating the laser power.
The beam is expanded by a telescope and positioned into the resin either by
the galvo scanner or the 3D transition stage. The CCD camera placed behind
a dichroic mirror displays the printing process online. Either a conventional (I)
or a Dill configuration (II) can be used for the printing process. (b)-(c) Opti-
cal microscopy images showing the uniformity of the DLW submicron pillars for
writing fields of 100x100xm? and 33x33um?, respectively. (d), (e) The frequency
distribution of the pixel intensity obtained from optical images (subfigures b, c).
Gaussian functions (red curves) were fitted to the pixel intensity data. (f), (g)
The pixel intensity of large (100x 100um?) and small (33x33um?) writing fields
vs. the printing time.
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The laser power significantly influenced the dimensions of the pillars includ-
ing both diameter and height (Figure 3.2a-e). Increasing the laser power will
increase size of the volume around the focal point of the focused laser beam,
where the intensity is high enough to initiate two-photon processes. This affects
the feature dimensions at the submicron scale (i.e., feature sizes < 1pm). There-
fore, to control the dimensions of such small features, a fine-tuning of the printing
parameters in general and the laser power in particular is needed. Figure 3.2e
indicates how the diameter and height of pillars in the submicron range can be
controlled through the adjustment of the laser power. As the laser power (Lp)
increased from 12% to 21%, the mean diameter of the submicron pillars almost
doubled (from 222 to 426 nm) while their mean height increased from =~ 600
nm to ~ 900 nm (Figure 3.2¢). The standard deviation of the diameter of the
pillar was particularly low (i.e., 4-8 nm), while height showed somewhat higher
levels of variation (i.e., 30-50 nm) (Figure 3.2e). Furthermore, the small coeffi-
cient of variation in diameter and height (2% and 5%, respectively) for different
laser powers underlined the reproducibility of the process. A proper selection of
the laser power is therefore essential for the fabrication of pillars with controlled
dimensions in the submicron to nanoscale range.
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Figure 3.2: Submicron pillars characterization. (a-d) SEM images of the submi-
cron pillars printed using laser powers of 12%, 15%, 18%, and 21%, respectively.
(e) The dimensions of the submicron pillars as a function of the laser power. (f)
The Young’s modulus of the submicron pillars as a function of laser power. (g)
The experimental and theoretical measurements of the water contact angle on the

flat and patterned surfaces (Lp = 21%). The doted lines are included to guide
the eye.
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3.3.2. Mechanical properties

An increase in the Young’s modulus from 3.35 GPa to 4.55 GPa was also ob-
served for the used material (IP-L780) with increasing the laser power from 14%
to 20% (Figure 3.2f). This could be explained by a higher degree of crosslink-
ing and, thus, increased Young’s modulus resulting from a higher laser power (at
a constant writing speed)[127]. The possibility to tune the Young’s modulus of
DLW material using the laser processing parameters and within the same single-
step fabrication process can be of great utility when trying to manufacture 3D
structures with gradient stiffnesses at microscale. It would, however, be increas-
ingly more challenging to achieve the same with submicron features, because the
laser power will affect both the Young’s modulus and the size of the structures.
That said, the dimensions of submicron patterns can be controlled even when the
laser power and writing speed are kept constant (to ensure the Young’s modulus
remains unchanged).

3.3.3. Water contact angle

According to previous studies [86, 128], both chemical composition and geometric
parameters affect the wettability of patterned surfaces. In this study, the contact
angle decreased from 58 +1.35° (n = 6) on the non-patterned substrate to 48.9
+2.29° (n = 6) on the patterned surface, indicating a shift towards hydrophilicity
as a result of patterning (Figure 3.2g). This observation can be explained through
the Hemiwicking’s phenomenon [86] according to which a patterned surface can
absorb the water droplet due to its surface roughness. Therefore, the water pen-
etration propagates through pillars beyond the droplet and a liquid film forms
over the surface. The Hemiwicking’ phenomenon occurs when the contact angle
of a non-patterned surface (Young’s angle = ) is smaller than a critical value 6.
given by the following relationship [86]:

cosl. = (1—¢s)/(r— ¢s) (3.5)

where ¢5 is the density of the submicron pillars and r is the roughness factor
on rough surfaces. The roughness factor is defined as the ratio of the rough surface
area to that of the flat surface area (for a smooth surface r = 1, and for a rough
surface r > 1). Approximating pillars as cylinders, for the square pillar arrays,
¢s and r are given as [86, 129]:

Ar PP HAx ()

bs = mwd? /4p?, r=-—=
S Af p2

=1+ ndh/p* (3.6)

Substituting the dimensions of the submicron pillars (d = 426 nm, h = 913
nm, p = 700 nm, p is defined as the distance between the center of two adjacent
pillars) into Equations 3.5 and 3.6, yields ¢s = 0.3, r = 3.49, and 6. = 77°. As 6,
is higher than the Young’s angle (58°), the water contact angle on the submicron
pillars can be calculated as [86]:
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cosf* =1—(1—¢s)cosb (3.7)

This equation accurately predicts both a theoretical contact angle (6* = 51°)
that agrees with the experimental value of the contact angle (49°) and an increase
in hydrophilicity that is also observed in our experiments (Figure 3.2g).

3.3.4. Response of MC3T3-E1 cells to the 2PP patterns

The pillars made with the highest laser power (i.e., Lp = 21%) were selected for
the preliminary cell experiments, because they showed the highest Young’s moduli
(Figure 3.2f). Moreover, a stiffer substrate is known to stimulate the osteogenic
differentiation of osteoprogenitor cells [130]. Firstly, the MC3T3-E1 cells cultured
on the patterned surfaces showed no signs of death indicating that the polymer
is not cytotoxic for these cells and time of exposure. From the second day of
culture, the cells residing on the non-patterned surfaces developed a well-spread,
polygonal morphology with areas around 3000 pm? (as determined from the actin
cytoskeleton staining) (Figure 3.3a, ¢, I, IIT). Furthermore, the number of cells
increased from day 2 to day 4 on this surface while cell morphology and degree
of anisotropy did not change significantly (Figure 3.3a, ¢, e, f).

By comparison, the cells cultured on the patterned surfaces appeared highly
polarized on day 2 with clear filopodia developed for attachment and significantly
smaller cell area, resulting in higher anisotropy (Figure 3.3b, 11, f, g). Over time,
the cells grew in size and adopted a more well-spread stellate morphology on the
patterned surfaces (Figure 3.3d, IV, g). Consequently, the degree of anisotropy
of the cells significantly decreased from day 2 to day 4 on the patterned surfaces
(Figure 3.3f). In addition, the proliferative capacity of the cells was found to
be at least similar to that of the cells cultured on the non-patterned surfaces,
as indicated by the measurement of the cell density (Figure 3.3¢). The actin
fibers were oriented parallel to the stretching direction on both non-patterned
and patterned surfaces, but they were less organized on the patterned surfaces
due to the stretching in all directions (stellate shape) (Figure 3.3d, IV). The
morphological analysis of living cells performed using AFM on day 2 revealed a
number of other interesting findings. First, the heights of the cells cultured on
patterned surfaces were lower as compared to the cells cultured on non-patterned
surfaces, confirming the highly polarized morphology of the cells interacting with
the patterns (Figure 3.3h, i, j). In addition, for the cells interacting with the
patterned surfaces, the presence of perinuclear actin cap fibers was observed in
the mechanical maps (Figure 3.31). This could contribute to the higher value of
the Young’s modulus (Figure 3.31, m) measured in the area corresponding to the
nucleus of these cells. By comparison, thicker and peripheral actin fibers were
observed on the non-patterned surfaces (Figure 3.3k, m).

44



Day 2 Day 4

Control Submicron patterns Control

Submicron patterns

30pum

=
=3

(

D

JEN T T S— ) * EX X3

AE‘ZOO— o z 1 ik xxx - 'EI(F ez Sk
E o g T opuam T 2 8 o o
S 150 : £084 P o 8
: 50| felmBon| 27
> ac Y0 — !
‘g 100 : s E : E i : 8 E
S . o 0.4 B2 : O 4 pt o !
S - o 1 1 : 1 © ° )
= Foal | — | =B & g
3 = == s 44 3 T —

0 T T T T 0 —F T T 0t—F—F—F T

C2 P2 C4 P4 C2 P2 C4 P4 C2 P2 C4 P4

4 pm

€4 T
= T
=y
.20 I
22
“©
3
0pm o
0
Cc2 P2
(m) . *
T8 T
100kpa = J.
36
3
el
o
€4 —
2 |k
>
2 —
0 kPa ﬁ
5 2 % @0 -
10 20 30 40 © c2 P2

Figure 3.3: The fluorescence microscopy images of the MC3T3-E1 cells cultured
on the flat control and patterned surfaces (a), (b) F-actin (red) and nucleus (blue)
staining of cells on the control (i.e., glass) and patterned surface (Lp=21%) on
day 2. (c), (d) F-actin and nucleus of the cells cultured on the control (i.e., glass)
and patterned surfaces (Lp=21%) on day 4. (I-IV) The magnified views of the
indicated regions in a-d. (e-g) The cell density, degree of anisotropy, and F-actin
area measured on the control (C2, C4) and patterned (P2, P4) surfaces on days
2 and 4, as determined from the fluorescence images. (h-j) The AFM-measured
morphological images of the cells cultured on the control and patterned surfaces
on day 2 (h-i) and the values of the cells maximum height (j). (k-m) The AFM
mechanical maps on the control and patterned surfaces on day 2 (k,1) and the
values of the Young’s modulus measured in the area corresponding to the nucleus
(m). The Student’s t-test was used to compare the statistical significance of the
differences between both groups. A p value below 0.05 was considered statistically
significant (* p < 0.05, ** p < 0.01, *** p < 0.001).
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A closer look at the cell-surface interface by SEM revealed that the cells’
filopodia used the pillars as anchoring sites and that some of the pillars bent,
especially at the local regions around the edge of the cells (Figure 3.4a-d). This
implies that the cell adhesion forces differed locally, with possibly higher forces at
the leading front than at the rear of the cell. Based on the SEM image analysis,
the lateral displacement of the pillars by cells was estimated to be between 0 and
235 nm (Figure 3.4c, d). Our computational model of the pillars was then used
to estimate the corresponding reaction force of the pillars given the measured
Young’s modulus of the material (Figure 3.4e). We found that forces around 2.5
1N corresponded to the maximum measured displacement. AFM nanomechanical
experiments indicated detachment forces of the pillars from the substrate in the
range between 2.5 uN and 5.5 uN. Few completely detached pillars were actually
visible around the edges of some cells (Figure 3.4¢, d) indicating that those cells
exerted forces > 4 uN locally on some pillars. Further studies are required to
exactly measure the adhesion force of the cells on the substrate. The adhesion of
pillars to the substrate can be enhanced by increasing the diameter of the pillars,
decreasing the height of the pillars, and increasing the interface distance during
the printing process [125].

These findings suggest that cells on the patterns initially required a period
of adaptation to the surface but once attached, their migration, proliferation, and
spreading were supported by the patterned surfaces probably with the contribu-
tion of the enhanced hydrophilicity of these surfaces [125, 131-133]. The effects of
different cell morphologies observed at the early time points on the later cellular
functions such as osteogenic differentiation need to be further investigated.

The ability of the presented methodology to generate large areas covered by
submicron patterns with a controlled height, diameter, interspacing and Young’s
modulus in a single-step process is unique among 3D printing techniques. Fur-
thermore, the possibility of creating 3D structures decorated with such surface
nanopatterns allows to approach the complexity of stem cell niche with regards
to the extracellular matrix characteristics. Together with the shown cytocompat-
ibility of the used resins for mouse preosteoblasts (IP-L780 resin, in this study)
and human stem cells (IP-Dip resin, in our previous study [125]), the 2PP pro-
cess enables the systematic studies of the effects of these complex structures on
cellular functions.
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Figure 3.4: Cell-surface interactions. (a), (b) The SEM images of the cells
cultured on the patterned surfaces (Lp=21%) after 2 and 4 days, respectively.
(c), (d) The magnified views of the indicated regions in subfigures a and b. (e)
The results of the computational model which represent the pillars reaction force
(F) vs. displacement. The inset figures visualize the von Mises stress distribution
within the submicron pillars for lateral displacement of 0 and 235 nm. (f) The
AFM experimental results of submicron pillars detachment force. The bright
dots in the micrographs represent the pillars remaining after the application of
a certain force. This indicates that the pillars “peeled off” from the substrate,

suggesting that the failure occurred at the interface between the substrate and
the pillar.
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3.4. Conclusions

In summary, we presented a comprehensive study on an advanced 3D printing
method for generation of patterns with controlled morphology and mechanical
properties in a single-step process, relevant for modulating cell behavior. Our
results led to an optimized 2PP method for a fast and improved reproducibility
of DLW submicron features over large areas by modifying the writing mode and
field while optimizing the laser power of the DLW system. More specifically, we
could achieve a three-fold decrease in the printing time and uniform patterns
(coefficient of variation =~ 5%) over an area of 4 mm?. Increasing the laser power
not only increased the polymerized volume but also resulted in a higher Young’s
modulus of the structure. Both experimental and simulation data showed that
forces in the range of 2.5-5.5 uN could detach the pillars from the substrate.
The hydrophilicity of the surface was enhanced by patterning. Importantly, our
cell experiments confirmed that the IP-L780 resin used here is compatible with
MC3T3-E1 cells. The surface patterns significantly influenced the morphology of
these cells as compared to the non-patterned surfaces while proliferation showed
a similar trend over the 4 days of culture. In addition, the Young’s modulus
corresponding to the nucleus area of the cells cultured on the patterned surfaces
for 2 days was significantly higher than of those cultured on the non-patterned
surfaces. This study indicates that the 2PP process provides unique possibilities
for studying the effects of highly controlled submicron patterns on the bone tissue
regeneration process.
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3D Printed Submicron Patterns Reveal the
Interrelation between Cell Adhesion, Cell Mechanics,
and Osteogenesis

The surface topography of implantable devices is of crucial importance for guid-
ing the cascade of events that starts from the initial contact of the cells with the
surface and continues until the complete integration of the device in its immedi-
ate environment. There is, however, limited quantitative information available
regarding the relationships between the different stages of such cascade(s) and
how the design of surface topography influences them. We, therefore, used direct
laser writing to 3D-print submicron pillars with precisely controlled dimensions
and spatial arrangements to perform a systematic study of such relationships.
Using single-cell force spectroscopy, we measured the adhesion force and the
work of adhesion of the preosteoblast cells residing on the different types of sur-
faces. Not only the adhesion parameters (after 2-60 s) but also the formation
of focal adhesions was strongly dependent on the geometry and arrangement of
the pillars: sufficiently tall and dense pillars enhanced both adhesion parameters
and the formation of focal adhesions. Our morphological study of the cells (after
24 h) showed that those enhancements were associated with a specific way of
cell settlement onto the surface (i.e., “top state”). The cells interacting with tall
and dense pillars were also characterized by numerous thick actin stress fibers in
the perinuclear region and possibly high internal stresses. Furthermore, living
cells with highly organized cytoskeletal networks exhibited greater values of the
elastic modulus. The early responses of the cells predicted their late response
including matrix mineralization: tall and dense submicron pillars significantly
upregulated the expression of osteopontin after 21 days of culture under both
osteogenic and nonosteogenic conditions. Our findings paint a detailed picture
of at least one possible cascade of events that starts from initial cell adhesion and
continues to subsequent cellular functions and eventual matrix mineralization.
These observations could inform the future developments of instructive surfaces
for medical devices based on physical surface cues and early markers.

Published as: Nouri-Goushki, Mahdiyeh, et al., 73D Printed Submi-
cron Patterns Reveal the Interrelation between Cell Adhesion, Cell Me-
chanics, and Osteogenesis”, ACS Applied Materials & Interfaces, 2021, EBAPPLIED mareriaLs
13, 29, 33767-33781, https://doi.org/10.1021/acsami.1c03687.
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Chapter 4: 3D Printed Submicron Patterns Reveal the Interrelation between Cell
Adhesion, Cell Mechanics, and Osteogenesis

4.1. Introduction

The micro- and nanotopographical features of a biomaterial surface influence cel-
lular responses, including cell adhesion [134], bactericidal activity [65, 66, 135—
137], and immunoregulatory effects [138, 139]. The roles of a wide range of to-
pographical characteristics in eliciting specific cellular responses have been inves-
tigated. Those include surface roughness [140], the aspect ratio of the surface
features [141], their shape, and dimensions [32], which could be exploited to im-
prove the treatment of bony defects. For example, micro- and nanostructured sur-
faces with certain characteristics have been found to promote osteogenic response
[31, 142] of stem cells, thereby expediting the osseointegration and improving the
service life of implants.

While the isolated effects of surface micro- and nanofeatures on the bone
tissue regeneration process remain mainly elusive, some trends have been already
identified. At the microscale (i.e., feature size > 1.0 um), for example, surface
micro pillars with greater heights (i.e., > 1.6um) and smaller diameters and in-
terspacing (i.e., 1, 2, 4, and 6 pum) have been found to enhance the expression
of osteogenic markers (e.g., osteopontin (OPN)) [143]. At the nanoscale (i.e.,
feature size < 100 nm), previous studies [63, 144] have reported a decreased level
of OPN and osteocalcin (OCN) expression for nanopillars with greater heights.
Despite the presence of these individual studies, the landscape of how the design
parameters of surface patterns affect the osteogenic response remains largely un-
known: (i) how the cell adhesion properties (e.g., cell adhesion work and force)
are regulated via interactions with patterns at different scales (from nano to mi-
cro scale) and (ii) whether the initial cell adhesion force promotes the osteogenic
differentiation of the cells.

It is becoming increasingly clear that cellular receptors, such as integrins, can
sense small topographical features during the adhesion phase and activate topog-
raphy-induced mechanotransduction pathways. These involve integrin clustering,
the formation of focal adhesions (FA), and the reorganization of the cytoskeleton
and nucleus [16-20]. There are, therefore, many mechanobiological pathways that
are directly or indirectly involved in how surface features influence cell response.
Quantification of the adhesion force of the cell during its early interactions with
patterned surfaces could enhance our understanding of how mechanics-related
factors influence cell-surface interactions. However, most previous studies have
used qualitative approaches, such as flow shear stress assays [145, 146], stretching
devices [147, 148], and microscopy techniques [149] to evaluate the adhesion of
cells to the substrate.

Among experimental force-sensitive techniques for mechanical probing of cells
[150], single-cell force spectroscopy (SCFS) can quantitatively measure the early
stage [151-153] of cellular adhesion force in the range of a few to tens of nanonew-
ton [154] while precisely manipulating the cell attachment positions. To date, few
studies have applied SCFS to measure the initial cellular adhesion force of os-
teoblasts [151, 153, 155-158] and mesenchymal stem cells (MSCs) [154, 159, 160]
on various surfaces. Quantitative SCFS analyses have revealed that the adhesion
force of the human osteoblasts increases with the surface roughness on selected
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laser melted titanium surfaces, reaching a value of 8.5 nN on the roughest sur-
face relative to surfaces treated with different blasting agents [28]. This finding
was associated with a higher degree of osteoblast colonization. In another SCFS
study, partially denatured collagen surfaces were found to increase the initial cel-
lular adhesion relative to native collagen and promote spreading, migration, and
osteogenic differentiation of preosteoblasts [153].

SCFS has not yet been applied to surfaces decorated with precisely controlled
micro- and nanopatterns. Understanding the impact of the design parameters of
surface micro- and nanopatterns and their length scale on cell adhesion and the in-
terrelation between the adhesion forces and subsequent cell functions necessitates
systematic studies of such effects [161]. One of the main factors that limit such
systematic investigations has been the unavailability of fabrication methods for
creating precisely controlled patterns. Direct laser writing (DLW) via two-photon
polymerization (2PP) has been recently shown to be a powerful technique for
generating submicron patterns with high degrees of reproducibility and geometric
fidelity [40, 125]. Moreover, this technique facilitates the surface engineering of
implantable devices, since it is capable of printing structures with a wide range
of length scales (i.e., 200 nm — 100 mm) in a single-step process. In our previous
studies [40, 125], we have demonstrated the 3D printing of highly controllable
submicron patterns over a large area and the cytocompatibility of the applied
materials (IP-DIP and IP-L780) for the human mesenchymal stem cells (hMCS)
and MC3T3-E1 preosteoblast cells.

To reveal the relationships between the various steps of cell-surface inter-
actions and to identify the early markers of the osteogenic potential of surface-
decorated biomaterials, we studied the effects of height and interspace of sub-
micron pillars on the response of MC3T3-E1 cells from the adhesion phase up
to matrix mineralization under both osteogenic and non-osteogenic conditions.
Towards that aim, we applied quantitative methods, such as SCFS, atomic force
microscopy (AFM), as well as a host of biological assays. Particular attention was
paid to the spatiotemporal changes in cell morphology, cytoskeletal organization,
the formation of FAs, and the mechanical characterization of living cells during
the adhesion phase (from few seconds to 24 h). Moreover, the relevant proper-
ties of the patterns (dimensions, wettability, and roughness) and the cell-pattern
interface were assessed to better elucidate the underlying mechanisms.

4.2. Materials and methods

4.2.1. Fabrication of the patterns

Submicron pillars with a diameter of 250 nm, different heights (i.e., 250 nm, 500
nm, and 1000 nm) and interspaces (i.e., center-to-center distances of 700 nm and
1000 nm) were designed and printed using a Photonic Professional GT machine
(Nanoscribe, Germany) following our previously described protocol [40]. Briefly,
six different patterns were designed and imported into a job preparation program
(Describe, Nanoscribe, Germany). Arrays (1.0 mm?) of pillars were manufac-
tured with a laser power of 14% and a scanning speed of 1200 pum/s using the
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conventional configuration and the Galvo writing strategy. A droplet of IP-L.780
resin (Nanoscribe, Germany) was placed on a glass coverslip and then exposed to
a femtosecond infrared laser beam (wavelength of 780 nm) to fabricate the de-
signed patterns. After printing, the specimens were developed in propylene glycol
monomethyl ether acetate (PGMEA) (Sigma-Aldrich, Germany) and rinsed in
isopropyl alcohol (IPA) (Sigma-Aldrich, Germany) for 25 and 5 min, respectively,
followed by blow-drying.

We refer to the patterns with a “small” interspace (designed value = 700 nm)
with the letter “S” and the patterns with a “large” interspace (designed value =
1000 nm) with the letter “L”. The lowest height (designed value = 250 nm) will
be identified with the number “1”, the intermediate height (designed value = 500
nm) with the number “2”, and the highest height (designed value = 1000 nm)
with the number “3”. Thus, groups S1, S2, and S3 were patterned using a “small”
(i.e., 700 nm) interspace and the designed heights of 250 nm, 500 nm, and 1000
nm, respectively. Similarly, groups L1, L2, and L3 were patterned with a “large”
(i.e., 1000 nm) interspace and the designed heights of 250 nm, 500 nm, and 1000
nm, respectively. For all groups, the flat substrate (glass) was considered as the
control group.

4.2.2. Characterization of the patterns

4.2.2.1. Morphological analysis

The morphology of the patterns was characterized by using scanning electron mi-
croscopy (SEM) (Helios Nano Lab 650, FEI, USA). The specimens were coated
with gold (coating thickness &~ 5 nm) using a sputter coater (JFC-1300, JEOL,
Japan) and then imaged by SEM. To acquire the height of the pillars, the sam-
ples were tilted 30 degrees during imaging. The average diameter and height of
100 pillars from the different areas of each sample were quantified using ImageJ
(http://rsb.info.nih.gov/ij/index.html). The reported height values of the pillars
were corrected for the measurement tilt angle.

3D topographical images of the patterns were acquired in tapping mode using
an AFM (JPK Nanowizard 4, Germany) and a high aspect ratio probe (TESPA-
HAR, Bruker, Germany). Three images of 10 um x10um for each sample were
recorded and analyzed. The average surface roughness (R,) was determined using
the JPK SPM data processing software (JPK instruments, v6.1, Germany).

4.2.2.2. Wettability

The wettability of the patterned surfaces was measured using a drop shape an-
alyzer (KRUSS DSA100, Germany). Briefly, deionized water droplets (2.0 uL)
were placed on the flat (glass without patterns) and patterned surfaces (with an
area of 9.0 mm?) and the contact angle was recorded after 5 s (n = 3) at room
temperature.
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4.2.2.3. Surface chemistry analysis

Fourier transform infrared spectroscopy (FT-IR, Thermo Fisher Scientific Nicolet
FTIR Spectrometer 6700, US) was performed to identify the functional group of
the IP-L780 photoresist and the submicron pillars. Four scans in the range of
4000 — 650 cm ™! were performed to acquire each spectrum using the Attenuated
Total Reflection (ATR) Element. X-ray photoelectron spectroscopy (XPS, Ther-
moFisher K-Alpha, Rockford, IL, USA) was performed to analyze the chemical
composition of the 3D printed pillars submicron pillars on the glass substrate.
10 scans were acquired with energy steps of 0.2 eV using an Al K Alpha source
gun with a spot size of 400 pm? in a standard lens mode. Due to the small size
of the pillars and the space between the individual pillars, XPS measured both,
the pillars and the substrate. The apparent disturbance of the potassium (K2p)
signal within a carbon (Cls) scan was used to calculate and subtract the amount
of the carbon signal that originated from the substrate.

4.2.3. Cell experiments

4.2.3.1. Cell culture condition

The specimens were first sterilized by immersion in 70% ethanol (Sigma-Aldrich,
Germany) followed by UV light exposure for 20 min. Then, 5.0 x10* preosteoblast
cells (MC3T3-E1; Sigma-Aldrich, Germany, passage 11) were seeded on each sam-
ple in a 6-well plate (Greiner Bio-One, Netherlands) and incubated at 37 °C, 5%
CO2 in an alpha minimum essential medium (a-MEM) (ThermoFisher, US) sup-
plemented with 10% (v/v) fetal bovine serum (FBS, ThermoFisher, US) and 1%
(v/v) penicillin-streptomycin (ThermoFisher, US). For the long-term experiments
(i.e., 21 days of culture), the medium was refreshed every 2 days. For the cases
where osteogenic conditions were desired, ascorbic acid and (-glycerophosphate
(both from Sigma-Aldrich, Germany) were added to a-MEM (1:1000 and 1:500,
respectively) from day 2.

4.2.3.2. Cell adhesion measurements by SCFS

SCFS experiments were performed using a JPK Nanowizard IV AFM (JPK In-
struments, Germany) mounted on a Zeiss Axio Observer optical microscope (Carl
Zeiss AG, Germany) and equipped with the JPK CellHesion module (JPK Instru-
ments, Germany), which allows for an extended 100 pum Z-range. The specimens
were glued to Petri dishes (TPP, Switzerland), which were compatible with the
JPK Petri dish heater (JPK Instruments, Germany) that maintained the tem-
perature constant at 37 °C during the experiments. Arrow TL-tipless cantilevers
(NanoWorld, Switzerland) with a nominal spring constant of 0.03 N/m were in-
cubated in phosphate-buffered saline (PBS, ThermoFisher, US) containing 10
ug/mL fibronectin (Sigma-Aldrich, Germany) for 30 min at room temperature.
After functionalization, the cantilevers were rinsed twice in PBS and were cali-
brated using the thermal noise method.
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For the SCFS experiments, 5.0 x10* MC3T3-E1 cells were pre-cultured in
a standard 6-well plate. When the cells reached confluence, the culture medium
was removed, the cells were rinsed twice with 2.0 mL PBS, and were detached
from the well using 100 pL of 0.5% Trypsin-EDTA (TermoFisher Scientific, US)
solution (37 °C, 3 min). The trypsinized cells were suspended in 1.0 mL of culture
media and were used for the SCFS experiments. 100 uL of the cell suspension
was directly injected in a Petri dish containing the sample and 2.0 mL culture
medium, relatively far from the patterned area. Single round cells were identified
by the optical microscope and were individually picked up by the functionalized
probe. To pick the cells, the free end of the cantilever was carefully aligned with
the cell and a force-distance cycle was performed using the following parameters:
a setpoint force of 3 nN, a Z length of 50 um, approach and retract speeds of 2
um/s, and a contact time of 10 s. The cantilever with cell attached to the tip is
referreed to as “cell probe”. The cell adhesion measurements with surfaces were
then performed by acquiring force-distance curves with the “cell probe” using the
following parameters: a setpoint force of 1 nN, a Z length of 80 pm, and approach
/ retract speeds of 5 um/s. Since the first phase of cell adhesion, characterized by
single-integrin adhesion events, takes place during the first 60 s of contact with a
surface [162-164], 2 s and 60 s contact times were tested.

Since immunostaining analysis showed that cells interacting with L1 and S1
patterns did not have different behavior (in terms of cell area, cell morphology
and FAs) as compared to the control samples, SCFS experiments were performed
only on S2, S3, L2, L3 and on the control (flat glass) surfaces. Three force-
distance curves on the pattern and three force-distance curves on the glass control
surface were acquired with each “cell probe”. Between 7 and 9 cells were tested
on each specimen. The reported normalized values of the adhesion force and the
work of adhesion were obtained by normalizing the values from each cell on the
patterns to the values obtained for the same cell on the glass control surface.
The nonparametric KruskalWallis test was used to compare the measurements
obtained on the different patterns.

4.2.3.3. Immunocytochemistry analyses

The actin filaments, nucleus, and FAs of the cells were stained after 4 h and 1
day. As previously described [40], the specimens were first rinsed with PBS and
the cells were fixated using a 4% (v/v) formaldehyde solution (Sigma-Aldrich,
Germany). After permeabilization with 0.5% Triton X-100/PBS (Sigma-Aldrich,
Germany) at 4 °C for 5 min, the cells were incubated in 1% BSA/PBS (Sigma-
Aldrich, Germany) at 37 °C for 5 min. Then, the specimens were incubated in
rhodamine-conjugated phalloidin (1:1000 in 1% BSA/PBS, ThermoFisher, US)
and anti-vinculin mouse monoclonal primary antibody (1:100 in 1% BSA/PBS,
Sigma-Aldrich, Germany) for 1 h at 37 °C. The cells were then rinsed thrice with
0.5% Tween-20/PBS (Sigma-Aldrich, Germany) and incubated in Alexa Fluor
488, donkey anti-mouse polyclonal secondary antibody (1:200 in BSA /PBS, Ther-
moFisher, US) for 1 h at room temperature. The specimens were again rinsed
thrice with 0.5% Tween-20/PBS for 5 min each time, followed by 5 min rins-
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ing with 1x PBS. Afterward, a droplet of 10 uL Prolong gold (containing 4’,6-
diamidino-2-phenylindole (DAPI), ThermoFisher, US) was laid on the cells and
the specimens were flipped over on microscopic glass slides and were imaged using
a fluorescence microscope (ZOE fluorescent cell imager, Bio-Rad, Netherlands).
For SEM observations, the stained specimens were rinsed twice with distilled wa-
ter for 5 min and were dehydrated in 50%, 70%, and 96% ethanol solutions for 15
min, 20 min, and 20 min, respectively. Finally, the samples were dried overnight
at room temperature and were coated with gold by sputterring prior to being
imaged by SEM.

The cells matrix mineralization was analyzed on day 21 in both non-osteogenic
and osteogenic media. Therefore, the cells were washed with PBS and were fix-
ated with a 4% (v/v) formaldehyde solution for 15 min. Next, the samples were
prepared for staining by a process similar to cytoskeleton staining (see above).
The cells were incubated with osteopontin (OPN) antibody conjugated to Alexa
fluor 488 (1:100 in BSA/PBS, Santa Cruz Biotechnology, US) for 1 h at 37 °C.
Then, the cells were rinsed thrice with 0.5% Tween-20/PBS for 5 min followed by
a subsequent 5 min rinsing with 1x PBS. Prolong gold was added to the speci-
mens and they were mounted on glass slides to be imaged using the fluorescence
microscope.

4.2.3.4. Mechanics of living cells by AFM

Mechanical mapping of living cells after 1 day of culture was performed using
an AFM (JPK Nanowizard III, JPK Instruments, Germany) in the quantitative
imaging (QI) mode and a qp-BioAC-CB3 probe (Nanosensors, Switzerland) with
a nominal spring constant of 0.06 N/m. The instrument allowed for a maximum
scan area of 30 pym x30um. During the experiments, the temperature was main-
tained at 37 °C using the JPK Petri dish heater (JPK Instruments, Germany).
The probe was calibrated using the thermal noise method [165]. The applied set-
point force was 1 nN, which corresponded to an indentation depth in the range
of 300-900 nm. The cells were evaluated using a pixel time of 20 ms and a Z
length of 2.0 pm. The maps of the elastic modulus were obtained by fitting the
force-distance curves measured at each point of the scanned area to the Hertz-
Sneddon model [166] considering a paraboloid tip with a nominal tip radius of 10
nm. The reported values of the elastic modulus were calculated as the average
elastic modulus value in a certain area of interest (e.g., the periphery or center of
the cells).

4.2.3.5. Image analysis

ImageJ was used to process the fluorescent images. First, the image overlay was
split into channels to separate the nucleus, F-actin, and other proteins (i.e., vin-
culin and osteopontin). The grayscale images of F-actin and osteopontin were
thresholded. The cell area, the degree of anisotropy (DA, DA ~ 1 presents po-
larization in cells and DA ~ 0 indicates the fully isotropic cells) of 20 cells per
sample (n = 4), and the osteopontin area (n = 4) were then quantified through
the Analyse Particle command [40].

~
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To count and measure the FAs area, a previously described method was
used [167]. Briefly, the background was subtracted from the greyscale images
under the Sliding Paraboloid option with a rolling ball radius of 50 pixels. The
local contrast of the image was then enhanced by running the CLAHE plugin
(https://imagej.nih.gov/ij/plugins/clahe/index.html) with a block size of 19, his-
togram bins of 256, and a maximum slope of 6. To further minimize the back-
ground, the mathematical exponential (EXP) was applied through the process
menu. Next, the brightness, contrast, and threshold were automatically adjusted.
Finally, the area and number of FAs were measured using the Analyze Particle
command [167]. The measurements were performed only on fully separated focal
points. The Unpaired ¢-test with Welch’s correction was used to determine the
significant level of difference with cells on control sample (flat glass).

4.2.3.6. Statistical analysis

To determine whether there were significant differences between the means of
different experimental groups, one-way ANOVA followed by the Tukey’s multi-
ple pairwise-comparisons post-hoc test was performed using Prism (version 8.0.1,
GraphPad, CA, USA). A p-value below 0.05 was considered to indicate statistical
significance.

4.2.4. Computational models

We used a commercial non-linear finite element code (Abaqus, v6.21) for our com-
putational simulations to study the mechanics of the submicron pillars interacting
with cells. We used isotropic linear elastic material properties for the modeling of
the submicron pillars (E = 3.35 GPa, v = 0.4) and the glass substrates (F = 63
GPa, v = 0.2). Using a tie-constraint, the pillar and the substrate were attached.
Two pillars with different heights (A = 500, and 1000 nm) and similar boundary
conditions were modeled. A reference point was defined at the center of the top
surface of the pillars. This reference point was kinematically coupled to the nodes
on the top surface of the pillars. A displacement boundary condition along the
x-axis (U;) was applied to the reference point. The magnitude of the displace-
ment of the tip of the bent pillars was extracted from SEM images of the cells
on different patterns using ImageJ. The displacements of the pillars were applied
to the pillars present in each computational model (i.e., Uy = 0 - 70 nm for h =
500 nm, and U, = 0 - 190 nm for ~ = 1000 nm). Clamped boundary conditions
were applied to the glass substrate. 3D quadratic hexahedral elements (C3D20)
with a minimum mesh size of 20 nm were used in all of our models. A standard
non-linear analysis was used for the simulations. The average local traction forces
were calculated from the experimental displacement observations.

4.3. Results and discussion
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4.3.1. Characterization of the patterns

The diameter and the interspacing of the pillars were generally very controllable
(Table 4.2, Figure 4.1a). The deviations observed in the height of the pillars
could be attributed to the fluctuations of the laser intensity during the printing
process, as previously reported [38]. The printing time varied between 4.5 — 11.5
h/mm? depending on the height and areal density of the pillars (Table 4.2). The
average roughness (Rg) of the series S and L was measured by AFM and varied
between 79 — 236 nm and 29 - 213 nm, respectively (Table 4.2). As expected,
the surface roughness increased with the height of the pillars, while increasing the
interspacing of the pillars reduced the measured roughness of the patterned sur-
face, particularly for the pillars with the smaller heights (Table 4.2, Figure 4.1b).
The hydrophilicity of the substrate increased with the height of the pillars (Fig-
ure 4.1c). This behavior is in agreement with the previous studies [168, 169] that
have shown that rougher surfaces tend to increase the wettability of the surface
if the contact angle of the initial surface (48° in our study) is below 60°.

We have analyzed the functional groups of photoresists before and after poly-
merization via FTIR test. C=C stretch bonds were found in the region of 1680
em™ ! in the resin but disappeared in the polymer spectrum, indicating no signs
of monomer after polymerization (Figure 4.1d). Peaks at 1720 cm ™! showed the
ester groups in IP-L780 before and after polymerization (Figure 4.1d). Since
polymerized nanopillars are printed over a small area, the absorbance value of
the ester peak in polymer is less than the one appearing in the monomer. Fur-
thermore, we have quantified the binding energy and percentage of carbon bonds
in the polymerized IP-L (Table 4.1). C-C, C=0, and C-O bonds were present in
the XPS spectra of nanopillars showing the presence of acrylic structures in the
polymer (Figure 4.1e).

Table 4.1: The energy binding of Cls species in the 3D printed submicron pillars
(made of TP-L780).

Bond Energy binding [eV] Atomic %
C-C 284.9 33.1
C-O 286.2 43.4

C=0 288.8 23.5
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Figure 4.1: Characterization of the submicron pillars. (a) SEM and (b) AFM
images of submicron pillars 3D printed using 2PP. (¢) A comparison of the wet-
tability of the patterned and control (glass) (C) specimens characterized through
water contact angle measurement. (d) FTIR spectra in the ATR mode of the
IP-L780 photoresist and polymer (after 2PP). (e) The XPS spectra of Cls peaks
in IP-L780 after polymerization. (* p < 0.05, ** p < 0.01, *** p < 0.001).
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4.3.2. Differential effects of the patterns on cell adhesion,
morphology, and elastic modulus

4.3.2.1. Cell adhesion

The representative force-distance (F-D) curves acquired at 2 s and 60 s on the S2,
S3, L2, L3 patterns (Figure 4.2a) showed the typical shape observed when a cell
interacts with a surface, indicating the proper functioning of our “cell probes” in
terms of cell viability and the positioning of the cantilever. The maximum force
peak on the retrace curve, indicating the cell detachment force (i.e., Fyqp), was
followed by step-like events, which were either preceded by a ramp-like change in
force (jumps) or by a plateau region (tethers) [164, 170, 171].

The adhesion force (F,gy) and the work of adhesion (W,g,) increased for
all groups after 60 s of contact time as compared to the values recorded after
2 s of contact. This can be explained by the fact that a longer contact time
enables the formation of more and possibly stronger (more mature) adhesion sites
between the cellular receptors and the surface. The type of pattern influenced
the cellular adhesion too (Figure 4.2b and c¢). After both 2 s and 60 s of contact
time, the patterns with the tallest pillars (i.e., S3 and L3) exhibited significantly
higher F,4, as compared to the patterns with the shorter pillars (i.e., S2 and
L2) and the control surface (Figure 4.2b). The F,4;, values measured for the S2
and L2 groups were not significantly different from those of the control surface
(Figure 4.2b).

Furthermore, the patterns with the highest areal density of pillars (i.e., S3
and S2) exhibited a higher Wyg;, as compared to the patterns having similar
heights but lower areal densities (i.e., L3 and L2). S3 exhibited higher W4, as
compared to L3 (Figure 4.2c). A less clear difference was observed between S2 and
L2 where S2 exhibited slightly (but not significantly) higher W,g;, as compared
to L2 after both 2 s and 60 s of contact time.

The curves acquired for the patterns with similar heights (and comparable
roughness and contact angle) indicated similar values of F,g, after 60 s (e.g.,
3.8 nN for S2, 4.8 nN for L2; 8.1 nN for S3, and 9.8 nN for L3 in the examples
reported in Figure 4.2a). The adhesion force increased almost linearly with the
height of the pillars. For example, the adhesion force corresponding to a pillar
height of 1000 nm was around 2 times higher than the one corresponding to a
pillar height of 500 nm. The work of adhesion, W45, was higher on the surfaces
decorated with the denser patterns (e.g., 47.5 {J for S2 vs. 20.6 {J for 1.2; 43.5 {J
for S3 vs. 33.8 {J for L3 in the examples reported in Figure 4.2a).

In summary, the pattern with the tallest and densest pillars (S3), exhibited
the highest values of the adhesion parameters (i.e., adhesion force and adhesion
work). The L3 pattern, which has a similar height of pillars but a lower pillar
density, exhibited an adhesion force that was similar to S3 but a lower work of
adhesion. By comparison, the adhesion characteristics of the shorter S2 and L2
patterns were close to the control surface with S2 showing a slightly higher work
of adhesion as compared to L2 and the control group.

Hydrophilicity and roughness are known to impact the initial attachment
of cells to various kinds of non-patterned surfaces [131, 153, 156, 172, 173]. We
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found that the patterns with the tallest pillars (S3 and L3), which are also the
most hydrophilic and roughest patterns (Figure 4.1c), result in the highest values
of the adhesion force.
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Figure 4.2: Characterization of cell adhesion: (a) Representative F-D curves
obtained by SCFS on S2, S3, L2, and L3 patterns after 2 s (first line) and 60
s (second line) of contact. (b) The adhesion force (normalized with respect to
that of the control surface) was measured by SCFS on the patterned surfaces
after 2 s (left) and 60 s (right) of contact. (¢) The work of adhesion (normalized
with respect to that of the control surface) measured by SCFS on the patterned
surfaces after 2 s (left) and 60 s (right) of contact. The nonparametric one-way
ANOVA (KruskalWallis) test was used to evaluate the statistical significance of
the differences between the various experimental groups (* p < 0.1, ** p < 0.05,
B p < 0.01).

The interspacing between the pillars affected the mechanism of the early
adhesion of cells to the analyzed submicron patterns: lower interspacing resulted
in a greater work of adhesion. The work of adhesion depends, among such factors
as the adhesion force and the characteristics of the cell type, on the number of
the anchoring points (i.e., detachment events) of the cell to the surface [171].
Our results, therefore, suggest that the number of cellular anchoring points on
the patterns increases with the areal density of the pillars. This increase was
particularly clear for the patterns with the tallest pillars (i.e., S3 as compared to
L3).

63



Chapter 4: 3D Printed Submicron Patterns Reveal the Interrelation between Cell
Adhesion, Cell Mechanics, and Osteogenesis

4.3.2.2. Cell morphology and cytoskeleton organization

After 4 h of culture, round cells with an average area of 1900 +719 pm? and
diameters around 49 pm were visible on all the patterns and the control specimens
(Figure 4.3a, ¢). Nevertheless, the cells on the S3 pattern developed clearly visible
membrane extensions rich in vinculin, indicating their ability to more easily spread
and interact with the pillars on this pattern. Therefore, the largest variation in the
cell area was encountered for this pattern (Figure 4.3¢). The presence of relatively
well-developed membrane extensions (mainly lamellipodia) around the periphery
of the cells (Figure 4.3a) suggests the start of FAs maturation followed by the
formation of actin bundles, indicating that the cells are in the contractile spreading
phase [174]. On the contrary, the cells cultured on the control specimens and the
specimens from other groups had nascent vinculin sites around the periphery of
the cells and the protrusive activity was not yet started (Figure 4.3a), indicating
that the cells were not yet in the contractile spreading phase [174] but rather in
an earlier phase of the development of FAs [174].

The faster development of FAs on the substrates exhibiting high hydrophilic-
ity and initial adhesion force (measured by SCFS experiments) has been observed
in studies performed on non-patterned surfaces as well [153]. In our case, the for-
mation of FAs on the S3 pattern was promoted not only by enhanced hydrophilic-
ity but also by a higher areal density of pillars relative to the other patterns (e.g.,
L3) that could favor integrin clustering [45-47]. This was also supported by our
SCFS experiments (Figure 4.1), which indicated that a high areal density of the
pillars results in the formation of more discrete attachment sites already after 2 s
and 1 min of contact with these patterned surfaces. Furthermore, integrin clus-
tering may have been further favored by the lower stiffness of the taller pillars in
the case of the S3 pattern. Indeed, taller pillars could undergo enhanced bending,
thereby further approaching each other when subjected to the interaction forces
with the cells [175].

After the first day of culture, the cells significantly grew in size regardless
of the experimental group (Figure 4.3b, ¢). The cells cultured on the patterned
surfaces were, however, smaller than those residing on the control surface. In
both S and L series, the cell area decreased with the height of the pillar from
~ 2800 — 2900um? for the shorter pillars (S2 and L2) to ~ 2100 — 2200um? for
the taller pillars (L3 and S3). By comparison, the pillar interspacing did not affect
the area of the cells (Figure 4.3b, ¢). This observation is in line with the previous
studies that have reported a decrease in the cell area for an increased roughness
in the submicron range [140].

On day 1, the density and area of FAs per cell increased with the height of
the pillars (Figure 4.3d, e). However, the pillar interspacing did not significantly
influence the area and density of vinculin-rich plaques. The cells cultured on the
S2, S3, and L3 specimens formed the largest FAs areas with an average area of
6.5 £0.03 pum?, which was significantly higher than the one found on the control
sample (i.e., 5.540.7 ym?) (Figure 4.3d, e). Furthermore, the cells residing on
taller patterns (S3 and L3) exhibited the highest FA density (Figure 4.3e).

After 1 day of culture, three different cell shapes with different cytoskeletal
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Figure 4.3: Cells spreading and the early response of the MC3T3-E1 cells cul-
tured on the patterned and control surfaces at different time points. (a, b) F-actin,
vinculin, and nucleus of the cells cultured on the control and different patterned
surfaces after 4 h (b) and 1 day. (¢) The cell areas were measured on the patterned
and control samples after 4 h and 1 day. (d, e) The FA area and FA density of the
cells residing on the patterned and control surfaces on day 1. (f, g) The different
types of cell morphology and the degree of anisotropy of the cells residing on the
patterned and control surfaces on day 1 (* p < 0.05, ** p < 0.01, *** p < 0.001).

organizations were visible on the specimens (Figure 4.3b, f): (1) polygonal cells
with peripherally organized actin fibers, (2) polarized cells with perinuclear actin
cap fibers, and (3) stellate cells characterized by the presence of actin fibers in the
perinuclear region and multidirectional membrane extensions (mostly filopodia).
The polygonal cells were isotropic (DA ~ 0.4) and were found on the control spec-
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imens as well as on the specimens from the S1 and L1 groups (Figure 4.3b, f, g).
The majority of the cells residing on the S2, L2, and L3 specimens were polarized
(DA ~ 0.7) with wider leading edges showing the motile behavior of the cells
(Figure 4.3b, f, g). The cells grown on the S3 pattern adopted a half-polarized,
half-stellate morphology and had a DA value close to 0.5 (Figure 4.3b, {f, g). In the
stellate cells, F-actin stress fibers were stretched towards the protrusions and FA
sites. Taken together, the degree of anisotropy and the number of polarized cells
were enhanced as the height and interspacing of the pillars increased. However,
the influence of the pillar interspacing on the shape and the degree of anisotropy
of the cells was more pronounced than that of the height (Figure 4.3f, g).

Cells with different morphologies exhibited qualitatively different spatial or-
ganizations of the FAs and F-actin bundles (Figure 4.3b). A coupling between the
FAs and the F-actin bundles was more visible for the cells with multidirectional
protrusions (e.g., stellate cells on S3 and L3 in Figure 4.3b), which exhibited ma-
ture and long-lasting FA sites mainly at the proximity of the cell edge (mostly
present in the S3 group) (Figure 4.3b). The coupling of F-actin with FAs around
the periphery of cells tends to enhance cellular adhesion [176]. The coupling of
vinculin with the actin bundles was less visible on the polarized cells than on the
stellate cells, and they were mainly located in the front and rear of the cells (Fig-
ure 4.3b). On the polarized cells, the actin stress fibers were aligned and stretched
along the direction of the protrusions, suggesting that the cells were migrating
and indicating a higher destabilization of the cell adhesion as well as presumably
short-lasting FA points [177].

Furthermore, we observed three different settling states of the cells on the
patterned surfaces (Figure 4.4a, b) that we categorized as follows: i) a “top state”
[178] in which the entire cell body resides on top of the submicron pillars, ii) a
“bottom state” [178] in which the submicron pillars fully penetrate the cell body,
and iii) a “mixed state” [178] where some areas of the cell sink into the submicron
pillars (bottom state) whereas other areas reside on top of the pillars (top state)
(Figure 4.4a, b).

On the shortest pillars (i.e., S1 and L1), the bottom state was observed.
The cells fully engulfed the pillars and came into contact with the entire available
surface of the pillars (top and lateral) and the substrate (Figure 4.4a, b). The
body of the cells appeared very thin as the tip of the pillars was almost visible
through the entire cell (Figure 4.4a, b). The pillar interspacing did not influence
the settling state on those two patterns.

On the taller pillars, the effects of the pillar interspacing on the cell settling
state were more pronounced. The cells cultured on the S2 patterns exhibited a
mixed state, with a dominant top state. Indeed, the bottom state was observed
only in some regions at the periphery of the cell. Moving towards the nucleus, the
cell body appeared thicker, resulting in a top state (Figure 4.4a, b). On the L2
patterns, the bottom state was dominant and was observed almost for the entire
body of the cells (Figure 4.4a, b). This may have been caused by the larger pillar
interspacing, which helps the cells to easily fill the space between the submicron
pillars.

In the case of the S3 patterns characterized by the maximum height and
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the minimum interspacing, the top state was always observed, suggesting that
the cells come into contact only with the top of the pillars without touching the
substrate (Figure 4.4a, b). On the L3 patterns, with the maximum height and
interspacing, the mixed state was observed. The bottom state was observed only
in very small regions around the cell periphery, especially at the rear and front
ends of the cells, while the top state was dominant for the rest of the cell body
(Figure 4.4a, b).

Previous studies have already shown the effects of the density of nanostruc-
tures on how cells “settle” onto a patterned surface and have demonstrated that
a high areal density of nanostructures (p (/100 pgm?) > 80) and a large diam-
eter of nanopillars (d > 200 nm) energetically promote the top state [178-181].
The small interspacing between the nanopillars leads to intense stretching and
unfolding deformation of the cell membranes while they adhere to the sidewalls
[178]. Consequently, the cells adhere to the tip of the pillars. Here, we observed
a combined effect of both the density and height of the pillars with a diameter
of 250 nm. Indeed, both height and interspacing in the range investigated in this
study had an impact on the interactions between the cells and the underlying
pillars. The cells that were cultured on the pillars with smaller heights and large
interspacing distances (i.e., S1, L1, and L2) came into contact with both pillars
and substrate (the dominant bottom state) while increasing the height of the pil-
lars and decreasing their interspacing (¢.e., S2, L3, and S3 patterns) caused the
cells to mostly interact with the top of the pillars without touching the substrate,
hence, the dominant top state.

Interestingly, the cells were able to bend the pillars locally after 1 day of
residing on the substrate. The bending was more prominent in the vicinity of
the edge of the cells settled in the top state (S2, S3, L3 in Figure 4.4a, b). The
pillars were deflected towards the center of the cells (S2, S3, L3 in Figure 4.4a, b).
The lateral displacement of the pillar tips was measured by analyzing the SEM
images of the dehydrated cells on the patterns (Figure 4.4c). The corresponding
local traction forces in the proximity of the cell border were estimated through
computational modeling (Figure 4.4c). The cells applied average local traction
forces of 144 +38 nN to the pillars with a height of 1000 nm. A higher force
value (429 £62 nN) was calculated for the pillars with a height of 500 nm. As the
traction forces are exerted to the extracellular matrix by FAs [182], we further
assessed the relationship between the traction forces and FAs area. Although we
observed no significant differences between the area of FAs on the pillars with the
height of 1000 nm and 500 nm, the estimated local traction forces were different
on those pillars (height 500 nm and 1000 nm). These findings suggest that mature
FAs with the same area can withstand a wide range of force values (100 - 429 nN
estimated in Figure 4.4c¢), and the results of [182, 183] support our findings. These
observations were made for preosteoblasts and are in line with the previous studies
that have found direct correlations between the FAs size and the traction forces
only during the initial growth phase of FAs, and not for mature FAs [182, 183].
It is, nevertheless, important to realize that the fixation protocol might affect the
deformation of the pillars and, thus, the estimated forces.
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Figure 4.4: Visualization of the cell interactions with the patterned surfaces
using SEM and computational modeling. (a, b) Low and high magnification SEM
images of the cells on the patterned surfaces. (¢, d) The reaction force (applied
by cells to the pillars) and von Mises stress in the submicron pillars calculated
using the computational models. Lateral displacements of 58, 140, and 289 nm
were applied to the pillars with the heights of 250, 500, and 1000 nm, respectively.

4.3.2.3. The elastic modulus of the cells

The different shapes and cytoskeletal organizations found on the different pat-
terns together with the observations on the cell-pattern interfaces indicated that
cells residing on different patterns may also have different mechanical properties.
Therefore, the elastic moduli of the living cells interacting with the patterned
(S2, S3, L2, L3) and control surfaces were analyzed by acquiring AFM mechani-
cal maps of the cells after 1 day of culture (Figure 4.5). Exploiting the capability
of AFM-based stiffness measurements to perform subsurface imaging of soft bio-
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logical samples up to a depth of 900 nm [184, 185] also allows for a more detailed
analysis of the organization of cortical actin, especially in the perinuclear region.

On the control surfaces (Figure 4.5a, b), the presence of thick peripheral
actin fibers was observed in the cells with both polygonal and polarized shapes,
while no or few perinuclear actin fibers were detected. This type of cytoskeletal
organization resulted in a high elastic modulus at the periphery of the cells ( E =
25.8 kPa for the polygonal cell in Figure 4.5a and F = 42.5 kPa for the polarized
cell shown in Figure 4.5b) and low elastic modulus at the center of the cells,
corresponding to the perinuclear region ( E = 6.1 kPa in the case of polygonal
cell in Figure 4.5a and F = 4.9 kPa for the polarized cell in Figure 4.5b).

On all the patterned surfaces, the cells with polarized shape presented aligned
(almost parallel) fibers crossing the perinuclear region of the cells from the leading
edge to the cell rear, suggesting a motile state where, in general, actin fibers tend
to align in the direction of cell movement. This type of cytoskeletal organization
can be ascribed to the actin cap formation [186] and gave rise to an elastic mod-
ulus, in the perinuclear region, in the range of 6-8 kPa for the cells cultured on
the S2, L2, and L3 patterns (i.e., E = 7.6, 6.1, and 6.2 kPa for the cells shown in
Figure 4.5d, h, and j, respectively). A significantly higher elastic modulus in the
perinuclear region was observed for the elongated cells residing on the S3 pattern
(e.g., E = 14.45 kPa for the region shown in Figure 4.5f), which may be due to
a more organized cytoskeleton formed by the thick bundles of actin fibers. This
organization can be the result of a faster formation of perinuclear stress fibers in
the polarized cells grown on the S3 pattern and suggests higher cell contractility
and tension.

Stellate cells exhibited a different type of cytoskeletal organization in the
perinuclear region, which in the case of the specimens from the S2, S3, and L3
groups resulted in a branched network of thick bundles of actin fibers and, thus,
higher values of the elastic modulus (E = 14.6, 13.9, and 14.5 kPa respectively
for the cells residing on the S2, S3 and L3 patterns, Figure 4.5¢, e, i). This type
of organization indicates that the stress fibers in these cells were stretched in
different directions. The presence of actin star sites (e.g., the small green arrows
in Figure 4.5¢, e, i) were associated with the highest values of the elastic modulus
and suggested the entanglement of several actin bundles coming from different
directions [187, 188].
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Figure 4.5: AFM-based mechanical characterization of the cells cultured on the
patterned and control surfaces on day 1. Some examples of the maps of the elastic
modulus obtained for a polygonal cell on the control surface (a), a polarized cell
on the control surface (b), stellate cells on the S2, S3, 1.2, and L3 patterns (c, e, g,
i), and polarized cells on the S2, S3, 1.2, and L3 patterns (d, f, h, j), respectively.
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The formation of these actin patterns, such as asters or stars, has been hy-
pothesized to be associated with high levels of intrinsic mechanical stress within
the cortical network [189-191]. They may, therefore, indicate a high-tension state
for the stellate cells residing on the S2, S3, and L3 patterns.

The stellate cells cultured on the L2 patterns exhibited a different type of
cytoskeletal organization as compared to the stellate cells grown on the other
patterns. Big peripheral actin stress fibers were observed, while the nuclear region
was characterized by a very limited presence of actin fibers or filaments and, thus,
a low value of the elastic modulus (i.e., 8.5 kPa for the sample cell shown in
Figure 4.5g). This suggests lower contractility and tension of the stellate cells on
the L2 pattern as compared to the other patterns. Interestingly, the cells residing
on the L2 patterns, in contrast with those cultured on the other patterns (S2,
S3, L3), exhibited mostly a “bottom settling state” (i.e., contact not only with
the top of the pillars but also with the substrate between them) (Figure 4.4a, b).
This observation suggests a correlation between the way cells adhere to and settle
onto the patterns (i.e., top state or bottom state) and their response in terms of
cytoskeletal organization and mechanical properties.

4.3.3. Summary of the early cellular responses on submicron
pillars

We found a direct relationship between the cell adhesion, surface wettability, and
surface roughness. S3 and L3 were the roughest and most hydrophilic surfaces
and the cells on those patterns exhibited the highest initial adhesion force and
the most abundant focal adhesion sites after 1 day. Our results are in line with
the previous studies showing the positive impact of hydrophilicity [40] and inter-
mediate roughness (i.e., R; ~ 200 nm) in the submicron range on cell adhesion
[140, 192, 193].

Furthermore, our results suggest a faster FA formation process on the S3
pattern (Figure 4.3a). The faster formation of vinculin-rich sites may have been
caused not only by the high initial adhesion force on such surfaces but also by the
geometry of the pillars (height and interspace). Tall and dense pillars provide a
large number of anchoring points (higher work of adhesion), as observed in our
SCFS experiments. The high density of the anchoring points could result in a
high density of integrin binding sites, which could more easily cluster and develop
mature FAs [194].

The morphology and cytoskeletal organization of the cells on day 1 support
the statement regarding the faster formation of mature FAs. The S3 patterns
exhibited the highest numbers of stellate cells at day 1, implying the greater
coupling of the focal points with F-actin, which normally form in presence of
mature FAs [102, 177] and, thus, indicate a more advanced state of the FAs
formation process.

The cells cultured on the S3 surfaces with both elongated and stellate mor-
phologies exhibited the highest values of the elastic modulus and the highest de-
gree of cytoskeletal organization, characterized by the presence of thick and dense
actin stress fibers in the perinuclear region. This observation suggests higher con-
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tractility and higher tension as compared to the cells interacting with the other
patterns, which may be attributed to the different adhesion behavior of the cells
residing on this type of surface as indicated by the initial force and work of ad-
hesion as well as the development and distribution of FAs. This may lead to a
higher level of nuclear tension [140, 195] and affect subsequent cellular functions.
Indeed, previous studies have shown that the presence of dense actin cap fibers
is associated with elevated levels of nuclear tension, high chromatin condensa-
tion, and YAP nuclear accumulation, resulting in the osteogenic differentiation of
MSCs on catecholic polyglycerol coatings with roughness values (R,) in the range
of 150-300 nm [140].

The next question was whether our findings regarding the early adhesion,
morphology, and mechanical properties of preosteoblasts affect the subsequent
cellular functions. Therefore, a long-term experiment was performed to investigate
the ECM formation by preosteoblast cells.

4.3.4. Effects of the patterns on the ECM

One of the essential ECM proteins expressed by mature osteoblasts is OPN [196],
which is further enhanced by applying mechanical stress [197]. We, therefore,
analyzed the level of OPN expression for the specimens from different experi-
mental groups using both osteogenic and non-osteogenic media after 21 days of
cell culture. On flat controls, OPN was expressed only in the osteogenic medium
(Figure 4.6b).In the osteogenic condition, the surfaces patterned with the tallest
pillars (4.e., S3 and L3, height = 1000 nm) significantly upregulate the expression
of OPN as compared to the other patterns and the control group (Figure 4.6a, b).
In addition, a slight (not significant) increase in the OPN expression compared to
the control surface was observed for the S2 group, while the other patterns did not
show any difference as compared to the control group (Figure 4.6¢c). A difference
in the OPN expression after 21 days was observed only on those patterns (S2,
S3, and L3) for which an increased area and density of FAs were observed after
1 day (Figure 4.6f) and where cells mostly interacted with the top region of the
pillars (dominant top state). This finding supports the presence of a relationship
between the capability of the cells to rapidly form mature FAs and the subsequent
matrix mineralization process. The S3 pattern, for which we found the strongest
cell adhesion and the highest elastic modulus values in the perinuclear areas, also
exhibited the highest level of OPN expression, further supporting the hypothesis
that a direct relationship exists between the early cell adhesion behavior and the
late matrix mineralization process. We did not, however, detect a significant dif-
ference between S3 and L3 (pillars with a larger interspacing of 1000 nm) under
the osteogenic conditions (Figure 4.6a, c).

To isolate the effects of the surface patterns from those of the osteogenic
supplements, we repeated the experiments for the S3, L3, and control groups
under non-osteogenic conditions. The difference between the OPN expression of
the S3 and L3 groups was statistically significant when using a non-osteogenic
medium (Figure 4.6d, e). The differential effects of the patterns with different
geometries on the OPN expression could, therefore, be more easily detected when
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the influence of the osteogenic supplements was removed. These findings reveal
possible osteoinductive properties of the S3 pattern.

The combined use of different techniques allowed us to unravel the relation-
ships between the early and late indicators of the response of preosteoblasts to
submicron surface patterns. On the most potent pattern, i.e., the S3 pattern,
the initial work of adhesion and the area of focal adhesion sites (vinculin) were
upregulated, which in turn increased the elastic modulus of the cells by stretching
actin stress fibers in all directions (Figure 4.6e). As a result, the highest amount
of OPN expression was observed (Figure 4.6e). Thus, the quantitative and sys-
tematic approach used in our study suggests that the earlier markers related to
the adhesion phase (e.g., adhesion strength, cell mechanical properties) may be
useful for predicting the osteogenic potential of patterned biomaterials.

The geometry and spacing of the submicron and nanopillars are known to
influence the extracellular proteins expressed by preosteoblasts [198]. At the sub-
micron scale, we observed that the tall and dense submicron pillars were the most
potent physical stimuli to alter the response and function of preosteoblast cells.
Furthermore, the roughness of the osteogenic pattern identified in our study is
in the range of the roughness values (150 nm - 450 nm) that have been found in
the literature to enhance the osteogenic differentiation of osteoblasts and MSCs
[199, 200].

In addition to the surface design, the substrate stiffness can influence the
response of cells. It is known that in soft materials like hydrogels, a higher stiffness
is needed to favor osteogenic differentiation in hMSC and preosteoblasts [201,
202]). On the other hand, the scale of surface topographies affects osteogenic
differentiation on very stiff substrates, such as titanium. For example, at the
nanoscale, short titania pillar (around 15 nm in height) have been found to be
effective for the mineralization of MSCs [191]. At the submicron scale, roughness
values around 150 nm - 450 nm have been shown to stimulate the adhesion and
osteogenesis of osteoblasts and MSCs [199, 200]. By comparison, macroscale
roughness (1050 nm) tend to attenuate the osteogenic mineralization of MSCs
[199] and the formation of focal adhesions in osteoblasts (R, = 2.190 - 3.400
pm) [203]. Substrate stiffness and topographies can induce intracellular tension
by promoting the polymerization of actin and increasing actomyosin forces [204,
205]. Increasing the stiffness of the substrate activates RhoA/ROCK signaling
pathways, leading to the enhanced osteogenesis of hMSCs [205, 206].

The presence of stretch and tension in the osteoblast cytoskeleton leads to the
activation of the mechanocoupling phase [197] and is a messenger of the mechan-
otransduction process [207]. A direct mechanotransduction pathway may be ac-
tivated by the S3 pattern via integrin clustering, followed by signal transduction
through the cytoskeleton elements toward the nucleus where mechanoactuators
activate the mechanosensitive genes. These mechanotransduction pathways in-
clude kinase pathways that involve the phosphorylation of kinase proteins, such
as focal adhesion kinase (FAK) and subsequent upregulation of late osteogenic
markers, such as OPN gene in preosteoblasts [197, 208]. Further research is re-
quired to gain insights into the mechanotransduction pathways activated by such
a patterned surface.
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Figure 4.6: OPN expression in the MC3T3-E1 matrix after 21 days of culture.
The experiments were performed under both osteogenic (a, ¢) and non-osteogenic
(d, e) conditions. (b) expression of OPN on the flat control in both osteogenic and
non-osteogenic media. (f) The response of the preosteoblast cells as a function

of the height and interspacing of the pillars s (* p < 0.05, ** p < 0.01, *** p <
0.001).

4.4. Conclusions

We performed a systematic study on the effects of the design parameters of 3D
printed submicron pillars on the response of preosteoblasts from initial adhesion to
the formation of the extracellular matrix. This included single-cell measurement
of the adhesion parameters (i.e., adhesion force and work of adhesion), a study
of cell morphology and cytoskeletal organization, mapping of the elastic modulus
within individual cells, and expression of late osteogenic markers (i.e., OPN). The
adhesion of cells and subsequent formation of FAs were positively modulated by
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the surface topography only when the pillars were tall and dense enough, in which
case the cells settled onto the surface in the “top state”. Furthermore, the cells
interacting with tall and dense pillars were characterized by numerous thick actin
stress fibers in the perinuclear region and upregulation of OPN. Our findings reveal
previously undocumented mechanistic pathways through which submicron pillars
with specific geometries and spatial organizations initiate a cascade of events that
regulate the cell response starting from initial adhesion and continuing all the
way to matrix mineralization. These findings pave the way towards the discovery
of early and quantifiable markers capable of predicting the osteogenic potential
of biomaterials. This improved understanding of how the design parameters of
submicron pillars influence the bone tissue regeneration process could inform the
future designs of instructive surfaces, thereby enhancing the osseointegration of
future orthopedic implants.
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3D Printed Submicron Patterns Orchestrate the
Response of Macrophages

The surface topography of engineered extracellular matrices is one of the most
important physical cues regulating the phenotypic polarization of macrophages.
However, not much is known about the ways through which submicron (i.e.,
100-1000 nm) topographies modulate the polarization of macrophages. In the
context of bone tissue regeneration, it is well established that this range of
topographies stimulates the osteogenic differentiation of stem cells. Since the
immune response affects the bone tissue regeneration process, the immunomod-
ulatory consequences of submicron patterns should be studied prior to their
clinical application. Here, we 3D printed submicron pillars (using two-photon
polymerization technique) with different heights and interspacings to perform
the first ever systematic study of such effects. Among the studied patterns,
the highest degree of elongation was observed for the cells cultured on those
with the tallest and densest pillars. After 3 days of culture with inflammatory
stimuli (LPS/IFN-v), sparsely decorated surfaces inhibited the expression of the
pro-inflammatory cellular marker CCR7 as compared to day 1 and to the other
patterns. Furthermore, sufficiently tall pillars polarized the M1 macrophages
towards a pro-healing (M2) phenotype, as suggested by the expression of CD206
within the first 3 days. As some of the studied patterns are known to be os-
teogenic, the osteoimmunomodulatory capacity of the patterns should be further
studied to optimize their bone tissue regeneration performance.

Published as: Nouri-Goushki, Mahdiyeh, et al.,
73D Printed Submicron Patterns Orchestrate the Re-
sponse of Macrophages”, Nanoscale, 2021, 13, 14304~
14315,https://doi.org/10.1039/D1NRO1557E.
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5.1. Introduction

The successful integration of the biomaterials within their host tissues is medi-
ated by immune responses [209, 210]. The core regulators of the immune re-
sponses are macrophages, which play a major role in host defense and bone tissue
healing [211, 212]. The behavior of these cells is known to be modulated by
soluble factors existing in the microenvironment of the host tissue [213]. In the
presence of inflammatory substances, macrophages are activated towards their
pro-inflammatory (M1) phenotype to defend the host against pathogens and in-
flammation [214]. In contrast, pro-healing factors actuate the M2 phenotype by
expressing wound healing cytokines, contributing to tissue repair [215]. While
the effects of soluble factors on macrophage polarization have been studied be-
fore, the mechanisms through which the physical cues of biomaterials influence
macrophage polarization remain largely elusive [216].

Among physical cues, those associated with the surface topography of im-
plants are known to be capable of eliciting a favorable immune response [37, 217].
Other studies have shown that the features of implant surfaces affect the trade-
off between M1/M2 phenotypic polarization at the early stages of bone formation
[218, 219]. Topographies that prolonged the expression of the M1 cytokines caused
chronic inflammation while a timely switch to the M2 phenotype promoted the
osseointegration of the implant [218-222]. Recent studies suggest that submicron
and nanoscale topographies could better regulate the pro-healing response than
microscale topographies [223-225] since the size of the receptor of cells is in the
nanoscale range [226]. However, the role of the dimensions of submicron (100
— 1000 nm) features on the polarization states of macrophages remains poorly
understood. That is partially due to the difficulties associated with the fab-
rication of surfaces with precise micro-/nanoscale surface ornaments. Advanced
micro- and nanofabrication techniques, such as 3D nanoprinting (e.g., two-photon
polymerization (2PP) [40, 125], electron beam induced deposition (EBID) [227]),
and lithography-based techniques (e.g., electron beam lithography (EBL) [228],
nanoimprint lithography (NIL) [229], and focused ion beam lithography (FIBL)
[230]), that have been relatively recently applied for biomedical applications [210],
have offered a path forward.

The study of the effects of submicron and nanoscale topographies on modulat-
ing the immune response is often performed with the ultimate aim of enhancing
osteogenesis [14, 231]. The osteoimmune response triggered by disordered pat-
terns [29], pores [232], tubular motifs [233], and groove-like [234] features have,
therefore, been investigated both in wvivo [233] and in vitro [29, 232, 234]. For
example, titanium implants covered with semispherical nanoprotrusions (diame-
ter: 80 nm, interspacing: 165 nm) fabricated by colloidal lithography are found
to hinder the initial inflammatory cytokines and enhance the osteogenic response
in vivo [235]. However, there is still a lack of information on whether pillar arrays
in the submicron range (4.e., 100 nm - 1000 nm) promote osteoimmune responses.
In fact, submicron pillars with a diameter of 200 - 300 nm and an interspacing
of 450 - 700 nm (fabricated by NIL and 2PP) are shown to upregulate the os-
teogenic response of human adipose-derived stem cells (hADSCs) in vivo [236] and
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preosteoblast cells in vitro [237] without any osteogenic supplements. However,
systematic studies that reveal the effects of the design parameters of submicron
patterns on the immune response they elicit remain unavailable.

Here, we used an advanced 3D nanoprinting technique (i.e., two-photon poly-
merization) to comprehensively study the effects of the height and spacing of
submicron pillars on the immune response they cause. The cytokines secreted
by a variety of cells in response to infection or tissue damage [238] can influence
the response of macrophages and activate certain signaling pathways [238, 239].
The role of such cytokines in modulating the (osteo)immune response triggered
by submicron patterns have not been studied before. To bridge this knowl-
edge gap, we investigated the morphology and polarization of murine-derived
macrophages interacting with 6 different types of submicron patterns in the pres-
ence of M1-inducing stimuli at multiple time points. Moreover, we explored
whether the proposed submicron pillars dimensions can modulate the polarization
M1 macrophages towards a more favorable pro-healing phenotype. This study was
performed to examine the immunomodulatory potential of the osteogenic pillars
that we have reported recently [237], thereby portraying a more complete picture
of the osteoimmunomodulatory potential of submicron patterns.

5.2. Materials and methods

5.2.1. Fabrication of the patterns

Six different patterns of submicron pillars (diameter = 250 nm, heights = 250,
500, 1000 nm, and interspacing = 700, 1000 nm) were designed in a computer
aided design (CAD) program and were imported into Photonic Professional GT
machine (Nanoscribe, Germany) according to a previously described method [40].
A laser power of 14% and a scanning speed of 1200 pm/s were applied to print
the patterns atop a borosilicate coverslip substrate (Thermo Fisher Scientific,
US) using the IP-L780 resin (Nanoscribe, Germany). The samples were then
developed for 25 min in propylene glycol monomethyl ether acetate (PGMEA)
(Sigma-Aldrich, Germany), rinsed with isopropyl alcohol (IPA) (Sigma-Aldrich,
Germany) for 5 min, and dried with an air-blowing gun. We categorized the
patterns (with a printed area of 500 x 500 ym?) into two groups (i.e., “S” and
“L”). The interspaces between the pillars in groups S and L were 700 nm and
1000 nm, respectively. Each group contained patterns with 3 different heights
(i.e., S1= 250 nm, S2= 500 nm, S3 = 1000 nm). In all experiments, we used
non-patterned borosilicate coverslip as the control group.

5.2.2. Characterization of the patterns

The homogeneity of the patterns was evaluated with an optical microscope (Keye-
nce Digital Microscope VHX-6000, USA). The histograms of the optical images of
html). The coefficient of variation (CV) of pixel intensity, which is defined as
the standard deviation divided by the mean pixel intensity for each histogram
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was calculated to evaluate the uniformity of the patterns. A full geometrical
characterization of the patterns was performed using scanning electron microscopy
(SEM) (Helios Nano Lab 650, FEI, USA). The specimens were gold-sputtered
(coating thickness ~ 5 nm) using a gold-coater (JFC-1300, JEOL, Japan). The
images of the specimens were acquired with a tilt angle of 30°. The images were
further processed in ImageJ to determine the height and diameter of the pillars
(36 - 45 pillars originating from 3 different samples were analyzed for each pattern

type).

5.2.3. Cell culture conditions

A concentration of 7 x 10° cells/mL Murine macrophages (at passage 15, JT74A.1,
Merck KGaA, Germany) were cultured in 75 cm? flasks (Greiner Bio-One GmbH,
Austria) with 20 mL of the Dulbecco’s Modified Eagle’s medium (DMEM: 10%
(v/v) fetal bovine serum and 1% of penicillin-streptomycin, ThermoFisher Scien-
tific, US) and were incubated at 37 °C and 5.0% COz). After 3 days of culture,
the cells were centrifuged and seeded onto the experimental substrates at a con-
centration of 5 x 10% cells/mL. The medium was refreshed every two to three
days.

One day after the seeding of the cells onto the surfaces, the morphologies of
the cells residing on the substrate were investigated with SEM. Towards that end,
the DMEM culture medium was discarded, the specimens were rinsed twice with
PBS, and were consequently fixated in a 4% (v/v) formaldehyde/PBS solution
(PFA, Sigma-Aldrich, Germany) at room temperature for 15 min. The specimens
were then rinsed with distilled water for 5 min and were incubated with 50%,
70%, and 96% ethanol (Sigma-Aldrich, Germany) solutions for 15 min, 20 min,
and 20 min, respectively. The specimens were then allowed to dry overnight at
room temperature, were gold-sputtered for 40 s, and were imaged with SEM.

5.2.4. Cell viability

The viability of macrophages was investigated using a live/dead assay (Ther-
moFisher Scientific, US). After 48 h of seeding, the cells were rinsed with phosphate-
buffered saline (PBS) 10x, PBS 1x, and were incubated in a mixture of 0.1
puL/mL Calcein acetoxymethyl (AM)/PBS, and 1.5 pL/mL Ethidium homod-
imer 1 (EthD-1)/PBS. After 30 min, the solution was replaced with PBS and
the cells were imaged with a fluorescent microscope (ZOE Fluorescent Cell Im-
ager, BioRad, US). EthD-1 dye (in red) binds to the DNA of the cells with a
disrupted membrane, while calcein AM binds to the cellular membrane and can
be transported inside living cells where it becomes green fluorescent after the ace-
toxymethyl is hydrolyzed by intracellular esterases (according to the Thermofisher
guideline).
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5.2.5. Seeding cells on the patterns with inflammatory cytokines

The control groups and patterned substrates were first sterilized with 70% ethanol
followed by rinsing with PBS. Next, a concentration of 5 x 10% cells/mL was
seeded onto the samples, and the cells were incubated in DMEM (37 °C, 5%
CO32). After 6 h of incubation, a concentration of 100 ng/mL of lipopolysaccha-
ride (LPS, Sigma-Aldrich, Germany) and 10 ng/mL of interferon gamma (IFN-v,
Sigma-Aldrich, Germany) were added to the culture medium. The samples were
immunostained on days 1 and 3, followed by imaging with a confocal microscope
(ZEISS LSM 900, Germany).

5.2.6. M1/M2 macrophages controls

A concentration of 5 x 10° cells/mL macrophages (at passage 15) were cultured in
6 well-plate on control samples and were incubated at 37 °C, 5% CO2 in DMEM.
The medium was refreshed after 3 days. The cells were stimulated towards the
M1 phenotype through the addition of 100 ng/mL LPS and 10 ng/mL of IFN-y
to the culture medium for 72 h. For the M2 stimulation, the same cell seeding
procedure was performed and 10 ng/mL of IL-4 (Sigma-Aldrich, Germany) was
added to the culture medium for 72 h before immunostaining analysis.

5.2.7. Immunoassay of IL-10

The expression of mouse interleukin 10 (IL-10) by MO0, M1 and M2 cells was
measured using a Victor X3 microplate reader (PerkinElmer, Groningen, The
Netherlands). We followed the protocol provided by Abcam company (Sim-
pleStep ELISA kit, Abcam, UK). Briefly, after centrifugation, the culture media
of (non)activated cells was diluted with a 50x cell extraction enhancer solution to
reach a 1x solution. 50 pL of the 1x supernatant was then incubated with 50 pL
mixture of mouse IL-10 antibodies (“Capture” and “Detector”) for 1 h at room
temperature. Therafter, the wells were washed three times with 340 uL of 1x
wash buffer (PT, abcam, UK) and 100 pL development solution was then added
to each well and incubated on a plate shaker (400 rpm) at room temperature.
After 10 min, 100 uL of “Stop” solution was added to each well and the OD was
measured at 450 nm.

5.2.8. Griess assay of NO

The secretion of nitric oxide (NO) was measured according to the protocol pro-
vided in the Griess reagent kit (Abcam, US). Briefly, the culture media of (non)ac-
tivated cells was collected and centrifuged for 5 min. 100 pL of the supernatant
was added to each well and then mixed with 100 pL reaction The microplate was
incubated for 10 min at room temperature. Then, the absorbance of wells was
read at the wavelength of 540 nm using the same Victor X3 microplate reader.
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5.2.9. Culturing of M1 stimulated macrophages on the patterns

A similar M1 stimulation protocol (described above) was performed in 75 cm?
flask. A concentration of 7 x 10° cells/mL macrophages (at passage 15) were
cultured in flasks with 20 mL of DMEM and were incubated at 37 °C, 5% COs,
followed by the addition of 100 ng/mL of LPS and 10 ng/mL of IFN-v to the cul-
ture medium and incubation for another 72 h. Three days before immunostaining,
the M1 stimulated cells were seeded on the patterned and control specimens at a
concentration of 5 x 10° cells/mL.

5.2.10. Immunofluorescence imaging

The specimens were washed twice with PBS and were then fixated with a 4% (v/v)
formaldehyde solution for 15 min at room temperature. After another washing
step with PBS, the macrophages were permeabilized through the addition of 0.5%
Triton/PBS (Sigma-Aldrich, Germany) for 15 min at 4 °C. The membrane of the
cells was blocked with 1% bovine serum albumin (BSA)/PBS (Sigma-Aldrich,
Germany) for 5 min at 37 °C. Next, the specimens were overnight incubated
(at 4 °C) in a mixture of the primary antibodies C-C chemokine receptor type
7 (CCR7) and the macrophage mannose receptor (CD206) (both 1:100 in 1%
BSA/PBS, Abcam, UK). After 3 times of rinsing with 0.5% Tween/PBS, the
samples were incubated in the secondary antibodies Alexa-Fluor 488 (1:50 in
1% BSA/PBS, ThermoFisher Scientific, US) and Alexa-Fluor 594 (1:150 in 1%
BSA/PBS, ThermoFisher Scientific, US) for 1 h at room temperature. Finally,
the specimens were washed with PBS and were mounted on microscope glass slides
with 10 pL of Prolong gold (containing 4,6-diamidino-2-phenylindole (DAPI), Life
Technologies, USA). The imaging of stained cells was performed using a confocal
microscope (ZEISS LSM 900, Germany).

5.2.11. Image analysis

We used ImagelJ to analyze the cell area, degree of elongation (DE), and expres-
sion levels of the biomarkers. The fluorescent images were split into single-colored
channels, and the grayscale images were analyzed to quantify the data, as de-
scribed in our previous studies [40, 237]. Here, DE was calculated as the ratios
of the major to the minor axes of the ellipses fitted to single cells. Between 86 -
303 cells were analyzed per experimental group (n = 4). The mean fluorescent
intensity of the biomarkers was quantified for at least 15 cells on day 1 and 50
cells on day 3 within a fixed area of 500 x 500 pm?. Cell clusters were neglected
in all evaluations.

5.2.12. Statistical analysis

The data are presented as mean fstandard deviation (SD). Depending on the
number of the experimental groups being compared, either the Wilcoxon test or
one-way ANOVA followed by the Tukey’s post-hoc analysis were used (software:
R, significance threshold: p < 0.05 ).
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5.3. Results

5.3.1. Characterization of the patterns
5.3.1.1. Microscopic characterization

The microscopic visualization of the patterned surfaces showed different pixel
intensities among specimens (Figure 5.1a, b). The mean pixel intensity of the
patterned areas decreased as the height and density of the pillars increased (Fig-
ure 5.1b, Table 5.1), leading to darker images. The CV was < 10% for all the
patterned surfaces (Table 5.1), indicating the high accuracy and uniformity of the
printed pillars. The dimensions of the pillars were quantified by analyzing the
captured SEM images (Figure 5.1 ¢, d, e). A slight variation (SD =~ 24 nm) in
the diameter of the pillars was observed as compared to the designed value (250
nm) (Figure 5.1d), which could be attributed to the slight fluctuations in the
laser power that the resin receives during the printing process. This laser power
fluctuation led to a slight variation in the height of the pillars compared to design
value (Figure 5.1e).

(a)
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Pillar diameter (nm)
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Pillar height (nm)
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Figure 5.1: The characterization of the submicron pillars. (a) The optical mi-
croscopy images of the patterned area showing the uniformity of the printed pil-
lars. (b) The histograms of the pixel intensity values obtained from the optical
images. (¢) The SEM images of the 6 different types of patterns studied here. (d)
The quantified values of the diameter and (e) height of the pillars.
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Table 5.1: The uniformity of the printed area is reported by the mean and
coefficient of variation (CV) in the pixel intensity of the optical images.

Groups Mean pixel intensity CV (%)
S1 165 +6 4
S2 130 £10 8
S3 100 +9 9
L1 168 +5 3
L2 150 +6 4
L3 124 +8 7

5.3.1.2. Cytocompatibility

The live/dead fluorescence microscopy images of the J774A.1 macrophages cul-
tured on the control (non-patterned glass) and patterned surfaces (S2) (Fig-
ure 5.2a, b) showed that the cells were alive after 48 h of culture on both control
and patterned surfaces. Moreover, the cells were colonized close to the center and
edges of the patterned area, showing the cellular interaction and migration of cells
on the patterns and confirming the cytocompatibility of the IP-L780 material for
this specific cell type.

5.3.2. Macrophages morphology on submicron pillars with(out)
inflammatory cytokines

Two types of macrophage shapes (i.e., round and polarized) were observed on
both the control and patterned surfaces after 1 day of culture (Figure 5.2¢, d)
in the absence of inflammatory cytokines. Furthermore, on the control speci-
mens, the cells appeared well-spread with numerous long cytoplasmic extensions
(Figure 5.2c) whereas on the patterned surfaces, they were shrunk, with short
membrane protrusions attached to the pillars, indicative of a more tense state
(Figure 5.2d). The average area of the cells residing on the different types of
specimens was around 281 - 417 pm?. Furthermore, the largest cells with an
average area of ~ 400 ym? were mainly observed on the denser pillars (S2, S3)
(Figure 5.2e). The DE of the cells cultured on different patterned surfaces was
between 1.6 —2.6. Within 1 day, the cells residing on the tallest and densest pillars
(S3) appeared to be significantly more elongated (DE = 2.6) as compared to the
cells present on the other types of patterned and control surfaces (Figure 5.2f).
In the presence of M1 stimulators, the same mix of cell shapes, namely round
and polarized, were observed on all the patterns and the control surfaces. Also,
no difference in cell area and degree of elongation was observed between different
patterns (Figure 5.2g, h). However, the area of the cells residing on the L2
(473 +£256 pum?) and L3 (612.5 +225 um?) patterns was significantly higher as
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compared with the area of the cells on the control specimens (338 157 pm?)
(Figure 5.2g).
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Figure 5.2: Cell viability and morphology on the patterned surfaces. The
live/dead staining of J774A.1 cells after 2 days of culture on the (a) control and
(b) a representative patterned specimen (S2). The SEM images of the cell-surface
interaction: the different types of cell morphology (MO) observed after 1 day on
(c) a control specimen and (d) a representative patterned surface (S2). The quan-
tification area of (e) non-treated and (g) LPS/IFN-v treated cells residing on the
control and patterned surfaces after 1 day of culture. The quantification of cell
elongation (DE) for (f) non-treated and (h) LPS/IFN-v treated macrophages on
the control and patterned surfaces after 1 day of culture (* p < 0.05).
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5.3.3. Macrophage polarization on submicron pillars

We first analyzed the effect of cytokines, LPS/TFN-v (for M1 phenotype), and
IL-4 (for M2 phenotype) on the polarization and morphology of macrophages
cultured on the control specimens (Figure 5.3a-f). After three days, the acti-
vation of M1 cells was examined by a pro-inflammatory (M1) surface marker,
CCRYT and secretion of NO (Figure 5.3a, b). A considerable amount of NO was
expressed by M1 cells (Figure 5.3b), showing the presence of an inflammatory
microenvironment [240]. On the other hand, the orange color in M2 cells (Fig-
ure 5.3a) showed both CCR7 and CD206 markers (the latter being representative
of pro-healing (M2) phenotype). To check the activation of M2 cells, we have
measured the expression of an M2-prohealing cytokine, interleukin-10 (IL-10).
IL-10 was significantly upregulated in the M2 cells (Figure 5.3c), indicating the
anti-inflammatory microenvironment [241]. After 3 days of stimulation, the mor-
phology of the cells stimulated to the M1 phenotype (referred to as the M1 cells)
was markedly different from that of the cells stimulated to the M2 phenotype
(referred to as the M2 cells) (Figure 5.3a, d, €). M1 cells exhibited an elongated
(DE = 3.3 £2) and spread morphology with a significantly larger area (=~ 3133
41667 um?) (Figure 5.3a, d, €) than the M2 cells, which were rounder (DE ~ 1.8
4+0.8) and smaller in area (= 398 +157 um?) (Figure 5.3a, d, ¢). The polarization
state of the cells on the flat control surfaces was evaluated on day 1 and day 3
using the CCR7 and CD206 surface markers (Figure 5.3f). The cells stimulated
with LPS/IFN-~v secreted noticeably higher levels of CCR7 on day 3 as compared
to day 1 (Figure 5.3f). However, the expression of CD206 was relatively low on
both days and did not change over time (Figure 5.3f).

After 1 day of cell culture on the patterned surfaces without any inflamma-
tory cytokines, the expression of CCR7 was significatly enhanced with the height
of the pillars but not with their interspacing, indicating that pillars taller than
500 nm (S2, S3, L2, L3) tend to stimulate the pro-inflammatory phenotype (Fig-
ure 5.3g). In comparison, the expression of CD206 remained at the same level
on the various patterned surfaces and was lower than the control specimens (Fig-
ure 5.3j). By the addition of the LPS/IFN-~ to the culture medium, both markers
seem to be downregulated after day 1 (Figure 5.3h, k). When comparing different
patterns, for CCR7 (Figure 5.3h), the effects of pillar height was still present but
the interspacing also showed an effect on the expression of CCR7. More specifi-
cally, the taller pillars with a larger interspacing (L2, L3) significantly promoted
the expression of CCRY relative to the corresponding denser patterns (S2, S3),
indicating a pro-inflammatory response induced by these patterns in the presence
of inflammatory stimuli (Figure 5.3h).
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Figure 5.3: (a) The immunofluorescent images of LPS/IFN-vy and IL-4 treated
macrophages stained for CCR7 (M1 phenotype in red) and CD206 (M2 phenotype
in green) after 3 days of culture on the control substrate. (b, ¢) Expression of NO
and IL-10 in MO, M1, and M2 activated cells. (d) The area and (e) elongation
degree (DE) of M1 and M2 stimulated cells after 3 days of culture on the control
surface. (f) Secreted markers in LPS/IFN-v treated cells after 1 and 3 days of
culture on the control surface. The expression level of (g) CCR7 and (j) CD206
in macrophages cultured on the patterned surfaces for 1 day (relative to cells
cultured on the control surface). (h, i) The expression level of CCR7 and (k, 1)
CD206 in LPS/IFN-v treated cells cultured on the patterned surfaces for 1 and 3
days, respectively. (relative to cells residing on the control surface) (* p < 0.05).
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Increasing the time of cell culture to 3 days in the presence of LPS/IFN-y
(Figure 5.3i and 3l) changed the expression levels of the two markers. Thus, for
the CCRT the trend reversed as the levels increased on S1-S3 patterns relative to
day 1 while on L1-L3 patterns the levels were not really changing with time. This
finding indicates the potential of the L1-L3 patterns to inhibit the M1 polarization
of macrophages with time (Figure 5.3i). In such an inflammatory environment, an
insignificant difference in the amount of CD206 was observed between cells that
resided on different submicron pillars (Figure 5.31). A statistically significant
difference was observed between L1 and S1 patterns.

In summary, during the 3 days of culture in medium containing pro-inflammat
ory stimuli (LPS/IFN-7) the pillars with a height of 500 and 1000 nm, and an
interspacing of 1000 nm (L2, L3) inhibited the expression of CCR7 M1 marker
and promoted the M2 CD206 marker by the macrophages. By comparison, the
corresponding denser patterns (S2 and S3) stimulated the expression of both
markers during the 3 days of culture.

5.3.4. Morphology and polarization of M1 macrophages on
submicron pillars

To better delineate the effects of the patterns on macrophage polarization, the
starting cells were first stimulated to M1 and then cultured on the patterns and
the control surfaces for 3 days (Figure 5.4a). The average area of the cells cultured
on the patterned surfaces and control specimens was in the range of 280 - 560
pm? (Figure 5.4b). Furthermore, a wider distribution of the cell area was observed
on the patterns with a larger interspace (L series) (Figure 5.4b). Moreover, the
average DE of the cells residing on different patterned surfaces and control samples
was in the same range (i.e., 1.4 — 2), indicating two types of cell shapes (i.e., round
and polarized) on the different surfaces. Furthermore, both surface phenotype
markers (i.e., CCR7 and CD206) were expressed in both populations: CCR7 (in
red) was observed at the boundary of the cells while CD206 (in green) was detected
at the center of the cells and around the nucleus (Figure 5.4a). The fluorescence
signal of CCR7 remained similar across all the experimental groups, which was
almost twice as much as the control specimens (Figure 5.4d). The expression of
the M2 marker (CD206) was also upregulated in the macrophages cultured on all
six types of patterned substrates as compared to the control specimens but more
differences were observed between the various patterns. The height of the pillars
was correlated with the levels of the CD206 expression by the cells cultured on the
densely patterned surfaces (i.e., S series). The interspacing of the higher pillars
did not change the expression level of CD206 (Figure 5.4e). For example, similar
levels of CD206 expression were observed on (S2 and L2) and (S3 and L3). In
summary, these results indicated that the patterns modulated the polarization
of M1 macrophages after 3 days of culture and that the effective sizes for the
height and interspacing of submicron pillars to promote the polarization of M1
macrophages towards a prohealing M2 phenotype are 500 and 1000 nm, and 700
and 1000 nm, respectively.
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Figure 5.4: (a) The fluorescent images of immunostained M1 stimulated
macrophages for CCR7 (red) and CD206 (green) after 3 days of culture on the
control and a representative pattern (S3). (b) The cell area and (c) degree of
elongation (DE) of the M1 cells cultured on patterned and control surfaces. The
expression level of (d) CCR7 and (e) CD206 in the M1 cells cultured on patterned
surfaces for 3 days (relative to the control surfaces). (f) The expression of OPN
in preosteoblasts after 21 days of culture on the patterns [32] and that of CD206
in M1 cells residing on the patterned surfaces for 3 days. The averaged mean
fluorescence intensity (MFT) of the CD206 is reported (* p < 0.05).

In the in vivo microenvironment of tissues, cytokines can be secreted naturally by
a variety of cells in response to infection or cellular damage [238]. For example, the
type II activated murine macrophages secrets IL-4 [242], and human macrophages
produces IFN-« [243]. These cytokines are known to manipulate the macrophages
morphology and activation through binding to cell receptors and consequently
transducing signals to the nucleus [238, 239]. Studying the role of submicron
pillars on the macrophage phenotype in the presence of the critical cytokines
mediators is of crucial importance and has not been investigated before.

Although the effects of surface topography on the behavior of macrophages
have been extensively studied in the literature, there is limited information on
how surface topographies modulate both the osteogenic and immune responses.
Most current topographies are being assessed only for one cell type, either immune
[218, 221, 224] or osteogenic [226]. A potent physical cue should be capable of
modulating immunogenic response without affecting the osteogenic activity but
rather promoting it. In the context of osteoimmunomodulatory biomaterials,
mainly macrophage conditioned medium was used for osteoblasts differentiation
[244]. However, both macrophages and osteoblast are in direct contact with the
biomaterials in vivo.
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We systematically studied the role of the design parameters of 3D printed
submicron pillars on the morphology and polarization of macrophages in dif-
ferent testing conditions: 1. in the presence of inflammatory stimuli added in
the medium and 2. using M1 phenotype cells. When macrophages were cul-
tured with LPS/IFN-v (inflammatory stimuli) on the control specimens, a longer
culture time (3 days) was required for an effective polarization towards M1 (a
pro-inflammatory response) (Figure 5.3f). Moreover, the M1 phenotype was as-
sociated with a highly elongated and more spread shape, which is in line with
the observations reported in previous studies [245]. The same transition time
point (i.e., 3 days) was observed for the cells cultured on submicron pillars in the
presence of LPS/IFN-v. In this condition, cells residing on the shortest pillars
(L1) expressed higher CD206 relative to the ones settling on the corresponding
pattern with smaller interspace (S1) (Figure 5.31). Although the expression of
CD206 on the other patterns did not change significantly after 3 days of culture
with LPS/IFN-v (Figure 5.31), the pillars with a larger interspacing (i.e., L series)
inhibited the secretion of the M1 marker in the presence of inflammatory stimuli
(Figure 5.3i). Interestingly, when M1 macrophages were cultured on submicron
pillars (Figure 5.4), the polarization towards the M2 phenotype was stimulated by
the tallest pillars (S3, L3) (Figure 5.4e), while no visible changes in the area and
elongation of the cells residing on different patterned surfaces were observed (Fig-
ure 5.4c). A possible reason might be the increase in the surface hydrophilicity
with increasing the height of the pillars which we observed in our previous study
[237]. Surface hydrophilicity steers the polarization of the macrophages towards
an anti-inflammatory response by mediating the adsorption of fibronectin and
fibrinogen proteins [246]. Macrophages adhered on a hydrophilic surface interact
with the absorbed fibronectin through integrin S1 which in turn enhances the
phosphorylation levels of phosphoinositide 3-kinase (PI3K) and serine/threonine
kinase (Akt) and consequently enhances the secrtion of anti-inflammatory cy-
tokines and M2 surface markers (e.g., CD206) [246, 247].

In a previous study [32], we evaluated the expression of OPN on the same
6 patterned surfaces. We found that taller and denser pillars (S3) stimulate the
expression of OPN in both osteogenic and non-osteogenic conditions. Our re-
sults, here, reveal the role of interspacing in suppressing the pro-inflammatory
phenotype of macrophages in the presence of LPS/IFN-vy (potent patterns: L2
and L3 patterns) as well as the role of the pillar height in promoting the po-
larization of M1 macrophages towards a pro-healing phenotype (potent patterns:
S3, L3 ). Therefore, in the submicron range, sufficiently tall pillars could have
osteoimmunomodulatory properties (Figure 5.4f).

Unraveling the role of ECM topographies in the polarization of macrophages
has motivated researchers to use patterning techniques for the development of
ECM-mimicking implant surfaces. The surface topography of implants influences
the adhesive interactions [51], cell morphology [52, 53] and gene expression [54-56]
of the cells that come into contact with them. The type and dimensions of sur-
face features play a crucial role in modulating the response of both immune (e.g.,
monocytes and macrophages) [57] and bone (e.g., osteoblasts and osteoclasts)
cells [58] existing in the tissue microenvironment. Submicron-/nanofeatures are
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known to more effectively influence the response of cells as compared to microfea-
tures. That is often attributed to their size, which is closer to the cell receptors
[11, 26]. Given the fact that multiple cell types are present in the extracellular
microenvironment and that they respond differently to topographies as well as
existing cytokines in their surroundings, it is crucial to precisely control and care-
fully optimize the dimensions of micro-/nanofeatures present on implant surfaces
[26].

5.5. Conclusions

For the first time, we investigated the effects of the height (250 — 1000 nm) and
interspacing (700 nm, 1000 nm) of 3D printed submicron pillars on the response
of murine macrophages (J77A.1) in the presence of soluble inflammatory factors
(LPS/IFN-v). Driven by the advances in nanofabrication techniques, we produced
submicron pillars with high accuracy in a single-step procedure. The cytocompat-
ibility of the material from which the patterns were made was confirmed in our
experiments. Both round and elongated cells were observed on the patterned and
control surfaces. The M1-stimulated cells were significantly larger in their area
and degree of elongation than the M2-stimulated cells. Furthermore, the proposed
submicron pillars modulated the macrophage responses even in the presence of
LPS/IFN-v. In this condition, the patterns effects also changed over time: on
day 1, pillars with a higher (lower) pillar density impeded (boosted) the expres-
sion of the pro-inflammatory marker, while opposite results were observed on day
3. Moreover, in the absence of inflammatory solubles, the tallest pillars with
higher pillar densities encouraged a switch of M1 macrophages to the pro-healing
M2 phenotype after 3 days and improved the osteogenic activity of preosteoblast
cells. This work provides the basis for future exploration of the osteoimmunomod-
ulatory phenomena that are associated with submicron topographies and are of
relevance for the development of orthopedic implants.
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Osteoimmunomodulatory Potential of 3D Printed

Submicron Patterns Assessed in a Direct Co-culture
Model

Modulation of the immune response following the implantation of biomaterials
can have beneficial effects on bone regeneration. This involves complex inter-
actions between the inflammatory and osteogenic cells. Therefore, the study of
cell-cell interactions using direct co-culture models integrated with biomaterials
is of great interest. In this chapter we studied the viability, morphology, and
osteogenic activity of preosteoblasts (OBs) co-cultured with pro-inflammatory
macrophages (M1s) on the (non)patterned surfaces. OBs and Mls remained
alive and proliferated actively for 14 days in the mixture of DMEM and a-MEM
(1:1), regardless of the cell ratio in the co-cultures. The spatial organization of
the two types of cells changed with the time of culture from an initially uniform
cell distribution to the formation of a thick sheet of OBs covered by clusters
of Mls. On day 7, the expression of PGE2 and TNF-a were upregulated in
the co-culture relative to the mono-culture of OBs and M1s. The inflammation
decreased the differentiation and matrix mineralization of OBs after 28 days of
culture. Interestingly, the incorporation of 3D printed submicron pillars into
the direct co-culture model enhanced the differentiation of preosteoblasts, as
revealed by relatively higher RUNX2 expression. Our findings highlight the im-
portance of direct co-culture models and the role of submicron patterns in the
osteoimmunomodulation process.

Under review: Nouri-Goushki, Mahdiyeh, et al. "Osteoimmunomodulatory Potential of
3D Printed Submicron Patterns Assessed in a Direct Co-culture Model”
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6.1. Introduction

Upon implantation, biomaterials invariably elicit an inflammatory response. The
properties of the implanted biomaterials may affect the type, severity, and evo-
lution of the inflammatory response [248]. Recently, there has been increasing
evidence suggesting that biomaterials can actively modulate the response of in-
flammatory cells with potentially favorable effects on osteogenesis [249]. Such an
osteoimmunomodulatory (OIM) process involves complex surface-cell and cell-cell
interactions that require suitable in vitro cell culture models to be studied [248].

Among the various kinds of cells involved in OIM, macrophages play a major
role. Since both pro-inflammatory (M1) and pro-healing (M2) phenotypes can
be observed in macrophages, a timely M1-to-M2 switch is required to prevent
acute inflammation and promote tissue healing [249]. The specific molecules se-
creted by M1/M2 macrophages, such as transforming growth factor 8 (TGF-3),
prostaglandin E2 (PGE2), and tumor necrosis factor o (TNF-«) can influence
the fate of bone cells [249]. TNF-a has been shown to hinder the differentiation
of preosteoblast cells (OBs) by binding to TNF-« receptors in OBs [250] and
suppressing the level bone morphogenetic protein 2 (BMP2) [251, 252]. Further-
more, a high concentration of TNF-« in conditioned medium (CM) is reported
to enhance the production of PGE2 in preosteoblasts, thereby promoting bone
resorption [253]. At physiological concentrations, however, the matrix mineral-
ization by mesenchymal stromal cells (MSCs) has been shown to be upregulated
in the presence of four inflammatory cytokines, namely TNF-a, IFN-~, IL-17, and
TGF-f [254]. Under such physiological conditions, TNF-« activates the NF-xB
pathway, consequently promoting the expression of osteogenic proteins, such as
BMP2 and ALP [11, 254-256]. The influences of inflammatory cytokines on bone
regeneration are, therefore, sensitive to both dose and time [254]. Unraveling
the landscape of such dependencies requires co-culture models that are geared
towards the study of such OIM responses.

Indirect and direct co-culture models are currently being used to study OIM
[257]. In indirect co-culture models, either the target cells are exposed to the
conditioned media of the other cell type [213] or a barrier, such as a membrane
[258], hydrogel [259], or transwell systems [260], is used to physically separate the
different cell types [29, 213]. This type of models have been most widely used due
to their simplicity and effectiveness in studying paracrine signaling pathways [213].
Indirect co-culture models, however, exclude any direct communications between
different cell types. Furthermore, it is difficult to reproduce the concentration of
secreted factors in the conditioned medium [29, 257]. In direct co-culture models,
different cell types can be seeded simultaneously or in sequence [257]. Direct
co-culture models can, therefore, more closely resemble the in vivo conditions.
Nevertheless, distinguishing the function of each cell type is more complicated in
such models and the distributions of all cell types need to be controlled [257].

Direct co-culture studies of the interactions between macrophages and (pre)ost
eoblasts/MSCs in the presence of biomaterials are currently very limited [261,
262]. In one such study, the adhesion of osteoblasts on the titania surface is
found to be inhibited in direct co-culture with macrophages [262]. The same study




Chapter 6: Osteoimmunomodulatory Potential of 3D Printed Submicron Patterns
Assessed in a Direct Co-culture Model

found that titania surfaces coated with non-mulberry silk fibroin enhance the min-
eralization of osteoblasts and reduce the expression of the inflammatory cytokine
TNF-« in macrophages [262]. Surface topographies can provide physical cues that
have been found to affect the paracrine interactions of MSCs with macrophages
[261]. For example, MSCs seeded on microporous topographies (2 ym < pores
diameter < 25 pm) have been shown to promote the level of anti-inflammatory
cytokines (IL-10) in macrophages and attenuate the activity of bone resorption
mediators [261]. However, the effects of 3D printed submicron pillars on the os-
teogenic differentiation of preosteoblasts directly co-cultured with macrophages
have not been studied yet. In this chapter, we first established a direct co-culture
model and used it to investigate the interactions between murine M1 macrophages
(J774A.1) and murine preosteoblasts (MC3T3-E1) at various cell ratios and over
different culturing times. The direct co-culture model was then applied to study
the influences of 3D printed submicron pillars on both types of cells.

6.2. Materials and methods

6.2.1. Cell preculture

6.2.1.1. Macrophages preculture and polarization

Murine macrophages (J774A.1, passage 15, Merck KGaA, Germany) were incu-
bated in 75 cm? flasks (1 x10% cells/cm?) (Greiner Bio-One GmbH, Austria)
containing 10 mL Dulbecco’s Modified Eagle’s medium (DMEM: 10% (v/v) fe-
tal bovine serum and 1% penicillin-streptomycin, ThermoFisher Scientific, US).
The culture medium was refreshed every 2-3 days until the cells reached conflu-
ency. Confluent cells, at a density of around 1 x10° cells/cm?, were stimulated
towards the pro-inflammatory phenotype (M1s) by the addition of 100 ng/mL
LPS (Sigma-Aldrich, Germany) and 10 ng/mL IFN-vy (Sigma-Aldrich, Germany)
for 3 days [263]. Polarization towards anti-inflammatory cells (M2s) was stimu-
lated by adding 10 ng/mL IL-4 (Sigma-Aldrich, Germany) for 3 days [263]. Next,
(non)polarized macrophages were scraped and seeded alone or with OBs on the
substrates. Day 3 of M1 polarization is considered as day 0 in experiments that
the M1 cells co-cultured with osteoblasts. Unstimulated macrophages (MO0) (Fig-
ure 6.1a) were used as a control group.

6.2.1.2. Preosteoblasts preculture

Murine preosteoblasts MC3T3-E1 (OBs; passage 13) were incubated in a 25 cm?
culture flask (5 x103 cells/cm?) in alpha Minimum Essential Medium (aMEM;
ThermoFisher Scientific, US) without ascorbic acid (AA) but supplemented with
10% FBS and 1% pen-strep. The culture medium was refreshed every 2-3 days
until confluency was reached. Next, the osteoblasts were trypsinized and seeded
alone or with macrophages subsets.
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6.2.2. Direct co-culture of macrophages and OBs

Co-cultures of OBs and M1s at the ratio of 1:1 (CO11) and at the ratio of 1:2
(CO12) were studied in a direct co-culture system. For CO11 co-cultures, 5 x 103
cells/cm? of OBs were mixed with 5 x10 cells/cm? M1s and seeded simulta-
neously in a 48-well plate in mixed medium («MEM: DMEM (1:1), 10% FBS,
and 1% pen-strep). The cells were incubated at 37 °C and 5% COz. For the
CO12 co-cultures, 5 x10? cells/cm? OBs were mixed with 10* cells/cm? M1s and
were cultured in «MEM:DMEM (1:1) under similar conditions. As controls, MOs,
Mis, M2s, and OBs (5 x103 cells/cm?) were seeded in the mixed medium. After
2 days, the mixed medium was supplemented with 50 pg/mL AA (Sigma-Aldrich,
Germany) and 4 mM S-Glycerolphosphate (8-GL; Sigma-Aldrich, Germany) to
induce osteogenic differentiation. The culture medium was refreshed every 2-3
days until day 14.

6.2.3. Direct co-culture of M1s and OBs on the patterned
surfaces

6.2.3.1. 3D printing of submicron pillars

A Nanoscribe Photonic Professional GT laser lithography system (Nanoscribe,
Germany) working on the basis of two-photon polymerization was used to fabri-
cate the patterns. The general writing language (GWL) file of the designed pillars
(diameter = 300 nm, height = 500 nm, and interspacing = 700 nm) was prepared
as previously described [40, 125, 237]. A curable acrylate-based photosensitive
resin, namely IP-L780, was polymerized under the exposure of an infrared laser
beam, and submicron pillars were fabricated using a previously described proto-
col [263]. After polymerization, the samples were immersed in propylene glycol
monomethyl ether acetate (PGMEA) (Sigma-Aldrich, Germany) for 25 min fol-
lowed by 5 min rinsing with isopropyl alcohol (IPA) (Sigma-Aldrich, Germany)
and blow-drying with air.

The dimensions of the pillars was characterized by scanning electron mi-
croscopy (SEM) (Helios Nano Lab 650, FEI, USA). A gold-coater (JFC-1300,
JEOL, Japan) was used to sputter a thin layer of gold (layer thickness ~ 5 nm)
on the specimens before imaging.

6.2.3.2. Cell seeding on the submicron pillars

The patterned samples were disinfected with 70% ethanol (Sigma-Aldrich, Ger-
many) followed by rinsing twice with 1x phosphate-buffered saline (PBS) (Ther-
moFisher Scientific, US). OBs and CO12 co-cultures were prepared as mentioned
earlier and were seeded on the sterile patterned substrates (referred to as OBp
and CO12p hereafter) and non-patterned control surfaces (referred to as OB and
CO12 hereafter). In the mono-cultures, 5 x10% cells/cm? of OBs were seeded
on the patterned and control surfaces. In the co-cultures, 5 x103 cells/cm? OBs
and 1 x10* cells/cm? Mls were cultured on the specimens. A mixed medium
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of aMEM:DMEM (1:1, supplemented with AA and 8-GL) was used, which was
refreshed every 2-3 days.

6.2.4. Cytokines profile

The secretion of cytokines by the macrophages (M0s, M1s, and M2s) in response
to the stimulating factors and preosteoblast cells were measured using a VICTOR
X3 Multimode Plate Reader (PerkinElmer, Groningen, The Netherlands) on days
0, 1, 3, and 7. The amount of TNF-«, IL-10, and PGE-2 expressed in the su-
pernatant of cells was measured by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s protocol (Abcam, UK). A mixed culture medium
was used as a control. Each experimental condition was repeated 4 times (n =
4).

6.2.5. Cells viability

The viability of cells in both mono and co-culture conditions was measured by a
LIVE/DEAD™ Viability /Cytotoxicity Kit (ThermoFisher Scientific, US) on days
3, 7, 10, and 14. In short, 48-well plates containing mono- and co-culture cells
were retrieved from the incubator and were washed with 1x PBS (ThermoFisher
Scientific, US) and 1x PBS. Next, a live/dead solution of 2 uM calcein AM and
3 uM EthD diluted in PBS were added to the OB, CO11, and CO12 cultures.
For MOs, M1s, and M2s, a live/dead solution of 0.8 uM calcein AM and 3uM
EthD was used. The samples were incubated at 37 °C for 30 min. Subsequently,
the solution was discarded and was replaced by 1x PBS. Fluorescent images were
taken with a ZOE Fluorescent Cell Imager (BioRad, US) at 5 random locations.
For each condition, four different samples were analyzed (n = 4).

6.2.6. Osteogenic and mineralization markers

6.2.6.1. RUNX2 staining

The effects of the M1 cells and patterned surfaces on the osteogenic of pre-
osteoblasts were assessed using Runt-related transcription factor (RUNX2) and
alkaline phosphatase (ALP) assays. For RUNX2, the cells were washed twice
with 1x PBS and were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich,
Germany) for 15 min at room temperature. After rinsing twice with 1x PBS, the
cells were permeabilized with 0.5% Triton/PBS (Sigma-Aldrich, Germany) for 5
min at 4 °C and then blocked with 1% bovine serum albumin in PBS (BSA/PBS;
Sigma-Aldrich, Germany) for 5 min at 37 °C. Primary rabbit RUNX2 antibody
(Abcam, UK) was diluted in BSA/PBS (1:250) and was added to the wells. After
1 hour incubation at 37 °C, the cells were rinsed 3 times with 0.5% Tween/PBS
(Sigma-Aldrich, Germany). Alexa 488 donkey anti-rabbit (ThermoFisher Scien-
tific, US) was added to the wells as a secondary antibody in 1% BSA /PBS (1:200),
which were then incubated for 1 hour at room temperature. Subsequently, the
cells were washed 3 times with 0.5% Tween/PBS (Sigma-Aldrich, Germany) and




Chapter 6: Osteoimmunomodulatory Potential of 3D Printed Submicron Patterns
Assessed in a Direct Co-culture Model

once with 1x PBS. The samples were fixed on a glass slide using Prolong gold an-
tifade reagent (containing 4,6-diamidino-2-phenylindole (DAPI); ThermoFisher
Scientific, US). Fluorescent images were taken using a ZOE Fluorescent Cell Tm-
ager (BioRad, US) at 5 random locations of each sample. For each condition, two
different specimens were analyzed (n=2).

6.2.6.2. ALP activity

The analysis was performed according to the manufacturer’s instruction kit (ALP
Assay Fluoremetric kit, Abcam, UK). Briefly, 100 uL culture supernatant was
collected on days 7, 11, 14, 21, and 28 and was added to a 96-well plate (n =
4/group). The mixed medium was considered as a control sample. Next, 20 pL
of the ALP enzyme solution was added to the standard wells; 20 pL of the ALP
reaction mixture (2 pL of 5mM non-fluorescent 4-methylumbelliferyl phosphate
disodium (MUP) + 18 uL. ALP assay buffer) was added to the specimens and
incubated for 30 min at 25 °C. Next, the stop solution was added to all the
samples. After thorough mixing, the fluorescent absorbance was read (Ex/Em
= 360/440 nm) using a VICTOR X3 Multimode Plate Reader (PerkinElmer,
Groningen, The Netherlands).

6.2.6.3. Alizarin red staining

After 28 days of culture, the samples were washed twice with 1x PBS and were
fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich, Germany) for 15 min at
room temperature. Next, the cells were washed twice with distilled water. A 2%
Alizarin Red S/PBS solution was added to the specimens, which were then shaken
with a thermal shake Lite plate shaker (VWR, USA) at 300 rpm for 20 minutes.
Next, the cells were washed 5 times with distilled water on a plate shaker at 300
rpm for 5 min. At last, the specimens were dried at room temperature and were
imaged with a WIFI digital microscope (Rotek, China) at five random locations
for each specimen. The average mineralized area (%) was reported (n=4).

6.2.7. Image analysis

Image processing was performed using the open-source software FIJI (https://
im\agej.net/software/fiji /downloads). For counting live and dead cells, the living
cells were selected by thresholding the green fluorescent images. The threshold was
altered to fit all the green-stained cells present. The remaining part of the image
was then segmented using the "watershed” function. Finally, all the particles
bigger than the smallest cell present in the image were counted. The dead cells
were counted by applying the same method to the red fluorescent images.
RUNX2 expression was quantified as the sum of the green fluorescence inten-
sity in the cells present in a fixed area (234.4 x234.4pum?). Firstly, the cells were
selected using the same thresholding method as the one applied to the live/dead
images. Secondly, the intensity of the green marker was measured within each
cell. Finally, the results of all the cells were summed up to obtain the total
amount of RUNX2 expression in the area. The mean and standard deviation
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(SD) of the 5 random images were included in the graph. For all the images, the
background noise was measured as well. The mean value of the background noise
was subsequently subtracted from the measured values. In order to quantify the
mineralized area, the bright field images were color thresholded in Fiji (HUE=
0-30, Saturation, 0-255, Brightness 0-255).

6.2.8. Statistical analysis

Data are reported as mean + (SD). One-way ANOVA using the Sidak’s multiple
comparisons test was performed in GraphPad Prism version 8.0.1 for Windows
(GraphPad Software, USA) to analyze the differences between mono- and co-
cultures. For the tests with multiple conditions at multiple days, two-way ANOVA
was used followed by the Sidak’s multiple comparisons test. Probability values
< 0.05 were assumed statistically significant. The outliers in the ELISA results
were removed using the ROUT test with Q = 1%.

6.3. Results and discussion

6.3.1. Macrophage activation

After 3 days of macrophage polarization, elongated and flatter morphologies were
mainly observed for the M1 cells while the M2 cells were less polarized (Fig-
ure 6.1a). Similar morphologies of activated cells have been observed before
[263, 264]. The expressions of TNF-«, PGE2, and IL-10 were measured in the
(non)activated macrophages. The M1 cells expressed significantly higher levels of
TNF-a and PGE2, confirming the pro-inflammatory phenotype of the M1 cells
(Figure 6.1b, ¢) [265]. As expected, IL-10 was predominantly expressed in the M2
cells, which is in agreement with their pro-healing state (Figure 6.1d) [266].

6.3.2. Direct co-culture of M1 macrophages and MC3T3-E1
cells

The viability of MO, M1, M2, OB in mono-culture and of the OB-M1 in co-cultures
(OB:M1= 1:1 1:2, Table 6.1) was very high and constant during the entire 14-
days period of incubation, indicating that the proposed mixed culture medium
provided the needed nutrients for both cell types (Figure 6.2a, b). Finding a
suitable culture medium is essential in the direct co-culture models. Depending
on the type, origin, and ratio of the (pre)osteoblasts and macrophages, different
types of media have been used in previous studies [267-269]. For example, a
mixture of a-MEM and RPMI 1640 (ratio 1:1) was applied for the direct co-
culture of MC3T3-E1 preosteoblasts and murine bone marrow M1, followed by IL-
4 treatment [267, 268]. On the other hand, in indirect co-cultures, the conditioned
medium of macrophages seeded on the biomaterials was used to analyze its effect
on bone cells [270]. However, reproducing the desired level of cytokines in the
conditioned medium is problematic at the first step. It requires further dilution
with a medium suitable for other cell types at the second step, leading to a
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Figure 6.1: Macrophages subsets. (a) Stimulation of macrophages (M0) to M1
and M2. Expression of (b) TNF-a, (c¢) PGE2, and (d) IL-10 in macrophages
subsets (* p < 0.05, ** p < 0.01, ** p < 0.001).

prolonged in wvitro procedure [249]. On the other hand, the advantage of an
indirect model is the flexibility it offers regarding the origin of preosteoblasts and
immune cells. By comparison, cells should be from the same species in direct
co-cultures to prevent unwanted immune reactions that are caused by xenogeneic
cells [14].

After 3 days in mono-cultures, the preosteoblasts adopted a fully spread mor-
phology whereas the M1 cells seemed to show a mixture of M1 and M2 morpholo-
gies in their colonies (Figure 6.2¢). In the co-cultures (CO11 and CO12), the pre-
osteoblasts and the macrophages were clearly distinguishable and seemed to nicely
co-exist. Both M1- and M2-like morphologies were observed with macrophages
appearing smaller and thicker than the preosteoblasts (Figure 6.2¢). After 10
days of culture, thick and dense layers of cells were visible in all the cultures. The
macrophages formed clusters of cells. In the co-cultures, they were present mostly
on top of the preosteoblast cell layer. These results are in line with the live/dead
data, indicating the ability of both cell types to proliferate in the co-culture con-
ditions of this study.

Due to the different types of macrophage morphology observed and the high
cell density, recognizing the dominant phenotype of macrophages was not feasible.
Therefore, we further analyzed the inflammatory cytokines in the culture media.
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Figure 6.2: Cell viability and proliferation in the mono and direct co-cultures.
(a) percentage of living cells on days 7, 10, and 14. (b) Live/dead staining of M1s
and OBs in the mono and co-cultures (CO11 and CO12) after 10 days of culture.
(¢) Morphological arrangement of OBs and M1s after 3 and 10 days of seeding.
White and red arrows indicate M1 and OB cells respectively (* p < 0.05, ** p <

0.01, ¥** p < 0.001).
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6.3.2.1. Inflammatory response

The pro- and anti-inflammatory cytokines secreted in the mono- and co-cultures
were measured to determine whether the M1 macrophages retained their pheno-
type. At 1 and 3 days after seeding, the expression of TNF-« was similar in mono-
and co-cultures (Figure 6.3a), which was threefold lower than the amount of TNF-
a expressed by the M1 cells on day 0 (i.e., day 3 of M1 polarization presented
in Figure 6.1b). Furthermore, the amounts of IL-10 expressed on days 1 and 3
(Figure 6.3b) in all culture conditions were comparable with the levels produced
by the MO cells on day 0 (Figure 6.1d), suggesting that M1 cells switched their
phenotype to MO during the first 3 days of culture. This transition from M1 to
MO phenotype that was observed in both the mono- and co-culture conditions
may be related to the mechanical (scraping) stress that the cells experienced dur-
ing the harvesting procedure [271]. To maintain the phenotypic stability of cells,
the presence of polarization stimuli is required [266, 271]. Interestingly, after 7
days of seeding, we noted a significant boost in the expression of TNF-« in mono-
and co-cultures as compared to days 1 and 3 (Figure 6.3a), verifying the contin-
ued M1 phenotype. The highest level of TNF-a was observed in the co-cultures
(CO11, CO12). The concentration of IL-10 did not change during the first 7 days
of culture, confirming the inflammatory conditions in co-cultures. Although in-
flammatory cytokines are primarily expressed by M1 cells, bone cells (e.g, OBs
and MSCs) are known to produce pro-inflammatory cytokines too. Here, the ex-
pression of PGE2 in OBs increased in the pro-inflammatory environment of day 7
(Figure 6.3c, a). The amount of PGE2 released in the mono-culture was highest
on day 1 and then significantly dropped over time (Figure 6.3c). While the level
of PGE2 in the co-culture (CO11, CO12) was high on day 1, it decreased on day
3 but then rose again on day 7 (Figure 6.3c). The high level of PGE2 on day 1
was most likely caused by the trypsinization of OBs before seeding, which could
quickly stimulate the synthesis of PGE2 [272].

Table 6.1: The density of M1 and OB cells in the direct co-culture model

Groups M1 density (#/cm?) OB density (#/cm?)

M1 5 x103 -
OB - 5 x103
Co11 5 x103 5 x103

CO12 10 x103 5 x103
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Figure 6.3: An enhancement in the inflammatory cytokines on day 7 led to a
decrease in the stodginess’s activity of osteoblasts in the direct co-culture models.
(a) Secretion of pro-inflammatory, TNF-c, (b) anti-inflammatory cytokine, IL-
10, and (c) PGE2 after 1, 3, and 7 days of co-culturing OBs with M1s. (d) The
expression level of RUNX2 and (e) immunostaining of RUNX2 differentiation
marker in OBs co-cultured with M1s. The expression level is normalized to the
expression of RUNX2 in osteoblasts in the mono-culture. (f) ALP activity and
(g) mineralization of osteoblasts in mono and co-cultures over a time span of 28
days (* p < 0.05, ** p < 0.01, *** p < 0.001).
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6.3.2.2. Osteogenic response

We assessed the impact of inflammatory cells on the osteogenic activity of pre-
osteoblasts. On day 7 after seeding, the expression of RUNX2 in the mono-culture
of OBs was two times higher than the one expressed in the co-culture CO12 (Fig-
ure 6.3d), indicating that the inflammatory M1 cells attenuated the differentiation
of preosteoblasts. The ALP activity of OBs on days 21 and 28 was significantly
higher than the level of ALP secretion in the co-cultures (Figure 6.3f). In con-
trast, the ALP activity of preosteoblasts on day 7 and 11 was similar in both
mono- and co-cultures (Figure 6.3f). Furthermore, preosteoblasts deposited a
higher amount of calcium in the mono-culture (Figure 6.3g). The reduced ma-
trix mineralization in the co-cultures can be explained by the increased secretion
of TNF-a and PGE2 after 7 days of culture. The effect of PGE2 on the activ-
ity of preosteoblasts is dependent on the concentration of TNF-« [250, 265]. At
high TNF-« concentrations (i.e., pro-inflammatory conditions), PGE2 stimulates
the activity of osteoclasts, whereas in the presence of low concentrations of in-
flammatory cytokines, PGE2 enhances the proliferation of osteoblasts [250, 265].
Ideally, an M1 to M2 polarization will shift high levels of TNF-alpha towards low
concentrations, and thus an improved osteogenic activity will occur accordingly.
However, we did not observed the M1-M2 polarization in co-cultured samples and
thus prolonged inflammatory response resulted in reduced osteogenesis in CO11
and CO12. The addition of exogenous growth factors to the culture media may
be required to promote OIM [273, 274]. In the presence of biomaterials, surface
modification may help in modulating the response of macrophages and osteoblasts
[258, 275].

6.3.3. Modulation of OIM response via submicron pillars

We further investigated the effect of specific physical patterns on the response
of both types of cells in the co-culture model established above. In our previ-
ous studies, we have extensively examined the effects of the spatial arrangement
of submicron pillars on preosteoblasts [237] and macrophages [263]. Here, we
studied whether submicron pillars can modulate the pro-inflammatory response
observed in the co-culture towards stimulating the osteogenic response. There-
fore, the growth of both cell types (CO12) on the patterned surfaces was assessed
(Figure 6.4a). On day 3 of culture, both macrophages and preosteoblasts were ob-
served on the patterned area (CO12p). M1 macrophages in the co-culture tended
to migrate to the patterned surface. On day 7 of culture, a monolayer of pre-
osteoblasts covered the patterned area and the macrophages, with a dominant
round morphology (indicative of the M2 phenotype [263]), were located on top of
the preosteoblast layer. The level of RUNX2 expression on day 7 was significantly
upregulated on the submicron patterned surface as compared with the flat con-
trol (Figure 6.4b, ¢), indicating the potential of such nano-engineered surfaces to
promote the differentiation of preosteoblast in inflammatory conditions possibly
enabled through M1-to-M2 switching.

The main signaling pathway revealed so far in OIM biomaterials is the TLR4-
NF-xB pathway, in which toll-like receptor 4 (TLR-4) identifies the biomaterials
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and nuclear factor kB (NF-xB) regulates the inflammation and improves bone
regeneration [24]. In the monocultures, titania nanotubes (diameter ~ 78 nm)
suppressed the NF-xB pathway and reduced the inflammation in M1 macrophages
(RAW 264.7) [276]. When macrophages (RAW 264.7) were co-cultured with MSCs
(in transwells), titania nanotubes with a diameter of 110 nm activated the NF-xB
pathway, leading to high inflammation [277]. As a result, MSCs were actively en-
gaged in stimulating prohealing response, leading to higher matrix mineralization
and ALP activity than nanotubes of 30 nm and 70 nm diameter [277].
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Figure 6.4: Submicron patterns upregulated the differentiation of OBs in the
direct co-culture. (a) Interaction of OBs and M1s in the mono and co-cultures on
the patterned and non-patterned surfaces. Black and white arrows indicate M1s
and OBs, respectively. The dotted lines indicate the edge between the patterned
and non-patterned area. (b) The expression level of RUNX2 in the OBs co-
cultured with M1s on the non-patterned (CO12) vs. patterned (CO12p) surfaces.
The expression level is normalized to the expression of RUNX2 in osteoblasts in
the mono-culture. (¢) Immunostained images of RUNX2 expressed in mono and
co-cultures on the patterned and non-patterned substrates (* p < 0.05, ** p <
0.01, *** p < 0.001).

To date, the research on osteoimmunomodulatory biomaterials has been pre-
dominantly performed using indirect in wvitro co-cultures models. This type of
models facilitates assessing the paracrine effects of different cell types while ne-
glecting the effects of direct cell-cell interactions. Using such indirect models, it
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has been found that while nano-engineered topographies may promote the ex-
pression of osteogenic factors (such as BMP2/6) in macrophages, the resulting
conditioned medium containing higher BMPs does not necessarily stimulate the
mineralization of bone marrow-derived mesenchymal stem cells (BMSCs) [29].
Another approach for indirect co-culturing of bone and immune cells utilizes tran-
swell systems that enable the co-culturing of two cell types by separating them
via a membrane [258]. BMSCs seeded on titania nanowires in transwells have
been found to decrease the level of inflammatory cytokines and polarize the M1
macrophages towards an M2 pro-healing phenotype [258]. The titania nanowires
were found to activate the ROCK-mediated cyclooxygenase-2 (COX2) pathway
that modulates the secretion of PGE2, thereby enhancing the osteogenic activity
of the BMSCs [258].

Despite the complexity of direct co-culture models, they are essential to
closely mimic the in wvivo conditions [29]. Although mono-culture and in direct
co-culture models revealed some of the mechanisms behind cells biomaterials inter-
actions [258], the direct interaction between different cell and biomaterials should
be also considered to improve the design of biomaterials for in vivo studies.

6.4. Conclusions

We developed a direct co-culture model incorporating bone and inflammatory cells
to more closely mimic the interaction of those cell types in vivo. The spatial distri-
bution of both cell types was homogeneous until day 3, while from day 7 a layered
distribution was observed with preosteoblasts occupying the space underneath
the macrophages. Although preosteoblasts were cultured with inflammatory M1
cells, we barely observed inflammatory cytokines in the co-culture microenviron-
ment up until day 7, indicating the switch in polarization state from M1 to MO.
On day 7, the high level of PGE2 in the inflammatory condition attenuated the
preosteoblast differentiation, as revealed by a lower level of RUNX2 measured in
the co-cultures as compared to the mono-culture. Consequently, the ALP activ-
ity and mineralization of preosteoblast decreased on day 28 of co-culture. The
integration of submicron pillars in the co-culture system enhanced the differen-
tiation of preosteoblasts, indicating the potential of submicron topographies in
modulating the osteoimmune responses in direct co-culture models.
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7.1. General discussion

From tissue replacement to repair and, more recently, regeneration, the role of
biomaterials is becoming increasingly complex. This is enabled by the advances in
medicine and cell pathophysiology on the one hand and in materials science and
engineering on the other. Particularly, multiscale fabrication and characterization
methods have enabled the conception and creation of new categories of bioma-
terials. In orthopedics, examples include regenerative biomaterials that aim to
treat large bony defects originating from severe trauma injuries, bone tumors, and
non-union fractures. The other examples are the components of joint replacement
implants, including those used for both primary and revision surgeries.

Given the relatively recent findings regarding the function of the immune
system and stem cells in the complex process of bone regeneration, one approach
to improve the performance of regenerative orthopedic biomaterials is to develop
biomaterials with osteoimmunmodulatory properties. To achieve this, the surface
properties of biomaterials can be harnessed, as they significantly influence the
inflammation and subsequent tissue repair phases through direct interactions with
relevant cells and soluble factors.

While surface chemistry is the main focus of most studies performed to date,
surface topography at the submicron and nanoscales provides an alternative route
for controlling the fate of stem/osteoprogenitor and inflammatory cells. The ad-
vantages of surface topography over chemical cues include better stability and
control of the cell-surface interface and the fact that no extra materials are needed,
meaning that there are fewer issues regarding chemical biocompatibility. More-
over, it is possible to incorporate the physical characteristics of the extracellular
matrix into the surface of biomaterials. Designing topographies that can enhance
bone regeneration via OIM, therefore, constitutes a new strategy that can be
used both alone and in combination with surface chemistry in the development
of the generations of regenerative orthopedic biomaterials. However, much re-
search is still needed to understand how such topographies can orchestrate the
response of multiple cell types before we can rationally design OIM topographies.
Towards this aim, in this thesis, several challenges and research questions were
addressed, including the 3D printing of submicron patterns, a study of the effects
of submicron patterns on preosteoblast cells, a study of the immunomodulatory
potential of submicron patterns, and an investigation of the interactions between
preosteoblasts, inflammatory cells, and patterns in a direct co-culture model.

7.1.1. 3D printing of submicron patterns

Although DLW based on 2PP is amongst the most accurate 3D printing tech-
niques for the fabrication of intricate microscale structures for a wide range of
applications [124], there are several challenges that need to be addressed to fur-
ther broaden its applications. These include printing highly uniform submicron
and nanoscale patterns over large areas in a reasonable time and the use of mate-
rials and additives that are compatible with the designed (bio)functionality of the
final product [124]. In this research, several solutions were proposed to address
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these challenges in the context of the specific application at hand (i.e., creating
submicron pillars with controlled height, diameter, and spatial organization on
sufficiently large areas to enable systematic studies with cells).

The selection of an appropriate print configuration, scanning mode, and writ-
ing parameters for the 2PP process was necessary to produce uniform and repro-
ducible submicron patterns. We used two print configurations, namely “DiLL”
and “Conventional”, and succeeded in fabricating reproducible pillars as small
as 160 nm in diameter and 250 nm in height. However, the uniformity and the
printing time depended on the scanning modes (i.e., Galvo or Piezo). The Piezo
scan mode is recommended for fabricating high-resolution structures (a position-
ing accuracy of around 10 nm), while the writing speed in the Galvo scanning
mode (100 - 20000 pm/s using a 63x objective) is much faster than that of the
Piezo (25 - 300 pm/s).

Furthermore, the uniformity of the nanofeatures over a large surface area was
highly dependent on the printing parameters in each scanning mode. When using
the DiLL configuration and Piezo scanning mode, the uniformity of the print
was improved by compensating for the substrate tilt and coating the glass with
ITO [125]. As for the conventional configuration and the Galvo scanning mode,
the area of the writing field played the dominant role in the uniformity of the
patterned area. Since the tilt correction is not supported in the Galvo scanning
mode, reducing the writing field to around 33 pm x33pm diminished the effects
of sample tilt and reduced the print time three folds (as compared to Piezo) [40].

Controlling the dimension of the pillars at the submicron range (i.e., feature
sizes < 1um) is highly challenging in the 2PP technique. In the Piezo writing
mode, the laser power and exposure time are the primary factors influencing the
dimensions of submicron pillars. In the Galvo mode, the laser power was the
most important parameter. Increasing the laser power will increase the size of the
volume surrounding the focal point of the focused laser beam, where the intensity
is sufficiently high to trigger two-photon polymerization. Consequently, the height
and diameter of the pillars increase with the laser power, making it challenging to
keep one dimension constant while varying the other one. Therefore, to control
the dimensions of such small features, the fine-tuning of the printing parameters
in general and the laser power, in particular, is needed. Finally, with a proper
selection of the laser power (i.e., Lp ~ 14% in the DiLL configuration and using the
Galvo scanning mode), we successfully fabricated reproducible submicron pillars
with a minimum diameter of 250 nm, a minimum interspacing of 200 nm (end to
end), and a minimum height of 250 nm.

The integration of nanopillars into microfluidic chips and 3D porous struc-
tures can be used to study bone regeneration. We developed a method to create
microfluidic chips decorated with submicron surface patterns which withstood
flow rates of up to 8 mL/min. In addition, we succeeded in printing submicron
pillars with diameters down to 200 nm and a height gradient on the surface of
our microscaffolds. Shifting between the Galvo and Piezo writing strategies in a
single process enabled these achievements. This approach could create 3D cellular
microenvironments that are more similar to the native ECM or can provide novel
surface physical cues to control cellular functions.
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Our findings showed that the commercial photo-sensitive materials (i.e., IP-
Dip and IP-L780, containing reactive acrylate groups in their structures) are
compatible with hMSCs, preosteoblasts MC3T3-E1, and murine macrophages
J774A.1. Other studies coated the surfaces made from similar resins with biocom-
patible layers (e.g., TiO3, collagen, and fibronectin) before cell culture [91, 92].
As the materials did not have cytotoxic effects and the geometry of the pillars
are known to alter the cells’ functions, in the following section, we discussed the
impacts of the dimensions of the submicron pillars on the osteogenic and healing
responses of bone and immune cells.

7.1.2. Modulating the response of multiple cell types by
submicron patterns

7.1.2.1. Effects of submicron patterns on preosteoblasts response

Although the micro-/ nanotopographical features of biomaterials are known to
influence the osteogenic response of cells, there is limited quantitative informa-
tion available regarding (i) how the cell adhesion properties (e.g., cell adhesion
work and force) are regulated via interactions with patterns at different length
scales and, (ii) whether the initial cell adhesion force promotes the osteogenic
differentiation of the cells.

In this thesis (Chapter 4, [237]), we performed a systematic study to assess the
effects of the height and interspacing of submicron pillars on the early response
(cell morphology, mechanics, and adhesion) and the late response (osteogenic
activity) of osteoblast cells.

We found a correlation between the initial phase of cell adhesion and the
settling state of the cells on the patterned surfaces. While the cells residing on
the S2, S3, and L3 surfaces generally only interacted with the tip of the pillars
(i.e., exhibited a dominant top settling state), those on the L2 surface interacted
both with the pillars and the substrate (i.e., exhibited a dominant bottom settling
state). This is most likely caused by the spatial organization of these pillars, which
enables the cells to partially occupy the space between them. Our SCFS results
suggest that a similar type of cell-pattern interaction may occur during the initial
adhesion phase. Assuming that cells come into contact only with the tip of the
pillars when interacting with the S3 and L3 patterns, the significantly higher work
of adhesion detected in the case of S3 as compared to L3 can be justified by the
increase in the available surface caused by a higher areal density of the pillars. The
increased density of the initial anchoring points could result in a higher density of
integrin binding sites, which could give rise to a different, potentially faster FAs
development process [175, 194, 278]. We did not see a considerable change in the
work of adhesion of the S2 and L2 patterns. This observation, in combination
with the results of the SEM analysis, indicates no direct correlation between the
density of the pillars and the binding sites in the case of the S2 and L2 patterns.
That is because the cells settle differently onto the surface (i.e., dominant top
state in the case of S2 and dominant bottom state in the case of L2).

Interestingly, the effects of topography on the initial adhesion force, FAs area,
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and density were visible only on those patterns that exhibited a dominant top state
(S2, S3, and L3). No significant difference in the FAs area and density as compared
to the control surface was observed for the patterns with a dominant bottom state.
Therefore, the patterns influenced the adhesion process and FAs development only
when the contact between the cells and the pillars was concentrated around the
tip of the pillars.

The shape of the cells residing on the nanopatterned substrate was monitored
over time (4 h and 1 day). After 4 h of culture, the patterned surfaces did not
induce any difference in the morphology of the cells. Cells adopted a round
morphology with an average area of 1900 pm?, and the cortical actin networks
were organized on the periphery of the cells, meaning that cells were in a non-
contractile spreading phase [174]. Furthermore, the most extensive distribution
of the cells’ area was observed on the highest and densest pillars (S3). The
cells residing on this pattern more rapidly developed their membrane extensions
(mostly lamellipodia), a sign of initiating FAs maturation and forming actin stress
fibers, suggesting that cells on the S3 pattern had already entered the contractile
spreading phase [174].

After 1 day of culture, the cell area was more influenced by the height of the
pillars and not so much by their interspacing. The smaller cells (2100 - 2200 pm?)
were settled on the taller pillars (L3, S3), indicating the effects of roughness on
the cell area in the submicron range. Furthermore, among the three types of cell
morphologies observed on the patterned surfaces, the stellate cells mainly resided
on the denser and taller pillars (7.e., S2 and S3). These cells were rich in mature
FA sites (vinculin), exhibited multidirectional thick actin stress fibers, tangled up
in the perinuclear area, and formed actin star sites with the highest values of the
elastic modulus [188]. The observations confirm the high levels of tension and
stress in the stellate cells.

The geometry and spacing of the submicron and nanopillars influence the
extracellular proteins expressed by preosteoblasts [198]. At the nanoscale, shorter
pillars have been reported to enhance the bone matrix nodules in hMCSs [63]. At
the submicron scale, we observed an opposite trend. The tall and dense submicron
pillars were the most potent physical stimuli to enhance the formation of a bone
matrix protein (i.e., OPN) after 21 days of cell seeding. The reason could be the
tension in the cells that enhances the formation of bone matrix protein [190, 197].
In addition to the intracellular tension, we found that the initial work and force
of cell adhesion could be another key factor determining whether or not a surface
pattern is osteogenic. Hydrophilic surfaces cause more robust cell adhesion [153].
OPN, which is a late osteogenic marker, is therefore significantly upregulated in
the cells residing on the most hydrophilic surfaces (i.e., S3 and L3), which also
exhibited the highest force and work of cell adhesion. The mechanism underlying
these observations could be the enhancement of a5/ integrin at the early stage
of adhesion, which regulates cell adhesion strength, and consequently activates
awPs integrin (which enables mechanotransduction)[163].

Substrate topographies and stiffness can induce intracellular tension by pro-
moting the polymerization of actin and increasing actomyosin forces [204, 205].
Increasing the stiffness of the substrate activates RhoA/ROCK signaling path-
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ways, leading to the enhanced osteogenesis of hMSCs [205, 206]. The presence
of stretch and tension in the osteoblast cytoskeleton leads to the activation of
the mechanocoupling phase and is a messenger of the mechanotransduction pro-
cess [197]. The S3 pattern may activate a direct mechanotransduction pathway
via integrin clustering, followed by signal transduction through the cytoskeleton
elements towards the nucleus, where mechanoactuators activate the mechanosen-
sitive genes. These mechanotransduction pathways include kinase pathways that
involve the phosphorylation of kinase proteins, such as FA kinase, and the subse-
quent upregulation of late osteogenic markers, such as the OPN gene in pre-
osteoblasts [197, 208]. Further research is required to gain insights into the
mechanotransduction pathways activated by such patterned surfaces.

7.1.2.2. Effects of submicron patterns on the macrophage response (IM
effects)

Although the impact of topographical features on the response of macrophages
has been extensively studied in the literature, there is limited information on how
surface topographies modulate both the osteogenic and immune responses. Most
current topographies are being assessed only for one cell type, either immune
[218, 221, 224] or osteogenic [226]. An ideal physical cue should be capable of
modulating the immunogenic response while also promoting the osteogenic differ-
entiation of stem cells.

In Chapter 5 [237], we further explored the influences of submicron pillars
on the response of macrophages in two different testing conditions: (i) in the
presence of inflammatory stimuli added to the medium and (ii) using M1 pheno-
type cells. The M1 cells were associated with a highly elongated and more spread
shape, which is aligned with the observations reported in previous studies [245].
Macrophages revealed a dynamic phenotype when seeded on the patterned surface
in the presence of inflammatory inducers (LPS/IFN-v). The pro-inflammatory
phenotype was first attenuated on the densely distributed pillars (S series, spacing
= 700 nm) on day 1. While later (day 3), sparsely distributed pillars (interspac-
ing = 1000 nm) inhibited the secretion of inflammatory markers. No considerable
change was observed in the expression level of pro-healing cytokines CD206 on
the other patterns after 3 days of cell culture with LPS/IFN-~.

To determine the effects of patterns on the polarization of inflammatory
cells, M1 activated cells were cultured on the patterns for 3 days. In this con-
dition, the height of pillars (500 nm and 1000 nm) positively affected the tran-
sition of the M1 macrophages towards the pro-healing M2 type. Among the
multiple types of patterns [14, 31, 279, 280] that were studied in terms of their
osteo(immuno)modulatory properties, pillars having 200 nm — 300 nm diame-
ter are known to enhance the expression of osteogenic factors [236]. In Chapter
4, we showed that the same S3 patterns (pillars with a diameter in this range)
promote the matrix mineralization of preosteoblasts by enhancing cell adhesion,
regulating the cell shape, and modulating the mechanical properties of the cy-
toskeleton. Here, we found that those pillars also cause macrophages to shrink,
which is a sign of intracellular tension, and upregulate the pro-healing response
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of M1 macrophages. Regulating the polarization of macrophages is associated
with tension and contraction in the cytoskeleton of the cells [139]. Cytoskeletal
tension, as measured by the level of ROCK-activity, can lead to the upregula-
tion of anti-inflammatory genes in macrophages [139, 281, 282]. The underlying
mechanisms involve the elongation and tension in actin fibers directly affecting
the organization of the nucleus and the condensation of chromatin that eventually
influence the macrophage phenotype [139].

7.1.3. Co-culture of osteogenic and inflammatory cells on
submicron pillars

Mimicking the in vivo dynamics of bone regeneration entails studying cell-cell in-
teractions in a direct co-culture model in vitro. However, direct co-culture studies
of the interactions between macrophages and (pre)osteoblasts/MSCs in the pres-
ence of biomaterials are currently very limited [261, 262]. To date, the research
on osteoimmunomodulatory biomaterials has been predominantly performed us-
ing indirect co-culture models. Although this model facilitates the assessment of
the paracrine effects of different cell types, the impact of direct cell-cell interac-
tions is neglected in indirect models.

In the last chapter of this thesis, we established a direct co-culture setup
incorporating bone and inflammatory cells to more closely mimic the interaction
of those cell types in vitro. Finding a suitable culture medium is essential in direct
co-culture models. Depending on the type, origin, and ratio of the (pre)osteoblasts
and macrophages, different types of media have been used in previous studies
[267-269]. For example, a mixture of a-MEM and RPMI 1640 (ratio 1:1) has
been applied for the direct co-culture of MC3T3-E1 preosteoblasts and murine
bone marrow M1, followed by IL-4 treatment [267, 268]. In this research, the
mixture of a-MEM and DMEM (ratio 1:1) was suitable for M1 cells cultured
with OB cells. The cell viability remained between 80-95% during 14 days of
culture.

We observed that M1 inflammatory macrophages co-cultured with osteoblasts
lost their inflammatory phenotype after 3 days of culture and possessed charac-
teristics of both M1 and M2 phenotypes, while signs of inflammation appeared on
day 7. This indicates that osteoblasts directed the continuum between M1 and
M2 phenotypes towards an inflammatory state. OBs, hMSCs, and chondrocytes
produce IL-6, which has been reported to promote bone resorption in response
to IL-1 and TNF-«a both in vitro [283] and in vivo [284]. Tt should be noted that
MSCs are considered the regulator of inflammation at the very early stages. MSCs
are activated in response to inflammation, convert pro-inflammatory macrophages
to anti-inflammatory ones, and reduce the inflammation through the expression
of PGE2 via the COX2 signaling pathway [285].

Current research recommends adding exogenous growth factors to the culture
media to promote OIM [273, 274]. However, physical and/or chemical modifica-
tion of biomaterial surfaces may help modulate the response of macrophages and
osteoblasts [258, 275]. When the submicron topographies were integrated into our
direct co-culture setup, preosteoblasts differentiation was enhanced (measured by
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RUNX2), which may be attributed to the regulation of the local inflammatory
milieu. In Chapters 4 and 5, this particular design of submicron pillars was ob-
served to promote the matrix mineralization by preosteoblasts and the pro-healing
response of macrophages. In the direct co-culture model used in this thesis, the
pillars may have played a similar role, effectively activating the anti-inflammatory
state and enhancing the differentiation of preosteoblasts.

Upon integrin bindings, focal adhesions in MCSs and preosteoblasts, and
podosomes (possessing adhesive molecules) in macrophages activate the mechan-
otransduction pathways [286]. Inhibition of FAK in macrophages may reduce
the migration of macrophages to the inflammation sites. Biophysical features of
ECM, substrate stiffness and topographies, may activate FAK in macrophages
and bone cells [287]. Soft materials (elastic modulus < 1 kPa) were found to re-
duce the polymerization of actin in macrophages, preventing activation of YAP, a
mechanosensor protein, and damping inflammation in vitro and in vivo [288]. The
microtopographies influenced the mechanotransduction pathways in hASCs [282].
Aligned fibers activated FAK and YAP signaling in hASCs, and later hASCs-
microfibers conditioned medium stimulated the anti-inflammatory transition in
macrophages [282]. Gold nanospheres (diameter 40 nm and 70 nm) upregulated
the YAP activity in hMSCs, leading to enhanced osteogenic differentiation and
calcium depositions [289].

7.2. Main findings of this thesis

In this dissertation, we systematically studied, for the first time, the potential
of 3D printed submicron topographies in promoting the OIM response in vitro.
We 3D printed submicron patterns with a single-step nanofabrication technique
(i.e., DLW) to investigate the osteogenic and immunogenic response of cells to
such surface patterns. Since decorating the large surface area with uniform and
reproducible patterns were highly challenging, we first focused on reproducing
uniform submicron patterns and expediting the fabrication process by optimizing
the printing parameters and writing strategies. The cytotoxicity and Young’s
modulus of the used materials, as well as the uniformity, wettability, morphology,
and roughness of the patterned surfaces were further analyzed. In the second
phase, a comprehensive study was performed to explore the early and late response
of preosteoblast cells to different types of submicron patterns. The interrelations
between the cell adhesion, cell mechanics, and osteogenesis on the topographical
features were extensively explored. We found that sufficiently tall and dense
pillars at the submicron scale modulate the adhesion and elastic modulus of living
cells, leading to enhanced mineralization. Interestingly, the osteoinductive pillars
could also regulate the immune responses of macrophages. In the last phase
of this project, a direct co-culture model was developed to assess the cross-talk
among immune and bone cells with and without topographies. The integration
of submicron pillars in the co-culture system enhanced the differentiation of the
preosteoblasts, indicating the potential of submicron topographies in modulating
the osteoimmune response in direct co-culture models. The most remarkable
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findings of this research are summarized below:

1. 3D printing of submicron patterns

Submicron patterns with controlled dimension and mechanical prop-
erties can be fabricated via an advanced 3D nanoprinting technique,
namely DLW. The optimized 2PP method enhanced the uniformity
and reproducibility of DLW submicron features over large areas with a
three-fold reduction of the printing time. A large area of patterns with
controlled heights was further incorporated over a porous scaffold and
fabricated via DLW in one step.

We fabricated a microfluidic chip incorporating 3D printed surface or-
naments to assess cell proliferation in a multiscale microenvironment
as a proof of concept. The submicron patterns could tolerate high flow
rates (up to 8 mL/min).

The cell experiments confirmed that the materials used in this study
(i.e., IP-Dip and IP-L resins) are compatible with murine preosteoblasts
(MC3T3E1), hMSCs, and murine macrophages (J774A.1).

Surface patterning enhanced the surface roughness and subsequently
augmented the wettability of the surfaces. Increasing the height of the
submicron pillars boosted the hydrophilicity of the surface.

2. Modulating the response of multiple cell types by submicron pat-
terns

The osteoblasts residing on the most hydrophilic surfaces applied sig-
nificantly higher initial adhesion force and rapidly formed larger and
denser focal adhesion sites (vinculin). Furthermore, the tallest and
densely distributed pillars (S3 pattern) caused the cells to form nu-
merous thick actin stress fibers, eventually resulting in a high elas-
tic modulus in the perinuclear region. Consequently, the osteogenic
marker (OPN) was expressed even in the absence of osteogenic supple-
ments. This is likely due to the activation of the mechanotransduction
pathways induced by the S3 pattern.

The most hydrophilic surfaces (i.e., the S3 and L3 patterns) also steered
the polarization of the M1 macrophages towards an anti-inflammatory
phenotype after 3 days. On the other hand, the proposed submicron
pillars modulated the macrophage responses even in the presence of
soluble inflammatory factors (LPS/IFN-v). Under such conditions,
the effects of the patterns also changed with time. On day 1, pillars
with a higher (lower) pillar density impeded (boosted) the expression
of the pro-inflammatory marker (CCRYT), while opposite results were
observed on day 3.

3. Co-culture of osteogenic and inflammatory cells on submicron pil-

lars
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e In the direct co-culture of murine osteoblasts and macrophages, the
spatial distribution of both cell types was homogenous until day 3.
From day 7, a layered distribution was observed with preosteoblasts oc-
cupying the space underneath the macrophages. Although preosteoblasts
were cultured with inflammatory M1 cells, we barely observed inflam-
matory cytokines in the co-culture microenvironment up until day 7,
indicating the switch in polarization from M1 to M0. On day 7, the
high level of PGE2 in the inflammatory condition attenuated the pre-
osteoblast differentiation, as revealed by a lower level of RUNX2 mea-
sured in the co-cultures as compared to the monoculture.

¢ The integration of submicron pillars in the co-culture system enhanced
the differentiation of preosteoblasts, indicating the potential of submi-
cron topographies in modulating the osteoimmune responses in direct
co-culture models.

Our findings highlight the importance of direct co-culture models and the role of
submicron patterns in the osteoimmunomodulation process.

7.3. Future research directions

We suggest the following broad areas for future research:
e Processing view-point

— Manufacturing: Despite the unique design freedom that 2PP offers,
the area of the nanopatterned surface needs to be further scaled up.
Nanoimprinting (e.g., NIL) can be combined with 2PP to scale up the
desired nanopatterned surface.

— Materials: The materials used in 2PP are limited to the photo-sensitive
polymers. It would be interesting to fabricate nanopatterned stamps
via 2PP and use it to imprint its patterns into a desired material (met-
als, plastics and ceramics) using NIL technique [290].

— Characterization: Measuring the overall stiffness of the patterned sur-
faces was limited by the availability of a proper nanoindentation probe.
It would be useful to further investigate the influences of substrate
stiffness on cellular responses. The integration of force-sensitive sen-
sors into nanopatterned substrates/scaffolds may help to measure the
actual force that cells apply to the substrate.

« Biological view-point

— Cell type: In addition to macrophages, MSCs are present at the injury
site. Investigating the effects of the proposed submicron pillars on the
response of MSCs is highly recommended.

— Osteogenic assays: The mechanotransduction pathways promoting os-
teogenesis should be further studied. Notably, the kinase pathway,
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which involves the phosphorylation of kinase proteins, such as FAK, is
recommended to be investigated.

— Immunogenic assays: The level of the ROCK-activity, which can lead
to the upregulation of anti-inflammatory genes in macrophages, should
be measured to study the cytoskeletal tension in the macrophages.

Macrophages could possess the characteristics of both M1 and M2 phe-
notypes. Therefore, relying solely on surface markers may not give
reliable data to detect the polarization state of macrophages. Further
gene expression tests and qPCR analysis are required to prove the OIM
potential of submicron pillars.

Labeling the proteins of living cells and using fluorescence-activated cell
sorting (FACS) techniques may help detecting the specific population
of cells in the co-culture systems.

e Suggestions for co-culture models

— Cell Seeding order: In this study, we seeded a mixed concentration of
cells and osteoblasts. It is worth studying the effects of seeding order
on co-culture experiments.

— Dynamic co-culture: In vivo cells sense physiological shear stress. It
is, therefore, essential to research the OIM efficiency of biomaterials
in a dynamic co-culture system. We did a preliminary research on the
effects of flow in our culture system. The high proliferation rate of
osteoblast (5000 cells/cm?) in a microfluidic chip blocked microchan-
nels (width = 200 pm, length = 10000 pm, depth = 50 pm) after 7
days of culture. However, the differentiation of osteoblasts enhanced
in the dynamic condition compared with the static ones. The initial
cell seeding density and the shear stress should be optimized to design
a reliable dynamic co-culture setup. Fluid shear stress (FSS) of 0.6-3.0
Pa is estimated in the canaliculi channels (0.1 pm radius) in the min-
eralized bone surrounding osteocytes [291, 292]. However, osteoblasts
might be subjected to lower fluid shear stress since they are located in
regions with larger pore sizes [292]. Low flow shear stress (< 0.5 Pa)
is reported to better stimulate the osteogenic activity of osteoblasts as
compared to high FSS (0.5 -2 Pa) n vitro [292]. In our preliminary
study in the dynamic co-culture, few macrophages were presented in
the channel after 7 days of seeding, indicating the high sensitivity of
the macrophages to the shear stress. In other words, a lower adhesion
strength was observed in macrophages as compared to osteoblasts un-
der a flow rate of 1 pL/min. It is, therefore, necessary to investigate
the influence of shear stress on the adhesion of each cell type and the
further consequences on the OIM responses.
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