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Tissue engineering is an interdisciplinary field of research aiming at developing methods
and technologies for regenerating damaged tissues. It relies on a combinatory platform of
biomaterials with cells and bioactive molecules to resemble the human microenvironment to
stimulate tissue constructs. Hence, numerous factors, including biochemical, biophysical, and
mechanical aspects of the host tissue, have to be taken into account for developing a
successful tissue replacement. Skin replacements caused by traumas, injuries, and burns are a
burden to the healthcare system globally. The human body cannot fully regenerate the tissue
with all the functionalities and features in severe wounds or skin loss. Poor mechanical
properties, scarring, delayed cell and biomolecules infiltration, and non/poor vascularization
are the main challenges yet to be addressed.

Three-dimensional (3D) bioprinting, also known as additive manufacturing (AM), a layer-

by-layer fabrication method, is regarded as a gold standard technique with the ability of



controlled deposition of biomaterials in the desired geometry by using computer-aided design
(CAD) models. Together with the development of biomaterials and architecture design, 3D
bioprinting could ease the long and complicated journey towards functional tissue
regeneration. In this context, the fabrication of small fibers mimicking natural extracellular
matrix (ECM), selection of functional material with good mechanical and biochemical
properties, the inclusion of bioactive molecules to enhance functionality, and printability are
prerequisite factors of successful scaffold fabrication.

In this work, novel hybrid 3D bioprinting approaches have been developed for
functionalized structures, mainly for skin tissue engineering. Within this framework, we first
optimized the effect of printing parameters on fiber diameter for Melt Electrospinning Writing
(MEW), a special 3D printing process, using response surface methodology (RSM) as a
predictive tool. Then we copolymerized polycaprolactone (PCL) with polypropylene
succinate to improve its degradation rate and hydrophilicity and functionalized it with silver
nitrate to induce antibacterial properties, and finally, it was 3Dprinted using an extrusion-
based printer. For preparing hybrid 3D bioprinting, we used a composite support-bath system
based on Pluronic PF127 was formulated with the inclusion of Laponite RDS and calcium
chloride as rheological modifier and stabilizer, respectively. The rheological characterization
of support-bath showed thixotropic behavior with a high degree of recoverability which
facilitated bioprinting of complex hydrogel structures within the support-bath through an
extrusion system. Then, we fabricated a polymer-hydrogel construction using MEW-casting
for skin tissue substitute. In this context, we first investigated the geometrical effect of melt
electrowritten scaffolds on cord-like structure formation for pre-vascularization. Mesh
scaffolds with 0-90and 60-120 degree orientations and honeycomb shape were explored and
cell-laden gelatin hydrogels were infiltrated inside those PCL scaffolds, and the results
suggested the potential of honeycomb structure for better mechanical and invitro properties.
In the final stage, a functionalized hybrid MEW-hydrogel scaffold for wound healing was
fabricated. A functionalized mesh structure of PCL-bioactive glass was created via MEW, and
a gelatin hydrogel comprising basic fibroblast and vascular endothelial growth factors was
cast within the mesh scaffold. In vivo implantation of hybrid scaffolds showed promising
results for accelerating and functionality of the healed parts according to wound closure and

histological evaluation.



OZET

Anahtar kelimeler: Hibrid biyobasim, Eriyik elektroyazdirma (MEW), Ekstriizyon tabanli

basim, Doku miihendisligi, Doku iskelesi

Doku miihendisligi, hasarli dokular1 yenilemek i¢in yontem ve teknolojiler gelistirmeyi
amaclayan disiplinler arasi bir aragtirma alanidir. Doku olusumunun uyarilmasi i¢in insan
mikro ortaminda bulunan hiicreler ve biyoaktif molekiillerin kullanilmasina dayanan birlesik
bir biyomateryal platformudur. Bu nedenle, fonksiyonel bir doku eslenigi gelistirmek icin
konake¢1 dokunun biyokimyasal, biyofiziksel ve mekanik yonleri dahil olmak iizere ¢ok sayida
faktor dikkate alinmalidir. Travmalar, yaralanmalar ve yaniklarin neden oldugu ciddi
yaralarda veya deri kaybinda insan viicudu dokuyu tiim islevsellik ve 6zelliklerle tam olarak
yenileyemez. Bu nedenlere gereksinim duyulan deri nakilleri, kiresel olarak saglik sistemi
icin bir yiiktiir. Zayif mekanik o6zellikler, yara izi, gecikmis hiicre ve biyomolekiil
infiltrasyonu ve vaskilarizasyonun olmamasi, deri yenilenmesi i¢in halen ele alinmasi

gereken ana zorluklardr.

Ug boyutlu (3B) biyobasim, yani eklemeli imalat (AM) olarak da bilinen katmanli imalat
yontemi, biyomalzemelerin bilgisayar destekli tasarim (CAD) modelleri kullanilarak istenen
geometride kontrollu olarak yerlestirilebilmesi ile altin standart bir teknik olarak kabul edilir.
Biyomalzemelerin segilmesi ve mimari tasarimin gelistirilmesi ile birlikte, 3D biyobasim,
fonksiyonel doku rejenerasyonuna dogru uzun ve karmasik yolculugu kolaylastirabilir. Bu
baglamda, dogal hiicre dis1 matrisi (ECM) taklit eden kiguk liflerin tretimi, iyi mekanik ve
biyokimyasal 6zelliklere sahip islevsel malzeme seg¢imi, islevselligi artirmak igin biyoaktif
molekiillerin malzemeye dahil edilmesi ve bu malzemenin basilabilirligi, basarili iskele

tiretiminin 6n kosul faktorleridir.



Bu calismada, ozellikle cilt dokusu miihendisligi i¢in islevsellestirilmis yapilar igin
yenilikci hibrit 3B biyo-basim yontemleri gelistirildi. Bu gergevede, ilk olarak, 6zel bir 3B
basim islemi olan eriyik-elektro basim (3B-MEW) parametrelerinin fiber ¢api iizerindeki
etkisini, yanit yiizey metodolojisini (RSM) tahmin araci olarak kullanarak optimize edildi.
Daha sonra polikaprolaktonu (PCL) biyobozunma orani ve hidrofilikligini artirmak igin
polipropilen suksinat ile kopolimerize edildi ve antibakteriyel 6zellikleri indiklemek icin
glimiis nitrat eklendi ve son olarak ekstriizyon tabanli bir yazici kullanilarak 3 boyutlu
yazdirildi. Karmasik yapida hidrojel iskelelerinin 3D biyo-basim hazirlamak igin, sirastyla
reolojik modifiye edici ve stabilizator olarak Laponite RDS ve kalsiyum klorurin dahil
edilmesiyle formile edilen Pluronic PF127'ye dayali bir kompozit destek banyosu sistemi
kullanildi. Destek banyosunun reolojik 6zellikleri, destek banyosu igine bir ekstriizyon sistemi
araciligryla karmasik hidrojel yapilarinin biyo-basim yapilmasini ve yiksek derecede geri
kazanilabilirligini kolaylastiran tiksotropik davranis gosterdi. Ardindan, deri eslenik dokusu
igin hibrit MEW-hidrojel iskele yapisi iretildi. Bu baglamda ilk olarak MEW ile iiretilen
iskelelerinin geometrisinin damarlanma igin kordon benzeri yap1 olusumuna etkisi 0-90 ve 60-
120 derece yonelimlere ve bal petegi sekline sahip farkli ag iskeleleri kullanilarak aragtirildi.
Uretilen PCL iskelelerinin igine hiicre yuklii jelatin hidrojeller sizdirilarak hibrit yapi
olugturuldu ve sonuclar, daha iyi mekanik ve in vitro Ozellikler igin petek yapisinin
potansiyelini ortaya koydu. Son asamada, yara iyilesmesi igin islevsellestirilmis bir hibrit
MEW-hidrojel iskelesi Uretildi. PCL-biyoaktif camin islevsellestirilmis bir ag yapisi, MEW
araciligiyla yaratildi ve fibroblast ve vaskiiler endotel bllyime faktdrlerini iceren bir jelatin
hidrojel, agli yap1 iskelesi igine dokiilerek ¢apraz bagladi. Hibrit yap: iskeletlerinin in vivo
implantasyonu, yara kapanmasi ve histolojik degerlendirmeye g0re iyilesmis pargalarin

hizlanmasi ve islevselligi i¢in umut verici sonuglar gosterdi.
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1 Chapter 1. Introduction and motivatoin

Tissue engineering has gone through a revolution from traditional xenograft and autograft
implantation to the efforts of fabrication and substitution of a functional structure that
resembles the native tissue regarding geometry, mechanical, physiochemical, and biological
properties [1]. In principle, tissue engineering comprises of three main components as
follows: scaffold, cells, and bioactive molecules/growth factors. The scaffold provides a
substrate where cells could hold-on to and spread over. It should mimic the natural
microenvironment of the cells in such a way that they would be able to proliferate and secrete
their own extracellular matrix (ECM). In this regard, scaffold’s design and material’s
selection play important roles in guidance and stimulation of the cells [2]. In the last few
decades three-dimensional (3D) printing has received considerable attention due to its
potential for fabrication of complex porous constructs with interconnected pores in a layer-by-
layer fashion at high precision. It is capable of realization of complex architecture designs
which enable to obtain desired mechanical, physical, and biological properties. In addition,
interconnected porosity would assist nutrients and waste transport more efficiently [3,4].
Extrusion printing is one of the most common printing techniques owing to its ease of use,
low cost, high materials deposition precision with the aid of computer aided design (CAD)
models, and a wide range of available biomaterials. However, reaching low filaments sizes
mimicking natural human ECM, especially for thermoplastic polymers, is a limitation that
needs to be overcome [5]. Melt electrospinning writing (MEW) is an additive manufacturing
(AM) method which is a combination of solution electrospinning and extrusion printing. The
print head is connected to a computer that moves according to the designed path, as in
extrusion printing. In contrast to solution electrospinning, no toxic solvent is needed, thus
toxicity risk is diminished, and material is printed in molten phase with higher viscosity which
results in better control over its deposition [6]. Hence, MEW offers the precision of extrusion
printing and at the same time is capable of obtaining filaments with much smaller than the
nozzle diameter even to sub-microns. In addition, the final fabricated structure would possess

a more flexible structure with more similar size to the human tissue ECM like skin.

Skin is the largest organ in the body acting as a barrier which protects internal organs from
physiochemical, mechanical, and thermal hazards of the external environment. Additionally,
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it is responsible for maintaining thermoregulation and hemostasis, sensation, and prevention
of excess water loss [7,8]. The skin is comprised of epidermis, dermis, and subcutaneous
tissue layers and the functioning is mainly coming from the cells and structures of the outer
two layers [9]. If an injury happens, a consecutive cascades phases occur as following:
hemostasis, inflammation, proliferation, and remodeling. For small-sized skin loss (< 1cm),
wound closure happens spontaneously. However, this is not the case for large skin losses or
chronic wounds which needs extra medical care [10]. The gold standard for treating large skin
loss is autografting, despite its drawbacks such as limited donor sites, scarring the donor part,
and long treatment duration [11]. Alternatively, 3D printing techniques could be used instead
of conventional approaches, with the capability of fabricating patient specific skin substitutes
with various cell sources and biomaterials according to the demand. Several materials from
natural and synthetic sources are utilized for 3D printing of scaffolds for tissue engineering
applications. They can be categorized in metals, ceramics, hydrogel, and
thermoset/thermoplastic polymers. According to the tissue of interest, poly (lactide -co-
glycolide) (PLG), polycaprolactone (PCL), Poly (lactic acid) (PLA), and poly (glycerol
sebacate) (PGS) are widely used materials showing biodegradability, biocompatibility, and
good mechanical properties. However, they mostly have hydrophobic surfaces with very low
degradation rate [12]. Hydrogels, on the other hand possess water-rich structure with more
cell friendly nature suitable for cell attachment and nutrient flow, but with poor mechanical
properties and printability. On these bases, 3D printing of hybrid structures could be a

promising approach for getting the advantage of both materials categories [13].

The main objective of this thesis was to investigate on candidate methodologies and
materials based on 3D printing techniques including MEW and extrusion printing for
manufacturing of hybrid structures for skin regeneration and wound healing application. In
this context, we first provided a literature review of current state of research in additive
manufacturing with focus on MEW and its potential for hybrid manufacturing. We discussed
about the principles, challenges, and advantages of MEW among other additive
manufacturing techniques. The discussion was followed by the effect of hybrid manufacturing
approaches on mechanical and cellular properties of the final product and future perspective
of hybrid MEW processes. Using MEW as a powerful tool for scaffold fabrication, we
implemented a mathematical model for studying the effect of printing parameters on the
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filament’s diameter which could be used to predict the fiber diameter according to process
parameters. To do so, Response Surface Methodology (RSM) method was implemented and

at the end, a very simple and practical model was obtained.

PCL is a favorable polymer used in tissue engineering for many applications. Its
biocompatibility, biodegradability, good mechanical properties, and melt processability with
relatively low melting temperature makes it one of the most common polymers in scaffold
fabrication via additive manufacturing techniques. However, its slow degradation kinetics and
hydrophobic properties create a barrier for its clinical application. Copolymerization is an
alternative approach to overcome these drawbacks. In this context, we synthesized poly
propylene succinate (PPSu) and copolymerized it with PCL which resulted in higher
degradation rate, improved hydrophilicity, and lower melting point compared to neat PCL.
Additionally, the copolymer was doped with silver nitrate and the results showed enhanced
antibacterial properties with no negative effect on cells according to in vitro characterization.
The composite was 3D printed via extrusion printing to fabricate a 3D mesh structure. The
findings showed that this composite could be to be utilized for skin tissue engineering

applications.

Other than stiff polymeric materials like PCL, PLA, PLGA hydrogels are another
appealing polymeric material for tissue engineering due to having high water content,
bioactive molecules, and possessing similar structures to that of natural ECM [14].
Bioprinting of hydrogels namely bioinks is regarded as a challenging process in biofabrication
of tissue substitutes because of their poor mechanical characteristics, showing shear-thinning
properties, narrow temperature range for printability, and low shape fidelity. Hence the
demand on development of new bioprinting approaches are increasing for fabrication of
complex structures that could be used for soft tissue engineering applications such as skin
substitutes and vascular structures. On this basis, we prepared and characterized a support-
bath system for bioprinting of hydrogels called as in-gel printing technique. Different
compositions based on the complexes of Pluronic PF127, nanoclay (Laponite RDS) and
calcium chloride were prepared, and the rheological properties of the formulations were
investigated. Series of complex geometries were bioprinted by in-gel technique with cell-
laden alginate as a sample hydrogel. The results confirmed the successful preparation of



support-bath that allowed bioprinting of complex structures possessing their shape fidelity.
The findings of this section could be used for various hydrogels depending on the targeted

tissue.

Despite the significant developments of 3D printing techniques, vascularization is still a
challenge especially for thick structural substitutes. Geometrical features strongly govern the
cellular behavior. Proper morphological alignments of cells would lead to formation of cord-
like structures that could further assist the vascularization process. In this basis, hybrid
structures in a combination of hydrogel and thermoplastic polymer were fabricated to obtain
enhanced mechanobiological features for the application in skin tissue engineering. With that
in mind, we aimed to explore the effect of different architectural design of the melt
electrowritten scaffolds on cellular response. The algorithms of three different geometries for
mesh structures of 0-90 and 60-120 degree orientations and a honeycomb construct were
written and G-codes were generated for MEW path planning. Melt electrowritten scaffolds
were fabricated and filled with cell-laden gelatin hydrogel and photocrosslinked using visible
light in the presence of metallic complex photocrosslinker. Skin tissue cellular components
human skin fibroblasts (HSFs) and human umbilical vein endothelial cells (HUVECSs) were
co-cultured in gelatin hydrogel. The cellular response in different designs were studied and
honeycomb structure showed more potential in aligning the cells and the ability to guide the
formation of lumen structures. Mechanical properties of honeycomb structure also revealed
that they represented high storage of elastic energy in tensile test and at the same time
possessed high elastic modulus. The findings of this section could indicate the possible role of
geometrical aspects in a hybrid design in controlling biomechanical properties of the
fabricated substitute.

Wound healing includes a cascade of consecutive events that happen in a sequence of
specific timing. For severe and/or chronic wounds, the healing processes could be slowed
down which could increase the infection risk. A natural way to prevent the infection, is the
formation of a connective tissue namely “scar” formation. This process will delay further
recovery and functionality of the original tissue. In this context, the last chapter was
designated to manufacturing of composite hybrid structure consisting of thermoplastic
polymer/hydrogel via MEW and gel casting for wound healing application. Bioactive glass



(BG) containing silver was synthesized and added to PCL to induce healing stimulation and
antibacterial properties. Melt electrowritten PCL-BG mesh was fabricated by MEW and
infiltrated with gelatin hydrogel and crosslinked with visible light. Gelatin microspheres, as
growth factor delivery vehicles, were synthesized and selectively impregnated with basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) to locally
enhance healing and vascularization through selective casting of the hydrogel matrix within
the 3D mesh matrix. Hybrid scaffolds were implanted in Sprague Dawley rat in vivo and the
results showed enhanced healing of large skin defects in terms of wound closure time,

vascularization, fibroblast-collagen amount, and epithelial formation.

The second chapter of this thesis entitled “Biomimicry in bio-manufacturing:
developments in melt electrospinning writing technology towards hybrid biomanufacturing”

[15] is the literature review for MEW and its potential for hybrid manufacturing.

The third chapter presents “3D printing of silver-doped polycaprolactone-poly(propylene
succinate) composite scaffolds for skin tissue engineering” [16] for copolymerization of PCL

with PPSu and its functionalization with silver nitrate.

Chapter 4 discusses Modeling 3D melt electrospinning writing by response surface

methodology [17] showing the response of printing parameters on fiber diameter for MEW.

Chapter 5 explains preparation and characterization of nanoclay-hydrogel composite
support-bath for bioprinting of complex hollow structures [18] where hydrogel bioprinting in
a composite support-bath system and its characterization, bioprinting precision, and cell

viability results are presented.

Chapter 6 describes 3D printing of hybrid scaffolds for skin tissue engineering: an
investigation on the scaffold’s geometry in a hybrid design and its influence on mechanical
behavior, cell alignment and morphology. This chapter also investigates geometrical cues on
mechanical and cellular behavior for the formation of cord-like structure in vascularization

path.

The seventh chapter “3D fiber reinforced hydrogel scaffolds by melt electrowriting and gel
casting as a hybrid design for wound healing” discusses the fabrication of hybrid

functionalized scaffold and it’s in vivo characterization for wound healing.



The result of each chapter is published/submitted to a peer-reviewed journal.



2 Chapter 2: Biomimicry in Bio-Manufacturing: Developments in Melt Electrospinning

Writing Technology Towards Hybrid Biomanufacturing

This chapter was published in the journal of Applied Sciences as a review article [15].

Melt electrospinning writing has been emerged as a promising technique in the field of
tissue engineering, with the capability of fabricating controllable and highly ordered complex
three-dimensional geometries from a wide range of polymers. This three-dimensional (3D)
printing method can be used to fabricate scaffolds biomimicking extracellular matrix of
replaced tissue with the required mechanical properties. However, controlled, and
homogeneous cell attachment on melt electrospun fibers is a challenge. The combination of
melt electrospinning writing with other tissue engineering approaches, called hybrid
biomanufacturing, has introduced new perspectives and increased its potential applications in
tissue engineering. In this chapter, principles and key parameters, challenges, and
opportunities of melt electrospinning writing, and particularly, recent approaches and
materials in this field are introduced. Subsequently, hybrid biomanufacturing strategies are
presented for improved biological and mechanical properties of the manufactured porous
structures. An overview of the possible hybrid setups and applications, future perspective of
hybrid processes, guidelines, and opportunities in different areas of tissue/organ engineering

are also highlighted.

Keywords: melt electrospinning writing, hybrid biomanufacturing, three-dimensional

scaffold, tissue engineering



2.1 Background

Scaffolds are considered as one of the key elements in tissue engineering (TE), providing a
porous three-dimensional (3D) support structure for cells [2,19-21]. The interconnected
porosity assists cell migration and nutrients and oxygen flow within the structure [22,23]. The
fabricated scaffold must meet the principle criteria of a non-toxic, biocompatible structure
with controlled biodegradability while maintaining sufficient mechanical properties that are
comparable to native tissue to hold the structure’s integrity [3,24,25]. In recent years, additive
manufacturing (AM), also known as 3D-printing, has been widely used to fabricate well-
defined structures with necessary environmental factors to enhance cell adhesion,
proliferation, differentiation, and extracellular matrix (ECM) secretion [26-28]. This
technique leads to the production of user-defined geometries with highly controlled porous
complex macro-structures in a layer-by-layer approach that was based on the computer-aided
design (CAD) model. AM techniques benefit from several technological advantages, among
which reproducibility of the process, a broad range of choices in materials, and lower cost as
compared to the other conventional methods are highlighted [29-31]. There are numerous
approaches in AM, and the most common ones are extrusion-based printing or fused
deposition modeling (FDM) [32,33], stereolithography (SLA) [34], ink-jet printing [35], and
selective laser sintering (SLS) [36].

Electrospinning is a very popular technique, in which the material is deposited on a
collector by the aid of a strong electric field through a fine nozzle. This technique shows great
potential in the field of TE, owing to its simplicity, low cost of apparatus, and the ability to
combine different polymers with improved properties [37]. Among the main approaches in
electrospinning, solution electrospinning (SE) is a well-known method that has been used to
fabricate 3D porous scaffolds for several decades in the field of TE [38-44]. SE setup has
different parts as a syringe connected to a fine nozzle, a syringe pump that applies pressure, a
high voltage supplier, and a collector. In principle, a continuous jet of polymer solution would
be formed while using applied electrical field from the nozzle to the collector, while the
solvent will be removed during or after deposition by self-evaporation. The polymer jet is
narrowed due to a balance between the electrostatic repulsions of the ions and the surface

tension that willing to minimize the surface charges. By a further increase of the applied



voltage, the filament at the spinneret tip turns into a conical shape jet stream called Taylor
cone [45-47]. Several challenges, such as toxicity of solvents, solubility, and miscibility of
polymers, instability of mass flow, and evaporation rates of the solvents have been already
addressed in the literature [45,48-50]. It should be noted that some attempts have been made
to address the instability challenge of SE and, hence, to control the filament placement,
including near-field electrospinning [51], focused electrical field [52], using rotating disc
collector [53] and high speed cylindrical collector [54], patterning the collector’s conductivity
[55], and direct-write electrospinning [56]. However, the issue of using toxic solvents is yet to
be addressed. In addition, the fabrication of an aligned 3D structure with large dimensions is
still a challenge due to the accumulation of residual electrical charges in the deposited
filaments [57].

Melt electrospinning (ME) is a green, solvent-free method with a higher surface quality of
the resultant filament as compared to solution electrospinning. By this means, no ventilation
and further recovery and the removal of the toxic solvent is required, which reduces the cost
of the process. Moreover, the toxicity concerns caused by toxic solvents would be eliminated.
In addition, some polymers that cannot be dissolved in any solvent can be processed by ME.
It also provides the opportunity of using multimaterials at once that either is not possible to
find a common solvent, or it will cause difficulties for electrospinning [58]. Similar to SE, the
polymer jet is subjected to pulling (electrostatic Columbic and gravitational) and resistive
(surface tension and viscoelastic) forces at spinneret tip [6,59]. However, the polymer melt
with much higher viscosity and lower conductivity lead to more stable jet during the
deposition that makes it easier to obtain a controlled-shape filament. This would often result
in larger fiber diameters and porosities in ME compared with SE, which can be positively
considered in special cases since small pore size of electrospun fibers from SE might be a

challenge for cell adhesion and cell migration [60].

Based on the above, melt electrospinning could be a promising method for 3D scaffolds
fabrication. The polymer melt extruding through a nozzle will solidify rapidly without
whipping in the air until reaches the collector [61,62]. With an integration of computer-
controlled head, the same as AM processes, it enables the deposition of highly ordered fibers
of layer-by-layer assembly, so-called melt electrospinning writing (MEW) or melt



electrospinning direct writing (MEDW) [63]. Figure 2-1 illustrates a schematic view of SE
and MEW setups. Scaffolds that were fabricated with this method are appropriate candidates
for TE and, owing to their high surface to volume ratio, they would assist in cell attachment
and proliferation [57]. The scaffold’s structure, porosity, size, and shape for different tissues
and applications could be adjusted, so they can provide a porous environment with desired

porosity and pore sizes for cell infiltration, cell binding, blood flow, and vascularization

[20,63,64].
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Figure 2-1: Schematic representation of solution electrospinning (left), and melt
electrospinning writing (right)

Next sections present a summary of the principles, challenges, and recent updates of MEW
in tissue engineering applications. In this context, the necessity of implementation of MEW as

a part of a hybrid approach and its potential for scaffold fabrication is also discussed.
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2.2 Principles and Challenges of MEW

The general MEW setup includes a high voltage supply, back pressure, material reservoir,
and a collector. A heating system that is mostly grounded is integrated as an additional
element compared to SE setup. The syringe or nozzle is heated and connected to a high
voltage generator [65,66]. Electrical force, applying pressure, and surface tension are the
forces applied to the molten polymer jet. By increasing the voltage difference and reaching a
threshold value, it will be extruded continuously to the collector with a much smaller diameter
than the nozzle [67]. For example, this method could reduce the fiber diameter from tens of
microns down to 820 nm [62]. The collector or the syringe head could be movable in different
directions [17,65]. One of the complexities of MEW setup is exposing heating element to high
voltage electric field and how to put an insulator shield between the heating system and the
syringe connected to high voltage to prevent any electrical interference [17,68]. Another
challenge of applying high voltage to polymer melt is to fabricate a well-ordered structure as
the tip-to-collector distance increases. The charge accumulation on the deposited fibers would
cause fiber repulsion which results in structural distortion [69]. However, researchers have
melt electrospun scaffolds with 100 layers of filaments [62] and recently Wunner and his
coworkers [57] performed a numerical analysis to overcome the repulsion of depositing fiber
issue that is caused by the accumulation of excess charge. They could achieve a high-volume
structure of more than 7 mm. A further key factor in MEW is the heat and charge distribution
in the syringe and nozzle, and between the collector and nozzle, respectively which
determines the viscosity of the polymer and the electric force behavior [6,59,70]. In order to
get a highly ordered filament deposition as “writing”, many parameters as printer’s
head/collector speed, electric field, back pressure, temperature, and tip-to-collector distance
must be in harmony. It is noteworthy to mention that the MEW setup itself plays an important
role and since the process is in its infancy, many efforts have provided setup modifications for
better control and feasibility of the process to reach perfect structures. Heating components
other than electrical heating jackets can be classified into heating guns [71,72], lasers [73,74],
and circulating fluids (water and oil) [75] that were used to circumvent possible difficulties of
electrical shortcuts between the heater and electrical fields[57]. In order to apply pressure, the
majority of studies used a pneumatic system in their setup with higher control on the applying

force [66], rather than that syringe pump [76], screw-extruding, and mechanical feeding
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[61,77]. Collectors are also divided into two general categories as static [17] and rotating [6].
The rotating cylindrical collectors enable various types of geometries like tubular structures
[20,78,79]. In addition, some pattern shaped collectors were defined to guide the filament

deposition in a porous hollow assembly [80].

So far, other setups for ME have been proposed to overcome technical issues or improve
the system. For instance, Fang et al. [81] prepared a needleless melt electrospinning setup to
avoid the corona discharge issue with the ability to increase the voltage difference up to 90
kV. In order to reduce the fiber diameter, Morikawa and coworkers [82] established a new
setup as wire melt electrospinning and a down-stream non-isothermal heating method as an
extra heating source for melt electrospinning [83]. Another method called bubble melt
electrospinning was proposed by Li et al. [84] to eliminate the needle and reduce the fiber
diameter. Besides, a research group prepared an umbellate spinneret for mass production

reason rather than applying multiple nozzles [85].

Based on previously mentioned information, the processing parameters, such as collector
speed and air pressure, significantly affect final structure and fiber diameter, as represented in
Figure 2-2 [86]. The scaffold’s architecture directly controls its mechanical and biological
properties [17,87—89]. Therefore, a significant amount of research in the literature has been
focused on adjusting, understanding, and predicting the influence of process parameters on

fiber diameter, experimentally, and numerically [17,58,76,87,90-93].
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Figure 2-2. The effect of collector speed (A) on final structure at constant pressure, and (B)
on fiber diameter at different air pressures [86]

2.3 Opportunities for MEW in Tissue Engineering

MEW is a recent milestone in additive manufacturing techniques for scaffold fabrication.
Applying different biocompatible and biodegradable materials enables great opportunities for
a wide range of applications in tissue engineering [21,94] including scaffolds for soft tissues
like skin [95], endosteum [96], nerve [97], and cardiac tissue engineering [98]. Tubular
structures that showed promising results for different tissues from bone, neural, and vascular

applications were also fabricated with MEW method [78,79].

A wide range of polymers has been used in ME for tissue engineering applications.
Polycaprolactone (PCL) [65,80], polylactic acid (PLA) [99], poly-L-lactic acid (PLLA) [100],
poly (ethylene glycol) (PEG) [76], polyurethane (PU) [101], polymethyl methacrylate
(PMMA) [102], polypropylene (PP) [103], and their blends are the most commonly reported
materials. So far, some novel polymers were implemented in this field as well to address the
disadvantages of mostly used polymers like hydration and hydrophobicity. However,
polymers in exposure to water-containing environments as culture medium would absorb a
considerable amount of water and consequently lose their mechanical properties. To address
this issue, Chen et al. [104] synthesized poly(L-lactide-co-g-caprolactone-co-acryloyl
carbonate) (poly(LLA-e-CL-AC)), a photo-crosslinkable terpolymer. Bertlein et al. coated
PCL with a hydrophilic hydrogel that increased its hydrophilicity for a long-term duration in a
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pH-independent strategy [105]. Hochleitner and coworkers [106] manufactured melt
electrospun scaffolds from a hydrophilic class of polymers, so-called poly(2-oxazoline)s
(POX). They synthesized poly(2-ethyl-2-oxazoline (PEtOx) and revealed its potential for
scaffold fabrication by MEW. Melt electrospinning writing was implemented for another
polymer with piezoelectric properties. Florczak et al. [107] applied Poly(vinylidene
difluoride) (PVDF) for a melt electrospun fibrous mesh structure with the manipulation of

process parameters to achieve a perfect highly-ordered structure.

To date, the number of studies working on MEW with new approaches is significantly
increasing [50,108]. Wunner et al. demonstrated the scale-up ability of MEW by integration
of multi-print heads to their setup [109]. Eichholz and Hoey [110] studied the effect of
scaffold’s architecture on human skeletal stem cell behavior after optimizing their MEW
setup. Different scaffold structures were fabricated in random orientation and controlled fiber
patterns. The patterned structures were formed by depositing the fibers with an angle of 90,
45, and 10 degrees of every second layers. The effect of scaffold morphology on mechanical
strength and cellular behavior were monitored. The results indicated that structure with 90°

showed better mechanical properties, as well as cell spreading and osteogenic differentiation.

Hrynevich et al. [86] regulated the pressure and collector speed in their MEW setup during
printing and achieved multimodal and multiphasic gradient scaffolds. Cell spheroids seeded in
the scaffold’s porosities attached and formed aggregates due to the low fiber diameter of the
gradient scaffold and proper interconnectivity. In another study by McMaster and colleagues
[111], cell spheroids from adipose-derived stromal cells were seeded on a mesh-like structure.
Some ultra-fine threading was printed at the bottom of the scaffold by manipulating the
processing parameters in order to hold the cell spheroids. The melt electrowritten scaffold
induced the adipogenic lineage differentiation, and it provided an environment to obtain a
sheet-like structure. In another study, Hochleitner and colleagues [112] performed melt
electrospinning writing to fabricate box-shaped scaffolds for tendon and ligament application.
The parameters were adjusted to achieve sinusoidal filaments to resemble the crimped
structure of collagen | present in tendons and ligaments. An increase in tensile strength,
elastic modulus, and elasticity as compared to straight fibers were observed. Besides these
applications, Zeng et al. [113] fabricated microfluidic channels via melt electrospinning
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writing method. A master mold of PCL as a sacrificial layer was melt electrospun, followed
by casting polydimethylsiloxane (PDMS) on the patterned PCL structure and further curing.
Afterward, the PDMS layer was removed and inlet and outlet holes were punched. Another
PDMS microchannel was bonded to the first layer by applying a hot press. By means of this
method, they achieved a microfluidic channel in a straightforward and cost-effective manner

with the ability to adjust width and depth of the channels.

The current state of literature highlights the great potential of MEW in different areas of
tissue engineering and scaffold fabrications, from hard to soft tissues with a wide range of
materials according to the desired properties. Mechanical properties and biological response
to the scaffolds could be simply tuned with adjusting the internal architecture. Moreover,
since no toxic solvent is used, in situ fabrication of scaffolds for applications, such as wound
dressings and bandages, could be realized [71]. The possibility of the incorporation of multi-
nozzle setups could also be considered. Expansion of materials library, innovative hardware
designs, and hence the ability to deliver more structural diversity make MEW a versatile
approach to fabricate microstructures with controlled and desired properties.

The balance between processability, mechanical properties of the scaffolds, and their
biocompatibility can be considered as one of the main challenges in the further development
of MEW. In this respect, the utilization of other established fabrication technologies together
with MEW as a hybrid approach could be a promising strategy to overcome the shortfalls of
MEW and broadening its potential. By the aid of a hybrid method, one can fabricate
hierarchical structures in order to satisfy cellular and mechanical demand and fulfill the
requirements for tissue engineering constructs, while other application criteria, such as
mechanical durability and/or processing challenges of specific materials, could be addressed.
By this way, a handful of techniques that are based on surface modification and/or inclusion
of hydrogels within stiff polymer structures fabricated by MEW would make new
opportunities in the field of scaffold fabrication. Although the application of MEW as a part
of a hybrid bio-manufacturing strategy is not widely explored at the moment, a critical review
on the current state of research in this area can provide insight on the possibilities for

development of sophisticated multifunctional structures.
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2.4 Hybrid Melt Electrospinning Writing-Fiber Reinforcement of Hydrogel Constructs

MEW exhibits numerous advantages with the ability to fabricate flexible and highly-
controlled geometries at sub-micron levels from several polymeric materials [53,95,114], yet,
there are considerable issues to be addressed for their effective use in tissue engineering and
regenerative medicine (RM). The main limitation is due to the hydrophobic nature of
polymers causing the hindrance of controlled cell-scaffold interaction and organization. The
examples of post-processing of scaffolds by plasma or sodium hydroxide (NaOH) treatments
have been reported to improve hydrophilicity, but the non-specific adsorption of proteins on
the construct still restricts the controlled and hierarchical alignment and thus cellular behavior
[79,115-117].

Controlling and tuning the mechanical properties of fabricated scaffold via AM techniques
that are comparable to native tissue is another pivotal challenge. For example, complex
tissues, such as heart, muscle, cartilage, skin, etc., are soft and flexible structures, but they are

tough enough to withstand high stresses without any destruction.

Utilizing MEW in a hybrid fashion has introduced new perspectives and enhanced its
potential in terms of mechanical properties and biocompatibility. The hybrid constructs of the

MEW scaffolds can be prepared with different approaches, as represented in Figure 2-3.
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Figure 2-3. Different hybrid manufacturing approaches by employing MEW

2.4.1 Reinforcement Mechanism in Melt Electrowritten Fiber-Hydrogel Composites
Hydrogels are excellent candidates for scaffold fabrication with the potential for
resembling the microenvironments of human body and encapsulation of different cells in their
highly hydrated structures. Their tunable physicochemical properties, such as growth and
differentiation factor ingredients, could strongly affect cellular behavior [14,118-120].
However, their structures are not as mechanically strong as the ECM of soft tissues, including
fibrous proteins. Their lack of mechanical instability also limits the proper cellular
functionality. The enhancement of mechanical strength can be achieved by increasing the
concentration of polymer content or the crosslinking degree in the hydrogel, which may
negatively affect cell viability, proliferation, migration, and differentiation [14,118-121]. The
incorporation of a hydrogel within geometrically varied micro-fibers produced by MEW has

fulfilled the required mechanical properties to mimic the function of fibrous ECM of soft
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tissues [98,122-129]. Mainly, the construction procedure of hybrid hydrogel-MEW
composites has two steps, which are the fabrication of fibers via MEW and infiltration of
hydrogel in manufactured fibers [98,122-130].

The mechanism behind reinforcement of hydrogel matrices by melt electrowritten fibers
was investigated in different studies with several hypotheses. Visser et al. [122] elucidated the
reinforcement mechanism while using gelatin methacrylate (GelIMA) hydrogel infiltrated into
highly arranged networks of PCL microfibers. The composite was manufactured for
musculoskeletal tissue engineering application, and the reinforced structure showed a
significant increase in stiffness compared to hydrogel structure. It was revealed that the
reinforced structure’s mechanical strength was similar to that of native cartilage tissue. The
hydrogel reinforced with fiber structure showed higher stiffness, rather than hydrogel scaffold
and, interestingly, higher than the fiber scaffold without hydrogel. This result demonstrated
the synergistic effect of reinforcing the composites. Mainly, lateral expansion of the hydrogel
leads to the conversion of axial loads into lateral loads, which can be covered by fiber
networks as tension in hybrid composites. Therefore, an increase in stiffness of the composite
was correlated with horizontal expansion of the hydrogels while applying stress to the
neighboring fibers under tension. Moreover, comparing the compressive loading responses
also assessed the effect of fiber diameter on the stiffness of the composites. Low and high
fiber diameter networks were manufactured via MEW and FDM, respectively. The composite
structure with high fiber diameter showed similar stiffness with the structure without
hydrogel. This means that the axial loads did not cause an elongation of the thick fibers. On
the other hand, for the composites with thin fibers, the fibers that were elongated as a
response to axial loading and hydrogel supported the structural integrity. In addition, the
stiffness difference was observed between the groups of fiber networks with and without
hydrogels. These observations indicated that a synergistic reinforcement effect was only
observed only in the composites with small fiber diameters that were manufactured via MEW.
The stiffness of the composite after compressive loading was further demonstrated through a
mathematical model [122]. To calculate construct stiffness, fiber radius, the number of fibers
and elastic modulus of the polymer were used as directly proportional variables, while the
axial strain of fiber and composite and construct radius were used as reversely proportional

ones. The mathematical model revealed that hydrogel expands with axial compressive loading
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and causes exposure of the MEW fibers to tensile loads. However, theoretical stiffness value
was calculated larger than the experimental one. It demonstrates the complexity of theoretical

modeling of polymer-hydrogel composites, which demands more in-depth studies.

Bas et al. stated a similar hypothesis for reinforcement mechanism of hydrogels by MEW
fiber network [63]. As stiffness of the composite relies on the MEW fiber networks, a detailed
study was performed by controlling fiber spacing of 400 um and 800 pum, and grid patterns
with 0-90° and 0-60-120° orientations. The constructed melt electrowritten PCL fiber
networks were infiltrated with GelMA, and GelMA/hyaluronic acid-methacrylamide
(HAMA) hydrogels and the stiffness of the structures were evaluated. It was proposed that the
hydrogels had significant lateral to axial strain ratio due to high Poisson’s ratio values.
However, the composites showed low Poisson’s ratio, since highly organized fiber networks
suppressed lateral deformation of the hydrogels. This synergistic reinforcement mechanism

was the same as that reported by Visser et al. [122].

In another study, the high order finite element method was used to simulate the mechanical
characteristics and elastic modulus of composites [123]. Composites with varying fiber
spacing were used for the analysis. Simulation analysis revealed that decreasing the fiber
spacing increased the compressive moduli of the composite due to higher reinforcing filler
ratio, which was a similar synergistic reinforcement mechanism with the aforementioned
studies [63,122]. The simulation results presented higher stiffness value for fiber networks as
compared to experimental data, although the experimental and theoretical data for hydrogel
alone and fiber-reinforced hydrogel samples were similar.

Castilho et al. performed two different finite element (FE) analyses in order to investigate
the mechanism behind the reinforcement of hydrogel through fiber networks [124], as
summarized in Figure 2-4. In this regard, melt electrowritten PCL network with different fiber
spacing and GelMA hydrogel were manufactured. Subsequently, a compression test was
performed to obtain stress-strain data that were used as an input for FE analysis. Afterward, a
melt electrowritten fiber network was manufactured, and GelMA hydrogel was infiltrated into
its gaps, and the FE analysis results were validated with experimental data. In the first
analysis, continuum FE model was examined by employing the idealized geometry of the

composite, which is unidirectional lamina. Continuum FE model exhibited the expansion of

19



hydrogel inside the composite. Besides, the diminishing effect of fiber network on hydrogel
movement was observed. For individual hydrogel and fiber network structures, continuum the
FE model results were similar to the experimental data in terms of compressive stress-strain
behaviors. However, theoretical stiffness of the composite with higher fiber volume fraction
was significantly lower than the experimental data in this model, although the stiffness values

for composites with lower fiber volume fraction were similar.

A) Reinforced hydrogel under uniaxial compression

Gelatine-methacryloyl 3
(GAMA) hydrogel ——= /

o
«
A poly(e-caprolactone)

B) Continuum FE model (Idealized geometry) C) Micro-FE model (Realistic geometry)

Micro-compression device
= Micro-FE on reconstructed geom atry (CT scan)

Fibre scaffold at different deformations
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Figure 2-4. General modeling overview for continuum and micro-finite element (FE)
models. (A) Uniaxial compression test for the investigation of reinforcement mechanism of
the composite. (B) Continuum FE model on a quarter of an idealized composite architecture

(C) Schematic u-CT representation of the micro-FE model for the real composite architecture
at different deformation levels [124]

In second analysis, micro-FE model was performed by employing the micro-computed
tomography (U-CT) images of the composite’s geometry. The micro-FE model presented
similar results with the experimental data in terms of deformation of fiber scaffold and
composites. The results indicated that addition of hydrogel into fiber scaffold increased
stiffness of the overall composite several folds due to the prevention of fiber network
buckling through the resistance of hydrogels. Several inferences were made from those FE
models. Continuum FE model stated that the reinforcement of the composites with low fiber
fraction volume was governed by lateral expansion of the hydrogel, which put the fibers under
tension. This hypothesis was similar to the previously mentioned studies. However, those
studies did not consider different fiber spacing while explaining the mechanism. On the other

hand, micro-FE model underlined the significance of load transfer through the interconnecting
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regions of the fibers. Reinforcement of the composites with high fiber volume fraction
through buckling inhibition by the resistance of hydrogels was also highlighted. Thus, FE
analysis would be effective in optimizing the structure’s architecture based on desired

mechanical properties.

As an alternative to the heuristic approach, which relies on experimental trials, numerical
modeling could be employed for design of the architecture and optimization of manufacturing
parameters. In this regard, Bas et al. introduced the design of soft network composite with
different mechanical and biological characteristics by modeling and manufacturing the
composite, accordingly [125]. By provided compressive modulus and Poisson’s ratio value of
the hydrogel as an input to numerical model, compressive modulus of the composite was
calculated. Based on the numerical results, 0-90° grid patterns with varying pore size and
fiber thickness were determined for the fiber network design. Theoretical compressive
modulus value obtained from the numerical model was validated by comparing the
experimental results with that of different zones of the articular cartilage tissue model having
different mechanical features. For this aim, the PCL fiber network with different fiber
thicknesses and pore size was manufactured via MEW, and GelMA hydrogel was filled
within the scaffold gaps, as shown in Figure 2-5. The initial layers of scaffold were printed
with the PCL fibers, including hydroxyapatite nanoparticles (nHA), in order to mimic
calcified zone, which is present between the native articular cartilage tissue and subchondral
bone. Reinforcement of the hydrogels by fiber network was determined through uniaxial
compression test. Compressive modulus values obtained by numerical modeling were in

agreement with the experimental mechanical testing results.
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Figure 2-5. (A) Schematic view of the designed composite for cartilage application tissue
having a different composition, geometry, and mechanical properties. (B) Micro-CT images
of PCL fiber networks. (C) Scanning electron microscopy (SEM) images showing different
zones of the composite scaffold. (D) SEM images of polycaprolactone (PCL) fibers with and

without nHA. (E) General view of the composite structure [125]

2.4.2 Biological and Mechanical Aspects of Reinforced Composites in Different Tissue
Engineering Applications
Depending on mechanical requirements of the target tissue, such as stress-strain relations,
anisotropy, viscoelasticity, and flexibility, different improvements have been made on the
MEW fiber-hydrogel composite. Within this framework, fiber networks with varying polymer
types, fiber thicknesses, fiber spacing, and geometries have been designed and combined with

several hydrogels for different tissue engineering applications.

In a simple approach, MEW PCL scaffold’s porosity and crosslinking degree of GelMA
was evaluated based on the composite stiffness and recovery for articular cartilage tissue
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[122]. Chondrocytes that were encapsulated within GelMA hydrogel were homogeneously
distributed throughout the PCL construct. The cells kept their spherical morphology and
showed enhanced viability within the reinforced GelMA hydrogels. According to quantitative
reverse transcriptase-polymerase chain reaction (PCR) analysis, a physiological compressive
loading of 20% strain and 1 Hz induced the up-regulation of expression of genes encoding the

ECM proteins of chondrocyte.

In another study, to recapitulate viscoelastic and stress relaxation characteristics of the
articular cartilage, high negatively charged star-shaped poly(ethylene glycol)/heparin
(SPEG/Hep) was used as hydrogel and then reinforced with the PCL fiber network having a
0°-90° grid pattern with different pore sizes that emulated collagen fibers in terms of
anisotropic and nonlinear features [123]. Treating the surface with NaOH treatment increases
the wettability of the fiber network.

When compared to alone sPEG/Hep hydrogel and MEW fiber network, the compressive
modulus was several folds higher in fiber-reinforced hydrogel composite. Since the
compressive modulus of the composite was measured as being higher than the summation of
compressive modulus of hydrogel and fiber network alone, which indicated the synergistic
reinforcement effect. Moreover, composite structure exhibited similar viscoelastic nature of
the articular cartilage. Similar to the results of compressive modulus, only the fiber-reinforced
hydrogel composite exhibited similar stress-relaxation behavior with the human articular
cartilage, and the enhancement of ECM protein expression under hydrostatic pressure was
observed [123].

Another study that was related to articular cartilage tissue engineering was conducted by
employing reinforcement of hydrogels through melt electrowritten bi-layered microfiber
network [126]. Different zones of articular cartilage tissue were resembled by two layers
designed with different fiber patterning strategy in order to obtain zonal mechanical
characteristics of the native cartilage tissue. The GelMA hydrogel was cast into the PCL fiber
network, which was made up of dense structure with 0—-45-90-135° crossed diagonal pattern
mimicking a superficial tangential zone (STZ) and uniform 0-90° box structure mimicking
middle and deep zone (MDZ) of the articular cartilage. A significant mechanical strength

difference was observed between the reinforced and non-reinforced hydrogel structures. The
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presence of a STZ layer enhanced the compressive modulus several folds as compared to the
composite without STZ layer as the presence of STZ layer provided distribution of
compressive load to the whole composite uniformly. Human chondrocytes encapsulated in
GelMA hydrogel reinforced with bi-layered PCL fibers were tested under two different
conditions: static conditions with chondrogenic differentiation factor and mechanical strength
induced condition without addition of any differentiation factor. The results revealed that both
conditions showed cartilage differentiation by the similar production of sulfated
glycosaminoglycan (GAG) and collagen 11, which indicated the activation of signaling factors

under proposed mechanical condition.

The reinforcement of hydrogel by fiber networks was also used for a variety of other soft
tissues. Fiber networks with different geometries have been constructed to meet the
requirements of different mechanical properties of soft tissues. For instance, since soft tissues
function under high tensile loads, a flexible soft tissue bearing high tensile loads were
manufactured by embedding stretchable curvy PCL fiber networks into a hydrogel for tensile
load-bearing, mechanical anisotropy, and flexibility [127]. A combination of poly (ethylene
glycol) diacrylate (PEGDA), GelMA, and alginate were employed as hydrogel matrix. Since
the transfer of the applied loads depends on the interaction between soft matrix and
reinforcing fibers, the surface of the fibers was functionalized by photo-crosslinkable acryl
groups, which provided covalent bonding between fiber network and PEGDA and GelMA
hydrogels. The maximum tensile strain value that the composite could handle before
irreversible deformation was recorded as being similar to the values of native soft tissues.
After yielding point, manufactured fiber network elongated rather than being ruptured.
Stiffness of the composite was several folds higher than the stiffness of hydrogel without
reinforcement. Encapsulating human bone-marrow-derived mesenchymal precursor cells
(hBMPCs) into the hydrogel assessed the biocompatibility of the soft network system. The
encapsulated cells infiltrated into the curvy PCL MEW fibers were found to be viable after 72

h of incubation period.

Cardiac tissue is another complex soft tissue with a highly organized fibrillar structure and
mechanical strength. MEW manufacturing method offers great potential to establish an

environment with a highly organized structure for cardiac tissue engineering by providing
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sufficient mechanical strength. Based on this idea, Castilho et al. systematically investigated
the effect of hydrophobicity and the morphology of melt electrowritten PCL fibers on
collagen reinforcement and the response of cardiac progenitor cells (CPCs) for potential
therapeutic applications [98]. Due to the drawbacks of PCL, such as hydrophobic nature and
slow degradation, hydroxyl-functionalized polyester, (poly (hydroxymethylglycolide-co-¢-
caprolactone) (pHMGCL) was employed. Fiber scaffolds with rectangle and square
geometries were manufactured while using two different formulations of polymers, which are
PCL and pHMGCL-PCL blend. The fibrous scaffolds were evaluated with and without
hydrogel forms. In case of fibrous networks without hydrogel, the tensile modulus of the
blended-PCL scaffold was lower than that of scaffolds manufactured from PCL, but both
types of scaffolds were in the similar range with the tensile modulus of human myocardium.
However, those scaffolds showed different tensile modulus values that were based on their
shapes. The rectangular shape exhibited anisotropic behavior of the native cardiac tissue.
Even though tensile modulus and anisotropy of the scaffold showed almost similar
mechanical characteristics to the native cardiac tissue, long-term mechanical features need to
be investigated by employing cyclic tensile loading and other mechanical tests. In the case of
composite structures, both blended and bare-PCL scaffold allowed collagen matrix infiltration
in a uniform distribution, while collagen hydrogel with no support of PCL fiber scaffold
remodeled into a clumped form. The analysis of CPCs in collagen hydrogel within both of the
fiber scaffolds that were made up of PCL with and without blending with pHMGCL showed
that the cells were 99% viable, regardless of the geometry and hydrophobicity of the fibers.
However, cellular alignment and morphology changed, depending on geometry of the
scaffold. Cells were randomly arranged in squared geometry scaffolds while the alignment of
the cells was more regular, particularly in a preferential direction on rectangular ones. The
number of aligned cells on the blended-PCL scaffold was found more than PCL scaffold, as
shown in Figure 2-6. The nucleus of CPC’s in the rectangular blended-PCL composites
promoted less circular shape when compared to those in the square-shaped ones. In addition,
it was observed that the interconnected porous structure also allowed the interaction of the
cells between the compartments. This study revealed that hydrophobic nature of fibers and
geometry of the scaffold strongly affect the interference between matrix and reinforcing

fibers, which is reflected by cellular behavior. The authors also noted that pHMGCL might
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change the electrical stimulation on the fibers, which can also have a positive effect on CPC’s

response.

PCL Blend40

®
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Figure 2-6. (A) Viability and (B) morphology of cardiac progenitor cells (CPCs) in
collagen hydrogel infiltrated in squared and rectangular bare-PCL and blended-PCL scaffolds
[98]

A physiologically relevant 3D environment that was fabricated from melt electrowritten
fibrous composite could be considered for treatment of myocardial regeneration. Generally,
the treatment can be followed by replacement of the dead cells during myocardial infarction
with the healthy cells. Since induced-pluripotent stem cells (iPSCs) have the capability of
generating large numbers of human cardiomyocytes, they are the target for direct
transplantation, which showed promising results in non-human primates. However, they are

not effective due to limited contractility and electrical instability.

Complex fibrillar architecture and mechanical characteristics of myocardial tissue were
intended to be recapitulated for the production of heart patch in another study of Castilho et
al. [128]. For this purpose, fiber networks with the hexagonal and rectangular structure were
manufactured via MEW and then seeded with human induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CM), which was encapsulated within a collagen-based hydrogel
matrix. Under in-plane tensile loading conditions, biaxial deformation characteristic of the

hexagonal fiber scaffold was found to be superior to the rectangular-shaped scaffold.
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Although the results were better than the rectangular fiber scaffold, deformation, and fatigue
behavior of the hexagonal fiber network was poor in the y-direction. The fatigue behavior of
the hexagonal fiber scaffold after cyclic tensile loading was more promising than the one in
the case of the rectangular fiber network. IPSCs encapsulated in a collagen-based hydrogel
were used to monitor the effect of different geometrical composite structures on cellular
behavior. The cells were aligned through the fibers and they showed synchronous contractions
throughout the scaffold. The cells in the hexagonal fiber network showed faster contractions
and maturation of contractile myocytes. In vivo studies followed by injection of the maturated
cardiac patch onto a beating, the porcine heart did not reveal harmful effects on cell viability
and on integrity of the engineered construct. It was proposed that fabrication of PCL fiber

network with hexagonal microstructure improved the biaxial deformation and compliance.

Another different biomimetic design and fabrication strategy was proposed for heart valve
tissue engineering (HVTE) in the study carried out by Saidy et al. [129]. The biomechanical
characteristics of heart valve leaflets were aimed to be achieved by highly organized wavy-
like PCL melt electrowritten fiber scaffold to mimic the collagen fibers that are present in the
structure of the heart valve. Human vascular smooth muscle cells (HUVSMCs) were seeded
to the scaffold either directly onto the scaffold or by encapsulating in fibrin hydrogel,
followed by casting to the scaffold. The mechanical features of the manufactured construct
showed similar results with native tissue in terms of J-shaped stress-strain curve behavior,
anisotropy, and viscoelasticity. HUVSMC in the homogenously formed composite sustained
the viability and exhibited the biochemical and mechanical properties of the main ECM
component of native heart valve leaflet with the enhanced synthesis of collagen type | and
type Ill. In the aforementioned studies on cardiac tissue engineering, uniaxial tensile tests
were only performed on the fiber scaffolds without hydrogel matrix. Although it would be
speculated that the main contributor to the mechanical properties of the composite is fiber
network, investigation of the fiber network with hydrogel matrix due to the synergistic effect
of the hybrid structure would reveal valuable understanding.

There are other reports that consist of melt electrowritten fibers and hydrogel composites.
In those studies, although their potential to recapitulate tissue functions was reported, their
mechanical properties were not explored. For example, Hutmacher et al. presented an
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approach for periosteum regeneration [131]. Periosteum, which is the reservoir for vascular
components, and bone-forming cells has a critical role in the regeneration of complex
multiphasic system. The periosteum is mechanosensitive tissue that is exposed to shear and
traction loads during movement and based on the subjected force it regulates cell proliferation
and differentiation. This multiphasic structure was mimicked as in a composite of melt
electrowritten PCL tubular scaffold seeded with human bone marrow mesenchymal stem cells
(BM-MSCs) and sPEG/Hep hydrogel system that was loaded with HUVECs as a target for
large bone defect repair. BM-MSCs were used as bone-forming cells, while the HUVECs
cells were utilized for vessel formation. SPEG/Hep hydrogels were modified with RGD and
loaded with VEGF. After the hydrogel infiltration in the tubular PCL scaffold, the cells were
cultured in angiogenic conditions for seven days of in vitro culturing. Subsequently, the
composites were implanted in femur side of mice. The explanted constructs after 30 days
from implantation showed that HUVEC cells were not proliferated but formed capillary-like
structures and BM-MSC kept proliferation without differentiation. In addition, it was
observed that the implanted human cells were gradually replaced by the host cells. This study
demonstrated the efficiency of multiphasic hybrid design with a combination of different

human cell types in the periosteum tissue engineering concept.

In another study, the effect of the composition of soft matrix component and photoinitiator
type for crosslinking within PCL microfibers on the re-differentiation of chondrocyte was
investigated [132]. GelMA type A or type B that were mixed with hyaluronic acid (HA) were
photocrosslinked with either lithium acylphosphinate (LAP-visible light; 405 nm) or Irgacure
2929 (1C2929-at UV light; 365 nm). Interestingly, it was found that PCL fiber reinforcement
increased the expression of ECM components of chondrocytes in hydrogel constructs. GeIMA
from type B photocrosslinked with 1C2929 enhanced the formation of cartilage-like tissue as
compared to others through promoting increased GAG production, which showed similar

compressive strength as native articular cartilage.

The MEW-hydrogel hybrid manufacturing approach has also allowed for the development
of 3D in vitro tissue models, such as neural and tumor cultures [130,133]. For example,
Glycine receptor transfected (GTR; ligand-gated ion channel) Ltk-11 cells encapsulated in
Matrigel reinforced with melt electrowritten PCL scaffold. This model provided information
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regarding the functioning of the ion channels with electrophysiological measurements from a
physiologically similar 3D system [133]. In another study, patient-derived ovarian cancer
cells were encapsulated in PEG hydrogel infiltrated into PCL fiber scaffold. It was used to
mimic the tissue environment for the investigation of malignant behavior and tumor-
promoting signals [130]. Designed models showed clinically similar gene expression of
ovarian cancer with the samples that were obtained from a high-grade serous ovarian cancer
patient. These models may be helpful for screening the possible medicines or a combination
of therapies and design for other clinical trials.

It is clear that the MEW-hydrogel hybrid system is a promising technique for RM, TE, and
disease models, yet two-step fabrication of the hybrid structures limits the control over-
structure design and fiber writing. To overcome this limitation, Ruijter et al. assessed a single-
step construction approach by MEW of PCL and extrusion bioprinting of eMSC-laden
GelMA hydrogel [119]. This approach allowed for the precise deposition of cells in a
mechanically stable composite with controlled porosity and pore shape. It was confirmed that
the applied high voltage during construction did not affect either the cell viability and

metabolic activity or the ability to differentiate toward multiple lineages of eMSC.
2.5 Other Hybrid Approaches with MEW

Melt electrowritten fibers post-processed with other materials could be classified as hybrid
manufacturing. This approach relies on the initial production of MEW scaffold, which is
tuned into relatively hydrophilic surface by plasma, NaOH treatment, or polymer coating.
Subsequently, these microfibers are basically coated with cell attractive biomaterials, such as
calcium phosphate (CaP), collagen, and fibronectin. For example, NaOH treatment to PCL
scaffolds causes the formation of carboxyl and hydroxyl groups, which allows for the
reproducible CaP coating. CaP coated fibers showed successful attachment of cells, and the
results were found promising for bone tissue engineering [96,134]. Thibaudeau et al. proposed
the utilization of the CaP coated PCL melt electrowritten fibers to develop a human bone
environment in a murine host model to monitor the metastasis of human breast tumor to bone
tissue [134]. The primary human osteoblast cells (hOB) successfully attached on the hybrid
structure for seven days, which was then successfully implanted into immunodeficient mice.

Afterwards, the formation of humanized bone ossicles in mice was confirmed. After the
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injection of human breast cancer cells into blood circulation of the mice, it was observed that
the cancer cells metastasized and formed lesions on bone tissues. This proposed model system
was suggested to be useful for investigating the mechanism of human breast cancer metastasis
to human bone in a murine host. In another study, the formation of endosteal bone-like tissue,
which has an important role in hematopoietic stem cell proliferation, migration, and
differentiation found in the inner wall of long bones surrounding bone cavity on CaP coated
MEW PCL scaffolds were demonstrated [96]. The expression of endosteal and osteogenic
specific markers of both primary human osteoblasts and placenta-derived mesenchymal stem
cells under non-osteogenic and osteogenic conditions demonstrated a realistic design of tissue
engineering strategies with physiologically relevant 3D porous ECM microenvironment for

the generation of tissue-specific niches.

Bertlein et al. [105,135] fabricated melt electrowritten PCL composites by further coating
with proteins and monitored the enhancement of cell attachment and cell functioning.
Besides, the relation between the pore size and formation of neovascular like structures was
analyzed while using melt electrowritten structures with 100, 200, and 350 pm pore size
coated with fibronectin [135]. Figure 2-7 shows HUVECs attachment on the coated fiber
networks after one day incubation period. The formation of a neovascular structure was
observed after one week incubation of HUVEC cells on 350 um pore size scaffolds. In the
other study, collagen-functionalized star-shaped polyethylene oxide based prepolymers
(sP(EO-stat-PO)) coated PCL scaffolds showed decreased cell attachment, due to a decrease

in the non-specific protein adsorption on the surface [105].
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Figure 2-7. Attachment of HUVECs on the fibronectin coated PCL fiber networks with
different pore size. Scale bar represents 200 um [135]

MEW is used in combination with other scaffold generation methods to enhance their
biological and mechanical properties. It was combined with FDM to generate a roughened
surface that enhanced initial attachment, proliferation, and Ca?* deposition of the osteoblast-
like cells [136]. In another study, melt electrowritten structures with different geometries were
designed for attachment of osteoblasts on one side, and keratinocytes and connective tissues
on the other side. The fibrous structures were combined with a core PCL film that was
prepared via casting to prevent possible infections for applications of oral and maxillofacial
surgery [137]. In this study, the design of construct was found cytocompatible with improved

cell proliferation and showed bacteria-tightness over two weeks.

Melt electrospun scaffolds could be functionalized by integrating with solution
electrospinning [138,139]. In the study of Park et al., they combined MEW with solution
electrospinning to acquire micro-nano fibers, mimicking the ECM structure for further
application in tissue engineering [138]. PCL was utilized for MEW process to manufacture a
mesh-like structure, and a PCL/collagen blend was used for SE, as shown in Figure 2-8. The
hybrid MEW-SE scaffold was fabricated in a two-step manner. The patterned microlayers
were melt electrospun, and PCL/collagen nanofibers were deposited between the layers by
electrospinning. Three different combinations of MEW and SE were used with varying the
number of PCL/collagen layers. Afterwards, bovine chondrocytes were seeded, and cell

adhesion and proliferation were investigated for 10 days of incubation on different hybrid
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scaffold designs. The results demonstrated that the scaffolds containing more layers of
PCL/collagen had 2.5 folds higher cell attachment and 2.7 times more cell number than the
melt electrospun PCL scaffold. The amide groups of PCL/collagen nanofibers with
improvement in its hydrophilicity with the help of its rough surface and higher surface area

enhanced the cell attachment, and the ECM like architecture of the hybrid structure enhanced
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Figure 2-8. Hybrid setup of melt electrospinning writing-solution electrospinning (MEW-
SE) for manufacturing of composite PCL/collagen structure [138]

Another study was performed by developing a hybrid MEW-SE setup for neural
applications. Khadem Mohtaram et al. [139], melt electrospun two different micro-patterns of
PCL as loop mesh and biaxial aligned structures and functionalized them with retinoic acid
(RA) encapsulated PCL while using SE. The scaffolds were then seeded with neural
progenitors that were derived from human induced pluripotent stem cells (iPSCs). The
promotion and differentiation of iPSCs were evaluated, and the effect of different geometries
was explored as well. Cell viability, immunohistochemistry, neurite extension, and real-time
quantitative PCR analysis were performed. Electrospinning of RA encapsulated PCL
increased cell attachment due to expanding the available surface area for cells to adhere. The
cells were able to adhere, align, and migrate along the fibers in the loop mesh scaffolds with
lower fiber diameters. Biaxial aligned fibers showed more promising results in terms of cell
viability, proliferation, elongation, and neurite outgrowth. In general, melt electrospun
structures induced the expression of neural markers in the cells, and hybrid structures showed

the highest expression of neural markers as compared to loop mesh and biaxial aligned
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scaffolds. Melt electrospinning could be favorable for neural tissue engineering, since the
geometry of the fabricated structure strongly influences the cell alignments and cell response.
Moreover, by integrating it with other techniques, it can serve as a promising strategy to fulfill
the requirements of the designed scaffold. The modification of melt electrospun structures by
solution electrospinning utilizing benign solvents or water with a variety of polymers
encapsulated with drugs, nanoparticles, and biomolecules could enrich its application for

different tissue engineering purposes.
2.6 Summary and Future Perspective

The ability to utilize a large number of polymers and their blends has led to an increasing
number of studies that are related to MEW in recent years. Computer-controlled nature of the
melt electrospinning writing process facilitates design and fabrication of the structures with
great control over mechanical properties and, subsequently, cellular responses. Owing to the
elimination of solvent in comparison with the solution electrospinning, this method reduces
the cost of the process, with respect to the solvent removal and recycling, toxicity and
miscibility, and ventilation system. The feasibility of inclusion of several types of
nanoparticles and active biomaterials, such as bioactive glasses, carbon nanotubes, drugs, and
antibiotics within the polymers has resulted in further expansion of the application of MEW in
tissue engineering. Despite the highlighted advantages of MEW, progressive development in
material libraries, and establishment of innovative hardware, some requirements are yet to be
addressed. For instance, the fiber diameter could not be obtained as low as natural ECM
diameter. In addition, most of the polymers that were processed by this method possess
hydrophobic surfaces with low control over cell attachment and protein adsorption. Although
mechanical properties can be tuned by controlling the structure’s architecture and porosity,
high stiffness values, and low elasticities as compared to human tissues are major concerns in
further applications. Moreover, the thermoplastic polymers which could be utilized at elevated
temperatures are also limited. To address these challenges, the integration of MEW with other
techniques as a hybrid process could indeed offer a promising strategy. This integration
would, in turn, provide the possibility to include cell-laden hydrogels, heat-sensitive drugs, or
bioactive molecules, and to functionalize the polymers with other AM techniques combined

with MEW. The reinforcement of hydrogels by well-ordered melt electrospun structures is
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one of the most common hybrid approaches presented in the literature, which is mainly used
for soft tissue regeneration applications. The implementation of rigid polymer meshes within
less stiff hydrogels showed significant improvements in composite stiffness. This
improvement is explained with the synergistic reinforcement effects with several hypotheses.
In general, the residual tensile stress in the fibers due to the expansion of the hydrogel in the
compressive loading, enhanced load transfer within the fiber network, and the role of
hydrogels in the prevention of buckling have been emphasized. It should be noted that most of
the mechanical tests were conducted under compressive loading conditions. However, no
investigation on the reinforcement mechanism under other loading conditions (i.e., tensile and
shear loading) has been conducted, although they significantly contribute to the mechanical
behavior of native tissues. This approach holds high potential in the case of several areas of
research, including cartilage, cardiac, neural, skin and bone tissue engineering, and wound
healing applications, not only for improving the mechanical properties, but also maintaining a
hydrated environment at the same time for cells to attach, migrate, and differentiate. By
further development of materials and architectures, we foresee extensive progress in hybrid
systems to utilize a wide variety of polymers and hydrogels with several biomolecules, cells,

and nanoparticles.

Hybrid approaches are not limited to fiber-reinforced composites. Other approaches, like
functionalization or coating of the melt electrospun structures with calcium phosphate,
sodium hydroxide, and plasma treatment, were also employed. This would improve the
surface properties and tune the functionality of melt electrospun structures for better cell-
scaffold interactions. Some researchers developed a hybrid system with other AM or
conventional techniques by the incorporation of FDM, solution electrospinning, and casting,
into the melt electrowriting setup. This would result in a mechanically strong hydrophilic

scaffold with the higher surface area.

As a conclusion, the adjustment of mechanical properties of multiphasic composites can be
considered as a key factor in hybrid printing. More comprehensive experimental and
numerical modeling studies are needed to better understand the mechanical properties and
optimize the properties of hybrid MEW structures. Although elastic modulus and Poisson’s
ratio of the components of the hybrid structure would be considered as the main parameters
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for the modeling studies, other biomechanical features of the components and the mutual
interactions of the components should be taken into account to improve the accuracy of

modeling.

In addition to the consideration of proper mechanical testing protocols, there exists a gap in
the literature regarding the assessment of degradation kinetics of the composites and
counterbalance between the extent of degradation and the mechanical and structural integrity.
Degradation kinetics and the rate of new tissue formation/integration would play a crucial role
in the determination of the interactions between the implanted construct and surrounding

tissue after the implantation.
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3 Chapter 3: 3D printing of silver-doped polycaprolactone-poly(propylene succinate)
composite scaffolds for skin tissue engineering

This chapter was published in the journal of Biomedical Materials as a research article
[16].

Scaffold-based tissue engineering approaches have been commonly used for skin
regeneration or wound healings caused by diseases or trauma. For an ideal complete healing
process, scaffold structures need to meet the criteria of biocompatibility, biodegradability, and
antimicrobial properties, as well as to provide geometrical necessities for the regeneration of
damaged tissue. In this study, design, synthesis and characterization of a three dimensional
(3D) printable copolymer based on polycaprolactone-block-poly(1,3-propylene succinate)
(PCL-PPSu) including anti-microbial silver particles is presented. 3D printing of PCL-PPSu
copolymers provided a lower processing temperature compared to neat PCL, hence, inclusion
of temperature-sensitive bioactive reagents into the developed copolymer could be realized. In
addition, 3D printed block copolymer showed an enhanced hydrolytic and enzymatic
degradation behavior. Cell viability and cytotoxicity of the developed copolymer were
evaluated by using human dermal fibroblast (HDF) cells. The addition of silver nitrate within
the polymer matrix resulted in a significant decrease in the adhesion of different types of
microorganisms on the scaffold without inducing any cytotoxicity on HDF cells in vitro. The
results suggested that 3D printed PCL-PPSu scaffolds containing anti-microbial silver
particles could be considered as a promising biomaterial for emerging skin regenerative
therapies, in the light of its adaptability to 3D printing technology, low-processing

temperature, enhanced degradation behavior and antimicrobial properties.

Keywords: polycaprolactone-poly(propylene succinate) block copolymer, 3D printing,

scaffolds, antimicrobial properties, skin tissue engineering.
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3.1 Introduction

The skin plays a crucial role as the largest tissue in the body, which acts as a thermal,
mechanical, and bacterial barrier. Severe skin injuries caused by burns, traumas or wounds
may not heal by themselves and require skin tissue substitutes [140-143]. To mimic the
network topology of the extracellular matrix (ECM) of the skin, a highly porous 3D structure
with interconnected pores is essential to support cell migration and proliferation, nutrient and
waste transport, and vascularization [22,33,144,145]. Control over the structural and
geometrical features of 3D scaffolds, as well as the identification of candidate materials with
acceptable biocompatibility and similarity of physical and mechanical properties with host
tissue, have yet to be addressed [33,144,146]. Moreover, the degradation behavior of scaffolds
can be tuned with respect to the requirements of tissue engineering applications. In this
respect, novel fabrication strategies can play a significant role in producing desired scaffold
architectures with tunable material properties [20,95].

AM, also known as 3D printing, is one of the most promising scaffold fabrication
strategies due to its ability to produce complex structures with customized geometries by
utilizing CAD models [3,147,148]. Among the AM processes, extrusion-based 3D printing is
a popular and widely used technique since it can produce polymeric scaffolds with

customized geometries with ease and low-cost [149-151].

PCL is a semicrystalline polymer widely used for tissue engineering applications due to its
biodegradability, non-toxicity, ease of thermal processing, high decomposition temperature,
excellent mechanical properties, and the possibility of its incorporation as a composite,
physical blend, or copolymer with other biomaterials [152,153]. However, some challenges
such as low degradation rate due to a high degree of crystallinity, hydrophobicity, and
relatively high melting temperature, might limit the application of PCL [154]. A common way
of addressing these limitations is to blend or copolymerize PCL with other appropriate
polymers to tune the rate of degradation and its hydrophilicity, as well as to lower the melting
point [154]. Bio-based polymers with monomers from renewable sources have attracted a
great deal of attention because of their advantages such as conservation of limited resources,
low toxicity, biodegradability, availability and environmental friendliness [155,156]. Among

them, PPSu, a biodegradable polyester, is a promising candidate to be copolymerized with
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PCL since it has a low melting point of around 44 °C and a glass transition temperature of
around -36 °C with a fast degradation rate. Previous studies showed that the addition of PPSu

to PCL increased the enzymatic degradation rate and its hydrophilicity [156-159].

Infection is one of the significant healing hindrances for the skin repair procedure. The
functionalities of utilized scaffold such as antimicrobial activity, could significantly affect the
healing process during post-implantation. Hence, the scaffolds which possess antimicrobial
characteristics in addition to the desired geometrical and physicochemical properties would be
advantageous [160-162]. To date, different strategies in skin tissue regeneration and wound
healing applications have been implemented, including the incorporation of various types of
antibiotics and silver compounds [162-166]. Due to the development of the strains of
antibiotic-resistant bacteria and the environmental concerns about using antibiotics,
alternatives such as incorporating silver into the biopolymers are used in skin regeneration
therapies [167,168].

Furthermore, the effectiveness of antibiotics is usually restricted to certain bacteria, while
silver-containing components have shown promising results against a broad spectrum of
microorganisms including fungi, viruses, and some Gram-negative and Gram-positive
bacteria. Silver, in both metallic and ionic forms, possesses strong antibacterial and anti-
inflammatory properties and has been used in many applications such as cosmetics, wound
dressing, medical products, and wound healing scaffolds. In addition, it shows low systemic
toxicity and can enhance the epithelialization of the wounds and reduce surface inflammation
[169-175].

To date, there are numerous attempts at the utilization of PCL and its blends and
copolymers with biodegradable polyesters for 3D printing applications [176—178]. To the best
of our knowledge, there is only one study about the preparation of poly(butylene
succinate)/polylactide blends and further processing by fused deposition modeling (FDM)
printing [179]. In this context, this study is the first attempt at the development of 3D
printable PCL-PPSu block copolymer with silver-induced biocidal properties, enhanced
degradation and a relatively low-processing temperature compared to neat PCL. In this paper,
a block copolymer of PCL-PPSu with different molar fractions and composites containing

silver nitrate was synthesized and characterized to be used for skin tissue engineering and
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wound healing applications. The printability of the resultant composites was further
investigated, and an ideal composition was used for 3D printing of well-defined porous
scaffolds. Degradation behavior and hydrophilicity of the selected copolymer were
investigated by enzymatic/hydrolytic degradation studies and contact angle measurements,
respectively. Biocompatibility of the composition was evaluated by viability analysis of HDF
cells in vitro. Furthermore, the antimicrobial activities of the scaffolds were analyzed with
microbial cell attachment and zone of inhibition test for C. albicans, P. aeruginosa, E. coli,

and S. aureus microorganisms.

3.2 Materials and methods

3.2.1 Materials

Succinic acid (98%) and sodium nitrate (99.5%) were purchased from Fluka. Stannous
octoate, g-caprolactone (97%), 1, 3-propanediol (99%), tetrabutyl titanate (TBT, 97%),
methanol (99%), chloroform (97%), sodium chloride (NaCl), silver nitrate (AgNQO3), yeast
extract, peptone from casein, pancreatic digest, ethanol (>99.8%), Lipase Pseudomonas
cepacia, and dimethyl sulfoxide (DMSQO) were obtained from Sigma-Aldrich. Chloroform,
nitric acid (HNO3), and sodium borohydride were purchased from Merck. HDF cells and all
the microorganisms used in the antibacterial studies were purchased from ATCC (UK).
Dulbecco's modified Eagle medium (1X DMEM, 4.5 g I-1 D-Glucose, L-glutamine, sodium
pyruvate), fetal bovine serum (FBS), HyClone phosphate-buffered saline (10 X PBS, w/o
calcium, magnesium), and Pen-Strep (10 000 Units ml—1 penicillin, 10,000 pg ml-1
streptomycin) were obtained from Gibco (UK). Cell proliferation reagent WST-1 was

purchased from Roche. PBS tablets were obtained from MP Biomedicals, LLC (France).

3.2.2 Synthesis of polycaprolactone

PCL was synthesized via ring-opening polymerization of e-caprolactone. Briefly, e-
caprolactone (50 g) and stannous octoate (20 ul) monomers were placed in a round bottom
flask and heated to 180 °C and maintained for 24 h. After completion of the reaction, the

product was dissolved in chloroform (50 ml) and precipitated in cold methanol. Then, the
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solution was kept at —20 °C overnight and followed by a filtration process. The product was

dried in a vacuum oven for two days for solvent removal.

3.2.3 Synthesis of poly(1, 3 propylene succinate)

PPSu was synthesized based on a two-stage melt polycondensation polymerization method.
In the first step, succinic acid (30 g, 0.254 mol) and 1, 3-propanediol (20.24 g, 0.2794 mol)
were charged into a reactor in the presence of TBT (26 ul, 76.2 umol) as the catalyst. The
reaction mixture was heated up to 180 °C under nitrogen atmosphere through refluxing for 90
min. During this step, succinic acid monomers were esterified to form oligomers. In the
second stage, the reaction temperature was increased up to 200 °C while a low vacuum (0.8
bar) was applied for 1 h and then a high vacuum (1.5 mbar) was used for 2 h at 220 °C. The
reaction was kept overnight at 230 °C under a low vacuum (0.8 bar) to complete the second
stage of the reaction and obtain PPSu polymer. The reaction product was dissolved into 200
mL methanol and placed at 4 °C for 24 h. The white solid precipitates were separated from
the solvent by filtration and dried for 2 d under vacuum. Figure 3-1(A) depicts the reaction
route of PPSu polymerization, and Table 3-1 summarizes the reaction conditions and
molecular weight of PPSu.
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Figure 3-1. Reaction routes of (A) PPSu, and (B) PCL-PPSu block copolymer
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Table 3-1. The number of reactants in the polymer synthesis and molecular weight of PPSu

Pol Ti(OB M M
olymer Succinic 1, 3-propanediol I(OBu) ] " "
id Yield (%)
type 2040 © () @mol)  (g/mol)
PPSu 30 20.24 26 54 4201 3388

3.2.4 Synthesis of PCL-PPSu block copolymers

PCL-PPSu block copolymer was synthesized through a bulk polymerization technique.
PPSu to g-caprolactone monomer was in the weight ratio of 1:10 by using 2 g of PPSu and 20
g of e-caprolactone monomers in the presence of stannous octoate (0.05 wt% of e-
caprolactone) at 140 °C for 24 h. Afterward, the resultant product was dissolved into
chloroform (50 mL) and was precipitated by adding cold methanol (300 mL). The resultant
polymer was separated from the solvent and unreacted monomers were removed by filtration
and then the material was kept drying in vacuum for three days at room temperature. In
addition to 1:10 weight ratio, PPSu was undergone polymerization with g-caprolactone
monomer in the ratio of 1:5. PPSu-PCL having 1:10 weight ratio showed better printing
behavior due to the differences in number average molecular weight and polydispersity index
(PDI) of these two synthesized polymers. The details about experimental conditions and
characterization results are given in Table S3-1 and S3-2 in the supplementary document.

Functional groups of the polymers were investigated by Nicolet iS 10 Fourier transform
infrared spectroscopy (FTIR). FTIR spectra were obtained in %Transmittance mode in the
spectral region of 400 to 4000 cm™! using a resolution of 2 cm™! and 32 co-added scans. *H-
and 3C- nuclear magnetic resonance spectroscopy (*H-NMR and *C-NMR) were used to
evaluate the composition and structure of the synthesized polymers (Varian Unity Inova, 500
MHz spectrometer). The thermal behavior of the polymers was analyzed by differential
scanning calorimetry (DSC) using a TA-Q2000 instrument within the temperature range of
—50 to 100 °C at heating and cooling ramp of 10 °C min~! under nitrogen atmosphere. The
molecular weight and PDI of polymers were determined by Viscotek-VE2001 gel permeation

chromatography (GPC) in DMF. Among all the combinations of the synthesized copolymers,
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the initial printability tests were performed to screen the suitable candidate material for 3D
printing (data not shown). The addition of PPSu at higher fractions resulted in increased
elasticity of copolymer, which resulted in poor printability. For 3D printing, antibacterial and
in vitro experiments, the copolymer with PPSu:PCL ratio of 1:10 was selected.

3.2.5 Contact angle measurement

Apparent change in the wettability of the copolymers compared with PCL was assessed
using water contact angle measurements (Terra Lab, Turkey). Samples of PCL and PCL-PPSu
were prepared by solution casting, and a deionized water droplet was placed onto the surface
of polymer films (4 samples per each polymer), and the calculated contact angle values were

presented as mean +SD.

3.2.6 Enzymatic degradation

PCL and PCL-PPSu based polymeric films with the same size and mass were prepared by
casting. PBS (0.01 M, 1x) with a pH of 7.4 and 1X concentration was prepared by dissolving
tablets in Milli Q water. Lipase Pseudomonas cepacia enzyme was dissolved in PBS at the
concentration of 0.15 mg/mL of PBS, and the enzyme concentration for the polymer was 0.4

unit/mg.

Degradation tests were conducted in two different groups of PCL and PCL-PPSu
copolymer films. Samples were kept in vials containing medium and were incubated at 37 °C
at 100 rpm for up to 10 d. The medium was changed every 3 d. At specific time points, the
polymer films were removed from the media and washed three times with deionized water
followed by drying in a vacuum oven at room temperature until reaching a constant weight.
Each sample was weighed before and after soaking in media. The percentage mass loss of the
samples was calculated using equation. 1 as an indicator of the degree of biodegradability,

where M and Mt are the initial and the final mass of the samples, respectively.

Mass Loss (%) = % x 100 % 1)
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The surface morphology of the polymer films at different time points was observed using
Zeiss Leo Supra VP 35 field emission scanning electron microscope (FE-SEM) at 4 kV
acceleration voltage. Samples were sputter-coated with a thin layer of gold-palladium by a
Denton Vacuum Desk V sputter before SEM imaging.

3.2.7 Hydrolytic degradation

Films of PCL and PCL-PPSu block copolymer were prepared by solution casting with
prolonged drying time to ensure complete solvent removal. Hydrolytic degradation tests were
conducted in two different mediums, including PBS, with a pH of 7.4 and DMEM cell culture
media. Polymer films with the same dimensions were kept at an equal amount of media and
maintained at 37 °C with constant shaking of 180 rpm in an incubator shaker for up to 21 d.
On specific days, the polymer films were removed from the media and washed with deionized
water and dried in a vacuum oven at 30 °C. The same protocol as mentioned in section 2.6

was followed to measure the degree of degradability.

3.2.8 Analysis of silver ion release and silver distribution

Silver release behavior of PCL-PPSu/AgNO3s composites was studied by soaking them in
PBS at 37 °C and shaking a rate of 50 rpm over 21 d. The samples were selected at the same
size and shape to eliminate the effect of their size and shape for ionic release. PBS solution
was not changed during the analysis to measure the cumulative release amount. At specific
time points, silver ion concentration was measured by inductively coupled plasma optical
emission spectrometry (ICP-OES) (Agilent Technologies, model 5110). Polymer samples

used for these measurements were impregnated with 1% (wt/wt) silver nitrate.

Both copolymer films and solutions were characterized to measure the amount of silver
released in PBS solution and total silver within the polymer. Acid digestion was performed
for sample preparation. Briefly, copolymer films were dissolved in 5 mL of HNOs and kept
on a hot plate for 10 min for complete dissolution. Afterward, the solution was diluted with a

20-fold dilution factor and filtered for further analysis. The same protocol was followed for
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PBS solutions with a dilution factor of 20. To evaluate the homogeneity of silver distribution
in the polymer matrix, samples were analyzed with FE-SEM equipped with energy dispersive
x-ray spectroscopy (EDS). Polymer films were sputter-coated with gold-palladium before

imaging.

3.2.9 3D printing process

A custom-built computer numerical control (CNC) 3D printer setup was utilized in this
work explained elsewhere [180]. Briefly, the motorized printer head was connected to a
computer and controlled by MACH3 CNC software. Rhinoceros 5 (Robert McNeel &
Associates) was used to generate G-codes for desired printing patterns. The printer head
mounted on the z-axis consisted of a 10-mL metal syringe and a nozzle with an inner diameter
of 150 um (Musashi Engineering Inc., Japan) heated by a heating jacket (New Era Pump
Systems, Inc. NY, USA). A pneumatic dispensing system (Nordson EFD Performus V) was
connected to the syringe. Figure 3-2 represents a schematic view of the 3D printer machine
and the printing setup during printing. The printing temperature was selected based on
thermal properties obtained by DSC measurements. The synthesized copolymer impregnated
with silver nitrate was printed at 55 °C (the selection of temperature was based on the offset
temperature of melting point in DSC data and the corresponding viscosity) while the samples
were thermally equilibrated at 55 °C for 2 h prior printing. The applied pressure and print
speed were set as 2 bars and 210 mm.min!, respectively. The extruded molten polymer was
solidified on a collector at room temperature by the aid of a small cooling fan with the current
of 80 mA placed 2.5 cm far from the nozzle. Cuboid structures with dimensions of 10 x 10 x
2 mm (15 consecutive layers) and gap size of 350 um were 3D printed. Increments along the
Z-axis of each layer was selected the same as the nozzle size (150 um). Morphology of the
printed scaffolds was investigated by FE-SEM. Pore size, filament diameter, and the variation
of deposition profiles and shape fidelity of the printed samples were analyzed by using
ImageJ software on the obtained SEM images. Measurements were done from 20 random
regions of the scaffolds at different layers of each SEM picture. The data were reported as

mean *standard deviation.
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Figure 3-2. (A) Schematic view of the custom-made 3D printer, (B) real image of the
printing setup during the scaffold printing

3.2.10Biocompatibility evaluation

Cell viability and biocompatibility of the 3D printed constructs was evaluated by cell
viability and morphology analysis after treatment of HDF cells with the extracts of the
scaffolds. The extract samples were prepared based on the instructions at 1ISO 10993-12 with
small modifications. Briefly, a 20 mg/mL of the 3D printed PCL, PCL/AgNO3, PCL-PPSu,
and PCL-PPSu/AgNQO3 scaffolds were incubated in fibroblast basal media for 72 h at 37 °C at
150 rpm. After the incubation period, the liquid portion was taken and filtered through a 0.22
um filter. Previous studies showed that embedding 5% of AgNOs into polymer scaffolds
improved the antibacterial properties of the scaffolds with no significant cytotoxic effect on
the cells [181,182]. The optimum concentration was assessed by incorporation of 5% (wt/wt)
AgNOs in the polymer matrix and further examination of cell viability.

HDF cells were cultured in fibroblast basal media (ATCC, PCS-201-030) containing
fibroblast growth kit-serum-free (ATCC, PCS-201-040) and 1% Penicillin-Streptomycin
Ampicillin (PSA). The cells were maintained at 37 °C under an atmosphere composed of 95%
air and 5% CO.. Cells were seeded in 96-well plate at a density of 5 x 103 cells/well and
incubated for 24 h. After the incubation period, several dilutions of the extracts (100%, 50%,
25%, 12.5%, 6.2%, 3.1%, 1.6%, 0.8% and 0.4%) were added into the cell culture followed by
incubation for 24 h. Fibroblast basal media including 5% PBS and 5% DMSO were used as

negative and positive controls, respectively. At the end of the incubation, the media was
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removed, and cells were rinsed with PBS. Cell viability was determined using the WST-1

colorimetric assay.

For morphological characterization, cells were seeded in 24-well plate (25 x 103
cells/well) and incubated for 24 h. Dilution of the extracts of the 3D printed samples with
concentrations of 100%, 50%, and 25% were added into the wells and were incubated for 24
h. Morphological changes were monitored using a Zeiss PrimoVert light microscope.

3.2.11 Antibacterial activity of block copolymer impregnated with silver nitrate

The synthesized PCL-PPSu copolymer and PCL were dissolved in chloroform, and the
solution of AgNO:s in ethanol was added with final concentrations of 1% and 2.5% (wt/wt).
Concentrations of AgNOz were selected based on in vitro cytotoxicity assessments.
Antimicrobial activities of rectangular 5 x 5 mm polymer films were determined by
examining the zone forming potential through diffusion using model microorganisms
including Gram-negative P. aeruginosa and E. coli, Gram-positive bacteria S. aureus, and
yeast C. albicans. A 200 pul of microorganism cultures grown overnight were added by
spreading on lysogeny broth (LB) agar Petri dishes and then, rectangular polymer materials
with/without AgNOz were placed on LB agar Petri dishes and incubated at 37 °C overnight.
Antimicrobial activity was determined by observing the presence of the zone of inhibition
around the copolymer films after the incubation period and the diameter of each inhabitation

zone was measured and reported in mm.

Adhesion of microorganisms on the copolymer surfaces was investigated. Briefly, the
overnight microorganism cultures were seeded onto the PCL-PPSu and PCL-PPSu/AgNO3
copolymer films and incubated at 37 °C for 3 h. Incubation was continued overnight at 80 rpm
with the addition of fresh LB medium. At the end of the incubation time, copolymer films
were removed from the medium and subjected to washing with 0.9% NaCl (three times). The
copolymer films taken from the saline solution (0.9% NaCl) were sonicated for 3 min to
release the bacteria into the saline solution. 100 pL of saline solutions were spread on LB agar
Petri dishes and incubated at 37 °C overnight. After incubation, the growth densities on LB

agar Petri dishes were monitored.
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3.2.12 Statistical analysis

The statistical evaluations for cell viability were performed using t-test, and cell viability
data, hydrolytic and enzymatic degradation values and silver ion concentrations were
expressed as the means £SD with at least three experiments. Those with p values <0.01 were

considered as significant differences.

3.3 Results and Discussion
3.3.1 Structural analysis of PCL-PPSu block copolymer

FTIR spectra of PCL, PPSu, and PCL-PPSu block copolymer are illustrated in Figure 3-3.
PCL exhibited a sharp peak at 1720 cm™!, which is due to carbonyl stretching, while the two
weak peaks at 2944 cm™! and 2863 cm™! correspond to the asymmetric and symmetric -C—H
stretching. Additionally, the peak at 1176 cm™ is assigned to the —.C—O stretching [183]. In
the PPSu spectra, the peak at 1715 cm™! indicates the presence of the carbonyl group in the
polymer structure [184]. The weak peak at 2971 cm™! corresponds to the stretching of -C—H
bond related to the ester group. Furthermore, 1150 cm™! is attributed to the bending of -C-O—
ester bond [185,186]. The presence of characteristic peaks of both PPSu and PCL in the
spectrum of PCL-PPSu block copolymer confirms the formation of the copolymer structure
with both PPSu and PCL segments.
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Figure 3-3. FTIR spectra of PCL-PPSu block copolymer, PCL and PPSu polymers

NMR analysis was used to identify the molecular structure of the synthesized polymers.
Figure 3-4(A) represents the *H-NMR spectra of PCL, PPSu, and PCL-PPSu polymers. In the
'H-NMR spectrum of PPSu polymer, the quintuple peak at 1.94-2.01 ppm corresponds to a
methylene group (c) of the 1, 3-propanediol fragment. The characteristic peak at 4.1-4.2 ppm
is attributed to the protons of two similar methylene groups (a) while the protons of two
methylene groups on succinic acid monomer (a) appear as a single peak at 2.6 ppm. On the
other hand, PCL gives a triple peak because of protons on the methylene group in the
neighbor of oxygen (j) at 4.05-4.1 ppm. The protons of methylene group (h, h’) appear as
multiple peaks at 1.6-1.7 ppm. The (i) group protons is identified by a quintuple peak at 1.4
ppm, while (g) protons appear as a triple peak at 2.25 ppm [157]. *H-NMR spectrum of PCL-
PPSu showed peaks in the same regions without any significant shift confirming the presence
of both segments in the structure of the copolymer. At 3.63 ppm, a small triple peak
corresponds to methylene protons of hydroxyl terminated ends (—CH2-OH) of polyesters
which also exists in the copolymer [186]. The changes are remarkable in the peak area which

corresponds to the molar fraction of the two polymers of PCL and PPSu with the same ratio of
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1:10 for PPSu:PCL [157]. The peak integral values and normalized values to (c) peak are

summarized in Table S3-3 in the supplementary document.
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Figure 3-4. (A) *H-NMR and (B) **C-NMR spectra of PPSu, PCL and PCL-PPSu block
copolymer

13C-NMR spectra of the synthesized polymers are presented in Figure 3-4(B). *C-NMR
spectrum of PPSu showed a peak at 172.3 ppm which attributes to the carbonyl carbon in the
polymer structure (b), the peak at 61.4 ppm is assigned to the (c) carbon in PPSu molecular
structure. In addition, the peaks at 29.1 and 28.9 ppm correspond to methylene carbons of
succinic acid fragment (a), and the methylene group of 1,3-propanediol (d) fragment,
respectively [187]. In the 3C-NMR spectrum of PCL, the peak at 173.7 ppm is attributed to
carbonyl group (f), 64.2 ppm peak is assigned to (j) carbon, the peak at 34.2 ppm corresponds
to methylene group adjacent to carbonyl group (g), 27.9, 25.6, and 24.6 ppm peaks
correspond to methylene groups (h), (h") and (i), respectively [188]. However, overlapping of
PPSu and PCL peaks and the dominance of PCL peaks in 3 C-NMR spectra limits the ability
of structural identification of PCL-PPSu through *C-NMR.

3.3.2 Thermal behavior and 3D printing of PCL-PPSu block copolymers

DSC curves for the heating and cooling cycles of PCL and PCL-PPSu copolymer are
presented in Figure 3-5. Both polymers underwent crystallization during corresponding
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cooling cycles. The onset of the crystallization peak for PCL was at 38 °C (T¢), and the
maximum value was at 32 °C. On the other hand, the crystallization of PCL-PPSu started at
28 °C, and the maximum value was set at 23 °C. The heat of crystallization (AHc) obtained
from cooling cycles showed the state of the crystallization and its kinetics. The heat of
crystallization (AHc) for PCL was 72 J/g while the heat released during the crystallization of
the copolymer was 32 J/g. The higher crystallization of PCL stems from its higher PDI
providing higher chain mobility compared to PCL-PPSu block copolymer [189]. The
copolymer's melting point in the second heating cycle occurred at a lower temperature than in
the PCL sample (42 °C and 50 °C for the copolymer and PCL, respectively). The PCL-PPSu
graph represents a semicrystalline behavior with a double melting point in the first heating
cycle which could be attributed to the different blockchains of the copolymer [157]. In
addition, the heat of melting (AHm) showed a similar trend as AHc as presented in Table S3-2,

due to the difference in kinetics of crystallization of PCL-PPSu.
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Figure 3-5. DSC curves of the PCL-PPSu and PCL; (A) the first heating cycle, (B) the first
cooling cycle, (C) the second heating cycle. The heating and cooling cycles were conducted
with a rate of 10 °C/min

Processing temperature plays a critical role in the 3D printing of materials in the melt
phase. The mutual dependence of melt viscosity and chemical stability of the polymers on
process temperature have been already discussed in several studies [60,189,190]. The
processing temperature of the thermoplastics would also impact the thermal degradation and
accordingly, chemical stability of the polymer would be compromised upon increasing the
temperature [191]. On the other hand, the feasibility of embedding drugs and nanoparticles in
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the polymer is strongly affected by the temperature in which the inclusions could be utilized
without degradation and any further effect on the drug release [192]. Hence, lowering the
temperature could broaden the application of the candidate drugs and nanoparticles.
Moreover, the lower processing temperature during 3D printing would extend the lifetime of
the embedded drugs. In the last few decades, many studies have been done to investigate the
thermal stability of the drugs, and they are categorized as resistant to low, moderate, high
temperatures, or non-heat resistant [192,193]. However, these studies have mostly explored
the effect of temperature for a short period of time [194]. In this respect, lower melting
temperature observed in PCL-PPSu copolymer compared to PCL might be an advantage in
extending the stability and application window of both the polymer and possibly the
embedded drugs.

The heating and cooling profiles during 3D printing were designed by considering DSC
results. In this way, polymer melt in the syringe reservoir was slowly cooled down below the
crystallization temperature between each run to allow the complete development of a
crystalline structure. Uniformity of the flow properties and repeatability of the 3D printing
process significantly depend on thermal history and the processing conditions. The
development of a fully crystalline structure in the syringe reservoir before each printing trial

minimized the alteration of flow profile at the same processing conditions.

The structure and morphology of the 3D printed scaffolds were observed using FE-SEM
(Figure 3-6). The interconnected porous structure and structural uniformity of a 3D printed
scaffold are of great importance. Hence, to evaluate the structural uniformity and the
material's printability, filament diameter, and inter-layer gap distance of the printed structures
were measured from SEM images using ImageJ software. The samples were cut in the z-axis
and the gap distance were measured form different layers. Each measurement was reported as
an average of 20 random locations in the 3D printed scaffold. The structure stability was
assessed by the determination of standard deviation (SD) of the calculated values. The
measured printed filament diameter was 272.40 um £5.89 (SD), and the inter-layer gap
distance was calculated as 330.80 um +4.04 (SD). The low values of the standard deviations
demonstrated that 3D printed scaffolds possessed structural uniformity in terms of filament
diameter and pore size. This indicates that the selection of process parameters based on the
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physical characteristics of the synthesized copolymer resulted in good adaptation with the 3D
printing process. Designed gap size was selected to be 350 um and due to filament expansion
during printing, it reduced to 330 um. By selecting a low pressure with a high print speed, we
could optimize the resulting structure in terms of filament length and gap distance. Figure 3-
6(D) represents a cross-section image of the scaffold to evaluate the interconnectivity of the
pores. SEM images and the subsequent image analysis showed that the synthesized copolymer
composite could be 3D printed with high structural uniformity and controlled geometry at the
examined process conditions. It has been shown that interconnected porous structure of the
3D printed scaffolds can provide proper nutrient and oxygen flow for the seeded cells and

support the formation of new tissue upon implantation.

Figure 3-6. SEM images of 3D printed copolymer impregnated with silver nitrate scaffolds
at different magnifications; scale bars: 200 pm

3.3.3 Degradation behavior

Surface wettability and the degree of hydrophilicity of a biomaterial is correlated with its
cell attachment properties and possibly the hydrolytic degradation behavior [195]. Results of
the water contact angle measurement for PCL and PCL-PPSu showed a significant increase in
the wettability of copolymer compared with PCL. The measured contact angle values for PCL
and PCL-PPSu samples were 87.43° =+ 4.7 and 61.23° + 3.5, respectively (Figure 3-7(A)). As
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the Figure implies, the wettability and hence the hydrophilicity of the copolymer enhanced
significantly in comparison with pure PCL.
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Figure 3-7. Wettability and degradation of PCL-PPSu and PCL in different media. Water
contact angle measurements for (A1) PCL and (A2) PCL-PPSu. (B) Enzymatic degradation as
a function of incubation time at 37 °C for PCL-PPSu and PCL. (C) Hydrolytic degradation as

a function of incubation time at 37 °C for PCL-PPSu and PCL in PBS and DMEM. SEM
micrographs of degraded PCL-PPSu films (D1-D4) and PCL films (E1-E4) at day 0, day 2,
day 7, and day 10 of enzymatic degradation; scale bars: 20 um

Enzymatic hydrolysis of the PCL and PCL-PPSu samples in PBS solutions containing
Pseudomonas cepacia lipase, which degrades polyesters by breaking the ester bonds
[155,196], at 37 °C were investigated by monitoring mass loss and morphology of the
samples during 10 d. The percentage of mass loss versus time shows much higher values of
mass loss with a steeper slope for the copolymer compared with PCL (Figure 3-7(B)). After 1
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d incubation, the mass loss percentage for the copolymer was 25.19%, while this value was
almost half (13.90%) for the PCL. The values of mass loss percentage for PCL-PPSu
copolymer and PCL after 10 d were 90.2% and 75.8%, respectively. The same behavior was
observed, as the incubation of copolymer samples more than 10 d resulted in complete
physical destruction and since the accurate measurement of mass loss was not further
possible, this point was considered as the 100% degradation state. The copolymer was
completely degraded after 11 d while the corresponding time for PCL was at day 14 (data for
100% degradation was not shown in the graph). The extent of degradation at every time
points and also the slope of the graph were both higher for the copolymer compared with PCL

which is in agreement with previous studies [159,197].

The cleavage of ester end groups of the PCL and PCL-PPSu samples during enzymatic
degradation would be affected by the degree of crystallinity. Due to the greater number of
ester groups in the copolymer, more available sites for bond cleavage would be expected
[196,198,199]. Knowing the fact that the degree of crystallinity is related to the polymer's
molecular weight, the lower degradation rate of PCL compared to PCL-PPSu was in
conformity with the molecular weight data obtained from GPC [200]. The number of
methylene groups between the ester groups is another important key factor in the hydrolysis
of polyesters, and as it rises, degradability increases [201]. This was in agreement with the
observed higher degradation rate of PCL-PPSu copolymer.

Figure 3-7(D) and (E) illustrate SEM images of surface morphology of the polymer films
before and after hydrolysis at different time points. Before the experiments, the polymer films
demonstrated smooth surfaces (Figure 3-7(D1) and (E1)). Further incubation resulted in the
formation of a flower-like morphology in PCL-PPSu surface (Figure 3-7(D2)-(D4))
corresponding to spherulites formation during crystallization [202]. After 2 d of hydrolysis
and attaching the lipase to polyester surfaces [155], portions of these spherulites were seemed
to be degraded and dissolved in the solution which is suggested to be related to the amorphous
regions, while the crystalline segments remained intact (Figure 3-7(D2)) [200,202]. By further
increasing the hydrolysis time, increased surface roughness was observed in both PCL and
copolymer samples. Enzymatic degradation is a heterogeneous process that initiates from the
surface, and the crystallinity of the polymer plays a vital role in localized degradation
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progress, which was observed in both samples. Higher crystallinity of PCL samples resulted
in slower rates of hydrolysis at the same time intervals, which was evident in morphological

features of degraded samples as well as mass loss values throughout the incubation.
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Figure 3-8. Cytotoxicity of the extracts of the components to HDF cells in vitro. Negative
controls: PBS. Positive control: 5% DMSO in PBS. Control: Cells without scaffolds.
Cytotoxicity of leachates derived from (A) PCL, (B) PCL/AgNO3, (C) PCL-PPSu and (D)
PCL-PPSu/AgNO3 (*p < 0.01). Bright-field microscopy images of HDF cells after being
exposed to leachates are provided in panel (E)

Biocompatibility of PCL has been a subject of debate due to the slow rate of hydrolytic
degradation which can easily span over a year [203]. As well as the higher rate of enzymatic
degradation in copolymer samples, the apparent increase in wettability and the higher chance
of ester cleavage in PPSu containing copolymer might have a significant impact on hydrolytic
degradation. Hydrolytic degradation of the PCL and PCL-PPSu samples in DMEM and PBS
media were examined by monitoring mass loss at different time points up to 21 d. The
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percentage of mass loss versus time shows higher values of mass loss for the copolymer
compared with PCL in both media (Figure 3-7(C)). The values of mass loss percentage for
PCL-PPSu copolymer after 21 d of immersion in DMEM and PBS were 1.67% and 1.81%,
respectively, while the corresponding values for PCL samples were decreased by more than
half. The calculated mass loss percentage at day 21 for PCL in DMEM and PBS were 0.66%
and 0.70%, respectively. A small difference in the degradation of samples in different
mediums was observed. However, samples incubated in PBS showed higher mass change
from the first day to the last day of the experiments. The samples incubated in DMEM
medium showed a relatively high mass loss at day 1 while the rate of degradation was slower
throughout the experiments. Regardless of the sample type and the medium, the mass loss

percentage increased with sample incubation time.

The degree of crystallinity directly influences the hydrolytic degradation rate, which is
mainly due to the cleavage of ester bonds. Since the number of ester groups in the copolymer
is higher compared to PCL, the observed increase in the rate of hydrolysis was expected
[198]. Considering the apparent increase in wettability of copolymers, the mutual effects of
more available cleavage bonds, and the more hydrophilic nature of copolymer resulted in
faster degradation rates. The reported mass loss during the three-week period might seem to
be negligible. However, considering the very slow rate of hydrolytic degradation of PCL
which might be over several months, the observed 50% increase in the mass loss of

copolymers during the short period of experiments would be promising.

3.3.4 Silver release and surface characterization of polymer films

The concentration of silver ion released from PCL-PPSu/AgNO3 soaked in PBS was
measured by ICP-OES for 21 days of incubation. Moreover, the released ion content at each
time point was compared with the total amount of silver within the bulk of the samples (Table
3-2). The reported data belongs to the average value of 4 replicates with the corresponding
standard deviations. The results demonstrate a very low released silver ions (about 4.5-7.5 mg
kg—1), whereas the silver content within the bulk of the samples were almost one thousand
times higher. This confirms the hypothesis that the amount of released silver ions during the

incubation period stayed below the cytotoxic level [204].
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Table 3-2. Silver amount in PBS solutions and PCL-PPSu/AgNO3s measured with ICP-OES
(The values are reported in ppm)

Incubation
) Dayl Day 3 Day 7 Day 14 Day 21
time
Sample Silver content (ppm)

PBS solution  4.35+1.18 5.41+1.92 6.32 + 0.48 7.45+1.50 7.56 +1.40

Copolymer  5581.99+85 4707.92+5.3 4396.48+7.4 434417+6.5 4210.50+%45

It is worth mentioning that low standard deviation of silver content in bulk samples

indicates a homogeneous silver distribution throughout the polymer.

Figure S3-1(B) shows EDS (map) of PCL-PPSu/AgNO3 EDS, which demonstrates a
uniform distribution of silver on the surface of the sample.

3.3.5 Cell viability assessment

Cytotoxicity of PCL, PCL-PPSu, and the corresponding AgNO3 containing composites on
HDF cells were investigated by using WST-1 colorimetric assay. Exposure of the extracts of
PCL and PCL-PPSu samples did not affect cell viability on cultured cells compared with
control groups (Figure 3-8(A) and (C)). The results of viability assessments after exposure of
several dilutions of the extracts from composite samples containing 5% (wt/wt) AgNOs are
presented in Figure 3-8(B) and (D). The high concentration of AgNOs caused a dramatic loss
of viability, which can be due to the release of toxic Ag* ions from the scaffold to the medium
[181]. However, further dilutions of the extracts from the samples resulted in a gradual
increase in the viability. Regardless of the polymer matrix, a significant increase in the
viability of cells treated with 25% and less diluted media was observed.

The images in Figure 3-8(E) show the morphology of HDF cells exposed to the polymer
extracts after 24 h. Morphological characterization was performed using 100%, 50%, and
25% diluted media since no toxic effect was observed for other tested concentrations. Cells
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treated with PCL and PCL-PPSu extracts maintained their characteristic morphology for all
tested concentrations. However, the highest concentration of PCL/AgNO3 and PCL-
PPSu/AgNO:s extracts resulted in a significant loss of cell morphology and detachment of the
cells from the surface due to the cytotoxic effect of Ag™ released in the medium. Although a
few cells seen lost their morphology and detached from the surface, diluted extracts to 50%
and 25% maintained the cell morphology. Therefore, the concentrations of AgNOs were

decreased to 2.5% and 1% in the composites for further antibacterial activity experiments.

3.3.6 Antibacterial activity of block copolymer impregnated with AgNO3

Antimicrobial properties of silver ions, which exhibit a high level of toxicity for a broad
range of microorganisms, are promising in medical terms [171]. The polymeric structure,
incorporated with AgNOs showed an improvement in biocidal properties [175,182]. The
concentration of AgNOs was commonly selected below 5% and both in vitro and in vivo

studies possessed good antimicrobial activity with no noticeable toxicity effects [181,182].

Antimicrobial properties of PCL-PPSu and PCL-PPSu/AgNO3 were determined by zone of
inhibition test using E. coli, P. aeruginosa, S. aureus, and C. albicans pathogens, which are
related to infections seen in implants or burn wound areas [175]. The microorganism strains
were seeded on LB agar Petri dishes by spreading from overnight cultures. Then, the
copolymer films with/without AgNO3z were placed carefully on the LB agar.

After overnight incubation, no evidence of antimicrobial effects against E. coli, P.
aeruginosa, S. aureus, and C. albicans strains was observed in copolymer samples (Figure 3-
9). However, copolymers impregnated with AgNOs exhibited antimicrobial activity against
all the tested microorganisms. Evident inhibition zones were observed around the copolymer
films with varying sizes corresponding to different microorganisms. As shown in Figure 3-9,
PCL-PPSu/AgNO3 films showed positive antimicrobial activity against C. albicans, a
harmless member of the human microbiome which can lead to life-threatening infections
under certain conditions. Similar antimicrobial activities for P. aeruginosa, E. coli and S.

aureus pathogens were observed but to a lesser extent compared to C. albicans. Inhibition
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zones formed around the PCL-PPSu films with/without AgNO3 are presented in Table 3-3.
Data are represented as mean £ SD with 3 replicates.

PCL-PPSu PCL-PPSu/1% AgNO, PCL-PPSu/2.5% AgNO,

P.aeruginosa E.coli C.albicans

S.aureus

Figure 3-9. Zone of inhibition for PCL-PPSu and PCL-PPSu/AgNQO3 polymer films against
different microorgansisms

Table 3-3. Diameter of zone of inhibition diameter (mm) for samples with varying
concentrations of AgNOz against different microorganisms

Zone of inhibition diameter (mm)
Sample

C.albicans E.coli ~ S.aureus P. aeruginosa

PCL 0 0 0 0

PCL + 1% AgNOs 163+£12 9.6+06 93=%0.6 8.2+0.1
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PCL + 2.5% AgNOs 17+14 104+06 103%1.2 9+0.1
PCL-PPSu 0 0 0 0
PCL-PPSu + 1% AgNOs 14.7+15 10+01 9.7%0.6 7.9+0.6

PCL-PPSu +2.5% AgNO3 153+14 126+12 103*0.6 8.2+0.6

As shown in Table 3-3, for both PCL and PCL-PPSu composite incorporated with AgNOs,
the zone of inhibition diameters are as the following: C. albicans > E. coli > S. aureus > P.
aeruginosa. Adhesion of microorganisms on the copolymer film surfaces was also analyzed.
The results showed that the microorganism's density on PCL-PPSu copolymer films was quite
high for all microorganisms (Figure 3-10). In addition, LB medium incubated with the films
became blurry due to the growth of microorganisms. However, no growth was observed in
Petri dishes belongs to PCL-PPSu/AgNO3z film surfaces incubated with E. coli and P.
aeruginosa, while the density of C. albicans and S. aureus decreased compared to their

control groups (Figure 3-10). Moreover, no visible turbidity in the LB media was observed.
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P.aeruginosa
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Figure 3-10. Analysis of microorganisms’ adhesion on the PCL-PPSu and PCL-
PPSu/AgNO:s films

3.4 Conclusion

In this chapter, a 3D printable block copolymer of PCL-PPSu with the adjusted
composition was synthesized and characterized in detail. The effect of incorporation of PPSu
within the PCL as a candidate material for skin tissue engineering applications was
investigated. The assessment of structural uniformity of 3D printed structures showed that the
selection of process parameters based on physical properties of synthesized copolymer
resulted in 3D printing of porous structures with well-defined interconnected porosity, which
could support nutrient and oxygen flow in vitro. Moreover, the synthesized PCL-PPSu
copolymer showed higher enzymatic and hydrolytic degradation rates and improved
hydrophilicity compared to PCL, which can be employed in designing skin regenerative
scaffolds with controlled degradation behavior. To provide the antibacterial properties, silver
nitrate was incorporated within the copolymers with different concentrations, and its
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cytotoxicity level was investigated by cell viability assay. Assured that our composite
scaffolds did not show any cytotoxicity for the composition of 1% (wt/wt) silver nitrate with
silver releasing a very little amount of silver in the media, antimicrobial activity was utilized
to investigate the effect of this antibacterial agent. It was shown that the incorporation of
silver nitrate to the copolymer significantly reduced microbial cell adhesion for all
microorganisms investigated. The zone of inhibition test results demonstrated that silver
nitrate was more effective for E. coli and C. albicans rather than P. aeruginosa and S. aureus.
We have shown that by combining the improved degradation behavior, low-processing
temperature, antimicrobial properties, and adaptability with the 3D printing process,
composites based on PCL-PPSu could be an attractive biomaterial for emerging skin tissue

engineering and wound healing applications.

3.5 Supplementary document

Reaction materials and their initial ratios for copolymerization with different

concentrations are presented in Table S3-1.

Table S3-1. Reaction conditions of PPSu-PPCL block copolymers with different PCL

ratios
PPSu/ -
Polymer type caprolactone P(PS)U e-caprolactone (g) Sn(fgf)t)z
(wiw) 9

PPSU-PCL ,

(1:5) 1:5 3 15 0.73
PPSu-PCL _

(1:10) 1:10 2 20 0.97

The summary of DSC and GPC tests as well as the yield percentages of the polymerization
of the PCL and PCL-PPSu are presented in Table S3-2.
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Table S3-2. Characterization results of PPSu-PPCL block copolymers with different PCL

ratios
T g, T A M Yield
Polymer type (w/w) Jlg)  (C) PDI (%)
(9] (J/9) (g/mol)
PCL 49 71 38 72 18494 151 80
PPSu-PCL (1:5) 41 52 31 52 8300 1.99 88
PPSu-PCL (1:10) 42 33 28 32 13300 1.17 63

Integral values of *H-NMR and 3C-NMR peaks for PCL-PPSu copolymer were calculated

and presented in Table S3-3.

Table S3-3. Results of 1H-NMR and **C-NMR spectroscopy for PCL-PPSu block

copolymer
o _ Integral Normalized
Symbol olymeric Shift values for integral value
segment type (ppm) PCL-PPSU to (c) PCL-
PPSu
a PPSu 2.6 2.73847 0.86
d PPSu 1.96-2.01 1.81143 0.57
c PPSu 4.1-4.2 3.16995 1
j PCL 4.05-4.1 18.1258 5.7
g PCL 2.25 18.9198 5.97
h, h’ PCL 1.6-1.7 37.1879 11.73
i PCL 14 18.0466 5.69

Figure S3-1 shows the distribution of silver through the surface of PCL-PPSu doped with

1% AgNO3z which demonstrates the homogeneity and complete distribution of silver within

the sample.
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Figure S3-1. Surface analysis of PSL-PPSu composite doped with AgNO3. (A) SEM
image of composite film, and (B) elemental dot map scanned by EDS showing silver
distribution within the composite; Images are taken at 1KX magnification and scale bars are
50 um
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4 Chapter 4. Modeling 3D melt electrospinning writing by response surface methodology

This chapter was published in the journal of Materials and Design as a research article
[17].

Three-dimensional melt electrospinning writing is a promising technique for 3D printing of
porous scaffolds with well-defined geometrical features. The diameter of electrospun fibers
strongly affect the achievable resolution and consequently several other physical, mechanical,
and structural properties of the fabricated scaffold. However, there are a few process
parameters which significantly affect the size of electrospun fibers. In this study, response
surface methodology (RSM) was used to investigate the critical and optimized process
parameters and their interaction effects on the desired fiber diameter. Four process
parameters, including collector speed, tip-to-collector distance, applied pressure, and voltage
were studied considering their practical ranges. The results showed that all the parameters
except the applied voltage had a significant effect on the printed fiber diameters. A
generalized model for the interaction effects of the parameters was introduced which can be
used as a framework for selecting the process parameters to achieve the desired fiber
diameter. The developed model was validated by choosing random process parameters and
printing three-dimensional scaffolds. The results confirm that the predicted fiber diameters

match closely with the actual fiber diameters measured directly from the printed scaffold.

Keywords: 3D melt electrospinning writing, Response surface methodology, Three-

dimensional scaffold printing, Parameter optimization.
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4.1 Introduction

The demand for additive manufacturing processes is on the rise due to its unrivaled design
freedom and ability to directly manufacture highly complex and customized geometries with
various materials [3,148,205-207]. In recent years, additive manufacturing processes have
been used to fabricate three-dimensional (3D) scaffolds for tissue engineering applications
[150,208]. Because of their availability and accurate control of the porosity and fiber
diameter, deposition based additive manufacturing processes are commonly used for tissue
engineering applications [20,49,75,80] . Due to the high viscosity of the biomaterials used, the
fiber diameter in deposition based additive manufacturing processes is mainly limited by the
larger nozzle sizes [98,209,210].

Electrospinning is a fast-emerging technique to produce ultrafine fibers from a wide range
of polymers. This technique can be used with both solution and melt phases of polymers
depending on the application. In conventional electrospinning processes, polymer solutions
turn into continuous polymer jets in the presence of an electric field applied between a nozzle
and a collector. Solution based techniques have been widely used due to the low cost and
simplicity of the hardware used, and the ease of adaptation to a wide variety of polymers.
However, the major drawbacks of the solution based techniques for medical applications are
related to uncontrolled nature of spun fibers and the use of toxic solvents which may not
evaporate completely during the process [49,108,211]. To address these challenges, some
innovative approaches like near-field electrospinning [51], direct-write electrospinning
[56,212], and focused electrical field [52] have been used to produce structures with more
controlled features. However, these methods still require solvents throughout the process. In
contrast, melt electrospinning is an alternative technique which does not rely on any solvents
and can produce highly ordered fiber depositions. Moreover, polymer melts usually have a
higher viscosity than the solutions, which result in the formation of more stable polymer jets
with better control and higher precision. This enables direct writing of structures with desired
patterns [45,47,49,62,65,79,205].

Polymers with high viscosity and low conductivity can be used for 3D melt electrospinning
writing to produce well-ordered 3D patterned structures consisting of multiple layers of

deposited fibers [45,62]. Hence, porous structures with interconnected pores and ultra-fine
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details can be fabricated by using this technique. However, controlling the shape, morphology
and fiber diameter is challenging due to the complexity of the mutual effects of the process
parameters. Since fiber diameter and porosity can directly affect the scaffold properties,
determining those parameters is of great interest to a range of applications [213-215].

The main effective parameters of MEW are collector speed, pressure, tip-to-collector
distance, temperature, and applied voltage. In the literature, there are number of studies
considering the effects of different process parameters on the fiber diameter and the shape
fidelity of electrospun structures [77,93,214,216,217]; however, a few explored their counter-
influence and interactions. Hence, determining the influence of process parameters on the
shape and the diameter of the deposited fibers is crucial in predicting the relevant set of

process parameters to achieve the desired fiber diameter.

In the literature, response surface methodology (RSM) has been used to investigate the
interaction effects of not only the process parameters but also material properties and
experimental conditions. The current studies in the literature have mainly applied this
statistical approach to solution-based electrospinning techniques [89,213-216,218-224] .
There have been recent studies in which a similar but limited statistical classification methods
were employed in determining the interaction of parameters on the structural properties of
electrospun structures for melt electrospinning [58,77,87,93,219,225-227]. Among them, a
few papers were dedicated to determine fiber diameter and morphology in melt
electrospinning and melt electrospinning writing [58,77,87,217,226-228]. These studies
indicated several process parameters as the most significant ones such as temperature
[58,226,228], applied voltage [227], and laser power (in the case of laser melt
electrospinning) [217,227], and material parameters such as molecular weight [77,225] and
structure [58,77]. Despite the differences in identification of most influential parameters on
fiber diameter, these methods were similar in choosing an orthogonal design of experiments.
Only two research work used RSM for melt electrospinning process [93,225]. Implementation
of the orthogonal design of experiments in the mentioned studies let the authors sort out the
impact of each parameter on the diameter of deposited fibers. However, a detailed statistical
analysis of 3D melt electrospinning writing by identification of interaction effects on fiber
diameter and construction of a model equation for the process is of great importance. With an
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emphasis on 3D MEW for fabrication of well-organized structures rather than the melt
electrospinning processes, to the best of our knowledge, there is no report in the literature
considering the effect of process parameters on fiber diameter. In this respect, the aim of this
study was to investigate the effect of individual process parameters and their mutual
interactions on the fiber diameter by using design of experiments (DOE) and a linear
regression model for 3D melt electrospinning writing processes. Moreover, a generalized
model for prediction of fiber diameter based on the process parameters was developed and

validated experimentally.
4.2 Materials and Methods

4.2.1 Materials

Polycaprolactone (PCL) pellets (CAPA 6400) with a molecular weight of 37,000 g/mol
was purchased from CAPA (Perstorp Ltd., UK) and stored in vacuum to prevent any
degradation and eliminate the unwanted effects on the process caused by the atmospheric

humidity.

4.2.2 3D Melt electrospinning direct writing process

An overview of the experimental setup is shown in Figure 4-1. A custom-made Computer
Numerical Control (CNC) 3D melt electrospinning direct writing printer was developed for
the experiments. The 3D printer is controlled with a software-based CNC controller, MACH3
software (Newfangled Solutions LLC, ME, USA). The head of the melt electrospinning
writing printer consisted of a 10-mL metal syringe as a material reservoir connected to a high
precision nozzle with an inner diameter of 250 um (Musashi Engineering Inc.). A high
voltage DC power supply (ES30, Gamma High Voltage Research, FL) is connected to the tip
of the nozzle. A pneumatic air dispenser (EFD Performus V, Nordson) is used for extruding
material. An Arduino Mega microcontroller with shield RAMPS 1.4 is used for controlling
two heating elements for the bed and the nozzle, which is protected from any possible sparks

with an isolator.
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Figure 4-1 3D melt electrospinning direct writing printer

4.2.3 Determination of the experimental parameters
Based on the thermal characterization and rheological properties of PCL (data not shown),
the working temperature for all experiments was set at 70 °C, and the polymer melt was

equilibrated at the working temperature for 3 h before conducting the experiments.

For 3D melt electrospinning printing process, PCL pellets were melted inside the syringe
and printed on an indium-tin-oxide coated conductive glass placed on the collector. Several
process parameters affect the structure, shape and consequently the fiber diameter. However,
some of them play more important roles such as voltage difference between the nozzle tip and

the collector, tip-to-collector distance, applied pressure, and collector speed.

As a general framework to investigate the influence of each parameter on the dimensions
of the deposited filament, the first step was to define the stable printing criteria. Stable
printing was defined as obtaining stable designed shape fiber between the polymer jet and the
collector with an acceptable lag and the other possible deposition morphologies such as
sinusoidal shapes, figure eight loops, and coiling were considered as non-acceptable
morphologies. In 3D melt electrospinning writing, a substantial aspect is how the applying
parameters are affecting the shape of the fiber to control the desired architecture of the final

structure. Different structures can be obtained during the deposition depending on the
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interactive influence of process parameters. For instance, if the driving forces and collector
speed do not match, one possible result is whipping instability of the polymer jet which
results in bending and stretching of the fiber on the collector [98,205,229]. Therefore,
minimum and maximum values of each process parameter were separately investigated to
identify whether the set values would contribute to stable printing, and the shape of deposited
fibers. This step has been done continuously to reach a range of all parameters according to
the previous methods [205]. The selection of parameter domains was based on two criteria,
the possibility of deposition of a straight fiber within the range of the given variable, and the
synchronization of deposition rate and collector speed to eliminate the spatial lag in
deposition. Moreover, the limitations of hardware in acceleration during linear motions were

also considered in the selection of parameter ranges.

To obtain a stable Taylor cone [49] and to reach a proper fiber formation, the deposited
polymer jet was stabilized at a specified tip-to-collector distance, voltage, and pressure for 50

seconds before moving the printer head. The values of the parameters are shown in Table 4-1.

Table 4-1. Process parameters and the corresponding levels

Levels
Parameters Code -1 0 1
Collector speed (mm/min)  x; 310 355 400
Distance (mm) X2 7 10 13
Pressure (bar) X3 06 08 1
Voltage (kV) Xs 55 6.2 7

4.2.4 Experimental design and measurement

Response surface methodology integrates the statistical and mathematical techniques to
investigate the individual effects of the parameters and interaction effects of the independent
factors on the response. The resultant response is related to some independent factors. This
would help to optimize the response and make a relation between response and independent
factors. In this study, a Face-centered Central Composite Design (FCCD) was used because of
its feasibility and relatively small number of experiment requirement. This design consists of

axial points located on the centers of the faces of the cube, and each factor possesses at most
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three levels. The total number of experiments was 2K + 2k + nc, in which the number of factors
is shown by k, and 2k and n¢ represent the number of axial and center points, respectively. For
this study, all the possible levels and center points for each factor were included in the DOE
to enhance the precision of the model regarding calculation of residual error. This resulted in
an FCCD array with 8 face and 7 center points. The implementation of FCCD design would
also provide the benefit of using a second order polynomial equation for modeling the results,
which enables the estimation of the effects of individual factors and the interaction effects on
the response [220,230,231]. The four independent factors in this study were collector speed,
tip-to-collector distance, applied pressure, and voltage while the response was the fiber
diameter. Three levels of each parameter for the quadratic model were labeled as —1, 0, and +
1 resulting in 31 experimental sets including seven sets for the central points. The model used
in this study was a polynomial equation and it was evaluated with analysis of variance
(ANOVA) and coefficients of determination (R2). The significant parameters were
determined by using F-value by calculating Feriticat and P-value with a 95% confident level (o
= 0.05). The quadratic polynomial equation was used for linear regression model to identify
the curvature effects. The second order polynomial equation is as the following:

[ k
y=ﬂ0+2ﬁixi+Zﬂiixixi+22ﬁijxixj (1)
i=1 i=1 i<j
where y is the response (in this case fiber diameter) and x; is the independent factor

(inputs), k is the total number of factors, B is the regression coefficient. The calculations were

performed using MINITAB R17 software.

To examine the fiber diameter, all the samples were evaluated by scanning electron
microscopy (FE-SEM, Zeiss LEO Supra 35VP) after being sputter-coated with
gold-palladium and taking images at 500x and 750x magnifications for the quantification of
fiber diameters and the validation experiments, respectively. ImageJ software was utilized for
the quantification of fiber diameters, and the average diameter was calculated based on 100
individual measurements for each fiber in corresponding images. The independent parameters

are shown in Table 4-2 with their coded and real level values.
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4.3 Results and Discussion

4.3.1 Regression model analysis

To investigate the model, a Face-centered Central Composite Design (FCCD) was used

with four factors. A total of 31 experiments were conducted as shown in Table 4-2. The

second order polynomial model was derived by using the experimental results. In this model,

the regression coefficients were calculated by using the least square estimation method in

MINITAB R17. The model equation with evaluated regression coefficients () is written as

equation 2.
y=61.340-3.505x%x,+0.875x,+7.584%x,—0.397x,

+0.012 x,x,—1.696 x,x,+0.766 x,x,—0.136 x,x,

—0.029x,x,—-0.402x,x,—0.416 x,x,+0.304 x,x,

—0.003x,x,—0.654x,x,

Table 4-2. Experimental results with coded and real data
Collector . Fiber
# speed El(srﬁﬂ; Pr(ebsg,rt;re VE)klia}l)ge 1 X2 Xs X4 Diameter  £SD
(mm/min) (micron)

1 310 7 0.6 55 101 -1 -1 54.47 +0.780
2 400 7 0.6 55 1 -1 -1 -1 49.99 +0.632
3 310 13 0.6 55 11 -1 41 55.13 +0.700
4 400 13 0.6 55 1 1 -1 -1 51.16 +0.897
5 310 7 1 55 -1 -1 1 -1 71.94 +0.627
6 400 7 1 55 1 -1 1 -1 63.94 +0.700
7 310 13 1 55 11 1 -1 75.12 +0.616
8 400 13 1 55 1 1 1 -1 65.78 +0.976
9 310 7 0.6 7 101 101 56.06 +0.548
10 400 7 0.6 7 1 -1 -1 1 48.31 +0.570
11 310 13 0.6 7 -11 -1 1 58.31 +1.588
12 400 13 0.6 7 1 1 -1 1 48.62 +0.467
13 310 7 1 7 -1 -1 1 1 69.98 +0.758
14 400 7 1 7 1 -1 1 1 61.33 +0.536
15 310 13 1 7 11 1 1 70.95 +0.801
16 400 13 1 7 1 1 1 1 64.60 +0.827
17 310 10 0.8 6.2 -1 0 0 O 63.22 +0.720
18 400 10 0.8 6.2 1 0 0 O 58.39 +0.562
19 355 7 0.8 6.2 0O -1 0 O 58.04 +0.571
20 355 13 0.8 6.2 0 1 0 O 60.16 +0.427
21 355 10 0.6 6.2 0 0 -1 0 54.11 +0.379

()
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22
23
24
25
26
27
28
29
30
31

355
355
355
355
355
355
355
355
355
355

10
10
10
10
10
10
10
10
10
10

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

6.2
5.5

6.2
6.2
6.2
6.2
6.2
6.2
6.2

O O O OO O o o o o

O O O OO O o o o o
O OO OO0 OO o o -

= O

O O O O O O O Bk

69.02
59.55
61.76
63.49
60.17
61.24
61.26
62.79
63.76
59.96

+0.585
+0.508
+0.495
+0.585
+0.501
+0.303
+0.524
+0.596
+0.644
+0.671

After evaluating the data from ANOVA table, the collector speed, tip-to-collector distance,

and pressure had significant effects on fiber diameter. However, there is not enough statistical

evidence to label the applied voltage and interaction parameters as significant parameters. The

corresponding results are shown in Table 4-3.

Table 4-3. Regression analysis and the summary of model by ANOVA

Source DOF SS MS F-Value P-Value

Regression 14 1299.85 92.85 40.04 0.00
Collector speed 1 221.09 221.09 95.34 0.00
Distance 1 13.77 13.77 5.94 0.03
Pressure 1 1035.31 1035.31 446.46 0.00
Voltage 1 2.83 2.83 1.22 0.29
Collector

speed*Collector speed 1 0.00 0.00 0.00 0.99
Distance*Distance 1 7.46 7.46 3.22 0.09
Pressure*Pressure 1 1.52 1.52 0.66 0.43
Voltage*Voltage 1 0.05 0.05 0.02 0.89
Collector

speed*Distance 1 0.01 0.01 0.01 0.94
Collector

speed*Pressure 1 2.59 2.59 1.12 0.31
Collector

speed*Voltage 1 2.77 2.77 1.20 0.29
Distance*Pressure 1 1.48 1.48 0.64 0.44
Distance*Voltage 1 0.00 0.00 0.00 0.99
Pressure*Voltage 1 6.85 6.85 2.95 0.11

Error 16 37.10 2.32
Lack-of-Fit 10 22.78 2.28 0.95 0.55
Pure Error 6 14.32 2.39

Total 30 1336.95

74



The model's regression P-value of 0.00 indicates that at least one parameter had a
significant effect on the model [220]. The coefficient of determination (R?) is the measure for
the evaluation of the total variation between the model and the experimental results. The
obtained value of R? was equal to 0.9722, which indicates that 97.22% of the experimental
data were in agreement with the predicted values by the model. Depending on the
implemented design, Rag2 might be used for the evaluation of the model instead of R2. This is
usually the case when additional variables are added to the regression model to enhance the
precision. If non-significant variables are included in the model, Raq? usually decreases [220].
For the current model, Rag® was found to be 94.80%. These high values demonstrate the
suitability of the model. Moreover, the P-value of lack of fit in the proposed model was 0.55,
which meant that there was no evidence for lack of fit. In this respect, it can be deduced that
the proposed model could be applied for prediction of the fiber diameter based on the studied
process parameters. It should be noted that the given model equation is best suited for the
selected studied intervals. By choosing parameter values outside the mentioned ranges, a new
set of experiments should be performed, and the individual and interaction effects of the
parameters should be re-evaluated to construct a proper model equation with enough

statistical accuracy.

Anderson-Darling (AD) normality test results are demonstrated in Figure 4-2. The normal
probability of residuals and the estimated fiber diameters were plotted against the actual fiber
diameters in Figure 4-2, Figure 4-3. These graphs indicate that the model matched with the
real experimental data. The P-value of the normal probability plot of residuals indicates a
normal distribution, considering the P-value was at an acceptable level. Figure 4-4 illustrates
that the residuals were randomly distributed and no biased or out-of-randomness errors

occurred.
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Figure 4-3.

75

70

65

60

55

Predicted fiber diameter (pm)

50

50 55 80 85 70 75
Actual fiber diameter (ym)

Estimated fiber diameters versus actual fiber diameters

76



4.0

2.1

Residuals
o
o
L]
-
»

2.1 []

4.0

50 55 60 65 70 75

Fitted Value (um)

Figure 4-4. Residual versus fitted values

4.3.2 Relationship between process parameters and fiber diameter

The response surface graphs based on the derived model equation are plotted in Figure 4-5.
The obtained data suggest that the smallest fiber diameter could be reached at a high collector
speed, low pressure, high voltage, and short distance. Figure 4-5(a), (b), and (c) indicate that
fiber diameter decreases dramatically as the collector speed increases. At a constant melt
flow, the fiber gets thinner by increasing the collector speed. It is already shown in previous
studies that by increasing the velocity, the pulling force increases so that fiber diameter
decreases [215].
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Figure 4-5. 3D response surfaces and contour plots of fiber diameter with respect to
process parameters; (a) collector speed vs. distance (b) collector speed vs. pressure ()
collector speed vs. voltage (d) distance vs. pressure (e) distance vs. voltage (f) pressure vs.
voltage. The rest of parameters in each plot were set to level 0

The effect of pressure on fiber diameter can be seen in Figure 4-5(b), (d), and (f). An
increase in pressure, resulted in an increase in fiber diameter, which can be attributed to the

effect of pressure on the material's flow [229].

For better understanding of the effects of tip-to-collector distance and applied voltage, the
applied forces should be investigated. When there is no applied voltage and pressure, the
equilibrium condition could be achieved by considering the relationships between the acting
forces such as viscosity, surface tension, and gravitational forces. If gravitational force is
smaller than surface tension, the droplet will remain unchanged at the tip of the nozzle. By
applying a voltage, an electric field will be created with normal and tangential components.
By increasing the intensity of electric field, the tangential electric stresses will also increase
proportionally on the surface of the liquid. Subsequently, the shape of liquid material starts to

form into a cone shape which is also called Taylor cone [49].

78



The changes in the distance had a curvature effect on fiber diameter as shown in Figure 4-
5(a), (d) and (e). The general trend of the effect of distance on fiber diameter can be described
as fiber diameter increases up to the center point and it decreases again after passing a
threshold value. This behavior can be explained by considering the role of tangential electrical
stresses by increasing the distance between tip and collector up to a threshold value
(approximately 10.75 mm as observed during experiments). Under these circumstances, the
tangential electrical stresses will decrease upon increasing the distance [92]. On the other
hand, the fiber diameter decreases by an increase in the collector distance due to the increase
in tensile forces and non-isothermal condition of the highly viscous jet. Hence, the balance
between tangential electrical stresses and tensile forces for maintaining the inertia at a

constant value results in a decrease in fiber diameter [49,92].

As illustrated in Figure 4-5, no significant effect was observed by changing the applied
voltage within the experimental range. Although a minor influence of the applied voltage on
the fiber diameter might be observed, it was dominated by the other parameters and not high
enough to reach our pre-selected significance level. The same trend and behavior were
reported in a previous study in which the applied voltage had negligible effects on fiber
diameter [232].

The extent of the contribution of process parameters in the model equation is a good
indicator to determine whether a parameter had a significant effect on the response at the first
place, and how significant was the observed influence. In this way, the applied voltage was
directly excluded from the model equation due to its nonsignificant effect on fiber diameter.
By ordering the parameters for their significance level, their observed effects on the output
can be deduced from the value of the corresponding coefficients in the model; the higher
value implicates the higher impact on the output. Hence, the order of process parameters
based on the significance of their contribution in the resulting fiber diameter can be sorted as
pressure, collector speed, and tip-to-nozzle distance.

4.3.3 Process parameter optimization
To fully understand the effect of each process parameter on the spun fiber diameter, a
significant number of experiments must be conducted. As seen in equation (1), the predicted

model was very complex, but the nonsignificant variables with no evidence of their
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contribution in the response could be eliminated to simplify the model. Hence, an analysis on
the corresponding P-values in ANOVA table was performed, and the parameters or the
interaction effects whose P-values were higher than the confidence level (0.05) were excluded
from the equation to simplify the model. After the elimination of nonsignificant factors, the

optimized model can be written as follows:

y = 60.728 — 3.505x, + 0.875x, + 7.584x; ©)

In this model, Rz, Ragi%, and the P-value of lack-of-fit were 95.01%, 94.45%, and 0.522,
respectively. These results demonstrate that the model was well fitted and describes the
experimental data with an acceptable error margin. The contour plots of the optimized model
are presented in Figure 4-6, in which the corresponding process parameters for the resultant

fiber diameters are shown.
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Figure 4-6. Contour plots of fiber diameter with respect to process parameters for
optimized model and their mutual interactions on fiber diameter, (a) collector speed vs.
distance (b) collector speed vs. pressure (c) distance vs. pressure. For each graph the other
parameters were set to level 0

4.3.4 Validation of the model by printing a 3D scaffold

To validate the proposed model, a random set of variables from the plots in Figure 4-6a, b,
and ¢ were selected as the printing parameters ([collector speed, distance], [collector speed,
pressure], [distance, pressure], respectively). Three-dimensional scaffolds of 4cm x 4cm were
printed with the set parameters with 6 layers of height and gap size of 700 um. The
corresponding images were acquired by SEM to observe their spatial alignment and measure
the fiber diameters. The chosen coded parameters are listed in Table 4-4.
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Table 4-4. Validation of model with random sets of variables adapted with the optimized

model

Collecto Distan Press Volta Prethed Fiber

r speed Fiber Di +SD

(mm/mi ( ce ) (Ere) (E\e}) X1 X2 X3 Diameter |(a me)ter -

mm ar m
n) (um) H

1 310 13 0.8 6.2 -1 1 0 65.11 67.54 0.642
2 400 7 0.6 6.2 1 0 -1 49.64 47.31 0.816
3 355 12.25 0.9 6.2 0 0.75 0.5 65.18 63.82 0.709
4 332 10 0.65 6.2 -0.5 0 -0.75 56.79 51.32 0.759

The resultant spun 3D structures are also shown in Figure 4-7. The results from the
validation experiments showed that the measured fiber diameters were in good agreement
with those predicted by the optimized model. Considering the randomness in selecting the set
of parameter values during the validation step, it can be concluded that the proposed model
could predict fiber diameters with a high accuracy. This would be significantly useful in
determining melt electrospinning writing of 3D structures with dimensional accuracy required

by the desired application.

==

Figure 4-7. SEM images of printed scaffolds with randomly selected parameters from the
contour plot according to Table 4-4, (a and e) experiment #1, (b and f) experiment #2, (¢ and
g) experiment #3, and (d and h) experiment #4; Scale bars 100 pum
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4.4 Conclusion

In this study, response surface methodology was used to investigate the effect of critical
3D melt electrospinning write process parameters (collector speed, tip-to-collector distance,
pressure, and applied voltage) on the fiber diameter. First, a range of values for those process
parameters resulting in perfect straight fiber was obtained. A face-centered central composite
design (FCCD) of experiment was selected for design of experiment due to its applicability
and simplicity. The model was fitted with a quadratic equation using a linear regression
model. The process parameters are optimized by omitting the nonsignificant values. The
resultant R?, Ragi?, and P-value of lack-of-fit were obtained as 95.01%, 94.45%, and 0.522,
respectively, indicating that the fitted data and the experimental values were perfectly
matching and there was no evidence for lack-of-fit. The analysis of the proposed model
showed that collector speed, tip-to-collector distance, and pressure had significant effects on
fiber diameter. The predicted model for fiber diameter of spun polycaprolactone was also
validated using the actual values of fiber diameter acquired from the SEM images of the 3D
printed scaffolds. The results suggest that the obtained model can be used as a framework for
choosing process parameters in 3D melt electrospinning printing/writing to achieve the
desired fiber diameter.
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5 Chapter 5: Preparation and characterization of nanoclay-hydrogel composite support-bath for

bioprinting of complex hollow structures

This chapter was published in the journal of Scientific Reports as a research article [18].

Three-dimensional bioprinting of cell-laden hydrogels in a sacrificial support-bath has
recently been emerged as a potential solution for fabricating complex biological structures.
Physical properties of the support-bath strongly influence the bioprinting process and the
outcome of the fabricated constructs. In this section, we reported the application of a
composite Pluronic-nanoclay support-bath including calcium ions as the crosslinking agent
for bioprinting of cell-laden alginate-based hydrogels. By tuning the rheological properties, a
shear-thinning composite support-bath with fast self-recovery behavior was yielded, which
allowed continuous printing of complex and large-scale structures. The printed structures
were easily and efficiently harvested from the support-bath without disturbing their shape
fidelity. Moreover, the results showed that support-bath assisted bioprinting process did not
influence the viability of cells encapsulated within hydrogel. The presented study
demonstrates that Pluronic-nanoclay support-bath can be utilized for bioprinting of complex,

cell-laden constructs for vascular and other tissue engineering applications.
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5.1 Introduction

Three-dimensional (3D) bioprinting provides controlled deposition of hydrogels, biological
matters or biomaterials to fabricate complex cell-laden structures in a layer-by-layer manner
for various tissue engineering applications. Natural or synthetic biocompatible and
biodegradable cell-laden hydrogels are commonly used to construct 3D environment with the
ability to turn into gel at physiological conditions without impairing cell integrity and cell-to-
cell interaction. Extrusion based bioprinting is one of the most common method to deposit
cell-laden hydrogels in desired geometry with precise control in micrometer scale. The
process requires gelation of liquid hydrogel either by physical, thermal or chemical
crosslinking before, during, or after bioprinting. However, physical phase transition of
hydrogels during extrusion might clog the nozzle and could disrupt the viability of the
encapsulated cells [233,234]. In addition, due to low mechanical strength, the printed
hydrogels may not be strong enough to hold overhanging structures. Integration of the
subsequent layers is another challenge which needs proper adjustment of hydrogel gelation
time with the printing process [235,236]. The level of humidity strongly affects cellular
viability, which is not often preserved during in-air hydrogel extrusion bioprinting [237,238].
These limitations can arise due to both hydrogel properties such as viscosity and gelation
time, and the printing parameters such as fabrication time, extrusion pressure and nozzle size.
Among them, viscosity of the hydrogel has a pivotal role. Viscosity can be fine-tuned with
increasing the concentration, which increases the hydrogel stiffness and subsequently might
have an adverse effect on cell migration and functioning. A sacrificial secondary hydrogel
with different gelation property, or a viscosity modifying biomaterial is generally introduced
within the primary hydrogel to obtain a qualified structure during the extrusion based

bioprinting process [239-242].

Direct free form writing of hydrogels in a fugitive and sacrificial support-bath has
addressed aforementioned limitations. A support-bath with the Bingham plastic flow behavior
can provide a rigid supporting matrix and at the same time, instantaneous yielding and rapid
recovery during and after passage of the extruding nozzle, respectively [238,243-246]. In
addition to the adequate flow behavior, the support-bath should quickly provide the necessary

gelation to control the spreading of the extruded viscous bioink and let the printed layers to be
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integrated, and concurrently avoiding nozzle clogging. This approach has been demonstrated
by depositing liquid hydrogel precursors within self-healing support materials such as
Carbopol, Laponite, gelatin, gellan, fumed silica particles, Pluronic and alginate [247-254].
However, the functionality of the support-bath materials is influenced by several parameters.
In addition, the compatibility of the support-bath with the printed hydrogel has also a crucial
role for a successful bioprinting [248-250,255,256]. For example, hydrophobic
perfluorotributylamine fluid was employed for the bioprinting of agarose hydrogel due to its
high buoyant density [249]. Since the approach of supporting is based on buoyancy, viscosity
of the printed hydrogel might affect the structural resolution which limits the applicability of
this support material in different types of hydrogels. In another study, two different types of
hyaluronic acid which were modified with adamantane or B-cyclodextrin, respectively, were
utilized as self-healing support material, by using their reverse assembly capability as host-
guest interactions [256]. Although methacrylated gels were successfully printed, the possible
reaction of adamantane or B-cyclodextrin ends would limit the utilization of this technique to
be used with different materials. Due to their stress-yielding properties, Carbopol microgels
and gelatin microparticles have also been studied [247,248]. However, ionic sensitivity of the
Carbopol and, thermal instability and microparticle size-dependency of the gelatin slurry limit
their use. Therefore, to address limitations and general requirements for bioprinting of

hydrogels with various properties, new formulations of support-bath systems are needed.

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (Pluronic F127; PF) is
one of the support-bath material candidates possessing concentration dependent-
thermoreversible gelation property. It is in gel form at around body temperature
(concentrations >18%) and turns into liquid below 10 °C [257]. Hence, it was implemented as
support-bath or sacrificial fugitive ink at room temperature within the range of 25-40%
concentrations [258,259]. However, viscoelastic modulus of the material was not strong
enough for micrometer scale resolution in a long time printing processes due to mechanical
weakness and tendency of quick dissolving in physiological conditions [257,259]. Sol-gel
transition concentration of PF was modified by addition of Laponite [240,260]. Laponite is a
layered synthetic nanoclay with chemical formula of SisMgs.asLiosO24Nao7 similar to
hectorite. It exists as a 2D disc-like structure, 25 nm in diameter and 1 nm in thickness with

negative charges distributed on the faces (OH") and positive charges on the edges (Na*).
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Due to its biocompatibility, low cost, availability, thermal stability, processability, ionic
insensitivity, and anisotropic behavior, Laponite can be considered as a promising
rheology-modifier, or used as mechanical reinforcing component and crosslinker with
several hydrogel systems [261-263]. It was utilized in different applications of tissue
engineering from composite hydrogel printing to support-bath material [180,246,264—-266].
The gel-forming ability of Laponite involves a multi-step mechanism. When particles react
with hydroxide ions in the water, phosphate ions dissolve. After the ion dissolution, the
nanoclay particles start to interact with each other while the sodium ions diffuse towards the
surfaces within the galleries, resulting in expanded thixotropic gel structure [267-269].
Laponite RDS, a category of Laponite family, possesses an extra peptizing agent of sodium
pyrophosphate (NasP.Oy7) at the edges which ionically stabilizes the structures and prevent the
face-edge bond formation between particles [270].The pyrophosphates give a thixotropic
behavior to the structure [270]. These properties of Laponite would make it a suitable
support-bath material, but the printed hydrogels have high viscosity with stiff network
which is a disadvantage for cellular activities like cell adhesion, migration and proliferation
[271-273]. In addition, the removal procedure of the supporting gel is complicated, often
resulting in damage to the printed structure due to being strongly adherent nanoclay
particles [254].

In this chapter, we developed a composite support-bath based on the mixture of PF and
Laponite (PF-RDS) in the presence of calcium ions, to be used in free form bioprinting of
complex cell-laden hydrogel structures. Although both materials show unique properties and
have been individually employed as sacrificial support gels, they showed limited capacities in
bioprinting of low viscosity inks at low concentrations and also the ease and efficiency of
removal procedure [236,246]. By combining two components as a composite support-bath, it
would be possible to employ the distinct characteristics of each, namely the thermoresponsive
gelation of PF and the thixotropic behavior of Laponite. We analyzed different formulations
with varying concentrations of PF-RDS and calcium chloride (CaCl,) to achieve optimum
rheological properties. Sodium alginate was utilized as a precursor solution to evaluate
printability of complex and hollow structures by in situ crosslinking within the support-bath.

Finally, cell-laden hydrogel structures were bioprinted in the support-bath and the
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cytocompability of the bioprinting process was analyzed by monitoring the viability and

metabolic activity of cells after printing process.
5.2 Results and discussion
5.2.1 Rheological characterization of the support-bath

The weak interactions of the support-bath components play a critical role in the formation of
network and its stability and hence the preservation of the printed hydrogel structures in over-
hanged and complex geometries [243-245]. In this research, thermoresponsive behavior of PF
was combined with the thixotropic behavior of the Laponite to obtain yielding and easily
removable support-bath structure. Laponite RDS is selected due to formation of a stable
polymer-nanoclay complex with the presence of Ca?* and possession of a neutral isoelectric

point providing a biocompatible environment [269,270].

Thermoresponsive gelation behavior of the PF-RDS support-bath with different formulations
was characterized through a typical temperature sweep test from 4 to 37 °C with a final dwelling
time of 2 h by the evolution of storage (G') and loss (G"”) moduli (Figure 5-1). By increasing
temperature, G' and G” moduli raised as a result of both liquid crystalline phase transition of PF
in ionic media and the presence of Laponite particles [241,260,269]. Then, G’ and G" reached a
steady state by further incubation at 37 °C.
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Figure 5-1. Temperature and time sweep measurements of the support-bath showing
storage and loss moduli over time for different concentrations of PF. Laponite and CaCl>
concentrations were set to 3% and 1%, respectively. Storage (G") modulus (filled symbols)
and loss (G"”) modulus (open symbols). Vertical dashed line separates two measurements.
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Region (1) represents temperature sweep test from 4 to 37 °C and region (2) shows time
sweep measurement at 37 °C for 2 h

5.2.2 Effect of PF concentration

Figure 5-2 represents rheological characterization of different concentrations of PF in the
presence of Laponite-RDS and CaCl, at constant concentration. Dynamic moduli of
composite containing 7.5, 10, and 12.5% of PF, and 3% Laponite RDS, and 1% CaCl; are
plotted during the strain amplitude (Figure 5-2a) and angular frequency sweeps (Figure 5-2Db).
Strain amplitude graphs demonstrate the flow point of the materials at which a transition
between elastic gel state (G’ > G") to viscous liquid-like state (G” > G') is observed [266,274].
At very low strain amplitudes, G’ and G” of the material show the linear viscoelastic behavior
[275]. Increasing the concentration of PF from 7.5% to 10% in the composite resulted in an
apparent increase in both moduli during constant strain amplitude loading, however further
increase to 12.5% induced a significant decrease (Figure 5-2a). The value of storage moduli
of 7.5 and 12.5% PF containing composites were observed to be almost the same while the
corresponding value for 10% PF one was 1.5-fold higher. The interactions of PF and RDS are
considered to be very complex and have not been completely known, however it is assumed
that electrostatic interactions as well as hydrogen bonding are the dominant players in the
final structural configuration[265,276]. Reversible adsorption and detachment of polymer
chains on the charged surfaces of the Laponite nanodiscs would result in a physically
crosslinked network which shows solid-like elastic or fluid-like viscous behavior depending
on external forces. Furthermore, cluster formation of the clay nanodiscs and subsequent
agglomeration with PF polymeric chains would contribute in observation of high yield
behavior upon applied stress [274,277]. The density of charges at the edges of Laponite RDS
is different associated with pyrophosphate ions, which will lead to face-face interaction in
contrast to face-edge attraction [267,278]. The attraction between these bonds will further link
more particles at the dace-edge orientation and create a network that forms the final “gel
state” [274,279,280]. The observed developments in both G’ and G” by increasing the PF
concentration can be attributed to the bridging effect of PF micelles and chains with their
vicinal nanoclay particles which results in stabilization of the composite [265,281]. In this

way, it is speculated that there would be a threshold for such interactions, which could be
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translated to the surface capacity, and hence the mass quantity of the Laponite-RDS in such a
system. A viscoelastic gel structure could be formed by increasing the PF concentration up to
a certain value above which, the faces of the Laponite-RDS nanoclays would be already
saturated by the adsorbed polymer. Further increase in the polymer concentration will not
necessarily contribute in establishment of long-range elastic interactions between the two
components of the system [260,282]. The mixtures of PF and CaCl, (Control 1) and Laponite-
RDS and CaCl, (Control 2) were selected as control groups to identify the contribution of
each individual component of the composite in development of the viscoelastic properties. It
should be note that the exclusion of CaCl, from the mixture of PF-Laponite RDS resulted in
the formation liquid-like composite, failing to form a viscoelastic gel network. Hence, this
composition was not included in the set of experiments. Control 1 failed to show a detectable
linear viscoelastic limit within the range of strain values 10 to 10 (%). This can be explained
by formation of clusters consisting of polymer chains at low concentration of PF as reported
elsewhere [283]. Control 2 showed a linear viscoelastic range during strain amplitude
sweeps, however the storage modulus values were much lower than the corresponding region
in PF-RDS composites containing PF at the same CaCl, concentration [280]. Both control
groups showed less elastic moduli, since Laponite acts as a physical cross-linker to PF
polymer chains in the presence of CaCl, which is in agreement with previous study of Wu et.
al [240].

104

-
o
-
o

(=
(o]

a

-

2
h

-

o
h

104

G' and G" (Pa)
=
G' and G" (Pa)
g
n (Pa.s)

-
=

1{Oe 125%PF v
A 4 10%PF v

-
o

4 & 125%FPF * 12.5%PF
4 10%PF

® T7.5%PF

O ® 7.5%PF RS O ® 75%PF o
3
o = Control 1 T, & il A 10%FPF
v

7 v conter2 v V¥ Control 2 ® T5%PF
o

T T T T 1 T T T T 107 T T T i T T T T
10 10° 10' 102 10 100 10° 102 102 107 100 101 10¢ 40 60 80 100
Strain (%) Angular frequency (rad/s) Shear rate (1/s) Time (s)

=
=}
=)

Figure 5-2. Dynamic rheological characterization of the support-bath representing the
effect of PF concentration on flow behavior and recoverability of the structure at 37 °C
(Laponite-RDS and CaCl concentrations were constant at 3 and 1%, respectively except for
control samples). Control 1 and control 2 included 10% PF, and 3%RDS, respectively. at
constant 1% CaCl> (a) Strain amplitude sweep profiles of supporting mediums, (b) frequency
sweep profiles within the linear viscoelastic range, (c) viscosity vs. shear rate plots revealing
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the shear thinning behavior of the support material, (d) cyclic strain measurements at high
(50%) and low (0.6%) strains showing storage (G') moduli of the samples in 4 cycles. Storage
(G") modulus (filled symbols) and loss (G") modulus (open symbols)

The dynamic viscoelastic properties of the formed networks of PF in the presence of
Laponite-RDS and CaCl, were also probed by frequency sweep analysis (Figure 5-2b). The
elastic features of the matrix were dominant throughout the whole measured frequencies,
characterized by G’ values higher than G” values [274]. The elastic modulus value at 7.5% PF
was considerably lower than the other two concentrations. By increasing the PF concentration
to 10%, the interactions between PF and Laponite-RDS evolves from a viscoelastic-dominant
gel state to a glassy state colloidal network, in which the elastic modulus is almost
independent from the frequency of deformation. Further increase in PF concentration to
12.5% resulted in weakening of the elastic response of the system at low frequencies, an
indication of the increased contribution of excess PF chains which are speculated to have no
direct interactions with Laponite nanoparticles. The results demonstrate that concentration
dependent interactions between polymer and clay nanoparticles allow the formation of
suitable and stable network for support-bath [280,281,284]. Control 1 showed a strong
dependency of both elastic and loss moduli to frequency values. It could be due to testing
parameters which was not in a viscoelastic region. Control 2 showed glassy gel-like behavior
with almost constant elastic modulus values at all frequencies, revealing the effect of calcium
ions in the formation of House of Cards-like structure which was utilized as support-bath
material in previous studies [246]. However, the value of storage modulus was much lower
compared to the composite with PF which needs more viscous bioink to be able to provide

enough mechanical strength to hold the structure during bioprinting process.

Shear thinning behavior and yield stress values of the composite support-bath materials
were investigated by a shear rate sweep test (Figure 5-2¢). As the graph implies, all the tested
concentrations showed the same trend of viscosity drop but the sample with 7.5% PF had the
highest decrease in its viscosity while the sample with 10% of PF had the lowest change. The
Herschel-Bulkley model (equation 1) was used to fit the data and estimate the dynamic yield

stress and flow index values [247,267].
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T =1, +Ky" 1)

where T is shear stress, Ty is yield stress, y is shear rate, and K and n are consistency factor

and flow index, respectively. The model’s parameters are presented in Table 5-1.

Table 5-1. Herschel-Bulkley parameters for composite materials with different PF
concentrations at constant concentrations of Laponite-RDS (3%), and CaCl; (1%)

PF concentration Ty K i
(%) (Pa)
7.5 328+35 6.78 £2.2 0.73x0.1
10 426 +5.7 10.32+1.3 0.47£0.2
12,5 28.6+4.3 54+2 0.60+0.17

Flow index (n) is the main indicator of the shear-thinning behavior. The indices of 7.5 and
12.5% PF were almost equal, showing the same behavior in viscosity drop, which can be also
observed in Figure 5-2c. Yield stress values obtained from Herschel-Bulkley model are in
agreement with the yield stress trends from strain sweep measurement. On the other hand, PF
samples with 10% concentration showed an increase in yield stress, which could be attributed
to the same saturation of polymer-particle interactions as mentioned previously. It should be
noted that Control 2 samples did not show that much different values of viscosity vs. shear
rate and Control 1 data was not reliable as mentioned in the previous part due to its non-linear

viscoelasticity, therefore the graphs were not included.

Figure 5-2d shows recoverability of the composite throughout cyclic deformation. Due to
the thixotropic characteristics, the disturbed matrix result in rebuilding of the interactions by
forming the matrix network over time [236,266]. The so-called self-recovery property
represents an essential feature of the composite matrix to be utilized as a support-bath
material. Dynamic strain tests were performed at high (50%) and low (0.6%) strains. The
strain cycles were repeated in 10 seconds intervals to monitor how fast the composite material
could recover itself. Thixotropic behavior was monitored within 16 cycles (data was clipped
to 4 cycles to enhance the legibility) and the recovery time and the extent of drop in storage

moduli after 3" cycle of deformation were almost constant. As shown in the graph, even in a
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short time of 10 seconds the structures with 10 and 12.5% of PF could almost reach to their
initial storage moduli. The composite with 7.5% of PF showed lower recovery in storage
modulus compared with the starting point. This could be due to lower amount of polymer-
chains which could not enhance the composite matrix stiffness [281]as the amount of PF was
not enough to resist the high shear strain values to rapidly recover the physically crosslinked

polymer chains attaching on the Laponite nanodiscs charged surfaces [274,277].

5.2.3 Effect of CaCl, concentration

The contribution of ionic content in the formulation to viscoelastic properties of the
composite was systematically assessed by varying the CaCl, concentration with constant PF
and Laponite-RDS which were set to 10 and 3%, respectively. We evaluated three different
concentrations of 1, 0.5, and 0.25% for CaCl> in the formulation to provide a moderate
crosslinking for dispensed liquid form of alginate and to obtain an integrated structure without
diffusion into the support-bath [267,280,285]. It should be mentioned that the lowest
concentration of Ca?* were above the threshold of “gel” formation below which a “glass-
colloid” would be formed as explained in the previous study[286]. Figure 5-3 shows the

rheological properties of the composites with different CaCl, concentrations.
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Figure 5-3. Dynamic rheological characterization of the support-bath representing the
effect of CaCl, concentration on network characteristics, flow behavior and recoverability at
37 °C (a-d were included samples with constant PF and Laponite concentrations of 10 and
3%, respectively.) (e-f were included only 3% Laponite-RDS.) (a and e) Strain amplitude
sweep profiles of supporting medium, (b and f) frequency sweep profiles within the linear

viscoelastic range. (¢ and g) viscosity vs. shear rate plots revealing the shear thinning
behavior of the support material, (d and h) cyclic strain measurements at high (50%) and low
(0.6%) strains showing storage (G’) moduli of the samples in four cycles. Storage (G)

modulus (filled symbols) and loss (G") modulus (open symbols)

Strain amplitude sweep (Figure 5-3a) shows the correlation of the extents of the linear

viscoelastic region with three different CaCl. concentrations. At low strain values, storage

moduli are higher than loss moduli demonstrating the solid-like elastic behavior of the

structures [275]. By further increasing strain values, structure starts to breakdown and

material starts to yield. Dynamic moduli of the sample containing 0.25% CaCl, was observed

much lower than the other two concentrations since low ionic concentrations cannot lead to

complete formation of aggregates [277,280]. Concentration of ions will change the net charge

distribution of nanoclay particles in the composite matrix from edge to the surface and

through the polymer chains [277]. The variation of surface charge in the composite gels with
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lowest CaCl, content translates to the enhancement of VVan der Waals forces compared to the
ionic interactions. By increasing the salt content, the network formation will face a transition
from repulsive clay-clay interactions to attraction of opposite charges and eventually forming
a strong gel network [277]. The electrostatic attractive forces among nanoclay particles would
correspond to material’s yield stress [278]. In addition, enhanced exfoliation of nanoclays
with the increased ion concentration will take place that might correspond to the phase
separation of the matrix under stress [280,287]. It was evident by evaluation of the obtained
rheological data that increasing the ion concentration resulted in a similar trend in increasing
the storage modulus. Considering these data, it is concluded that the ionic content in the
current experimental design was still below the threshold to induce any phase separation
[269,279,280]. It should be also noted that presence of divalent Ca®* ions would shift the
equilibrium in balancing of the ionic interactions between nanoclay galleries, which the
acclaimed House of Cards-like structure during network formation of pristine Laponite is due
to exfoliation of nanodiscs in presence of monovalent Na* ions. In this way, formation of a
long-ranged network due to exfoliation and collapse of nanoclay galleries in the absence of
PF showed a threshold concentration of CaCl, above which, the dynamic moduli and cross-
over points in strain sweeps decreased significantly. We speculated that at this critical
concentration of divalent Ca?* ions, the exfoliation of nanodiscs was to an extent that the
formed network was completely dependent on ionic interactions and secondary forces like
Van der Waals interactions between PF and Laponite nanodiscs could not significantly

contribute to overall viscoelasticity of the composite.

All the formulations showed a glassy state with frequency independence of elastic moduli
throughout a wide range (Figure 5-3b). The one order of magnitude ratio between G’ than G”
indicated a stable network formation with no relaxation time within the probed range of
frequencies [244]. The sample with 0.25% CaCl> showed more dependency of storage
modulus to the frequency of deformation which is an indication of weaker and more viscous
nanoclay-nanoclay and polymer-nanoclay interactions. It is speculated to be due to the
contribution of Ca?* in formation of the glassy House of Cards-like structure in PF-RDS
[280].
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Shear-thinning behavior of the samples with different ionic concentrations was explored
through a shear rate sweep measurement (Figure 5-3c). Dynamic yield stress and flow index
values were calculated by fitting the data to Herschel-Bulkley model (Table 5-2). For all the
samples viscosity decreases by increasing shear rate expressing similar shear-thinning
behavior regardless of their ionic concentration. However, the sample with 0.5% CaCl;
showed higher values which could be due to bridging effect of Ca?* that is the connection of
two nanoclay particles from their negative surfaces that results in agglomeration of particles
and possessing higher viscosity [280].

Table 5-2. Herschel-Bulkley parameters for composite materials with different CaCl»
concentrations at constant concentrations of Laponite-RDS (3%), and PF (10%)

CaCl; concentration Ty " ]
(%) (Pa)
0.25 26.3+5 7.3+3.6 0.58+0.1
0.5 47.7+4.2 11.39+3 0.27+£0.15
1 42.6 5.7 10.32+£2.3 0.47+0.2

Cyclic strain measurements were performed and storage modulus vs. time was plotted to
explore the recoverability of the structures for 10 seconds per cycle. (Figure 5-3d). Storage
values dropped after first cycle and continued with almost the same values. The lowest CaCl>
concentration showed less decrease and less recovery in storage modulus during the test. This
phenomenon could be attributed to the fact that the ionic concentration was not enough to
interact with nanoclay particles and hence not much gel-like structure was formed [246].
Initial storage modulus values were higher for samples with higher ionic concentration which

is in agreement with aforementioned structural properties.

Based on previously published article which utilized a composite of CaClz-Laponite as a
support-bath material [236], we selected four different formulations of CaCl, with 3%
Laponite and explored how ionic concentrations would affect their rheological behavior. Fig.
3e represents flow behavior of the samples at different strain values. Interestingly, by
increasing CaCl, concentration from 0.125 to 0.5%, G' increased and afterwards decreased

and the formulation of 0.25% CaCl, showed higher storage modulus compared to other
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samples. Based on visual observation, composites containing 0.125 and 0.5% concentrations
of CaCl, formed stiffer gel-like structure than others. In addition, their flow points are at
higher strain values which could be attributed to bridging effect [280]. Compared to
composites containing PF, the agglomeration of nanoclay particles due to interaction of two
negatively-charged surfaces happened at lower ionic concentrations. In other words,
composites containing PF with 0.5% of CaCl, showed more viscous properties, whereas
samples correspond to 0.25% of CaCl, without PF had higher viscosity and elastic moduli.
This result demonstrates the effect of Ca?* ions on Laponite nanoclay structure as shown in
previous studies [246,251,280].

Almost the same behavior was observed for frequency sweep measurements (Figure 5-3f).
The composites of CaCl, and Laponite act as a glassy colloid with no dependency of elastic
moduli on frequency changes. Elastic moduli values repeated the same as for strain amplitude
sweep test. The more the ionic concentration, the more possibility to shield the nanoclay

charges and consequently damaging the House of Cards-like structure of Laponite [288].

Shear thinning behavior of the samples were monitored through a shear-rate measurement
and their viscosity were plotted against shear rate values (Figure 5-3g). As the graph implies,
all the formulations represented shear-thinning behavior and their viscosity dropped by

increasing shear rate values.

Recoverability of the samples were investigated through a cyclic strain measurement (each
cycle was 10 sec) and corresponding storage modulus values were recorded and plotted vs.
time to mimic the nozzle translation in the support-bath. The composites containing 0.125 and
0.25% of CaCl, showed much higher G' values with almost constant values for each cycle
revealing their ability to recover their structure rapidly. The other two formulations containing
0.5 and 1% of CaCl, had low storage moduli and their values drop too much after first cycle
demonstrating that the composites are not capable of fast recovery. Compared to composites
containing PF their storage moduli are extremely lower which is due to interaction of polymer
molecular chains and nanoclay particles causing physical cross-linking [280]. This
demonstrates that both thixotropic behavior of Laponite and thermoresponsive properties of

PF contribute for the physical crosslinking and the formation of a viscoelastic support-bath.
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It is noteworthy to mention that low concentrations of CaCl, showed promising behavior to
be used as an electrolyte together with Laponite nanoclay. In this study, we selected 0.5%
CaCl; since it was not only a structural modifier for Laponite, but also a cross-linker for
alginate. Our aim was to utilize a low concentration cell-laden hydrogel (3% alginate) to
provide a cell-friendly bioprinting process with the utilization of a relatively low pressure for
extrusion of bioink in a moderate CaCl, concentration to obtain sufficient cross-linking

density for structural integrity among the subsequently printed layers.

5.2.4 Printability of overhanging and complex structures in PF-RDS support-bath

The challenges of overhanging and tubular complex structure printing have been addressed
with different approaches in the literature [289-294]. The principle of the printing mechanism
of those tubular structures are based on one-step extrusion of hydrogel in air, which is cross-
linked by the inclusion of cross-linker through a coaxial nozzle system. These techniques are
capable of printing hollow vascular-like structures in small dimensions by employing
different formulations of bioinks, whereas construction of complex shapes in a layer-by-layer
manner may not be applicable for integration of the extruded subsequent layers.

Printing in support-bath has been an emerging approach utilized by extrusion of hydrogels
in a liquid form to have an appropriate shape fidelity, as well as to provide a more cell-
friendly process compared to in-air extrusion bioprinting [293]. Laponite support-bath was
demonstrated as support bath for fabrication of overhanging and complex branched tubular
structures for various hydrogel types with different cross-linking mechanism [246,295].
Although Laponite support bath was investigated individually with many aspects for printing,
the extruded hydrogel concentration was very high which could affect living cell functionality
[246]. The use of high concentration of hydrogel is expected due to the slow crosslinking
kinetics of alginate in the presence of low concentration of CaClz, which has a strong negative

effect on viscoelastic properties of Laponite as it is demonstrated above.

Rheological characterization suggested that all the tested PF-RDS composites could be
used as a support-bath for hydrogel printing. Three percent of alginate was used for printing

inside the support-bath that has lower concentration compared to previous studies
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[236,246,296]. Among PF concentrations, 10% showed better viscoelastic behavior in terms
of storage modulus and self-recovery. Printability of alginate into the support-bath containing
various CaCl; concentrations were investigated. In the previous report, concentration of CaCl;
for the Laponite support-bath was 0.125% [236]. However, our initial experiments showed
that even the CaCl, concentration of 0.25% was not enough to efficiently cross-link 3% of
alginate hydrogel during printing. This concentration was much lower than the hydrogel that
was used in the mentioned study (8% alginate). On the other hand, increasing the
concentration of CaCl, to 1% resulted in fabrication of structures with non-integrated fibers
and occurrence of staircase effect [246]. Hence, the support-bath with composition of 10% PF
and 0.5% CaCl, was used. Moreover, Ding et al. increased CaCl, concentration to 0.5% in a
4% Laponite support bath, while they used a concentrated and more viscous hydrogel blend as
the extruded bioink (3% alginate+10% gelatin) [246]. This could be correlated to the
decreased self-recovery properties of Laponite support-bath in the presence of high CacCl;
concentrations. It is worth mentioning that increasing the concentration of CaCl, above
0.125% causes the deterioration of the House of Cards-like structure and shear-thinning
property of only Laponite support-bath. Formulation of the Laponite support bath with PF
resulted in increased tolerance over the CaCl, content and allowed to dispense less viscous
hydrogel with higher shape fidelity at low extrusion pressure, which would be a more cell

friendly process.

A detailed overview of 3D printed overhanging hollow structures with different angular
configurations before and after recovery from PF-RDS support-bath are demonstrated in
Figure 5-4. Support-bathes were incubated at 37 °C in a humidified environment for two
hours prior printing based on the rheological data explained above. Integrated and bended
tubular structures perpendicular to the surface (90°) and with 60° and 45° angles and a conical
structure with 60° angle were printed in 20 layers. The front views of the tubular structures in
support-bath are presented in Figure 5-4-a, b, c, d. It is clearly seen that the angles of printed
structures were the same as designed models. The front and top views of the printed structures
after harvesting from support-bath demonstrated that structures were well-crosslinked with
integrated layers and preserved angular configurations due to optimized concentration of
CaClz in the PF-RDS bath. The height of the printed structures were measured as 7.58 mm =
0.9, 4.54 mm £ 0.08, and 3.88 mm = 0.25 for tubular structures of 90°, 60°, and 45° angles,
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respectively. Based on computer-aided design (CAD) models, all the printed structures should
have the same height. During printing of the tubular structure with 90° angle, the nozzle
moved through the same x-y coordinates for 20 times. In contrast, the movement patterns of
the nozzle for the other angled structures were not as repetitive in the same coordinates. As a
result, diffusion of the hydrogel ink during printing of the structure with 90° angle was more
and the final structure had higher height. Angles of the bended structures after removing from
support-bath were measured as follows: 85.9° £ 1.40, 59.4° £ 2.33, and 47.8° £ 5.34, which
indicates a high printing resolution for the overhanging CAD models in the PF-RDS bath. The
printed structures of alginate with 3% concentration demonstrated that the support-bath had
proper viscoelastic characteristics which allowed printing of liquid-like hydrogels with
relative low viscosity in a defined geometry and in situ cross-linking while the shape fidelity

of overhanging hollow structures were preserved.

Figure 5-4. Characterization of PF-RDS support-bath for printability of tubular structures
in various angular configurations. Digital images of the printed tubular alginate structures
using 25-gauge nozzle in the support-bath angled at (a) 90°, (b) 60° and (c) ) 45°, and (d) a
conical structure with 60° angle with respect to the surface. Digital images after removal of
support-bath, from front and top views of (al, a2) 90 °, (b1, b2) 60° and (c1, c2) 45° bended
tubular structures and (d1, d2) conical structure after removal from support-bath. Scale bars
indicate 5 mm
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Three different complex structures including star shape, grid and branched vascular
structure were used to demonstrate printing capability of complex geometries with different
scales inside the PF-RDS support-bath. Figure 5-5 shows the CAD models, top views of the
printed structures before and after removal of the support-bath. Compared to reported
Laponite support bath at which the sample was incubated for 6 h to obtain proper gelation
[236], we could easily remove the printed constructs from the PF-RDS support bath just after
printing. Increased concentration of CaCly in support bath provided enough crosslinking
density and ice-cold NaCl solution facilitated the removal of PF coated RDS. A star shape
with an outer diameter of 2 cm was selected to demonstrate the precise deposition of extruded
filaments with sharp corners (Figure 5-5-al). Shape fidelity and its high resolution after the
support-bath removal are demonstrated in Figure 5-5-a2. A small square grid structure with
one cm length was chosen to explore the recoverability of the support medium in a repetitive
pattern. CAD model of grid structure is depicted in Figure 5-5b. Despite the structural
integrity and shape fidelity concerns for grid structure printing, the support-bath presented
here allowed its fabrication (Figure 5-5-b1). The structure was harvested without disturbing
shape fidelity during removal from the PF-RDS as shown in Figure 5-5-b2.

A vascular structure plays an important role for living tissues in oxygen and nutrients
transportation, and metabolic removal. Fabrication of the vascular network is essential for the
functional structures. A CAD model for a branched vascular structure with an overall length
of ~ 3 cm and a width of ~ 2 cm was designed (Figure 5-5¢). The vascular structure with a
wall thickness of ~ 0.95 mm and 6 mm height was printed by three offsetted contours in each
layer. Figure 5-5-c1 shows the printed branched structure inside the support-bath that was
printed in 50 min. After gently removal of the support material from the lumen,
interconnectivity of the hollow vascular structure was monitored by passing a food dye

through it. The diffusion test demonstrated no leakage from the walls.

To demonstrate the capability of our support-bath for printing of anatomically relevant and
3D complex structures, a nose shape with an overall 2.7 cm length and 1.7 cm width was
printed using 25 Gauge nozzle (Figure 5-5d). It is to be noted that the printing path strongly
affects the final structure as it was demonstrated before[297]. When printing path started from
the tip of nose inside the support-bath, we could obtain a smooth surface on the nose with
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apparent nostrils as represented in Figure 5-5-d3. This result also verifies the applicability of
our support-bath for bioprinting of liquid hydrogels in various complex and large scale

structures.

The printed constructs demonstrated the feasibility of the support-bath for continuous and
repeated retracing of the print-head. As stress-yielding phenomena happened around the local
area where nozzle moves, overall rheological characteristics of the support-bath did not
change and did not cause any disruption of the complex shapes, highlighting the stability of
the support-bath for long-lasting printing procedures. Although printing speed is considered
as a key parameter affecting the yielding properties of the support-bath [246,253], we printed
with different print speeds and the support-bath revealed a consistent recovery. In addition,
shape fidelity preservation after structure removal from the support-bath has demonstrated the

sufficient integration between the consecutive layers.
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Figure 5-5. Fabrication of 3D complex constructs. CAD models of (a) star shape, (b) grid-
pattern, (c) branched vascular structure, and (d) nose shape. Digital images of the fabricated
structures (al, b1, c1, d1) before and (a2, b2, c2, d2) after recovered from PF-RDS support-

bath. Scale bars indicate 5 mm

5.2.5 Bioprinting of cell-laden alginate hydrogel in support-bath

Cell-laden hydrogels dispensed from a nozzle are being exposed to a shear stress, and
followed by an invasive effect of cross-linking mechanism [293,298]. Therefore, fabrication
process of cell-laden hydrogels inside the support-bath might affect the cellular integrity.
Sincethe nozzle size and feeding pressure for the extrusion of cell-laden hydrogel have an
inverse relation, the use of small needle size might have more negatively effect on cell
viability. We selected a small nozzle (30-Gauge) to investigate the effect of bioprinting
process in support-bath in intense conditions. Compatibility of the bioprinting process was
evaluated by monitoring cell viability after bioprinting. Alginate used to encapsulate the cells
in this study is commonly employed in 3D bioprinting applications due to the

biocompatibility and fast crosslinking in the presence of Ca?* ions despite its bio-inert nature
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and limited biodegradability. It is also used as a thickening hydrogel to enhance the
bioprintability of the other, more bioactive hydrogels [236,246]. NIH-3T3 mouse fibroblast
cells in a density of 1x10° cells/mL were encapsulated in 3% of alginate and bioprinted by
feeding pressure of 0.5 bar and print speed of 150 mm/min. Well defined 3D hollow structure
with a 5 mm diameter and average height of 0.6 mm was obtained by the integration of
deposited four concentric fibers of cell-laden alginate. Figure 5-6 shows (a) bright field image
of harvested bioprinted structure from the support-bath and (b) Calcein AM (green) and PI
(red) stained, live and dead cells, respectively, in a complete bioprinted structure. The results
demonstrated the structural integrity of the proposed structure for bioprinting and their
efficient recovery from support-bath with high percentage of viable cells [236,246,254]. Live
and dead cell numbers showed that 82.7 £ 6.5% cells in alginate hydrogel were viable after
one day (Day 1) of incubation (Figure 5-6¢). The percentage of viable cells did not change on
Day 3 while the cell viability increased to 94.3 + 4.6% at Day 7. The results indicated that
extrusion pressure did not affect the cell viability significantly and the cells almost recovered
at Day 7.
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Figure 5-6. Fabrication of cell-laden alginate constructs using PF-RDS support-bath. (a)
Image of harvested bioprinted tubular structure from support bath. (b) Confocal microscopy
image of live/dead cells encapsulated in the alginate hydrogel in a complete 3D bioprinted
hollow structure at Day 3 and the zoomed images of cells obtained on Day 1, Day 3, and Day
7. (c) Quantitative viability analysis of cells for Day 1, 3 and 7 after bioprinting. Two tail
Students t-test was used to analyze the significant change in the cell-viability after bioprinting
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process. P-values *< 0.05 were considered as significant. Scale bars indicate 1 mm for (a) and
(b) and 0.5 mm for the zoomed images

5.3 Conclusion

We herein developed a composite gel based on PF-RDS as a sacrificial support material for
in-gel printing of overhanging complex and hollow structures. Alginate was used as the
printing bioink and CaCl, was utilized to enhance the viscoelastic properties of the polymer-
nanoclay composite gel and as the crosslinking agent for alginate. The effect of different
concentrations of PF and CaCl. on rheological properties including viscoelasticity, yield, and
recoverability showed the potential of our composite structure to be utilized as a supporting
material with the ability of long-term storage and reusability. Utilization of PF inside the
support-bath resulted in increased tolerance of nanoclay discs over the CaCl, content and
allowed to dispense less viscous hydrogel with higher shape fidelity at low extrusion pressure,
which would be a more cell friendly process. Furthermore, it decreased the time of incubation
period in the support-bath that provided enough crosslinking density before removing the
fabricated construct. Compared to the previously published studies which used only Laponite
for their support-bath[236,246], the printed structures could be harvested easier without
significant residues of the support-bath adhered to the structures. Performance of the
composite gel as support bath was validated by printing several alginate hydrogel structures.
The measured dimension of the recovered hollow structures showed that the height and the
angles were well defined. The support-bath did not only allow precise printing of different
complex structures but also helped recovery of the structures with high resolution. A diffusion
test assessed on a printed branched vascular structure also demonstrated structural integrity
and interconnectivity of the channels. NIH-3T3 cell-laden alginate bioprinted inside the
support-bath showed homogeneous distribution with above 80% viability within the hydrogel
revealed the potential of the composite support structure for a cell friendly bioprinting process

and to be further used for various tissue engineering applications.
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5.4 Methods

5.4.1 Preparation of PF-RDS support-bath and characterization

PF-RDS support-bath was prepared by slowly adding equal volume of PF-CaCl> (Sigma
Aldrich) solution into Laponite RDS (BYK Additives & Instruments) suspension. Briefly, PF
solutions with 15%, 20% and 25% concentrations were prepared by dissolving in 0.5, 1 or 2%
(w/v) CaCly solution at cold room (4 °C) under continuous stirring. A 6% Laponite-RDS
solution was prepared by suspending appropriate amount of dry Laponite-RDS powder in
deionized (DI) water and vigorously stirring for minimum one hour at room temperature to
allow fully exfoliation and dispersion of nanoclay particles with a transparent appearance
[236,286]. Then, PF solution was added slowly into Laponite-RDS solution under continuous
stirring at 4 °C to obtain final concentrations of 7.5, 10 and 12.5% for PF and 0.25, 0.5 and
1% of CaCl> with constant Laponite concentration of 3%. The mixture was further stirred for
minimum one hour at 4 °C. The composite material was centrifuged at 4000 rpm for 3 min
prior to incubation at 37 °C to remove the bubbles. It is worth to mention that final 2% of
Laponite was also prepared and examined but the electrical repulsive forces were not enough
to make an ordered array of particles. Hence, the matrix storage and recovery was not
appropriate for printing [265,278,280] and it was omitted from further experiments (data not
shown). The composite material was stable and could be stored at 4 °C for a long time with no
changes in its properties [281]. Based on rheological data, 3% of Laponite-RDS, 10 % of PF,
and 0.5% of CaCl; concentrations were selected for the support bath formulation.

5.4.2 Rheological measurements

All rheological characterizations were performed on a MCR302 (Anton Paar, Austria)
equipped with a Peltier plate for temperature control. A stainless steel parallel plate of 25 mm
diameter with a gap distance of 0.5 mm was utilized for all the experiments. A low viscosity
silicon oil was used as the solvent trap during the measurements. Rotational and oscillatory
measurements were performed to investigate the flow and viscoelastic behavior of the
support-baths. Gel yield stresses and linear viscoelastic (LVE) regions were measured by
strain sweep from 0.01-100% at a constant angular frequency of 10 rad/s. Oscillatory angular

frequency sweeps were carried out within the LVE range (0.6% strain and angular frequency
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of 0.1-100 rad/s) to monitor the dynamic rheological behavior. Temperature sweep
experiments were conducted from 4-37 °C with 5 °C/min ramp to observe gelation
temperature and evolution of the structure’s moduli. To investigate the recovery behavior of
the support-bath during hydrogel extrusion, cyclic strain test at low and high oscillatory
strains of 0.6 and 50% at constant angular frequency of 10 rad/s and 10 s duration per cycle
was performed. Shear rate sweeps were conducted to monitor the shear thinning behavior and

viscosity changes of the formulations between 0.01-100 1/s.

Samples were incubated at 37 °C for 2 h with a pre-shear rate of 1/s prior to each run.
Three measurements were taken for each sample and mean values were reported. The effect
of different compositions of PF and CaCl> on flow behavior of the support material was
investigated. Control groups were selected as CaCl.-PF named as Control 1 and CaCl»-
Laponite RDS named as Control 2 with different concentrations of CaCl,. Control 1 contained
10 and 1% for PF and CacCly, respectively to observe the effect of Laponite on rheological
properties. Control 2 were included constant Laponite-RDS of 3% and 0.125, 0.25, 0.5, and
1% of CaClo.

5.4.3 CAD design of complex structures and 3D printing inside support-bath

A customized three axes 3D bioprinter controlled by MACH3 software (Newfangled
Solutions) was used to print different structures. Hydrogel solution was loaded into a 10 mL
material reservoir equipped with a double thread screwed plastic nozzle (Musashi
Engineering, Japan) and material extrusion from the printing head was provided through a
pneumatic dispensing unit (Nordson EFD Performus V). CAD models of the constructs were
developed in Rhinoceros 6 (Robert McNeel &Associates, USA) and tool paths were generated

and transformed into G-codes.

Star shape, grid pattern and branched vascular-like, and a nose shape structure in different
scales were printed using 3% (w/v) sodium alginate (Sigma Aldrich) solution prepared in in
DI water. Star and grid-pattern structures were printed with a 25 Gauge nozzle and vascular-
like, and nose shape were fabricated via a 23 Gauge nozzle. For star shape printing, 15 layers

of hydrogels were deposited by setting parameters as 140 mm/min print speed and 0.7 bar
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feeding pressure. The structure was formed by depositing two concentric contours without
any gap in between them. The grid shape of 0-90° zigzag 10 x 10 mm? deposition pattern
including 9 stripes with 750 pum gap in between was extruded in each layer with 140 mm/min
print speed and 0.7 bar feeding pressure. Branched vascular-like construct was printed at 150
mm/min print speed and 0.6 bar feeding pressure. Nose shape structure was printed with 2.7
cm length and 1.7 cm width using a 25 Gauge nozzle at 130 mm/min print speed and 0.5 bar

feeding pressure by three offsetted counters.

Prior to support-bath removal, the structures were post-crosslinked in a 2% CaCl, solution
for 10 min. Then, residual support-bath materials were removed from the beakers by pipetting
1% cold NaCl solution. To show the presence of lumen inside the structure and
impermeability and its interconnectivity, diffusion test was performed by delivering blue food

dye solution from one end of the branched vascular structure.

5.4.4 Bioprinting of cell-laden alginate in PF-RDS support-bath

All components of support-bath and alginate were sterilized by autoclaving. Dry powder of
PF was sterilized at 105 °C for 30 min as suggested in the previous study to prevent
rheological property changes[299]. CaCl, and Laponite-RDS were also autoclaved in their
powder forms. Then, the support-bath was prepared as explained above. Alginate solution was
prepared in 3% (w/v) concentration in 1xPBS and autoclaved at 121°C for 15 min before

encapsulating the cells.

NIH-3T3 cells (ATCC) were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% penicillin-
streptomycin (Gibco) at humidified atmosphere containing 5% CO; at 37 °C. The cells with a
1x10° cells/mL density were prepared by suspension in 3% alginate solution at room
temperature. A 0.5 bar pressure was applied to extrude cell-laden hydrogel from a 30 Gauge
nozzle with 150 mm/min print speed. After printing, the alginate structures were washed with
1% ice-cold NaCl solution and DMEM. They were placed into 12 well-plate with fresh
DMEM and incubated at the incubator.
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5.4.5 Evaluation of in-gel bioprinting biocompatibility

The viability of 3T3 cells-encapsulated in the alginate was evaluated on Day 1, Day 3, and
Day 7 after bioprinting. At the end of incubation points, the samples were transferred into
glass bottom Petri dishes and washed with 1xPBS. Calcein AM/PI staining was used to
evaluate live/dead cells. Briefly, cells were first stained with 1 uM calcein-AM (Invitrogen,
green fluorescence) for 30 min and then, with 0.75 puM propidium iodide (Invitrogen, red
fluorescence) for 5 min in 1xPBS at 37 °C, followed by washing in 1xPBS for three times.
The viable cells were monitored with maximum excitation/emission wavelengths of 488/515
nm, respectively while the dead cells were monitored at maximum excitation/emission
wavelengths of 561/625 nm, respectively, using inverted confocal microscope (Carl Zeiss
LSM 710). 3D images were obtained using tiled z stacks with 5.00 um intervals and 2.77 pm

pixel size. The live/dead cells were analyzed quantitatively by using ImageJ 1.48v software.

5.4.6 Statistical Analysis

All values for cell viability and rheological assessments are presented as the mean £ SD
(n=3). Students t-test was used to analyze the significant difference. P values <0.05 and <0.01

are considered statistically significant.
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6 Chapter 6. 3D printing of hybrid scaffolds for skin tissue engineering: an investigation on the
scaffold’s geometry in a hybrid design and its influence on mechanical behavior, cell

alignment and morphology

Engineering thick skin tissue substitutes resembling the physiochemical and mechanical
properties of the native tissue is a challenge. Vascularization plays a critical role in the
success of any tissue scaffold. Melt electrowriting (MEW) is a powerful technique with the
potential to fabricate ordered and desired structures with low fiber diameters resembling
native tissues. Here, we first constructed three MEW porous structures of polycaprolactone
(PCL)with different microstructures including 0-90 and 60-120 degree and a honeycomb-like
orientation of fibers which were subsequently cast with gelatin hydrogel crosslinked by
visible light, encapsulating human umbilical vain endothelial (HUVEC) and human skin
dermal fibroblast (HSF) cells. Structures with various geometries were investigated
mechanically and biologically. Mechanical tensile tests revealed that honeycomb
microstructure of hybrid PCL/gelatin showed high elongation (121%) until failure and around
6 MPa of elastic modulus which could be used for skin tissues with high stretchability.
Morphological observation of cells at different architectures showed that all the structures
provided a cell-friendly environment which supported cell growth, distribution, and their
metabolic activities. Among those, honeycomb geometry could guide the cells the most and
led to the formation of vessel-like structures. The results of this initial study showed a great
potential for further analysis of such hybrid designs as a promising candidate for full-

thickness scaffolds for skin tissue engineering.
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6.1 Introduction

Demands for skin tissue substitutes has increased significantly over the last few decades
due to the vast majority of skin lost caused by burns, trauma and diabetic skin ulcers [144].
The possible solutions were initially focused on skin substitutes from xenografts to allografts
sources and were followed by development of regenerative medicine with fabrication of skin
equivalents from natural and synthetic materials to address the limitations of those traditional
treatments [145]. Additive manufacturing technology, also referred to as three-dimensional
(3D) printing has come into spotlight owing to its ability to fabricate 3D constructs in a layer-
by-layer fashion mimicking native environment at relatively low cost through a rapid process.
With this technology, bioengineering of intricate geometrical structures with high precision
are fabricated in a reproducible manner [300,301]. A promising tissue scaffold must possess a
stiff and fibrous structure mimicking extracellular matrix (ECM) [130] and hydrophilic
surface for cells to spread, elongate, and proliferate with interconnected pores allowing
transportation of nutrients and oxygen [302]. Although, 3D printing can fabricate scaffolds
with highly ordered and controlled nature, the fiber diameters of scaffolds could be large to
degrade in a shorter time to allow cells to replace the scaffold. Melt electrospinning writing
(MEW) is a combination of extrusion printing, namely fused deposition modeling (FDM), and
solution electrospinning [17]. This technique enables accurate control on fiber deposition of
FDM by using computer aided design (CAD) modeling hence gives the freedom of adjusting
fiber diameter and pore size and at the same time provides micron-scale fibers with the help
of high voltage difference without usage of any solvent [45,146]. Besides, final structure will
contain interconnected pores that assists nutrients and cell migration. Fabrication of scaffold
with filaments at tens of microns resembles ECM structure of the skin and yields a substrate
that would guide cells and provides a flexible structure which facilitates further integration
with the surrounding tissue [95,303]. Many thermoplastic polymers have been used in MEW
of scaffolds for different tissue engineering applications [15]. Polycaprolactone (PCL) is one
of the most broadly used polymers because of its biocompatibility, low melting temperature,
availability, and good mechanical properties [97] and was already used as a skin scaffold that
supported fibroblast cells infiltration [95]. A study by Chong et al. [304] proved that MEW of
PCL could provide a structure with high strength and enhanced elasticity suitable for skin

tissue engineering. Interestingly, it was demonstrated that the density and stiffness of
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structures also influence the vascularization and it was shown that decreasing the density and

stiffness would result in enhancement of vascularization [305].

Mimicking the natural tissue microenvironment is an essential criterion for the success of
any regenerative approach. Skin is a functional tissue consists of dermis, epidermis, and
hypodermis layers with multiple cell types [306]. Numerous studies have worked on
bioprinting of skin substitutes using different biomaterials and cells to resemble the skin tissue
regarding its structure and mechano-physiological properties. Rimann and coworkers [307]
fabricated a multi-layered skin tissue model using different bioprinting techniques. Lee and
coworkers [308] biofabricated a functional skin construct using fibroblasts and keratinocytes
in a collagen hydrogel in a transwell system that led to formation of stratum corneum. In
another study Cubo et al. [141] bioprinted a bi-layered skin substitute comprised of human
derived skin cells to ensure its functionality. Koch and colleagues [309] bioprinted a skin
substitute with dermal and epidermal layer which finally formed a laminin layer at the layers
interface. Although these studies revealed promising results for skin tissue engineering,
however, they did not consider vascularization in their substitutes. Vascularization is one the
most crucial and challenging aspects of 3D printed tissue constructs without which no
oxygen, nutrient, and waste would flow. Thus it is impossible to develop thick structures
which could survive and function for a long period of time [310,311]. A common approach
for vascularization is to provide a pre-vascularized structure in vitro by using endothelial cells
[312-314]. Studies showed that ordered deposition of endothelial cells would enhance the
vascularization [315,316]. In this regard, Pourchet et al. [317] developed a full thickness bi-
layered skin construct with 5 mm height. Human umbilical vein endothelial cells (HUVECS)
were utilized to create vascular channel. Kim et al. [318] developed a perfusable vascularized
skin model comprising of epidermis, dermis, and hypodermis component representing a
complex skin substitute. A more recent study was done by Baltazar et al. [319] in the same
manner of perfusable vascularized skin construct. In these studies, various hydrogels were
used for cell encapsulation in a hybrid structure including collagen, blood plasma, alginate,
gelatin, Gelatin Methacryloyl (GelMA), poly(ethylene) glycol (PEG) based hydrogel, and
fibrin. Different crosslinking mechanisms are utilized corresponding to hydrogel structure.
Among these, gelatin gained attention due to its biocompatibility, possessing peptide chains
that resemble arginine-glycine-aspartic acid (RGD) amino acid sequences that are cell
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adhesion sites which could enhance granulation tissue formation and epithelialization [132].
In addition, gelatin represents the ability to be photopolymerized in several ways showing
various degradability and stiffness [7,140]. Crosslinking using radiation in visible light range
in the presence of ruthenium (Ru) complex and sodium persulfate (SPS) is an emerging
method that manifested favorable results in a non-invasive manner with tailorable
crosslinking density and mechanical properties. Moreover, visible light penetration depth is
higher compared to UV radiation [320-323]. In this photopolymerization technique, Ru and
SPS act as photocatalyst and photoinitiator, respectively. Two mechanisms of crosslinking in
such systems are proposed, which are based on generation of radicals from tyrosine groups in
gelatin. In this context, Ru** ions formed through oxidative quenching of Ru complex initiate
the radical formation [324]. Visible light crosslinking of gelatin hydrogels facilitates a more
cell friendly application of photocrosslinking, with the potential to be integrated as a

biofabrication strategy.

Microstructural design of the scaffolds is another key objective in scaffold’s fabrication
that is mostly being neglected. Although, several studies revealed that geometrical cues not
only affect the mechanical properties, it also regulates biological responses such as cell
alignment and signaling, cell fate and their functionalities [325-328]. However, most of these
works are focused on bone and cartilage tissue engineering [329-331]. Regarding the effect of
structural architecture on vascularization, Nikkhah et al. [332] showed that fabrication of
various micropatterns of endothelial cells embedded within GeIMA hydrogel guided their
proliferation, alignment, and finally led to formation of a cord-like structure which is
necessary for primary steps of vascularization. Similarly, Zhu et el. [333] reported a micro-
aligned electrospun fibrous scaffold with a potential for blood vessel formation. A more
recent study by Yao et al. [327] revealed the effect of structural architecture on
morphogenesis of endothelial cells. They found that a honeycomb geometry could guide the
cells to form tubular structure as prevascularization step. This phenomenon could be used to

manipulate cellular behavior for desired applications.

Herein, in this study we aim to investigate the effect of various geometries including a 0-90
degree mesh-like, 60-120 degree mesh-like, and a honeycomb structure fabricated through

melt electrowriting on cell alignment, morphology and vascularization as a preliminary study
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of a thick and vascularized skin substitute. To do so, a hybrid structure of PCL/cell laden
gelatin hydrogel was prepared and examined. Human skin fibroblasts (HSFs) and HUVECs
were co-cultured within the hydrogel and it was cross-linked through type Il photo initiation
mechanism with two initiators of Ru and SPS in a visible light range. Moreover, melt
electrowritten PCL scaffolds were treated with sodium hydroxide (NaOH) to improve its
hydrophilicity. In addition, mechanical properties of the scaffolds with and without hydrogel
were assessed. The results revealed that honeycomb structure enhanced cell alignment that
could induce the formation of cord-like structures which in the presence of appropriate
biochemical cues, would assist further vascularization. Honeycomb architecture had the most
effect on cell orientation, followed by 60-120 and 0-90 mesh structures. However, all ordered
structures could facilitate the formation of cord-like structures. Tensile test showed higher
axial elastic modulus for 0-90 mesh structure, followed by honeycomb and with a drastic
decrease, 60-120 mesh had the lowest value. Compared with the other mesh designs, the
honeycomb structure demonstrated significantly higher elastic work with high elongation at
break.

6.2 Materials and Methods

6.2.1 Materials

PCL Capa 6400 (molecular weight of 37,000 g/mol) was acquired from Capa Perstorp Ltd,
UK. Sodium hydroxide (NaOH), gelatin type B, tris (2,2-bipyridyl) dichlororuthenium (I1)
hexahydrate (Ru), and SPS were purchased from Sigma-Aldrich. HUVECs, HSF, Eagle’s
Minimum Essential Medium (EMEM), basal culture medium were bought from ATCC. Pen-
Strep (10,000 Units/ml penicillin, 10,000 pug/mL streptomycin) was obtained from Gibco, UK.

Phosphate buffered saline (PBS) tablets were obtained from MP Biomedical, France.

6.2.2 CAD modeling and scaffold fabrication via MEW

Algorithms of continuous printing path for three different structures including mesh with
0-90 degree, and 60-120 degree orientations, and a honeycomb shape were developed and
converted to G-codes using Python script. G-codes were loaded in MACH3 motion controller
software (Newfangled Solutions). Melt electrowriting setup was a custom-made platform

developed on the basis of a 3D-axis printer explained previously [17]. It consisted of two
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heating units controlled with Arduino Mega microcontroller, and a 10 mL syringe and a 250
pm diameter nozzle mounted on the print head, an air dispensing system (Musashi
Engineering Inc., Japan) and a high voltage generator (Gamma High Voltage Research, FL).
The collector was grounded, and the nozzle was connected to high voltage generator. A

schematic representation of the process is illustrated in Figure 6-1.
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Figure 6-1. A schematic representation of melt electrowriting of structures with different
geometries

For each scaffold’s design, printing parameters such as feeding pressure, voltage
difference, print head speed, and the distance between nozzle tip to the collector were
carefully examined to acquire straight and homogeneously deposited fibers. The
interdependence of printing parameters on fiber diameter and structural integrity was
considered as well. Selected parameters are presented in Table 6-1. Heating temperature was
set to 90 °C for all the samples. PCL pellets were poured into the syringe and heated for 2
hours prior printing. Fiber spacing and structural height were 0.8 mm and 1 mm, respectively.
Melt electrowritten structures were fabricated at 20 x 20 mm and were cut to 7 x 7 mm pieces
using a punch. A challenge for melt electrowriting is to stabilize polymer jet until deposition
on the collector, especially for printing large volumes. As the polymer seats on the collector,

it interferes with electrical conductivity between collector and nozzle tip. To overcome that
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issue, we covered the collector with a flat glass, and it reduced polymer jet instabilities. In
addition, for honeycomb structure dynamic printing parameters were selected as shown in
Table 6-1. It should be noted that to prevent instable deposition of fiber at the beginning and
to reach a balance among processing parameters, printing started after 2 min of polymer

extrusion under high voltage.

Table 6-1. Printing parameters for MEW of different geometrical structures

Printing parameters

Printing Feeding Nozzle and Acceleration  Number
Scaffold type speed pressure collector voltage of
(mm/min) (bar) distance (mm) (kV) layers
0-90 mesh 110 0.4 1.8 4 20
60-120 mesh 130 0.5 2 4 22
Honeycomb 80-95 0.4-0.5 1.7-2.1 4-5 16

6.2.2.1  Sodium hydroxide treatment for enhancing hydrophilicity

Melt electrowritten PCL scaffolds were treated with NaOH to introduce hydroxyl and
carboxylate groups to the polymer that would improve their hydrophilicity and simultaneously
increase the surface roughness [334]. The scaffolds were immersed in a 1IN NaOH solution
for 2 h at room temperature and then washed extensively with deionized (DI) water and PBS

until the pH of the solution became neutral.

6.2.3 Mechanical testing

Mechanical properties of the PCL scaffolds possessing various geometries were analyzed
under uniaxial tensile test using a Zwick/Roell-Z100 universal testing machine (UTM).
Rectangular shaped samples (n=5) with dimensions of 50 x 10 mm were cut from a large
structure and were analyzed in longitudinal direction. A 200 N load cell with pneumatic grips
was equipped for the tests and grip-to-grip distance was set to 35 mm with pre-load of 5 kPa
to ensure the straightness of the structure before running the test. Each measurement was done
at 2 mm/min until 80% of the maximum force. Elastic moduli of the samples were calculated

from the linear region of the engineering stress-strain graph acquired from the test. Hybrid
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samples were analyzed directly after crosslinking to prevent their dehydration. To ensure the
fixation of hybrid structures to the machine grip, ultrafine sandpapers were used at the

attachment point of samples and grips.

6.2.4 Cell-laden hydrogel preparation

Gelatin type B was used as a candidate hydrogel for this study. Gelatin is denatured form
of collagen with non-antigenicity and better mechanical and degradation properties compared
to collagen [335]. Possessing RGD sequences and resembling natural ECM, it creates an
environment which not only provides cell-cell interaction, but also facilitates cell-matrix
interaction [336]. A photo initiation process with the presence of Ru and SPS as photoinitiator
and crosslinker within visible light range was performed. Gelatin, Ru, and SPS were prepared
in PBS at the concentrations of 10 % (wt/vol), 20 mM, and 10 mM, respectively, according to
Advanced BioMatrix protocol. It should be noted that higher concentrations of SPS was
showed to have no toxic effect on cells if used for crosslinking [337]. Gelatin was first
dissolved in autoclaved PBS and mixed at 40 °C for 1 h. Ru and SPS were dissolved in DI
water and vortexed thoroughly. All the solutions were sterile filtered using 0.22 um filter
(Minisart).

HSFs were used as skin representative cell type, and at the same time it also induces the
formation of capillaries from HUVECs [338]. In fact, fibroblast cells would provide a
mechanical support by secretion of their ECM which assist the proliferation and maturation of
endothelial cells that eventually lead the vessel formation [339,340]. HUVECs and HSFs
were extracted at the number of 1 x 10° cells/mL for both cell types and mixed. Gelatin
hydrogel was kept at 37 °C during the whole process. Hydrogel was prepared by addition of
Ru and SPS with thorough mixing. Then it was mixed with cell extract with pipetting for a

complete mixing.

6.2.5 Hybrid scaffolds preparation
Melt electrowritten scaffolds that were cut and treated with NaOH were sterilized by 15

minutes immersion in ethanol (70%) and 20 minutes of UV exposure for each side. A sterile
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mold consisting of series of 7 x 7 mm and 2 mm height cavities covered with aluminium foil
was used for scaffold fabrication. PCL structures were placed in molds of and cell-laden
hydrogels were dispensed within each scaffold at the same volume. Directly after casting,
hydrogels were photo crosslinked with 2 white LED lamps of 100 W at the distance of 40 cm
for 2 minutes. Hybrid scaffolds were then transferred in cell culture plates and stored in a
humidified incubator at 37 °C with 5% CO. for further analysis. The cells were cocultured in
a mixed media of EMEM and basal culture medium with a ratio of 1:1 and every 2 days
medium were changed. Figure 6-2 shows a schematic representation of hybrid scaffold

fabrication.
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Figure 6-2 Schematic representation of scaffold fabrication; From MEW of PCL scaffold
to hybrid structure

6.2.6 Morphological and structural characterization

Morphology of the fabricated structures through MEW was investigated with a Dino Lite
digital microscope and a field emission gun scanning electron microscope (FE-SEM, Zeiss
Leo Supra VP 35) at accelerating voltage of 4 kV. The samples were coated with gold

particles using Cressington 108 sputter coater prior imaging with SEM. The surface roughness
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of PCL filaments was also characterized and samples with and without treatment were

compared.

6.2.7 Cell viability and morphology

Cellular viability in the hybrid scaffolds at day 1, 3, 7, and 14 were characterized by
treating the scaffolds with fluorescent staining kit according to the manufacturer’s instruction.
Calcein-AM (Invitrogen, green fluorescence) was used to stain live cells appearing in green
and propidium iodide (PI) (Invitrogen, red fluorescence) to label dead cells in red. Scaffolds
were stained in PBS solution containing Calcein-AM for 30 min at 37 °C followed by a
washing step with PBS and treating with PI solution for 5 min at 37 °C and finally washing
with PBS.

To observe the morphology of the encapsulated cells, after one week of incubation, they
were fixed in 4% paraformaldehyde for 30 min and washed three times with PBS. Cell
membranes were permeabilized with 0.1% Triton-X 100 in PBS for 10 min and washed.
Samples were stained in red fluorescent Alexa-Fluor 568 phalloidin conjugate (Abcam, UK)
for F-actin staining for 1 h at room temperature while protected from light and washed with
PBS. Nuclei of the cells were stained with 4',6-diamidino-2-phenylindole (DAPI) for 15 min
and washed with PBS. All the procedures took place at room temperature. Subsequently, tiled
z-stacks and z-stacks of the structures were captured by a Carl Zeiss LSM 710 laser confocal
microscope for observation of live/dead cells and cellular morphologies, respectively.

Percentage of viable cells for day 1 were calculated as the following equation:

% viable cells = (Number of live cells/Total cell numbers) x 100 (1)

6.2.7.1  Statistical analysis

For swelling ratio and cell study test 4 replicates were used. Mechanical tensile test was
performed with 5 replicates. Student t-test was carried out in GraphPad Prism 5. Differences
were considered significant with a p value of smaller than 0.05. * indicates P < 0.05, **P <

0.01, and ***P < 0.001. Data are represented as mean * standard deviation.
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6.2.8 Results and discussion

6.2.8.1 MEW of scaffolds with various geometries

MEW is a benchmark for scaffold fabrication enables to reduce fiber diameter to a few or
tens of microns with orderly controlled filament deposition [341]. However, technical
challenges are still remained to be addressed and developed for long processes with complex
architectures and high layer numbers. To adaptively control the polymer jet during printing,
dynamic parameter optimization could be utilized as explained by Jin et al [341]. Here we
created tool path planning for three different structures with various geometries aiming to
investigate the effect of fibers direction in cellular alignment and morphology which could
result in lumen structure formation for vascularization as a critical factor of volumetric

structural design.

6.2.8.2 Mechanical analyses of the scaffolds

A uniaxial tensile stress was performed to observe both the geometrical effect and the
presence of hydrogel on elastic modulus, and elongation at break. Elastic modulus and elastic
energy are of significant importance for the skin tissue substitutes as they will be subjected to
axial tensile force and depending on the target location in the body, these properties would
vary. The stiffness values of the structures were calculated from the slope of linear region of
stress-strain graphs. As explored earlier in a number of studies [15,342], reinforcement effect
of fibrous structures for soft network hydrogel is expected. Hence, hydrogel samples were not
characterized separately as the control group. Various geometries with and without hydrogel
were investigated and the results including the stress-strain graphs, and their elastic moduli
are shown in Figure 6-2. Honeycomb and 0-90 mesh structures showed similar mechanical
properties compared to 0-60 mesh structure. Their elastic moduli (E), elastic energy (Uelastic)

which was calculated from the area under the stress-strain curve at linear deformation, and

elongation at failure (€f) are presented in Table 6-2.
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Figure 6-3. Mechanical properties of the fabricated scaffolds. Representative tress-strain
curves of scaffolds with different geometries for A) PCL and C) PCL-hydrogel. Insets
showing strain values up to 2%. B1) 0-90 scaffold and B2) hybrid 60-120 scaffold under
uniaxial strain. D1) and D2) showing elastic modulus values of all the structures

The highest values of elastic modulus were observed in 0-90 mesh, then honeycomb and
finally 60-120 had much less stiffness (Figure 6-3-D). A comparison between the young’s
moduli of samples with different internal architecture implies that those with 0-90 mesh
microstructure had the highest elastic moduli, while they failed without experiencing much
plastic strain. This could be due to having the fibers fully in the direction of applied load, and
the perpendicular joints which restricted further movement and plastic yield of the structure.
The same pattern was observed for samples with honeycomb geometry. Although they
showed less steep slope in the elastic region (Figure 6-3-A2) that is because of their inclined

fibers with respect to the applying force which gives them more stretchability compared to O-
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90 mesh [128]. A rapid increase of stress was observed in 0-90 mesh as their tight fibers were
not that flexible in lateral direction (Figure 6-3-Al, -C1) [127]. Moreover, 0-90 mesh entered
plastic region in a much slower strain value compared to honeycomb structure. It can be on
the basis of the same logic of its structural ability which could withstand more elastic
deformation in both elongated direction and perpendicular to elongation [128]. On the other
hand, samples with 60-120 mesh structure showed much lower elastic modulus, while
withstanding a very large plastic strain up to 120%. This is due to the fact that 60 and 120
degree orientation of fibers with respect to the applied force direction on one hand resulted in
gradual rearrangement of the structure in the beginning of loading, while the stretching of the
junction points of the fibers in the direction of applied force allowed for more plastic
deformation of the structures without significant failure in load bearing fibers. Also, 60-120
mesh yielded at higher strain values in comparison with 0-90 mesh and honeycomb structure.
Interestingly, hybrid structure enhanced the plastic deformation of both honeycomb and 0-90
mesh structures (Figure 6-3-D1). In other words, incorporation of hyperelastic hydrogel
within the matrix resulted in force distribution from stiff fibers to soft hydrogel that caused
more deformation upon failure [123]. In contrast, hybrid sample with 60-120 fiber orientation
experienced an elevation in elastic modulus (Figure 6-3-D2). It could be due to the fact that
only PCL structure possessed elastic modulus in the same order with hydrogel itself, hence
introducing hydrogel within the specific orientation of fibrous structure resulted in load
transfer to both soft and hard matrix and subsequently increasing of elastic modulus [343].
Moreover, the failure in plastic region happened at lower strain values for hybrid samples
with 60-120 structure. It is speculated that lateral expansion capacity of hydrogel compared to
fibrous mesh at plastic region is lower, thus causing the rupture of hybrid structure at lower
displacements (Figure 6-3-C1) [9]. Energy of the elastic region was also calculated from the
integration of the elastic region of the stress-strain curve from strain zero until it passed the
linearity. As the data represents (Table 6-2), elastic energy of 0-90 mesh and honeycomb
samples decreased for hybrid forms with the same trend as the elastic modulus values.
However, energy stored in 60-120 structure in the elastic region enhanced strongly (almost 5-
fold). Indeed, the final mechanical properties of such complex samples are strongly affected
by structural properties such as fiber diameter and fiber distancing, porosity, fiber

orientations, structural side length, and the number of layers. Therefore, compared with other
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studies the results could be different. This variety of properties provides a potential in
designing the structures according to the desired application and tissue properties. It should be
mentioned that skin is a heterogeneous tissue with a wide range of mechanical properties
including elastic modulus, and elongation at failure [336]. Thus, these variety of results could
be a benefit for different skin parts of the body.

Table 6-2. Mechanical properties of the scaffolds obtained from tensile test

Structures
Only PCL | PCL/hydrogel
0-90 60-120 Honeycomb 0-90 60-120  Honeycomb
E(MPa) 1454+158 0.095+131 9.76+051 10.95+155 0.12+1.17 6.40+1.32

(Ej;ﬁ:'g) 106.10+4.0 7.43+21 17471+34 8233+47 37.13%x3.6 121.37+5.2

€ (%) 515+28 242+ 4.4 4648+26 61.2+38 113.1+24 1382%45

6.2.8.3  Morphological observations of the scaffolds

Scaffolds for cell study and mechanical property characterization were fabricated via
MEW and then infiltrated with hydrogel encapsulated with HUVECs and HSFs. Their
morphologies and structural integrities were observed with a digital camera and a Dino Lite
digital microscope (Figure 6-4).
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0-90 mesh 60-120 mesh Honeycomb

Figure 6-4. Digital images of the scaffolds. A) Melt electrowritten structures before
cutting. Scale bars: 5 mm. B) Hybrid structures fabricated by injection of cell-laden hydrogels
within the fibrous scaffolds. Scale bars: 1 mm

Furthermore, structural integrities of melt electrowritten samples were analyzed via SEM
in a tilted view (Figure 6-5-B) and fiber diameters were calculated by ImageJ software.
Reported data is an average of 40 randomly selected fibers from various points of fibers near
and far from joint points. Fiber diameter for 0-90 mesh, 60-120 mesh, and honeycomb were
79.81 + 3.93, 80.20 + 6.53, and 116.11 + 9.10, respectively. It should be noted that the
honeycomb structure had higher standard deviation value due to its geometrical complication
which has several short turns that would cause more changes in filament diameter compared

to mesh structures.
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0-90 mesh 60-120 mesh Honeycomb

Figure 6-5. Images of the melt electrowritten scaffolds. A) Digital microscopes and B)
SEM images. Scale bars in A and B: 1 and 0.5 mm, respectively

6.2.8.4  Cell viability and morphological analysis

To study the effect of geometrical cues and fiber orientations on cellular alignment that
would consequently cause the formation of lumen structure as an initial stage of
vascularization, 0-90 and 60-120 mesh and a honeycomb structures were melt electrowritten
and treated with NaOH to enhance their hydrophilicity. Structures were infiltrated with
HUVECs and HSFs encapsulated in gelatin hydrogel in a mold with series of cavities
manufactured for this experiment. HUVECs and HSF were selected as representative
endothelial cells for vascularization, and dermis abundant cells, respectively. The structures
were cultured in a static environment for two weeks and at day 1, 4, 7, and 14 were stained
with Calcein-AM/PI assay for live/dead analysis. In addition, at day 7 their cytoskeleton and
nuclei were stained with F-actin/DAPI for detailed morphological analysis. Figure 6-5 shows

confocal images of the scaffolds stained with Calcein-AM/PI.
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0-90 mesh 60-120 mesh Honeycomb

Day 1

Day 4

Day 7

Day 14

Figure 6-6. Representative confocal images of 0-90 mesh, 60-120 mesh, and honeycombs
hybrid scaffolds stained for Calcein-AM (green) and PI (red) at A) dayl, B) day 4, C) day 7,
and D) day 14 of incubation. Scale bars are 200 um

Cell viability for 0-90 mesh, 60-120 mesh, and honeycomb structure were 83 + 2.5%, 80 +
3.8%, and 77 £ 4.3%, respectively. As can be seen from Figure 6-6, after one day of
incubation, the number of dead cells dropped to almost less than 5% and cells started to
spread throughout the whole structure for all the geometries. The hydrogel environment was

cell friendly and soft enough for the cells to start their metabolic activities and spread through
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the scaffolds at day 1 (Figure 6-6A). These morphologies would assist HUVECs to start to
form a cord-like structure for vessel formation [344]. Cells in the honeycomb structure were
not as dispersed as the other two scaffolds at day 1 and they formed small colonies rather than
spreading which could be attributed to the higher distance between stiff PCL filaments
(Figure 6-6-A3). As expected, one day of incubation is not enough for cells to be guided by
morphological cues. But after day 4, they were aligned by the architectures of the ordered
scaffolds (Figure 6-6-B&C). It is known that fibroblast cells would like to migrate to a
relatively stiff structure to attach and proliferate [345], hence it is speculated that HSFs were
mostly attached to the PCL walls (Figure 6-6B) and proliferated faster and could result in
formation of cord like structures [339]. By proceeding the incubation time, number of cells
increased extremely, and cell alignments were tuned by geometrical factors. After one week
of incubation, it is clearly seen that cells started to align on the architecture of ordered
scaffolds (Figure 6-6C). However, 0-90 mesh structure did effectively guided cells as on the
left vertical length of the PCL filament (Figure 6-6-C1 shown by white arrows) and they
formed an inclined direction. This is not the case for the other two structures as the Figure
implies (Figure 6-6-C2&C3), the general rhombus can be visualized for 60-120 mesh and in
the honeycomb scaffolds the cells were aligned in rounded shape on the PCL fibers.
Interestingly, small polygons were also formed within the hydrogel part showed with white
dashed polygons in Figure 6-6-C3. This small polygon formation with dense cell population
at the sides would subsequently facilitates the cord-like structure formation [327]. At two
weeks of incubation, honeycombs structure showed vessel-like structures mostly at hydrogel
matrix (pointed with white arrows in Figure 6-6-D3) with some empty spaces which could
provide space for vessel formation. It was confirmed that co-culture of cells would facilitate
this cord-like formation [344]. Yet, cells in the mesh scaffolds were not guided to any

preferred orientations and rather are randomly aligned (Figure 6-6-D1&D?2).

To determine geometrical influence of the scaffolds on cellular alignments and
morphologies, phalloidin (red)/DAPI (blue) staining were performed at day 7 of incubation.
As shown in Figure 6-7, cells on mesh structure with 0-90 degree alignment were mostly
spread along the scaffold without any preferred orientation. 60-120 mesh showed more cells
on the PCL walls and within the hydrogel part cells were aligned influenced by fiber’s angle.

However, for the honeycomb structure, cells were spread more selectively with more tubular
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structure which could further form vessels. Our results corroborate previously published
studies on topographical effect on cellular alignment [327,339]. These results suggest the
potential of using honeycomb structure as a scaffold which could facilitate vascularization for
skin substitute especially for thick constructs. Although more thorough studies and
characterizations are needed to completely prove the potential of a structure which lead the
vessel formation such checking with endothelial markers, exploring the effect of fiber

diameter, length, and fiber spacing.

0-90 mesh 60-120 mesh Honeycomb

Phalloidin
DAPI

Day 7

Figure 6-7. Fluorescence images of 0-90 mesh, 60-120 mesh, and honeycomb structures
stained for F-actin (phalloidin: red) and nuclei (DAPI: blue) at day 7 of incubation. Scale bars
are 50 um

Based on cellular responses, we could conclude that all the structures provided an
environment for the cells with high viability percentage and homogeneous cell distribution
through the whole structure. Recently, number of studies with the focus on the geometrical
cues on cell morphology for vascularization and tissue formation are increased
[128,129,327,339]. However, these studies mainly fabricated small volumetric substitutes in
z-direction (at most 300 pm), whereas our confocal image evaluations which were performed
in z-stack at high z-increment (>500 um), proved the penetration and infiltration of the cells

in z-axis without precipitation at the bottom or floating mostly on the surface of the scaffolds.

Considering the structures height (~1 mm), hydrogel structure allowed penetration of
oxygen and nutrient which resulted in cell distribution with high cell number and high
metabolic activities. No hydrogel contraction was observed after two weeks of culture, owing

to the mechanical support from stiff fibrous PCL.
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6.3 Conclusion

Here we aimed to investigate the effect of geometrical hybrid structures on mechanical and
cellular behavior of thick skin substitutes. First, we fabricated three PCL structures of 0-90
mesh, 60-120 mesh, and a honeycomb structure via melt electrowriting with 1 mm height.
Then gelatin hydrogel with Ru/SPS complex encapsulated with HUVECs and HSFs were
infiltrated the porous structures and crosslinked by visible light. Mechanical properties
including elastic modulus, elongation at failure and elastic energy were calculated and
compared for all the structures. The honeycomb geometry showed high elastic modulus and
elastic energy as well as high strain values upon failure. In vitro studies revealed successful
distribution of cells with high percentage of viability and metabolic activities for all the
constructs geometries. Cellular alignment results suggested the potential of honeycomb
structure in guiding of co-cultured cells to form vessel-like structures more than the other two
mesh structures, followed by 60-120 mesh with less effect on orientation and cord-like
formation. These findings could be used as a preliminary study for selection of scaffolds
structure for skin tissue substitute which could facilitate vascularization. More
characterization is required to confirm the exact effect on vascularization and the effect of
more scaffold’s properties such as filaments diameter and length, fiber spacing, and several

other angles of fiber joints could be investigated for future.
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7 Chapter 7: 3D Fiber Reinforced Hydrogel Scaffolds by Melt Electrowriting and Gel Casting
as a Hybrid Design for Wound Healing

This chapter was submitted to the journal of Advanced Healthcare Materials as a research
article.

Emerging biomanufacturing technologies have revolutionized the field of tissue
engineering by offering unprecedent possibilities. Over the past few years, new opportunities
arose by combining traditional and novel fabrication techniques, shaping the hybrid designs in
biofabrication. One of the potential application fields is skin tissue engineering, in which
combination of traditional principles of wound dressing with advanced biofabrication
methods could yield more efficient therapies. In this study, we develop a hybrid design of
fiber reinforced scaffolds combined with gel casting and asses the efficiency for in vivo
wound healing applications. For this purpose, three-dimensional fiber meshes produced by
melt electrowriting were selectively filled with photocrosslinkable gelatin hydrogel matrices
loaded with different growth factor carrier microspheres. Additionally, the influence of
inclusion of inorganic bioactive glass particles as a composite fibrous mesh was evaluated.
Qualitative evaluation of secondary wound healing criteria and histological analysis showed
that hybrid scaffolds containing growth factors and bioactive glass enhanced the healing
process significantly, compared to the designs merely providing a fiber reinforced bioactive
hydrogel matrix as the wound dressing. This study was aimed at exploring a new application
area for melt electrowriting as a powerful tool in fabrication of hybrid therapeutic designs for

skin tissue engineering.
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7.1 Introduction

Wounds caused by trauma, burns and the diabetics could be intractable to treat or even be
fatal [140,346]. Healing is a complex process consists of four consecutive cascaded phases
that are generally followed at specific timings and stages [164,347]. The inherent hierarchy of
this multiple-stage development will result in restoration of the initial tissue functionality,
structural integrity (e.g. formation of extracellular matrix (ECM)), proper migration of
keratinocyte and fibroblast cells as well as growth factors [144,348,349]. In the case of
delayed chronic or acute wounds, the healing will proceed at a slow rate, and fast wound
closure to prevent inflammation mainly causes the connective tissue namely ““scar” formation.
This will hinder further recovery and in some cases, degradation of ECM will impair the
healing process [350,351].

So far, different strategies have been utilized to improve the healing process. A
conventional method mostly used for burns is autologous skin grafting which is limited by the
weak mechanical strength, vulnerability to infection, sparse donor sites, and creation of
additional injury that might require post-surgery treatments [144]. On the other hand, wound
dressings or scaffolds would be the alternative candidates for assisting healing process. The
rules of thumb in selection of scaffolds for wound healing include the biocompatibility,
biodegradability, multifunctionalities to accelerate the healing processes, and the ability to
integrate with the host tissue while the mechanical integrity is preserved. In addition, design
criterion of scaffold is a three-dimensional (3D) structure with interconnected pores to allow
oxygen/nutrition flow and vascularization and at the same time a protective layer to shield the
wound [350,352-354]. To meet all these demands, a wide range of biomaterial scaffolds from
synthetic or natural sources with different structures and architectures have been investigated
[144,164,355,356]. In this respect, hydrogels are a favorable class materials due to their
water-rich hydrophilic nature, high porosity allowing rapid oxygen and nutrient through,
degradability, and tunable cell/protein absorption [357-360]. Among them, gelatin is a readily
available collagen-based biocompatible and biodegradable hydrogel that has been vastly used
in tissue engineering applications. Moreover, it shows relatively low antigenicity in
comparison with collagen directly derived from an animal source [337,356,361,362]. The

high degree of biocompatibility and its chemically rich structure suggest gelatin as a candidate
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scaffolding hydrogel. However, weak mechanical properties, reversible thermo-gelling
behavior, and rapid degradation rate limit the respective applications [363]. Several
approaches were employed to overcome these limiting factors, which are mainly focused on
using an additional crosslinking mechanism, including physical, chemical, or photochemical
processes [364,365]. However, most of the crosslinking mechanisms are based on the
formation of radicals attacking the backbone or pendant groups of polymer chains. Formation
and presence of these radicals is often accompanied by increased chemical stress on living
cells and enhanced risk of cell death [363,364]. Considering the involved risk of cytotoxicity,
there is a trend in the literature to employ more efficient and less harsh crosslinking
mechanisms, and to benefit from the rich chemical nature of gelatin with maximized viability
of encapsulated cells [323,366,367]. Among them, photo-crosslinking by using low energy
(visible) light has gained much attention during recent years [132,321,322,368-370]. This
approach can provide rapid crosslinking of gelatin hydrogels while the concerns about the
potential damage induced by high-energy light sources like ultraviolet (UV) would be
minimized. Photopolymerization reactions involving ruthenium (Ru) metal complexes as
photocatalysts are highly efficient with low cytotoxicity, which can be initiated by visible
light and progress rapidly in very short times. Previous studies have highlighted the potentials
of Ru complexes in crosslinking of gelation scaffolds, while compared to the UV based
crosslinking approaches, an improvement in biocompatibility and mechanical properties of
hydrogels were observed [320,322,323,371,372]. In addition to gelatin, this approach was also
employed in crosslinking of other biomaterials containing tyrosine residues such as
fibrinogen, poly(vinyl alcohol), and peptide based hydrogels which showed enhanced

bioactivity and mechanical properties [373-376].

Although the cell-friendly nature of soft hydrogels could aid the development of
functionalities of cells in vitro, the limitations arising from the relatively low mechanical
stability of such biomaterials in vivo should be addressed. Fabrication of composite materials
and structures that can overcome the shortcomings of the individual components and
imposing the synergistic effects serves as an efficient route to expand the performance and
application window of biomaterials. In such a way, micro- and nanofiber-reinforced hydrogel
structures demonstrated enhanced translational potential of hydrogels, as well as improved
mechanical and functional properties [15,342,377-379]. Strategies based on enhancement of
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the mechanical rigidity of the hydrogels are of special interest, considering the known issues
on mechano-biocompatibility of hydrogel biomaterials such as gelatin [363]. To overcome the
weak mechanical properties of hydrogels and retain the shape fidelity and integrity, they can
be used within a porous polymeric structure from a stiff and at the same time biocompatible
material. Composite hybrid structures can resemble and simulate the biological functions of
native soft tissues and provide the hierarchical and morphological cues to induce the specific
growth and differentiation of cells. Poly caprolactone (PCL) is a synthetic biocompatible and
biodegradable polymer with good mechanical properties to mimic the ECM structure and has
been used in numerous studies in tissue engineering as well as wound healing applications
[164,356,358]. Application of such hybrid design of scaffolds based on a natural
biocompatible hydrogel and a thermoplastic polymer mesh would be an interesting approach
in wound healing, since the polymeric porous scaffolding architecture can enhance the
mechanical properties of the composite structure [122], while the tension forces applied on
the skin can be transferred well within the matrix. Melt electrowriting (MEW) as a rapidly
growing technique in additive manufacturing, enables the fabrication of porous scaffolds with
desired geometries at high resolution [377]. A recent study on hybrid gelatin
methacrylate/PCL scaffolds prepared by MEW and gel casting showed that incorporation of
PCL microfibers within the hydrogel will significantly enhance the hyperelastic properties
[124]. Moreover, the physical restrains provided by the porous scaffold can be used as rough
geometrical barriers to induce multifunctionalities within the fabricated scaffolds by local
casting of different hydrogels or compositions across different portions of the scaffold.
Another level of functionalities of this hybrid design of hydrogel-matrix/thermoplastic-mesh
structures can be realized by inclusion of bioactive inorganic materials within the polymer
mesh. Commercially available products based on barium containing bioactive glass such as
the MIRRAGEN™ Advanced Wound Matrix (ETS Wound care, USA) demonstrated high
efficiency in clinical product for treatment of diabetic ulcer. Moreover, polymer composites
containing bioactive glass (BG) doped with silver ions (Ag) have also shown enhanced wound
healing capacities, presumably due to the antibacterial properties of Ag ions and contributions
of Si ions in upregulation of vascular endothelial growth factor (VEGF) expression [200,380].
Moreover, the suitability of MEW process in fabrication of highly ordered polymer matrix

composites containing BG have been already demonstrated [381,382].
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Within the context of skin tissue engineering, incorporation of biologically active entities
like growth factors (GF) can induce specific cellular and biological functionalities throughout
the healing process. The proliferation stage of healing is of great importance, since at this
level new blood vessels are formed to ease the new tissue development. Previous studies
demonstrated that incorporation of VEGF and basic fibroblast growth factor (bFGF) will
result in enhanced healing processes, however, the employed strategies for delivery of these
biomolecules will significantly determine the outcome.[351,383] Using porous polymeric
carriers like gelatin microspheres for delivery of growth factors has been explored in several
studies.[384-386] It was reported that direct application of bFGF in a soluble form will not
positively contribute in the healing process due to its short in vivo life-time [387]. However,
the tunable physical and structural properties of drug delivery vehicles would results in
adjustable release profiles [384]. In this way, the synchronicity between the rate of delivery
and rate of new tissue formation can be tuned by adjusting the physical and chemical
properties of the carriers, and their selective geometrical distribution within the scaffold.
Well-tuned release profiles of the carriers and the controlled geometrical placement of the
vehicles will result in sustained and programmed release behavior depending on the
application criteria. In this way, either of sustained or burst release profiles can be achieved

depending on the specific applications.

Based on this background, in this study a hybrid design of scaffolds comprising of a gelatin
soft hydrogel matrix reinforced with 3D melt electrowritten PCL/PCL-BG meshes was
introduced, while the controlled casting of hydrogel within the confining mesh structure
resulted in selective, geometrically dependent inclusion of gelatin microspheres (GMS)
impregnated with different growth factors. The mechanical and biological properties of the
hybrid scaffolds were investigated in vitro, and their performance as the potential therapeutic
designs were assessed in vivo. This study was fundamentally aimed at assessing the potential

of hybrid MEW as a novel biofabrication technique in skin tissue engineering.
7.2 Results and Discussion

Melt electrowritten scaffolds could facilitate the spatial control over the distribution of cast
hydrogel by providing geometrical constrains throughout a porous architecture. The strategy

employed in this study was based on sequential injection of hydrogels with different active
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biomolecules within the porous scaffolds prior implantation in vivo. Figure 7-1 summarizes
the workflow for preparation of the scaffolds. Employing a photocrosslinking mechanism
based on visible light aided in formation of physically stable hydrogel matrix shortly after
injection, while the thermo-gelling behavior of gelatin was no longer determinant in physical
stability of the cast hydrogels. Four different categories of parameters could play significant
roles on performance and outcome of in vivo implantation in current study, including the ones
related to i) geometrical aspects of meshes fabricated by MEW [377] ii) size distribution and
degree of crosslinking of GMS [388] iii) the choice of matrix hydrogels [389] and iv) the
spatial distribution of impregnated GMS within the scaffolds [390]. There are extensive
resources in the literature regarding the details of the application-oriented and fine-tuning of
parameters in each of these categories, however addressing all those parameters will result in
extreme complexity of the system. Hence, as the proof-of-concept, we employed a
minimalistic approach with changing a few process and materials related variables, while the

rest were kept at the best-known conditions.
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Figure 7-1. lllustration showing an overview of the study. MEW meshes from PCL or
PCL/BG were selectively filled with visible light crosslinkable gelatin matrix including
growth factor impregnated GMS. Four different types of scaffolds were consequently
implanted in vivo

7.2.1 Mechanical Properties and swelling behavior
Mechanical properties of three hydrogel matrices and hybrid structures were investigated
during tensile loading (details about the nomenclature of the hydrogel matrices and

thermoplastic meshes are provided in Experimental sections and Table 7-2). The contribution
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of micro- and nano-sized mesh structures in mechanical reinforcement of hydrogels have been
highlighted in previous studies [15,342]. It has been proposed that the ordered micro-mesh
structure reinforces the hydrogel matrix through load transfer in the direction of loading,
lateral expansion/contraction, and also the interconnection points within the mesh
structure.[124] Cross-linked Gel-1 matrix behaved as a soft, hyperelastic gel with the Young’s
modulus of 0.92 + 0.82 MPa (Figure 7-2A). Moreover, the Gel-1 matrix showed extreme
elongation of more than 250%. Incorporation of thermoplastic meshes resulted in significant
enhancement of the tensile moduli (5.02 £ 0.95 and 10.95 + 1.93 MPa for PCL-BG/Gel-1 and
PCL/Gel-1, respectively), while limiting the elongation of scaffolds to less than 30% (Figure
7-2A). These results are matching with skin elastic modulus in the literature as stated from 4
to 8 MPa [391,392]. Indeed, this value would vary for skin parts and different mechanical
testing also influence the calculated amounts. In addition to the contribution of the mesh
structure in efficient load transfer within the hybrid structure, the volume fraction of
thermoplastic (i.e. the porosity content of the mesh) plays a significant role in reinforcing
mechanism [124]. Since the reinforcing meshes in all hybrid scaffolds shared the same
internal design, this factor could be excluded in evaluation and comparison of the mechanical
properties of different hybrid structures. In this way, decrease in tensile properties of PCL-
BG/Gel-1 scaffolds compared to the ones without BG could be correlated with the presence of
domains of stress concentration, which were mainly due to inhomogeneous interface between
the hard BG particles and softer PCL matrix [393,394]. This could result in local plasticity of
the matrix followed by early failure during loading. The PCL/Gel-1 scaffolds showed
significantly higher tensile modulus and ultimate tensile stress compared to PCL-BG/Gel-1,
however both faced failure at similar strain values. This observation could be correlated to the
geometrical features of both meshes, which resulted in similarities in load transfer within the
hybrid scaffold structures. Despite the scale of differences between elastic properties of two
hybrid structures, both significantly surpassed Gel-1 hydrogel matrix in terms of elastic
properties. Providing a matrix with appropriate mechanical properties is an essential step to
enhance the healing process, and sufficient strength and elasticity would assist the tissue
regeneration and spatial organization. Hydrogels might be considered as the preferred
biocompatible matrices for cells to attach and proliferate, however, lack of mechanical

strength led to fabrication of hybrid structures with inclusion of more stiff polymeric materials
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[9]. Gel-1 matrix showed a hyperelastic response to tensile deformation with extensive
elongation and low tensile modulus. Incorporation of MEW mesh structures resulted in
elevation of mechanical rigidity, which can be considered in the range of the native rat skin
tissue [395]. Moreover, handling and implantation of such reinforced scaffolds were
significantly improved, which resulted in less operational complications. Compatibility
between mechanical properties of the tissue and implanted scaffold would aid in progress of
tissue-implant integration [396]. The speculated benefits from mechanical compatibility of
PCL/Gel-1 and PCL-BG/Gel-1 scaffolds with native rat skin tissue would be more discussed

in the next sections.
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Figure 7-2. A) Tensile properties and B) Swelling behavior at different time intervals in
PBS for PCL/Gel-1, PCL-BG/Gel-1 scaffolds and Gel-1 matrix. Inset in (A) showing the slop
of tensile behavior in different samples over the magnified percentage strain axis

The swelling ratio can be considered as an indication of materials
hydrophilicity/hydrophobicity. An optimum value of swelling is requisite for wound scaffolds
to maintain a flexible structure as well as increase its hydrophilic degradation [336]. However,
extensive swelling might result in loss of mechanical stability and wound contraction [140].
Figure 7-2B shows the swelling ratios of scaffolds in PBS at different time intervals. Gel-1
matrix showed almost four times more swelling ratio in comparison to the hybrid scaffolds.
Incorporation of rigid thermoplastic meshes resulted in restriction of volumetric expansion
and stabilized the dimension throughout the whole incubation period in such a way that the
swelling ratio of hybrid scaffolds remained almost the same during 35 days, after reaching the

initial equilibrium state by 1 day incubation. This stabilization of structure would also
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contribute to structural integrity, as the Gel-1 samples were disintegrated after 29 days of
incubation. It should be also noted that the hybrid scaffolds containing BG uptook more
water, which can be attributed to the lower elastic modulus as well as the increase in
wettability [397].

7.2.2 Bioglass characterization

Bioglass powders were observed with FE-SEM and as shown in Figure S7-2A, their sizes
were below 50 um. BG powders were also characterized with an EDS spectrometer equipped
with SEM. Elemental percentage obtained from 5 different locations of the samples are
represented in Table 7-1 with their theoretical values for synthesis. Structural characterization
of BG sample was performed with an XRD diffractometer. The results confirmed the
formation of an amorphous structure with no crystalline peak indicating bioactivity of the
samples (Figure S7-2B).

Table 7-1. Theoretical and actual values of elements present in the bioglass samples
acquired from EDS analysis

Element Si Ca P Ag
Theoretical % 60 30 8 2
Actual % 55+3.1 26.35+ 1.3 754+17 1.54+1.3

7.2.3 Invitro cytotoxicity

The biocompatibility of the hybrid PCL/Gel-1, PCL-BG/Gel-1 constructs, and the cast Gel-
1 matrix was tested on HDF cells using WST-1 colorimetric assay. The cells treated with
extract from PCL/Gel-1 showed no significant decrease in viability, although a slight decrease
was observed at the diluted concentrations of 0.4%, 0.8%, and 1.6% (Figure 7-3A). The
results of the extracted medium from PCL-BG/Gel-1 also showed the same behavior with a
slight decrease at concentrations of 0.4% to 3.1% (Figure 7-3B). However treatment of HDF
cells with all the concentrations resulted in cell viability of more than 80% and are considered

as non-cytotoxic [337]. Moreover, Gel-1 extract showed no significant decrease in cell
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viability compared to the untreated/negative control in all concentrations (Figure 3-7C). The
special concerns on the biocompatibility of photocrosslinked gelatin matrices are due to
inclusion of SPS and Ru complex, which has been shown to be cytotoxic at high
concentrations in vitro and in vivo [337,373]. However, rapid progress of photocroslinking
reaction leads to consumption of more than 99% of cytotoxic persulfate radicals to the non-
toxic levels in vitro [337]. The same effect was observed, considering the high viability of
HDF cells exposed to the extracts of Gel-1 matrices. Moreover, it has been shown that
presence of Ru complexes below a certain threshold will not induce any noticeable cytotoxic

response in vitro and in vivo [337,398].

Glutaraldehyde has been extensively used in crosslinking of gelatin hydrogels, however, a
proper quenching and washing step should be employed to avoid cytotoxic effects of the
crosslinker residues in vitro, as well as acute toxicity in vivo [399]. Results of cytotoxicity
assay showed that the excess amount of glutaraldehyde in GMS were successfully washed
away during the synthesis of GMS, and no significant impact on viability of HDF cell were
observed.
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Figure 7-3. Toxicity assay against HDF cells in vitro with the extracted media from A)
PCL/Gel-1, B) PCL-BG/Gel-1, and C) Gel-1 scaffolds, respectively. Negative controls:
fibroblast basal medium and 5% PBS. Positive control: 5% DMSO in culture medium. The
components with cell viabilities above 70% (dashed line) are considered as non-toxic

7.2.4 Evaluation of wound healing in vivo
7.2.4.1  Gross anatomical evaluation

Wound healing is a complex process consisting of vascularization, epithelialization, fibroblast

proliferation and granulation tissue formation in the dermis layer [387,400]. Wound closure and
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scar formation during the healing process were monitored and compared with the conditions at
Day 0 for each animal (Supplementary Figure S7-1). Wounds treated with PCL/Gel-1 and PCL-
BG/Gel-1 scaffolds did not close completely while the wounds treated with hydrogel matrices
including GFs were completely integrated with the surrounding tissue with minimum or no
visible signs of scar formation. This could be directly correlated to the presence of GF as active
biomolecules within the matrix, especially the contributions of bFGF during the healing process.
Previous studies showed that delivery of bFGF alone or in combination with other growth factors
resulted in accelerated healing by enhancing cell migration and proliferation, granulation tissue
formation, re-epithelization, and angiogenesis, as well as enhanced wound contraction rate [401—
404].
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Figure 7-4. Time-dependent variation of the wound closure percentage (mean £ SD) in
wounds treated with different scaffolds versus control

Time-dependent progression of wound closure was monitored during the first two weeks of
implantation and the data is presented in Figure 7-4. Control wounds without scaffolds showed
84% reduction in the size of wounds during the monitoring period, with a relatively steady rate
of closure. Wounds treated with PCL/Gel-1 scaffolds showed slower rate of wound closure,
however, inclusion of BG resulted in a substantial improvement in closure rate compared to both

control and PCL/Gel-1 samples. This could be correlated with the antimicrobial properties of
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silver doped BG within the scaffolds and also the proposed upregulatory effects of Si ions on
expression of VEGF [200,380]. Nevertheless, both scaffold types showed more or less the same
behavior as control, in terms of the rate and extent of wound closure. Inclusion of GF within both
scaffolds boosted the rate of wound closure, in such a way that wounds treated with either of
PCL/Gel-GF or PCL-BG/Gel-GF showed more than 85% reduction in diameter after 6 days,
followed by slow steady decrease in wound diameter. The accelerated healing behavior could be
correlated to presence of both VEGF and bFGF present within the scaffolds [405]. The slow rate
of wound closure observed in PCL/Gel-1 associated with acute inflammatory response and
necrotic scar formation. More details on histological evaluation of different samples are provided

in the next section.

7.2.4.2 Histological evaluation

Whole wound area was evaluated in terms of secondary wound healing. Seven different
evaluation criteria included i) epithelial regeneration, ii) amount of collagen produced, iii and
iv) presence of acute and chronic inflammatory cells, v) edema, vi) granulation tissue and vii)
integration with environmental tissue, which were evaluated and indexed subjectively and
scores as 1: none, 2: mild, 3: moderate, 4: over, and 5: extensive. Wounds were evaluated at
two time points, on 7 and 21 days after implantation of scaffolds. Figure 7-5 summarizes the

data obtained by subjective evaluation of wound sections.

At the early stage of healing, indexed values on Day 7 corresponding to the presence of
acute and chronic inflammatory cells and edema were found to be the most in PCL/Gel-1
wound group and the least in PCL-BG/Gel-GF group. Moreover, incorporation of BG
generally resulted in decrease of indices in mentioned categories. While the granulation
tissue, epithelial regeneration and fibroblast/collagen ratio did not change significantly
between groups, the integration with environmental tissue was the least in PCL/Gel-1 and the
most in PCL-BG/Gel-GF groups. Similarly, inclusion of BG contributed positively to healing

process and resulted in enhancement of integration with environmental tissue.

At the later stage of healing, indexed values on Day 21 showed the same trend as Day 7 in

presence of acute and chronic inflammation and Edema, however the fibroblast/collagen ratio
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was significantly higher in scaffolds including GF, contributing in prevention of thick scar
tissue formation. Moderate granulation tissue was observed at Day 21 in all groups, and the
average extent of epithelial regeneration was not significant between different categories. The
integration with environmental tissue in all groups was significantly higher than PCL/Gel-1
group, regardless of presence of GF or BG within the scaffolds. It is worth mentioning that
almost whenever a significant difference in indices between PCL/Gel-1 group and the other
GF containing groups was observed, PCL-BG/Gel-1 group showed no significant difference
compared with the GF containing ones. This observation highlights the role of BG in

acceleration of healing process which was mentioned earlier.

Progression of healing process within each scaffold group could be better understood by
comparing the corresponding indices in each evaluation criterion between Day 7 and Day 21
in Figure 7-5. All groups showed decreased acute inflammatory signs and edema during the
study, but the presence of chronic inflammatory cells did not decrease significantly from Day
7 to Day 21. Excessive formation of granulation tissue was not observed throughout the
healing however, the extent of epithelial regeneration was not also significantly enhanced
from Day 7 to Day 21. On the other hand, the fibroblast/collagen ratio was significantly
increased while its extent was higher in scaffolds containing GF. Moreover, the PCL/Gel-1
group did not show improved integration with environmental tissue, though the wounds

treated with either BG or GF had significantly increased integration.
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Figure 7-5. Evaluation criteria in secondary wound healing based on histological analysis

of different sample groups. Each criterion was indexed subjectively and scores as 1: none, 2:
mild, 3: moderate, 4: over, and 5: extensive. Mean values reported with error. Significant
differences were denoted as 3 different signs, different Latin letters/Greek letter/numbers

show significant difference in comparison with the members of the same categories (scaffold

type: Latin letters for Day 7 and Greek letters for Day 21, evaluation date: numbers) (p<0.05)

Based on the qualitative evaluation of the scaffolds, PCL-BG/Gel-GF were considered as
the most promising hybrid design in terms of inflammatory response and regeneration
capacity. In contrast, scaffolds made of PCL/Gel-1 showed intense inflammation and little to
no vascularization and granulation tissue formation, eventually expressing intense foreign
body reaction. Figure 7-6 shows the H&E stained histological sections of two scaffold types.
The presence of fibrinopurulent exudate (hollow star) epithelial regeneration (hollow arrow),
granulation tissue (white star) and scaffold fibers (with arrow) are evident (Figure 7-6). On
Day 7 in samples from PCL-BG/Gel-GF groups showed better integration with environmental
tissue, formation of granulation tissue between fibrinopurulent exudate and increased collagen

and fibroblastic proliferation. On the other hand, the PCL/Gel-1 group showed severe fibrin
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exudates and hemorrhagic granulation tissue, with considerably low epithelial regeneration

and integration with environmental tissue.

PCL-BG/Gel-G

PCL/Gel-1

Figure 7-6. Hematoxylin and Eosin (H&E) staining of histological sections of two scaffold
groups at Day 7 A-C) PCL-BG/Gel-GF and D-F) PCL/Gel-1. Scale bars: 200 um. (Hollow
star) fibrinopurulent exudate, (hollow arrow) epithelial regeneration, (white star) granulation
tissue, (with arrow) scaffold fibers

Development of hypertrophic scar tissue due to excessive granulation tissue formation was
not observed in any of the scaffold groups. Histological evaluation of treatment groups on day
21 showed irregular healing of the surface in PCL/Gel-1 (Figure 7-7A). Presence of either BG
or growth factors in scaffolds resulted in slightly irregular healing on the surface of wounds
treated with both groups (Figure 7-7B and C, respectively). In contrast, wounds treated with
PCL-BG/Gel-GF showed regular healing where the lesion area was filled with fibro collagen
tissue (Figure 7-7D).
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Figure 7-7. Hematoxylin and Eosin (H&E) staining of histological sections of treatment
groups A) PCL-Gel-1, B) PCL-BG/Gel-1, C) PCL/Gel-GF and D) PCL-BG/Gel-GF at Day
21. Scale bars: 500 pum

Application of GF in acceleration of wound healing has been vastly explored in
considerable number of studies. In contrast, incorporation of bioactive glasses as active
therapeutic agents in wound healing is relatively new. In addition to the influence of GF in
acceleration of wound healing [383], the observed enhancement of wound healing in scaffolds
containing both GF and BG could be attributed to reported activation of genes implicated in
the healing process, including VEGF for angiogenesis, bFGF, and vascular cell adhesion
protein, as well as the proposed role of BG in modulating the TGF-p pathway [406]. In this
paper, the potential of novel biomanufacturing technologies such as MEW in development of
hybrid treatment platforms is highlighted.

7.3 Conclusion

This chapter was intended to provide a simple, yet novel example of how the hybrid
combination of biomanufacturing technologies could contribute in development of novel and
more efficient wound healing strategies. Through selective inclusion of growth factors and

bioactive glass, it was demonstrated that the rate of wound closure, as well as secondary
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wound healing indices were significantly improved compared to wound groups treated with
PCL/Gelatin hybrid scaffolds. In vitro data showed that the hybrid scaffolds were
cytocompatible and the photocrosslinkable hydrogel matrix did not induce any significant
drop in cell viability. Mechanical testing of scaffolds showed a substantial increase in tensile
modulus of hybrid structures compared to hydrogel matrix, confirming the role of ordered 3D
fibrous matrix in load transfer which can be tuned according to the desired application. The
histological examinations of wound tissues during in vivo study showed an increase in
granulation tissue, fibroblastic proliferation, increase in collagen and regeneration of
epithelial cells, in treatment groups with active biomolecules compared to the control group at
Day 7 and 21 of the experiments. The findings of this study suggest a great potential in
development of hybrid wound healing strategies, while further studies based on altering the
design of reinforcing mesh structures, configuration of cast hydrogel matrices, and inclusion

of active biomolecules could be performed.

7.4 Experimental sections

7.4.1 Materials

Gelatin type B, glycine, Tween 80, tetraethyl orthosilicate (TEOS) (Si(OC2Hs)4), silver
nitrate (Ag(NOs)), triethyl phosphate (TEP), tetrahydrofuran (THF), tris (2,2’-bipyridyl)
dichlororuthenium (I1) hexahydrate (Ru), Haematoxylin and eosin, and sodium persulfate
(SPS) were purchased from Sigma-Aldrich. Glutaraldehyde solution (5.6 M) was obtained
from Fluka. Nitric acid (HNO3) was purchased from Merck. Calcium nitrate tetrahydrate
(Ca(NO3)2.4H,0) was obtained from Riedel-de-Haen. PCL pellets (CAPA 6400) with a
molecular weight of 37,000 g/mol was procured from CAPA, Perstorp Ltd. Human basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) were acquired
from ProsPec Tany TechnoGene Ltd. Dulbecco's phosphate-buffered saline (DPBS) solutions
were obtained from Gibco. PBS tablets were purchased from MP Biomedicals, France. Pen-
Strep (10,000 Units/ml penicillin, 10,000 pg/mL streptomycin) were obtained from Gibco
(UK). Cell proliferation reagent WST-1 was purchased from Roche. Fibroblast basal medium
(PCS-201-030) and fibroblast growth kit-serum-free (PCS-201-040) were purchased from
ATCC.
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7.4.2 Fabrication of thermoplastic meshes
7.4.2.1  Synthesis of bioactive glass (BG)

The synthesis of quaternary bioactive glass (BG) with the nominal composition
of 60Si02-30Ca0-8P,05-2Ag.0 (based on mol. %) was performed through an
acid-catalyzed sol-gel process. An acidic solution was prepared by mixing 2N nitric
acid (3 mL) with 20 mL of deionized (DI) water. TEP (2.8 mL) as the precursor for
phosphorus pentoxide (P20s) was added dropwise to the mixture, followed by
stirring until reaching a transparent solution. TEOS (2.8 mL) as the precursor for
silicon dioxide (SiO2) was added dropwise and stirred for 30 min until a transparent
and homogeneous mixture was acquired. Ca(NO3)2.4H.O (7.2 g) and Ag(NO3z) (0.7
g) as precursors of calcium oxide (CaO) and silver oxide (AgO.) were added
portion-wise. The mixture was stirred for 30 min to allow for the completion of the

reaction.

The resulting sol was cast in a glass container and aged in 40 °C for 3 days. The gel was
broken into smaller pieces and dried in an oven at 120 °C to remove the residual water. The
dried powders were grinded and calcined at 700 °C for 2 h to eliminate the residual nitrates

(heating and cooling rates of 10 °C/min and 5 °C/min, respectively).

The resulting sol was cast in a glass container and aged in 40 °C for 3 days. The gel was
broken into smaller pieces and dried in an oven at 120 °C to remove the residual water. The
dried powders were grinded and calcined at 700 °C for 2 h to eliminate the residual nitrates
(heating and cooling rates of 10 °C/min and 5 "C/min, respectively). Final bioglass particles
were characterized by X-ray diffractometer (XRD) (Bruker D2 advance, Germany) with a
monochromatized Cu-Ka radiation (A = 1.54184 A) generated at 30 kV and 10 mA, at scan
rate of 1°/min and step size of 0.02 °. In addition, BG particles were analyzed morphologically
and chemically with a field emission gun scanning electron microscopy (FE-SEM, Zeiss Leo
Supra VP) at 2 kV accelerating voltage that equipped with energy dispersive X-ray (EDS)
spectroscopy. Samples were coated with a thin layer of gold-palladium using Denton Vacuum
Desk V to obtain electrical conductivity.
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7.4.2.2  Preparation of PCL-bioactive glass composite

The PCL-bioactive glass composite, hereinafter referred to as PCL-BG, was prepared with
the PCL:BG ratio of 1:0.75 (wt %) based on the work by Moura et al..[200] The required
amount of bioactive glass powder was dispersed in THF and stirred for 1 h, followed by high
amplitude sonication using a probe sonicator (Q700, QSonica) for 30 min. Afterwards, the
proper amount of PCL was added to the suspension while stirring for 30 min followed by 30
min of sonication. At this step, the dispersion was transferred to a wide plate to remove the
solvent at room temperature for 24 hours. The remaining solvents were removed by placing

the samples in vacuum oven at 40 °C for 3 h.

7.4.2.3 Fabrication of melt electrowritten scaffolds

The 3D meshes of PCL and PCL-BG composite were fabricated by a custom-built melt
electrospinning device described elsewhere.[17] The printing parameters were optimized to
obtain a straight fiber with a constant diameter. Materials were loaded into a metal syringe
and heated to 70 °C by an Arduino Mega microcontroller with two heating elements. The
molten polymers were extruded through a nozzle (250 um, Musashi Engineering Inc., Japan)
with the aid of high voltage electrical field supplied between the nozzle and collector (7.5 kV,
ES30, Gamma High Voltage Research, FL) and a pneumatic air dispenser (2.8 bars, EFD,
Nordson, USA). The printer speed was set to 220 mm/min. The final scaffold mesh was a
10x10 mm cuboid with the height of 3 mm.

7.4.3 GF delivery microparticles and hydrogel matrices

7.4.3.1 Preparation of gelatin microspheres

Gelatin microspheres (GMS) were fabricated by using a water-in-oil emulsion method
reported by Tabata et al [387,407]. Briefly, 1 g of gelatin type B was dissolved in 10 mL of
DI water and heated to 40 °C. Gelatin solution was added dropwise to 350 mL olive oil
obtained from local market, while the temperature was kept at 40 °C while being stirred at 550

rpm. The water-in-oil emulsion was stirred for 15 min and then was cooled down in an ice
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bath at 10 °C and continuously stirred for 30 min. Chilled acetone (100 mL) was added to the
emulsion and the mixture was stirred for 1 hour. The gelatin microspheres were washed with
acetone followed by isopropyl alcohol (IPA) and collected by centrifugation (4000 rpm, for 5
min, at 4 °C). The GMS were re-suspended in IPA and were recovered by passing through
sieves with mesh size of 63 and 52 um. The GMS trapped by 52 um sieve were collected by
washing with chilled acetone, centrifuged and air dried at 4 °C overnight. It should be noted
that negatively charged gelatin type B with isoelectric point of around 4.7-5.2 was selected as
a carrier for bFGF and VEGF with isoelectric points of 9.6 and 7.5, respectively which was

proved to have higher loading efficiency [408-410].

An aqueous solution of 2 wt% glutaraldehyde and 0.1 wt% Tween 80 was prepared, and
the GMS were crosslinked by immersion in the solution at 4 °C for 12 h. The crosslinked
samples were washed with 0.1 wt% Tween 80 aqueous solution followed by centrifugation.
The residual glutaraldehyde was removed by washing the GMS in 100 mL of 50 mM glycine
aqueous solution containing 0.1 wt% Tween 80 at room temperature for 1 h. The resulting
microspheres were washed three times by centrifugation/resuspension in 0.1 wt% Tween 80
aqueous solution at 4000 rpm for 5 min at 4 °C and freeze dried for 3 days to remove the
remaining solvents. The morphology of hydrated microspheres was examined by optical
microscopy (Nikon, Eclipse ME600). The microspheres were incubated in PBS at 4 °C for 24
h to reach the equilibrium swelling before the morphological observations. The GMS
diameters were calculated with ImageJ software and their size distributions are sketched

versus their frequencies (Supplementary Figure S7-3).

7.4.3.2 Impregnation of bFGF and VEGF into GMS

The growth factors were loaded into GMS based on a previously established method [385].
Briefly, the solutions of bFGF and VEGF in DPBS were prepared with the concentrations of
50 and 16 ng/uL, respectively. The GMS were impregnated with bFGF and VEGF by addition
and through mixing of 15 pL of bFGF solution into 3 mg of freeze-dried GMS, and 45 pL of
VEGF solution into 9 mg of freeze-dried GMS, respectively. The impregnated GMS were
kept at 4 °C overnight to allow complete loading. By the end of the incubation period, the
swelling ratio of the GMS at this stage was considered as 100 % for further calculations. The
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volume of GF solutions was intentionally set to be less than the theoretical absorption
capacity of dried GMS, to avoid oversaturation and swelling of GMS prior dispersion within
the hydrogel matrices. The final mass concentrations of bFGF and VEGF per each scaffold

were set as 40 and 16 ng/uL, respectively.

7.4.3.3 Hydrogel matrices

Filter-sterilized (0.22 pm) gelatin type B solution (10% wt/v) was used as the primary
matrix ink. Post-crosslinking of the hydrogel matrices including Ru photo-initiator and SPS
was adopted from a photochemical process explained and conducted elsewhere [337]. The
final concentration of Ru as the photocatalyst and SPS as the quencher in gelatin solution
were set to 1 and 20 mM, respectively. Ru and SPS were diluted from the 0.22 um filter-
sterilized stock aqueous solutions of 25 mM and 1M, respectively. Three types of hydrogel
matrices were prepared by proportional mixing of hydrated GMS with primary matrix

hydrogel solution (Table 7-2).

Table 7-2. Formulation of different hydrogel matrices

Hydrogel matrix Primary matrix GMS+PBS GMS+bFGF GMS+VEGF

Gel-1 Gelatin 10% wt/v *
Gel-2 Gelatin 10% wt/v *
Gel-3 Gelatin 10% wt/v *

7.4.3.4. Fabrication of hybrid scaffolds

The PCL and PCL-BG melt electrowritten meshes were sterilized using a 240 nm UV lamp
prior injection of hydrogel matrices. Hydrogels were injected into the porous meshes with
following order. As controls, PCL and PCL-BG meshes were completely filled with Gel-1
hydrogel matrix. For the samples containing growth factors, the inner portion of each scaffold
(PCL or PCL-BG) was filled with Gel-2 which included GMS impregnated with bFGF. The
peripherals of the same scaffold were fill with Gel-3, containing GMS impregnated with
VEGF. A schematic representation of the local distribution of gelatin hydrogel matrices
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within a hybrid scaffolds is presented in Figure S7-5. For the purpose of simplicity, the

combination of Gel-2 and Gel-3 matrices in the hybrid scaffolds will be referred to as Gel-GF.

The hydrogel matrices were injected within the porous mesh by the aid of a wide-mouth
pipette in sterile conditions. Following the casting, the hybrid scaffolds were photo-
crosslinked by an array of 3 balanced-white LED lamps with the total power of 150 W from
the distance of 30 cm for 1 min. The casting of the hydrogel matrices within the melt spun

scaffolds were performed in a square well covered with reflective aluminum foil.

7.4.4 Characterization
7.4.4.1 BG characterization

Bioglass particles were characterized by X-ray diffractometer (XRD) (Bruker D2 advance,
Germany) with a monochromatized Cu-Ko radiation (A = 1.54184 A) generated at 30 kV and
10 mA, at scan rate of 1°/min and step size of 0.02 °. In addition, BG particles were analyzed
morphologically and chemically with a field emission gun scanning electron microscopy (FE-
SEM, Zeiss Leo Supra VP) at 2 kV accelerating voltage that equipped with energy dispersive
X-ray (EDS) spectroscopy. Samples were coated with a thin layer of gold-palladium using

Denton Vacuum Desk V to obtain electrical conductivity.

7.4.4.2  Mechanical testing

Tensile tests were performed using Zwick/Roell-Z100 universal tensile machine (UTM)
equipped with 200 N load cells. Hybrid hydrogel/mesh samples were prepared as rectangles
with dimensions of 70 mm length, 20 mm width, and 3 mm height. Three samples of
PCL/Gel-1, PCL-BG/Gel-1, and Gel-1 where prepared by casting and mechanical testing was
conducted with grip-to-grip distance of 30 mm and pre-load of 1kPa. Four replicates of each
design were tested. Samples were incubated in PBS overnight prior testing. To make sure the
hydrogels will not break before the tests, pneumatic grips were used and at each contact point
small piece of filter paper grade 2 was put between grips and sample. Figure S7-4 shows the

hydrogel samples holding before and during the mechanical test. The samples were tested in
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longitude direction and the speed was set to 1 mm/min for all the experiments and each
measurement was automatically stopped by reaching 70% of the maximum force. The force
versus displacement data were recorded and the Young’s moduli were calculated from the

slope of the stress-strain curves in the elastic region.

7.4.4.3  Swelling behavior

The swelling ratio of the scaffolds were measured by incubation in 1x PBS solution at 37
°C under gentle shaking. The PBS medium was prepared by dissolving PBS tablets in MiliQ
water. Four replicates of 3 groups of scaffolds, including PCL/Gel-1, PCL-BG/Gel-1, and
cast-Gel-1, were prepared with the same conditions mentioned in 4.3.4. Samples were
weighed at predetermined time points and the medium was changed every 3 days. The
swelling ratio was calculated according to the following equation:

M2—-M1

Swelling ratio (%) = [——

] x 100 1)

where M1 and M, are the mass of the scaffolds before and after soaking in PBS,

respectively.

7.4.5 In vitro cytotoxicity evaluation

The cytotoxicity of the scaffolds was investigated according to the protocol provided by
the international standard 1ISO 10993-5 with adaptations. Three different samples (PCL/Gel-1,
PCL-BG/Gel-1, and Gel-1) were prepared as described in previous sections. Samples were
incubated in fibroblast basal media (5-fold volume of the hydrogel matrix) for 66 h at 37°C at
150 rpm. After the incubation period, the liquid portions were taken and filtered using a 0.22

pm filter.

Human dermal fibroblast (HDF, ATCC) cells were cultured in fibroblast basal media
containing fibroblast growth kit-serum-free and 1% Pen-Strep. Cultures were maintained at
37°C under the atmosphere containing 5% CO.. HDF cells were seeded in 96-well plate at

7x10% cells/well and incubated for 24 h. After the incubation period, the culture media in each
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well was replaced with different dilutions of the extracts collected from the samples (100%,
50%, 25%, 12.5%, 6.2%, 3.1%, 1.6%, 0.8% and 0.4%) in fibroblast basal media, and cells
were incubated for 24 h. Cultures in fibroblast basal media and 5% PBS were used as the
negative controls. 5% DMSO added to the cell culture was used as the positive control. At the
end of incubation period, the culture media was removed, and cells were rinsed with PBS.

The viability of the cells was determined by performing WST-1 colorimetric assay.

7.4.6 Invivo study

All animal experiments used in this study were approved by the Bogazici University
animal ethics committee (BAP.12.2013) and conducted at the Vivarium Laboratory of
Bogazici University, accredited by AAALAC. The animals were housed in rooms with HEPA
filter, temperature of 21 °C and humidity of 50-70%. Light cycle was set to 12 hours light and
12 hours dark. Individually Ventilated Cages (I\VC) were used.

7.4.6.1 Implantation of scaffolds

Sprague Dawley rats with the age of 6-9 months were used and each rat was assigned to
four different scaffold types (n=8) as the following configuration. PCL/Gel-1 at upper left;
PCL-BG/Gel-1 at upper right; PCL/Gel-GF at lower left; and PCL-BG/Gel-GF at lower right.
The implantation sites of the scaffolds are shown in Figure S7-6. The wounds were created in
the back region by the following procedure. Rats were anaesthetized by injection of a
combination of ketamine (80-90 mg/kg) and xylazine (5 mg/kg). After the removal of the furs
from the operation area, the animals were placed on a heating pad covered with a sterile sheet
to prevent hypothermia. The antisepsis of the operation area was provided by 70% alcohol
followed by baticon. Punch biopsy needles (Acuderm Hautstanze, Germany) with a diameter
of 8 mm in the back region created circular wounds that descend to the depth of the
subcutaneous tissue. The scaffolds were placed in the circular cavities of the wounds. All
operations and wound measurements were made under the hood. As post-operative analgesic
carprofen was used at 5 mg/kg (s.c.) dosage. Antibiotics have not been systemically used

since it was thought to affect the wound healing. Postoperative care period lasted 3 days. In
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this period, general nutrition, mobility and advanced infectious disease and pain conditions
were monitored. The animals were housed in separate cages and allowed to eat and drink ad

libitum.

All the animals were euthanized to determine the progress of wound healing process at one
(Group I, n=4) and three (Group 11, n=4) weeks after the implantation. Euthanasia was carried
out with inhalation of carbon dioxide. For each wound, skin sections were removed for
pathological examination in 10% formaldehyde-containing tubes. During the first 14 days of
the study, the average diameter of each wound in Group Il was measured and normalized to
the diameter on Day 0 to calculate the wound closure ratio. Wounds with Identical size and
shape without any scaffolds (4 wounds per animal, n=2) were used as control.

7.4.6.2  Macroscopic evaluation of wound closure percentage

The healing process in animals was monitored every day and the wounds size
measurements were measure with a caliper and the values were reported in cm. The wound

closure percentage was calculated by the following equation:

Area at day (0)—Area at day (n)
Area at day (0)

Wound closure % = x 100 (6)

7.4.6.3 Necroscopy and removal of tissues

For detection of wound healing stages, predetermined number of animals were euthanized
on day 7 and day 21. For each wound, skin sections were harvested up to the subcutaneous

tissue and maintained in tubes containing 10% formaldehyde.

7.4.6.4 Histology

The wound tissues in each group were removed and fixed in 4% formaldehyde/PBS
solution (pH 7.4) for 48 h, dehydrated with a graded series of ethanol, embedded in paraffin,

and sectioned at 5 microns and mounted on adhesive glass slides. The sections were stained
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with haematoxylin and eosin (H&E) following the standard procedures. The stained sections
were investigated by an optical microscope (Olympus BX53, Tokyo, Japan).

7.4.6.,5 Statistical analysis

The data were analyzed by t-test using at least three replicates and were expressed as mean
+ SD and mean * standard error of the mean (SEM) for in vitro and in vivo studies,
respectively. Significant statistical differences for in vitro and in vivo studies were denoted as
P <0.01 and P < 0.05, respectively.

7.4.7 Supplementary documents
PCL/Gel-1 PCL-BG/Gel-1

- PCL/Gel-1 PCL-BG/Gel-1
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Figure S7- 1. In vivo evaluation of the wounds with different scaffolds at A) Day 0, and B)
Day 14. Dashed circles represent the healed wounds locations
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20 (degree)

Figure S7-2. Characterization of bioactive glass powders: A) SEM image and B) XRD
pattern of synthesized BG powders. Scale bar indicates 100 um

Figure S7-3A shows an optical micrograph of the gelatin microspheres after crosslinking
and one day incubation in PBS at 4 °C. Size distribution of the GMS versus their frequencies
are shown at Figure S7-3B.

25 30 35 40 45 50 55 60 65 70 75 80 85
Particle size (um)

Figure S7-3. A) Optical micrograph of the gelatin microspheres swollen in PBS for 1 day.
Scale bare is 100 um. B) Size distribution of gelatin microspheres diameters in PBS measured
by ImagelJ
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Figure S7-4. Images of gelatin hydrogel sample A) before and B) during tensile test

Figure S7-6.Configuration of the implanted scaffolds at Day 0
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8 Conclusions and future works
The main theme of this thesis was 3D bioprinting of functionalized hybrid structures for
tissue engineering with the focus on skin tissue engineering. To reach this goal, two main
techniques of AM including melt electrowriting and extrusion printing was utilized. The

findings of this work can be summarized as following:

In the first part a literature review on MEW, its principles, challenges, and potential
towards tissue engineering was represented. The combinatory approach of MEW with other
printing methods called “hybrid manufacturing” was discussed. In addition, mechanical and
biological aspects of hybrid printing including MEW was reviewed as well. In this additive
manufacturing technique, the printing parameters strongly affect the deposition of polymer
filament. Thus, the operation window criteria were determined through a preliminary study on
the effect of printing parameters on fiber diameter and its homogeneity. Furthermore,
individual and mutual effects of those parameters were investigated with RSM. The predicted
values were validated with experimental data within the confidence intervals. In this sense,
these results guided further experiments regarding selection of processing parameters for the

desired fiber diameters.

With materials perspective, we focused on physiochemical enhancement of PCL to address
its limitations in terms of biocompatibility and degradability for skin tissue engineering
applications. It was copolymerized with PPSu and functionalized with silver nitrate to induce
its antibacterial properties. The results proved enhanced hydrophilicity and degradability
compared to pure PCL with higher antibacterial properties without any toxicity to fibroblast
cells. The printability of the final composite was demonstrated via extrusion printing with

well-defined 3D mesh structures.

Hydrogel bioprinting is one of the gold standards in biomanufacturing of cell-laden
structures. Considering the technical difficulties in adaptation of their physical properties to
the process of bioprinting, we developed a composite support-bath for bioprintability of the
hydrogels. Among the different complex formulations consisting of Pluronic-Laponite-CaCly,
the support-bath expressing high recoverability over nozzle motion during printing was

selected. Several complex structures were bioprinted using alginate as a sample hydrogel and
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final structures possessed adequate shape fidelity without adversely affecting the cell

viability. The proposed composite support-bath could be utilized for other bioinks as well.

The influence of geometrical features of hybrid scaffolds on mechanical properties and
cellular responses were investigated for structures composed of thermoplastic
polymer/hydrogel. Melt electrowriting was used to fabricate PCL mesh structures with 0-90°
and 60-120° orientation, and honeycomb patterned constructs. The printing parameters were
selected according to the results obtained from the previous chapter. The gelatin hydrogel was
infiltrated into the mesh structures and photo-crosslinked in the presence of Ru/SPS as photo-
initiator system in visible light without further modifications. Mechanical tensile test results
revealed that hybrid honeycomb structure showed synergistic effect with high elastic energies
and concurrently high elastic modulus values with more than 100% elongation until break.
HSFs and HUVECs were encapsulated in gelatin hydrogel with the purpose of construction of
vascularized skin tissue. The honeycomb structure guided cells to form cord-like structures
which could be an initial stage of vascular formation. These findings suggest the potential
capability of adjusting scaffold’s architecture to fine tune biological response for different

tissue applications.

The final chapter was designated to manufacturing of hybrid thermoplastic polymer-
hydrogel scaffolds for wound healing application. The implemented PCL design with
bioactive glass containing silicon, calcium, phosphorus, and silver oxides increased the
bioactivity, improved antibacterial properties and stimulated angiogenesis. GMS were
synthesized and loaded with growth factors with the aim of providing stability and controlled
release from the gelatin. GMS were encapsulated into gelatin hydrogel and selectively casted
inside the melt electrowritten PCL-BG mesh structures. In vivo implantation of the hybrid
scaffolds revealed enhancement in the healing process regarding histological evaluation data
such as epithelialization, fibroblast/collagen amount, edema, and integration with

environmental tissue as well as the wound closure time.

As future works the following areas of research could be considered:
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MEW of thermoplastic polymers with heat resistant bioactive molecules/drugs/additives
and their effects on cellular responses could be of great interest, especially by considering the
potential of MEW in fabrication of ordered and at the same time delicate porous structures
with high surface area. In this respect, guiding the differentiation of stem cells for different
tissue types by means of biochemical signals from microfibers could be an interesting area of
research. In addition, drugs could also be loaded into carriers including microspheres and

nanotubes for sustained release.

The explored methodology for fabrication of hybrid structures produced by MEW and gel
casting might be further extended through application of other hydrogels such as GelMA,
Matrigel, and collagen, which could potentially offer different biochemical stimuli and
inducing diverse regeneration capacities. Moreover, using multi-head printing setups for
simultaneous or sequential MEW of thermoplastic polymers and extrusion printing of various
hydrogels might provide new opportunities, especially in terms of accurate and local
deposition of biomarkers and biochemicals in a delicate fibrous mesh structure. Considering
the fabrication limitation of MEW, it could be combined with AM methods could also be a
topic of research for the manufacturing of thick structures. In this way, thick hybrid
(thermoplastic-hydrogel) structures could be fabricated through MEW-extrusion of polymer

and hydrogel, respectively.

More detailed studies on the influence of both architectural design of thermoplastic
polymer and biochemical properties of hydrogel could be anticipated regarding mechanical
and cellular responses. The architecture of scaffolds could be systematically analyzed, and
several factors such as varying fiber diameters, filament distances, and gradient filament
distances could be considered. Other parameters related to the hydrogel matrix such as
crosslinking density and the resulting stiffness and porosity of hydrogel could be also
investigated. Guiding the cellular migration and differentiation pathways through scaffold
design and biomechanical cues and in particular, stem cell differentiation, cellular

morphogenesis and vascularization would be of great importance.
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