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Abstract

MohammadAli Sahebalzamani

Fabrication of Multifunctional Layer -by-Layer Assembly Nanocomposite Coatings for Bone
Tissueengineered Scaffolds

The electrostatic Laydry-Layer (LbL) assembly process holds promise in custiognithe surface
and bulk propertieof bone tissuengineered scaffold$hisresearclaimed to create functionadid,
mechanically robust multilayer nanocomposite coatings on highly porous 3D templates to enhance
in vivo functionality. The nanocomposite Lbtoated scaffolds were fabricated usingvtl%
solutions of polyL-lysine (+), polyglutamic acid), polydiallydimethylammonium (+), and 0.5 wt.%
montmorillonitenanoclay {). Optimised coating materialsystemand process parametausder
dynamic Lbl-coating conditions were employddeposition of the nanocomposite Ligbating on
polyureathane (PWcaffolds maintained the highly interconnected structutbefy resulting in
scaffolds with 79 = 1.1% porosity. This process led to a-fakD enhancement in mechanical
properties, increasing from 0.082 to 21.64 MPa under fully ogginrconditions with 100 quadlayers
depositedTo enhance mechanicatoperties under hydration, chemical crosslinking was applied to
the optimsed LbL-coated scaffolds using awit.% aqueous tannic acid (TA) solutiofhe 1wt.%

TA crosslinking exhibited optimal behawig with hydrated TA crosslinked scaffolds retaining 75%
of their mechanical performance pdstdration SEM analysis confirmed a uniform and robust
multilayer nanocomposite coatimgas achieved using LbL procegurface hydrophilicity analysis
showed a decrease in the contact angle from818&.85° for uncoatedto 70.28 + 3.10° for
crosslinked scaffold In vitro studieswhere the scaffolds seeded with posteoblast cells (MC3F3

E1) showed minimal evidence of cytotoxigityith cell viability > 100% in crosslinked scaffold
extracts after 48 land 97.31% + 2.17% cell attachmetd the scaffoldafter 24 Increased cell
metabolic activitywas observedver 14 days, indicating proliferation. SEM imaging confirmed
uniform cell layerswith cell filopodia interacting with the scaffold pore surfaceDays 7 and 14
The multifunctional crosslinked Lbtoated scaffolds demonstrated in this study represent a
promising approach for enhancing the physiomechanical properties oteleatructureswith an
initial positive impact on presteoblast calilar responsefr bone tissue engineering applications.
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Chapter 1: Introduction and Literature Review

Sections of this Chapter have previously been presented (with some modification) as a Review pap
published in Biomaterials Science Jourfdyal Society of Chemistr{2022).

Sahebalzamani M.A, Ziminska M, McCarthy HO, Levingstone TJ, Dunne NJ, Hamilton AR.
Advancing bone tissue engineering one layer at a time: algyayer assembly approach to 3D
bone scaffold material®omater Sci. 2022;10(11):27838.


https://www.google.com/search?sca_esv=594ee2364d4abedf&sca_upv=1&rlz=1C1GCEA_enIE1057IE1057&q=Royal+Society+of+Chemistry&si=AKbGX_oBDfquzodaRrfbb9img4kPQ4fCBZjeqAiaW1svvC8uXnpP1YQQY2kAVU3-RiBM_eqHRrBPkNE1ql0sguDXz2SKQfHO8P_JeJZQKvapFx5AlpJ_piQfucjgRVCczHtGd-pLHo711zu1A6c1KH3LfZ1esD504NBviwtowCUmuyZ81P4DHA5aGwmo9z9K3SKWjTKxuxy3c_kJlnspyINl3ARU2cphIQ%3D%3D&sa=X&sqi=2&ved=2ahUKEwiYqP-hm86FAxVdSEEAHQWRAsEQmxMoAXoECE4QAw

1.1 Introduction

Bone tissue has a complex, hierarchical, #teeensional(3D) porous structure and performs
variousunique mechanical, biological and chemical functi@)sAutogenous bne grafting, while

the gold standard fordating segmental and nomion bone fractures)as limitations relating to
tissue harvestindack of availability, etc. Thugjeveloping more effectiveynthetic bone grafting
materialsis imperative(li 3). The use obyntheticbone grafts and substitutes during orthopaedic
surgery is increasing significantly, and the global market was valued ati 2.98 billion in 2019

and is projected to reach4.15 billion by 20264). Bone tissue engineering aims to replace injured
bone tissue to restore functionality and promote hedl)gThis engineering approach requires
osteogenic cells, biochemical growth factors, and a porous, bioactive and biodegradable bon
scaffold that is capable of accelerating bone formation and providing mechanical support during bon
regeneratiorf5,6). The mechanical properties of an engineered bone scaffold should match those of
the host bone tissue, with appropriate strength to prevent failusi#imient stiffness to avoid bone
tissue resorptioKi7,8). Bone scaffolds should also have sufficient mechanical strength to withstand
the hydrostatic pressuragsvivoand to maintain the pore space required for cell and blood vessel in
growth (5,6,9,10) An interconnected, highly porous microarchitecture with suitable porosity (i.e.,
751 95 vol.%) is a prominent feature in this hierarchy and plays an important role in cancellous bone
scaffold design and functional performance hatkitro andin vivo (11,12) The degradation rate

also must be closely controlled and matched with the growth rate of new bomen@rgonths for

spinal fusion scaffold13) or betweerthreeand six months for cranianaxillofacial applications

(14)) to gradually create space for new bone tissue formation and to eventually transfer load to the
new bone(15). By the time the injury site has regenerated, the scaffold should be completely
degraded16,17) The interface between the bone substitute material and the biological environment

can trigger a wide variety of processes, from an initial inflammatory reaction to ultimate bone tissue



remodelling(18,19) The considerations for scaffold design are numerous and complex and are

unique to individual sites of repair in patie(28i 22).

The application of surface modification treatmelike using nanfmicroscale coatingsan enhance

the performance of theonescaffolds and improve the cellular responses for tissue r&aa25).
Nandmicro scale coatings offer an exciting opportunity for tailoring surface and bulk property
modification of bone tissue engineering scaffolds for specific applicati$27) The biological
properties, mechanical properties and degradation of bone scaffolds can be controlled through th
application of naneand microscale coatings using various deposition methods, such as atomic layer
depositionLayerby-Layer (LbL) assembly, plasma spraying, electrophoretic deposition-gekol
processe$28i 31). These coatings can traverse material scales by affecting macroscale properties
through structural features that extend to the nanoscale. In particular, the LbL assembly techniqu
shows promise in providing an environment that resembles native bone Igkimgrihe structures

and functions of native ECM and promoting cell adhesion, proliferation, and migi@®d@4). This
techniquds a simple, efficient, and versatile technique for surface modification in fabricating tissue
engineering scaffold&5). Numerous studies have reported the use of LbL assembly to incorporate
proteins, growth factors, polysaccharidesl functional peptides into biomaterials and to deposit
coatings with controlled degradation ratg@& 40). In addition, the physiconechanicahndchemical
properties of multilayer filmssuch as topography, stiffness and strength, and hydrophobanitype
optimised by altering the coating composition and processing parameters, which in turn enables
control over biological cellular respongdd.,42) The bondissue engineering field faces numerous
challengesincluding difficulties ofin vitro cell culture, mimicking osteogenesis in native tissue, the
cost and complexity of manufacturing, and achieving biomaterial scaffolds that satisfy the diverse
structural, mechanical and biological properties required for bone tissue engineering apglication
(431 45). Deposition of multifunctional coatings using LbL assembly is a potential tmatiElressing

these challengatue to the low cost and simplicity of the technique, the fine control over composition



and structurethe ability to achieve a tailored hierarchical strucasevell aghe potential for &igh
loading capability of bioactive molecul€35). Furthermore, the fabrication of coatingsing LbL
assemblyis of interest in the development of biocompatible implants for bone tissue repair and
replacement application@6,47) Over the last decad@ver 1000 scientific papensave been
published annually, with dozens of patents filed and several commercial produstsguliblL
technology now on the mark@8). Research studies conducted on LbL assembly technology applied
to bone tissue engineering and bone regeneration have significantly increased bgixieaudg the
number of publications, as shown by a keyword seardhetsS| Web of Knowledge database of
topic tewlmay &l agesembly for bone regeneratio

in 2010 to more tha600 papers ir2023.

This chapter presents amerview of Lbl-assembled multifunctional films with a focus on coatings
with tailoredsurfaceandbulk properties, coatings on porous 3D templatassslinking on coatings,
biocompatible coatings that promote cell and protein adhesion, biodegradable coatings, and coating
containing bioactive molecules. An overview of the LbL assembly fabrication technique is followed
by a review of the properties and functionalities of tdssembled coatings that are relevant for
producing 3D costructs that satisfy the diverse requirements for bone tissue engineering. Finally, a
perspective on the broad potential afforded by combinations ofalskembled coatings in bone

repair and bone tissue engineering is given.
1.2 Overview of the LbL AssemblyTechnique

1.2.1 DepositionProcess andvlechanism

LbL assembly is a form of templagessistednanufacturing that is used to fabricate thin film coating
layers and functionae surfaceq48,49) The LbL technique is a simple and effective surface
modification strategy The technique isnainly basedon electrostatic attraction and involves the

adsorption of oppositely chargetkctrolyte complexes onto a substraésulting in the deposition



of uniform single layers that can be sequentially deposited to form multilayer @@53) In
addition to electrostatic attraction, the creation of multilayer flms can also be driven by covalent
bonding, van der Waals forces, biological recognition and hydrophobic interactions, or a combination
of these force$45). During a typical deposition sequence, a substrate is subjected to a negatively
charged electrolyte (e.g. polyanion or mi¢gnanoparticles)and a negatively charged monolayer
absorbs ont o t h(EiguedlasThe sulbstate ss nexuimnieessedan a positively
chargecklectrolyte (e.g. polycation); the charge of the adsorbed cations is sufficient to neutralise the
previous layer, invert the surface charge and create a positively charged monolayer on the surfac
To remove unattached or weakly attached electrolytes and to prevent the intermingling of oppositely
charged electrolytes, the substrate is usually rinsed with water or a suitable solvent betweel

deposition step4).
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Figure 1.1: Schematic of LbL assemblya) LbL assemblyusing two oppositely charged polyelectrolytes
where Step 1 is a polyanion, Step 2 and Step 4 are water washes, and Step 3 is a poly€atiesséa}ional
micrograph showing 60 quadlayei@Ls) of polyethyleneimine (PEI), polyacrylic aci@AA), nanoclay
(PEI/PAA/PEI/nanoclay) film fabricated with LbL assem[@p). (c) Typical change in zeta potential during



the buildup of PSS/PAH bilayers using LbL assem{@@). Reprinted with permission from J. Mater. Chem.,
16, 2006. Copyright 2006 Royal Society of Chemistry.

Thedeposition of electrolytes onto the surface does not result in the formation of 1:1 stoichiometric
complexes, but rathghere is an overcompensation of charge at the surface that tidkxeposition

of further layersvia electrostatic interactior{(§7,58) This process can be repeated until the desired
thickness or material coating material is obtained. Exampleguddayers (QLsfjim fabricated in

this way are shown in Figurelb. The LbL assembly process enables precise control (theoretically
down to a single nanoscale layer) over the multilayered structure, composition, and thickness of th
resulting films, as a wide range of species can be deposited in a predetermined s@j)€enice
potential of LbL assembly to deposit a wide range of functional constituents within muitilayer
structured coatingapproache&blL assembly a strong procedure for fabricating engineered tissue
scaffolds that can be applied to various porous template materials to achieve a wide range ¢
properties, pore structures, and médtnctionality (59). The alternating change in surface charge
after deposition of each layer is illustrated in Figurts Xor a substrate coated with polycationic
polystyrenesulfonate (PSS) and polyanionic polyallylamine (PAH) bilayers with an initial layer of

polyethyleneimindPEI) on a glass substrate.

Notably, there was a lack of studies opsimj the coating materials system and LbL process
parameters to assess the physiochemical and mechanical propertiesasfsebntbled coatings for

potential bone tissue engineering applications.

1.2.2DepositionM ethods

LbL-assembled films can be deposited by dipping a substrate into oppositely charged solutions
spraying solutions onto the substrate, or by-ggisisted LbL assemb({Figure1.2) (60i 62). There
are advantages and disadvantages to all three methods of deposition. The traditional dippin:

assembly of multilayers is based on cyclic dipping of the substrate in solutions. It is the most studiec
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and weltknown and is a convenient and ceffective techniqug63). However, it can be time
consuming and can require long solutgrbstrate contact timg€46). The sprayand spirassisted
assembly methods were developed to accelerate the deposition process. In spray deposition,
multilayer film is created by spraying solutions perpendicular to the substrates and the removal o
the excess solution is driven byavity. The deposition process is faster, #raresulting films are
smoother compared to the dipping methétbwever, flms are often inhomogeneous due to
incompl ete wetti ng odssistet depositiomisalso fasterah@rsticitomat) e s .
dipping method, with the deposition of an individual layer taking seconds. This method can also be

used with uncharged polymers, but the main limitation is that it is challenging to coat large areas ol

-
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Figure 1.2: Schematic of LbL assembly fabrication procelSsom top: Dipping method, sprassisted
method, and spiassisted metho@6). Reprinted with permission from Chem. Soc. Rev., 41, 2012. Copyright
2012 Royal Society of Chemistry.

The ability to fabricate Lb-asseml#d coatings in a timeand costeffective manner is a potential

obstacle to the clinical translation of the technique. The processing times associated with LbL
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assembly are likely to be prohibitively slow for producing bone tissue scaffolds or customised porous
materials for other applicatio86). However, forced drying of specimens could significantly reduce
processing times to the required deposition time. Furthermore, the implementation of LbL assembly
can be easily automated amaprovedfor commercial productiof67i 69). Considerable work has
focused on reducing LbL assembly processing times by the incorporation of automated systems ar
faster deposition kinetics. For examgleg utilisation of a rotating slide holder reduced the solution
contact time up to Hold and facilitatedhefabrication of coatings with increased thickneq3€s.
Electrophoretic deposition, used to speed tige deposition of the Lbtassembled
PEI/PAA/PEI/nanoclay coatings, resulted in nearly an order of magnitude increase in thickness
(compared to coatings fabricated without an electrical current) and achieved controlled coating

thicknesses in a much shorter tithan the conventional LbL assembly dipping mett@x]71)

Deposition of LbL multilayer films as coatings onto ofhl porous substrates for mechanical
reinforcement, controlled porosity, or added functionality such as biocompatibility or bioactivity is
a potential route for addressing design challeragsociated with currently available bone tissue
scaffolds (72,73) The strategy is to use this simple, inexpensive and environmentally friendly
method to produce a suitable coating for bone scaffold with relevant characteristics including (a)
high microscale thickness, (b) tailored mechanical propeftggontrollable porosity(d) surface
modification that allows for desired physical, geyichemical and biological functionalify4). The

LbL assembly process, employing dipating or immersiofbased techniques, is widely used for
developing highly porous bone scaffolds. Despite extensive research in this area, the effects ¢
dynamic coating conditiorsuch as mechanical loading and perfusion flasveffective methods for
creating LbL coating on highly porous materials as challenging substrates have not yet been

investigated.



1.2.3Constituents andSubstrates

LbL assembly has been successfully implemented using a wide range of constitiwdudsng
proteins, polymers, inorganic nanoparticles, clay nanosheets, organiccdygsnanotubes and
nanofibers. These constituents can be deposited onto a wide range of substrates to famaaarge
films and coatings on substrates of almost any s{¥peSubstrates reported in the literature include
glass slides, silicon wafers, paper, quartz crystals, silicone rubber, titanium implants, 3D porous
scaffolds, and biological cell§35,54,76) The thickness, roughness, and morphology of-LbL
assembled films built from weak polyelectrolytes can be tailored through simple adjustments of
assembly parameters such as the pH of solutions, salt concentration, molecular weight o
polyelectrolytes, timeof rinsing, dipping times, and temperatuf@4,77,77,78) Due to this
versatility, simplicity and variety of constituents, LbL assembly has been utilised in aamigiag
number of biomedical applications, such as coating of implantable materials, tissue engineering an

drug delivery system@7,60,7981).

1.2.4Film Growth and Thickness

The total thickness of a multilayer film is determined by the number of times a deposition cycle is
repeated. Typically, there isliaear relationship between the number of deposition cycles and total
thickness(82). The slope of this linear relationship is the average thickness of the repeating
multilayer unit and the film buildup is usually proportional to the dimensions of the constituents
deposited66,78) Linear growth occurs when strong polyelectrolytes are (8&d Alternatively,

some pairs of weak polyelectrolytes, such as dygine (PLL)/polyglutamic acid (PGA) or
polyacrylic acid (PAA)/ PEI , exhibit a more r
increase of these exponential films is signifitafaster compared to the linearly growing films and

is not limited to the dimensions of the incorporated polymers or particles. The thickness and growtt
rate typically accelerate with the number of layers previously deposited and can reach severs
micrors after fewer thatendeposition cycles, whereas linearly growing films are typically on the

9



order of several nanometres thick per deposition d¢@le60,83,84)In addition to differences in
growth and thickness, linearly and exponentially grown films exhibit differing characteristics and
properties. Typically, exponentially growing films are softer compared to films grown linearly, have
higher water content (up 80% of volume) and are permeable to water and large ions and molecules
(35). Some exponentially grown polymeananoclay fiims (e.g. films consisting of
PEI/PAA/PEI/montmorillonite (MTM) nanoclay) are unusual in that they exhibit a higher stiffness
and hardness compared to films grdimearly (59). This has been attributed to the dynamic structure

of exponential films that is enabled by electrolyte mobility and allows polyelectrolytes to adjust and
more closely interface with the nanoscale topography of clay sf&®tsThe high modulus of
exponentially grown films without nanoclays (PEI/PAA) has also been attributed to assembly

conditions that result in highly crosslinked, interpenetrating polymer netWatk’6)

The exponential growthate, permeability, stability and thickness per multilayer can be controlled
and enhanced by altering the ionic strength or the pH of the polymer sol{8%88) Adding salt

to weak polyelectrolyte results in the film swelling, softening and smoothing as the salt added is
increased. By changing the pH of weak polyelectrojyties charge on the functional groups is
reduced and as a result, a higher growth rate and thicker films are achi®89) The
characteristics of films grown exponentially are contrasted with films grown linearly in Tabke 1

key limitation of LbL assembly is that the naremd microscale thickness, together with the slow
rate of depositior{27,90) can restrict macroscale applications requiring thicker f{iiris85,91)
Fabrication of thick films using exponentially grown films can help increase the deposition rate but

typically remains limited to the order of ~100 um in total thickness in most practical cases.
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Table 1.1: Comparison of exponential and linear film growth characteristics

Scaffold properties Linear growth Exponential growth Ref.

Film thickness Mass and thickness increas Thickness of dried films increase (92)
linearly as the number c exponentially with the number ¢
deposited bilayers increases  deposited layers

Polyelectrolytes Usually observed in highh Ca u s e -abdo ufiion di f (78)

during deposition charged polyelectrolytes, ¢ combinations of polyelectrolytes
polyelectrolytes dissolved il

solutions of low ionicstrength

Permeability H-0O, small ions, small molecule H2O, large ions and large molecul: (60)
Mechanical properties Elastic solids Liquids or weak gels (60)
Water content Low (30% of volume) High (up to 80% of volume)

lonsfrom electrolyte  Very small Usually, high (60)
Drug delivery Limited Can be loaded with biologice (92)

molecules and act as reservoirs

deliver such molecules to cells

1.3 Properties andFunctions of LbL-assembled~ilms for Bone Biomaterials

A fundamental factor in the design of an engineered bone scaffold is the choice of suitable materials
which depends on the specific scaffold application and plays a key role in the overall performance
of the implant. The design and manufacture of nadiie scaffold materials that satisfy the
biological requirements (biocompatible, biodegradable and promotion of cell and protein attachment
while combining the required mechanical properties and porosity are key objectives to their
successful implementatioin bone tissue engineerin(§,33,59) A high level of interconnected
porosity is required to stimulate bone growth into gbaffold However high porosity reduces the
mechanical properties. One of the possible novel approaches to this ongoing challenge is to depos
a stiff and strong polymaranocomposite coati onto porous template scaffolds using LbL assembly

(46,59,93) Deposition of nanocomposite coatings using LbL onto resorbable scaffolds would allow
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for a scaffold material with tailored biomechanical properties, which will be absorbed by the body

over time(61,78,93,94)

Deposition of multifunctional thin films as coatings using LbL assembly for mechanical
reinforcement, controlled porosity, and added functionality such as bioactivity is a potential route for
addressing these complex design requirements. In this seati@veaview of the properties and
functions of Lbl-assembled films are presented based on their architecture and performance with ar
emphasis on tailoring surface and bulk mechanical properties, adjusting biodegradability, achieving
biocompatibilitywith the delivery of bioactive molecules and promoting cell and protein adhesion

for bone tissue engineering applications.

1.3.1Bulk MechanicalProperties

A successful bone scaffold should maintain mechanical stability under variable loading conditions
while transferring sufficient force to newly formed tissue to stimulate osteolflds®5,96) To
achieve this, it is widely accepted that the mechanical properties of a bone scaffold should ideally
match that of the host bone tis{8¢ Compared with conventionally fabricated composite coatings
(e.g., via insitu polymerisation, melt intercalation, and vacuum evapora(ibd,97 99), films
prepared by LbL assembly have the advantages of improved mechanical properties owing to th
capacity for high loadings of wetlispersed nanofillers, as well as the ability to tailor material
structure and composition at the naremd micrescales ad to easily add multifunctionality
(66,85,100) Polymer nanocomposites with a hard, reinforcing phase of carbon nanotubes, carbon
nanofibers, synthetic oxide nanoparticles, and natural nanoclays have been produced via Lbl
assembly. Several studi€Bable 1.2)have investigated the utilisation of negatively charged MTM

nanoclay for mechanical reinforcement of polymer films fabricated via LbL ass€éb$h85,101)
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Table 12: Examples of mechanical reinforced LbL assembly films

LbL assembly

Mechanical

Additional

60 QLS

Substrate : Thickness Ref
components Properties Notes
Polydiallyldimethylam Free Strength 109 MPa 4.9 um for N/A (101)
monium chloride standing  Elastic modulus 200 bilayers
(PDDA)/MTM film 13 GPa (200
bilayers)
PVA/MTM Free GA crosslinked: 1.5 um for GA crosslinking  (102)
(glutaraldehydeGA) standing  Strength 400 MPa 300 bilayers  improved load
crosslinked) film Elastic modulus transferbetween
125 GPa polymer and
Non-crosslinked: nanoclay
Strength 150 MPa
Elastic modulus 13
GPa
PEI/PAA/PEI/MTM Glass slide Elastic modulus 100 pm for Exhibited (103)
15.7GPa (100 100QLs exponential
QLs) growth during
LbL assembly.
PEI/PAA/PEI/IMTM Free Elastic modulus 920 nm for 10 Electrophoretic ~ (71)
covalently crosdinked standing 45 GPa (2@Ls), QLs deposition used
film 25 GPa (10@Ls) to enhance
deposition rate
during LbL
assembly
PEI/PAA/PEI/Single  Free Elastic modulus 1 um for 8 N/A (104)
wall carbon nanotubes standing 15 GPa for QLs
(SWNT) film 8QLs
PDDA/MTM Silicon Elastic modulus 528 nm for N/A (105)
wafers 9.5 GPa 100 bilayers
PEI/PAA Porous Elastic modulus 1 pm for 10 High stiffness (86)
ionically crosslinked  stainless 23.4GPa for 10 bilayers was attributed to
steel bilayers alternating
high/low pH of
the solutions,
which resulted in
high ionic cross
linking and
inter-diffusion of
PEI and PAA
PEI/PAA Free Elastic modulus N/A N/A (104)
standing  0.225 GPa for 40
film bilayers
PEI/PAA/PEI/nanoclay Silicone Elastic modulus 16.07 for 60  N/A (55)
substrate 0.601 £ 0.518 GPa QLs
or free (flexible substrate),
standing 1.667 £ 1.057 GPa
film (free-standing) for
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Although a range of Lblassembled films with good mechanical properties have been reported
(Table 1.2), he micrescale thickness of these films is a challenge to macroscale applications
requiring bulk materials, such as bone tissue scaffolds. LbL assembly of conformal coatings
deposited onto highly porous 3D templates can overcome this dimensional limatadidras been
reported as a strategy for translating the mechanical properties of microscale coatings to the bul
scale (55). Opencell porous foam templates are shown before and after coating with
PEI/PAA/PEI/nanoclayQLs in Figure 1.3a andFigure 13b. As the thickness of the coatings
increased, the bulk compressive modulus and density indiesase the porosity of coated foams
decreased. The compressive modulus is plotted as a function of density for these coated foams
Figurel.3c (black/white markers), and the predicted properties (dashed lines) were calculated using
scaling laws for coated porous materials with varying codtintkness (increases along dashed
lines) and coating materials with varying elastic modulus (increases across dashed lines). As show
in Figurel1.3c, the predicted range of achievable moduli for these coated foams overlaps the range

for cancellous bone
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modulus ranging from 0i825 GP&g55). The inserted images illustrate the change in foam architecture with
increasing coating thickness. Reprinted with permission from ACS Appl. Mater. Interfaces, 8, 2016. Copyright
2016 American Chemical Society.

1.3.2Local Surface Stiffness

Bone healing is highly sensitive to mechanical loading since mechanical ssireudi critical
regulator of bone structure and funct(@06,107) Many bone tissue engineering strategies rely upon
seeding mesenchymal stem cells (MSCs), which have the potential to differentiate into various cel
types(108) MSCs are sensitive to the composition and structure of the materials onto which they
are seede(09) The mechanical properties of 2D surfaces and 3D scatioédsown to regulate

the behaviour of attached ce(l10), influence the lineage specification of MSCs, and stimulate
osteogenesis of MSCs bathvitro andin vivo (111,112) The stiffness of the microenvironment of
pre-calcified collagenous bone tissue is above 30 @R&8) and matrices with this approximate
stiffness have been shown to be osteogenic. For example, Englelemonstrated that MSCeuwld

commit to osteoblasts when cultured on collageated polyacrylamide (PAM) hydrogels with a
stiffness of 2540 kPa(112) Regulating differentiation of bone progenitor cells by mechanical
stimuli and committing MSCs to an osteogenic lineage by using scaffold materials with a suitable
stiffnessin vitro has the potential to reduti®e culture time required to pkfferentiate cells and
eliminate the need for osteogenic induction supplem@itd4 116) The mechanical properties of

the LbL-assembled films can be controlled in several ways: by tailoring assembly conditions (e.g.
pH, ionic strength, incorporation of reinforcing phase) or using covalent crosslinking agents (e.g.
glutaraldehyde (GA)Genipin (59,117,118)The multilayered coatings agrénerefore a promising

route for the regulation of MSC osteointegration via mechanical cues and studying cell behaviour or
substrates with a wide range of mechanical properties achieved by simply varying the assembl

conditions or the concentration of the crossliske
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1.3.2.1Tailoring DepositionConditions

The thicknesstoughness, and morphology of Lislssembled films can be tailored through simple
adjustments of assembly parameters such as the pH of solutions, salt concentration, molecular weig
of polyelectrolytes, time of rinsing, frequency of intermittent drying steppping times, and
temperatur€59,119) Weak polyelectrolytes in an aqueous solution exhibit alppendant average
charge density per unit of functional groups along the polymer chanh thus the extent of
interaction between charged polymers can be controlled, wharehs strong polyelectrolytethe

charge density is constgtl8) Yanget al reported the thickness of 30 bilayers of PEI/PAA bilayers

to be 4,740, 890, 350 or 90n depending on the combinations of pH values of solutions (10/4, 8/6,
4/4 and 7/7, respectiveljor PEI/PAA) (120,121) Kim et al reported the thickest PAA/PEI films

with the highest mechanical properties were assembled when the pH of PAA was 4 and the pH ©
PEI was 10 after considering pH values of 6, 8 and 10 (Fiydje Theten bilayers of PEI/PAA

werelem t hick and had an @6lastic modulus of 23

The influence of the salt ions on the structural properties of polyelectrolyte multilayers has been
reported previously, although there is a discrepancy between the results. The thickness of PAH/PA/
films increased with an increase in the concentratioNa!| in an aqueous solution of PAH and
PAA (122) In PEl/nanoclay bilayers, increasing salt concentratioms\il 10mM, 100mM, 1 M)

in the PEI solution witlapH of 8 also resulted in the formation of thicker films, whereas adding salt
to unadjusted PEI (pHO) and clay solution (pH 10.5) did not affect the thickr{@24). However,
Mjahedet al.observed that when the salt concentration was aboveV).B&L/HA film thickness

and mass decreas€t?3) A similar effect was observed in PAH/PAA filmghere the thickness

decreased with an increased salt concentr§ti?g).
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change in pH is show(86). Reprinted with permission from Adv. Mater. 2014. Copyright 2014 Advance

Materials

1.3.2.2Addition of Reinforcing Layers

The stiffness of LbL coatings can also be increased through the depositiohigii stiffness
reinforcing layer. Biocompatible MTM nanoclay platelets have been successfully incorporated as
mechanical reinforcement in PDDA/MTM bilayer coatings and applied onto PAM hydrogels to
increase surface roughness and stiffi&24) The compressive modulus of the hydrogel coated with
tenbilayers of PDDA/MTM increased to 190 kPa, resulting in a cell adhesive surface that promoted
epithelial cell adhesion and cell migration into the scaf{@leR) Various opercell polyurethane

(PU) foams have been used as models for cancellousliEmpaise of thesimilar morphology to
cancellous bone and many bone tissue scafikddmaterials(125) Because of thiU foam was

used as a template to examine the possibilities of tailoring the mechanical properties of highly porou
bone tissue scaffolds by the coating LbL pro¢&83. Uncoated operell PU foam samples witla
compressive elastic modulus of 95.33 £ 9.8 kPa increased by up to 1,100% to 882 + 178.1 kPa afte

deposition of 15 PEI/PAA/PBEMTM nanoclay multilayer$s9,126)
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1.3.2.3Crosslinking on LbL -assembled Films

Crosslinking provides a useful way to modify the mechanical properties othaled substrates
(119) Various chemical (e.g. EDC dthyl3-3-dimethylaminopropykarbodiimide GA
(glutaraldehydeand Genipin) and physical (e.g. photrosslinking) crosslinking techniques have
been employed to improve the stiffness of tddsembled films. EDC is a wateased crosslinker

that can be applied aftédne assembly of polyelectrolytes containing amine and/or carboxyl groups
and leads to the formation of amide crbeking bonds(117,118) A study by Reret al.showed that

the stiffness of PLL/hyaluronic acid coatings @glass substrate was directly proportional to the
concentration of EDC used in pesisembly crosslinking. The adhesion of skeletal muscle cells
(C2C12) increased as the stiffness increased. Cell differentiation was also found to be dependent ¢
the film giffness with the stiffest films (>320 kPa) promoting cell proliferati(®7). In another
study of EDC crosslinking of PLL/hyaluronic acid multilayers, a range of stiffness gradients from
200/ 600kPa was reporte.28). PAA/PAH films have also been crosslinked using EDC, exhibiting
stiffness values ranging from 0B00 MPa(129). In both of these PLL/hyaluronic acid and
PAA/PAH material systems, cells preferentially attached to the stiffer sections of the film and

exhibited increased proliferation and cgreading130).

LbL-assembled PVA/MTM films crosslinked with GA displayed a backimortar arrangement of
organic and inorganic constituents resembling those found in nacre and bone and exhibitec
exceptionally high stiffness and strength (tensile modulus of up to 13m@dPtensile strength up

to 480 MPa). Such a highly controlled, layered structure is a unique advantage of the LbL assembl
method(101,131) The mechanical properties of selected films deposited with LbL assembly with
and without inorganic reinforcing phases are summarised in Téblnd demonstrate that several
LbL-assembled material systems exhibit mechanical properties comparable to cortical bone (elasti
modulus in a range of 7 to 30 GH&b) and compressive strength of 1230 MPa) Achesonet al.

recently reported on operell PUfoams Lbl-coated with nanocomposites composed of PEI, PAA,
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and MTM. These were characterl under high relative humidity and fully submerged in water. Free
amine functional groups were crosslinked usB®dissolved in deiorsed water at a concentration
of 2.5 M, with samples immersed in the solution for 30 min. Crosslinking @#heffectively
reduced the plastiging effect of water, with crosslinkddL -coated foams retaining approximately

56% of their mechanical properties in ambient conditions when hydEtéy

One challenge with chemical crosslinkers in biomedical applications is their concentration
dependent cytotoxicitf132) Green alternatives lik&enipin andTannic acid (TA) offer safer
options comparetb other common crosslinkers suchcasbodiimideor GA (133,134) In a study
comparing CG (glutaraldehya®osslinked chitosan) and CT (¥&osslinked chitosan) scaffolds, it

was found that MC3T3 cells exhibited a mostly spherical shape on CG scaffolds after one day o
culture, while visible cellular protrusions were ebged on CT scaffolds. The scaffolds modified
with TA showed the highest cell viability, indicating the active role of TA in cell proliferation. The
study suggested that TA improves surface properties by binding to cationic molecules through
electrostatt interaction(135) In another study, chitosan scaffolds were ciodsed with 1% GA

and 1% TA to compare their toxicity and mechanical properties. The results indicated that TA
crosslinked with chitosan through interactions caused by hydrophobic groups as well as hydroxyl.
while GA created covalent bonds between the amino groups of the chitosan scaffold. The additior
of TA to the chitosan scaffold increased the mechanical strength from 5 to 25 MPa, compared to pur
chitosanwi t h Youngb6s modul us @l$o hightightadtthatltie présBnae of T |
OH in tannic acid can alter the wettability and indirectly affect cell bioactivity, protein, and cellular

attachmen(136).

Genipin is a natural crosslinking agent derived from the gardenia fruit that has been used to modify
the stiffness of bilayers of chondroitsulphateA (CSA) and PLL deposited onto glass substrates.
The resulting crosslinked films had elastic modulus between2BOkPa, a relevant range for the
control of cells, which are capable of detecting small variations in stif(h833% The LbL assembly
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films were biocompatible and promoted adhesion, proliferation, and early and late osteogenic
differentiation of osteoblast precursor (MC3E2) cells. Because the stiffness andno
topographical characteristics of the films influence physiological processes in cell behswobur

as adhesion and proliferation. Also, the stiffness and topography of the films were controlled by the
amount of the crosslinking agef®4,130,137)The response of local surface stiffness on cell state
has significant implications for cell adhesion and differentiation as well as for tissue repair and
regeneration. These results demonstrated the osseointegration of engineered bone substitutes &
creded multifunctional films capable of finely controlling the morphology and, in turn, influencing
the subsequent behaviour of cgll88,139) Overall, the results shad that with an increase in
substrate stiffness controlled by crosslinking agents, cells usually exhibit enhanced cell adhesior
enlarged cell spreading with defined actin orgatdn, increased cellular contractility, decreased

migration speed, and increagawliferation(130,140,141)

In a similar approach, photwrosslinking of PAA/PAH films was achieved by grafting PAH with a
photosensitive benzopheno(i42) LbL-assembled films with a range of uniform stiffness and
stiffness gradients were fabricated by varying the time of ultraviolet light exposure anddayiaili

of gradient density filtersvhich regulated UV light exposure. Films with a stiffness gradient ranging
from 55 140 MPa were obtained with both steep and shallow gradient slopes. Ostioblesis

(U-2 OS) spread and adhered better to the stiffer regions of thali#mshe less stiff regior{d42).
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Table 1.3: Examples of crosslinked Lbassembled films with controlled local stiffness

LbL assembly

Substrate Treatment Functionality Celltype Ref
components
: . Tailored surface biologica
Diazo resins Silicon Cro_ssllnkeq with properties and selectiv
UV irradiation . N/A (143)
(DAR)/PAA wafer . absorption of polystyrene
using aphotomask :
(PS nanoparticles
PAA/PAM Glass Crosslinked with  Micropatterning and spatie 1929
conjugated with . UV irradiation of LbL multilayers film (144)
) o slide . : MG63
4-azidoaniline using aphotomask control over cell adhesion
Silicon Biocompatible surface witt
PQA/;@ZAVI\;:th wafer Crosslinked with  uniform  stiffness gradien A7r5 (142)
g Glass UV irradiation directing  vascular  ant U-2 OS
benzophenone . .
slide osteoblast cell behaviour
Tuneable stiffness of LbL
Glass Crosslinked with  assembly  films. Cellula
PLL/hyaluronan slide EDC adhesion without adhesiv c2cl2 (127)
protein coatings
Silicon Crosslinked with
wafer EDC, fluorescent Cells adhere and spre:i C2C12
PLL/hyaluronan Glass PLL and RGD along the stiffness gradier MC3T3-  (128)
slide conjugated to (2001 600 kPa) El
PGA
Controlled  with time
. . dependent immersion in Human
PAA/PAH G_Iass Crosslinked with solution of EDC, gradients ¢ dermal (129)
slides EDC : P
surface elastic moduli (0.5 fibroblasts
110MPa in hydrated state)
Stiffness (170280 kPa) anc
topography of the coatin
controlled by changing th
. : concentration of Genipin
CSA/PLL G_Iass Cros_sl_lnked with stiffened  surface  films MC3T3 (137)
slides Genipin CCE1
promoted cell adhesior
proliferation, and early ani
late osteogenic
differentiation
a0 pA e o CRL
PDDA/MTM  hydrogel N/A . _yarogel, 7163 (124)
increased stiffness enhanc
scaffold . CCL-240
cell adhesion
Crosslinked LbEcoated
foams retaining
. , . 0 :
PEI/PAA/MTM Opencell Crosslinked with approxn_nately 56% c_)f the_l N/A (119)
PUfoam GA mechanical properties i

ambient conditions whe!
hydrated
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1.3.3Biodegradation of LbL -assembledrilms

Biodegradation of scaffolds for bone tiseregineering applications should be tailored to achieve a
gradual transfer of mechanical loads to the newly formed and surrounding bonéltts$48,146)

In cellseeded scaffolds, the degradation rate should be adjusted to avoid high levels of scaffolc
degradation during the initial incubation stag@itro. The degradation rate of Libhssembled films

can be controlled depending on the type of polyelectrolytes (@8eti47) Using enzymes under
dynamic conditions had a superior effect on the scaffold's biodegradation, closely minmokiay
conditions(148). Multilayered films fabricated with natural polyelectrolytes such as polysaccharides
can be degraded by various enzymeslifgezyme and the degradation rate can be tailored via the
degree of crosslinkingL49). Schneidelet al. demonstrated tham vitro biodegradation of chitosan
(CH)/hyaluronic acid and PLL/hyaluronic acid films in contact with hyaluronidase and macrophages
can be controlled by altering the concentration of EDC during crosslinking treatddris
Compared to untreated films, crosslinked films had increased surface roughness;folet stifter,

and exhibited a slower degradation rate. Gatzal. demonstrated thahe degradation rate could

also be controlled vighe thickness of biodegradable lay€i$0) The films were composed of
exponentially growing PLL/hyaluronic acid bilayers that acted as reservoir layers and were alternatec
with biodegradabl®oly (Lactic-co-Glycolic Acid) (PLGA) barrier layers that were incorporated by
spraycasting. Films composed of two PLL/hyaluronan bilayers and one PLGA barrier were rapidly

degraded by murine bone marrow cells (within {1%0)

LbL-assembled coatings can also be used to tailor the degradation rate of the underlying substra
material when deposited onto a biodegradable subg#8t&51) Magnesium is biodegradable,
osteoconductive, biocompatible, and has elastic modulus and compressive strengths like that of bon
thus it is an attractive material for the fabrication of implants and scaffolds for bone repair
applications. However, the rapid degradation rate causes the release of high volumes of hydrogel

magnesium and other ions, and the limited bioactivity of magnesiyptamts in vivo limits
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widespread application(152) Surface modification of magnesium alloys by metaanic
frameworkchitosan coatings has recently been presented as a new approach to control the
degradation rate of magnesium implants for bone regenergisB) PLL/alginate multilayer
coatings with fibronectin immobilised via EDC crosslinking have been deposited onto magnesium
substrates to increase bioactivity. The coating reduced cytotoxicity in ME3T&steoblast cell

lines and anin vitro biodegradation study concluded that coated substrates were more resistant to
corrosion However, it did not alter the degradation kinetics of the magnesiusnsaitstratg154)
LbL-assembled coatings have also been deposited onto AA%HPand WE43(156) magnesium

alloys for improved corrosion resistance. In both studies, theddsembled coating temporarily
reduced the hydrogen evolution of the magnesium substeatbanag corrosion resistance and

tailoring the degradation rate.

Table 14. Examples of biodegradable LbL assembled films

tolk EesEialy Substrate Treatment Functionality el Ref
components

type

Controlled the
degradation with

altering the
CH/hyaluronic Crosslinked with EDC concentration of EDC
acid and . and N during treatments,
PLL/hyaluronic Glass slides hydrosulfosuccinimide Crosslinking increasec HT29 (147)
acid (NHS) stiffness and surface
roughness of
biodegradable and
bioactive films
PLGA solution
PLL/hyaluronic sprayed over the Multicompartment Murine
acid . : hydrated bilayers films degraded by bone
(reservoirs) Silica slides PLL/HA fiim for seeded bone marro marrow (150)
PLGA (barrier) controlling the cells cells
biodegradation
AZ31 _LbL asser_nbly_ _fllms
substrates improved bioactivity of
EDC crosslinking scaffold; in  vitro
: (one of the _. . : MC3T3
PLL/alginate . Fibronectin degradation of layer: (154)
commercial . - ) El
immobilised did not affect
Mg alloy : Lo
degradation kinetics o
systems)

the substrates
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1.3.4 ElectroactiveCoatings

In addition to mechanical stimuli, the differentiation of MSCs along an osteogenic route can also be
achieved withelectrical stimulation, which has been reported to determine cell behaviour and help
induce bone healin@l57). Pulsed electromagnetic fields, capacitive coupling, and direct current
have each been used to promote bone regene(288r159) Several electroactive components (e.g.
metal, carbon nanotube, graphene and conductive polymers) have been utilised in LbL assembly 1
fabricate functional coating@able 1.5)that can deliver such electrical stim{i60) Multilayer
materials produced by LbL assembly of PEI and the conductive polymer polyamra@tinemyk
ethoxypropanesulfona{&PT) have been reported to improve osteoblast adhesion and proliferation
and promote osteogenegl$1) The conducting polymeric system was electroactive, fully erodible,
and suitable for adhesion and growth of cells derived from mouse fibrobt@29jLand skeletal
muscle (C2C12]162) Electroactive tetreaniline and degradable multilayered films consisting of
PGA-grafttetreaniline and PLigrafttetreaniline have been reported to support osteoblast function
and promote osteogenic differentiation. Using this material system, the celestrimulation of
mousederived preosteoblast MC3TE1 cells in vitro resulted in increased expression of
osteopontin and ruselated transcription factor 2 (RUNX2), which are markers of osteogenesis

(163,164)
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Table 15: Examples of electroactive Lbassembled films

LbL assembly Substrate

Treatment Functionality Cell type Ref
components
Low voltage
Electrical  Erodible, electroactive
. stimulus (ES) LbL material system L-929
SPT/PEI Glass slides appliedto that promoted cel C2C12 (162)
electroactive adhesion and growth
films
Increase the level @
biocompatibility
Low voltage because of using RLI
PGA- Glass quartz ES applied to and PGA, electroactivi
tetreaniline/PLL or silicon ppliec and degradable filn MC3T3-E1l (163)
- : electroactive
tetreaniline slides enhanced the

films ,
commitment of pre

osteoblast cells
osteogenic lineage

1.3.5 Celllnteractions andProtein Adhesion

The surface properties of implants influence tissue and cellular events, including protein adsorptior
and cell behaviour, both of which are important to bone tissue remod@lisd.66) For this reason,
considerable efforts have been devoted towards surface modification of bone scaffolds for adde
functionality and the creation of a suitable environment for cell growth and tissue for(ddtibs7)
LbL-assembled multilayer coatings are a promising tool for controlling the attachment behaviour of
cells onto surfaces because of the importance of surface properties in cell f(tisfipRecently,
significant efforts have been devoted to opsing the surface properties of LbL assembly films,

such as surface bioactivity, roughness, hydrophilicity(E8).

The electrostatic charge of the final layer at the surface of a multilayer film can have a dominant
effect on cell attachment; cells may prefer positively or negatively charged terminating layers
depending on the cell ling69) because the ability dhe LbL deposition technique in 3D mimetic
architectures will be an original means of controlling stgaiéular orgarsation. Therefore, the
reciprocal interactions between active cells and active polyelectrolyte multilayer surfaces offer

enormous potdial to control cell behaviou@4). TryoenToth et al. observed higher viability and
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adhesion of Sa0O3 humanostesarcomeacells whenseeded ofPEF(PSS/PAH) coatings on glass
slides that were terminated with PAH, PGA and PLL layers, whereas the number of attached cells
decreased on PSS and PEI terminating layer. A significant downregulation of alkaline phosphatas
(ALP, a phenotypic marker fohé early stage biomineralisation) was observed in S2©8lIs
seeded on PEEerminated layers after 24 h of contact, whereas only a small downregulation was
measured for SaG3 cells in contact wit negatively charged PS®r PGAterminated films.
Osteocalcin expression (a marker for mature osteoblast phenotype) il2SaDSat 24 h was not
influenced by any of the polyelectrolyte films. This study concluded that the electrostatic charge of
the auter layer of the Lbtassembled films played a major role in early osteoblast phenotype
regulation. The Lbtassembled films terminated with PSS, PGA and PLL layers showed good
biocompatibility towards Sa0O3 cells and were deemed as biologically inert fone tissue

engineering applicationd.70)

The several concepts for adjusting the chemical, physical, and mechanical properties of PEM films
have fostered studies on the influence of these factors on cellular interactions. Adhesion of cells t
the scaffold material is an important prerequisitettier successful colonisation of engineered bone
substituteq44,171) To improvethe adhesion of pr@steoblast MC3TE1 cells ontananofibers
basedpoly-I-lactic acid (PLLA) scaffoldsLiu et al. coated the scaffold surface with gelatine and
poly (diallyldimethylammonium chloride) (PDA). The amount of gelatin was controlled via the
number of layers deposited, and the wettability of the scaffold was controlled by changing the final
layer. The number of MC3TFB1 cells on coated scaffolds was significantly higher compared to
uncoated scéblds at 4 h and 24 h time pointsaficell seeding, and the number of cells increased
as the number of FDA/gelatin bilayers increased. Furthermore, the cells proliferated at a higher rate

and were more evenly distributed on coated scaffolds compared to the uncoated dafeplds

Recent research has significantly broadened the understanding of the effects of nanocoatin
technologyin controlling cell behaviour because the 3D nanostructured surfaces can directly affect
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intracellular signalling pathway®4,100,173) LbL assembly of layers or sheets of cells may be
utilised to fabricate scaffolds with cell colsation and proliferation extending throughout the
scaffold. LbL cell sheets developed for bone regeneration based on interactions betweer
hydroxyapatite (HA)microparticles and presteoblast MC3T-E1 cells were fabricated by Hat al.

The LbL-assembled film mimicked the natural combination of inorganic/organic bone matrix. The
pre-osteoblast cells within the film maintained a high osteogenic cagad@iy Therefore, the LbL
assembly could be a suitable tool to incorporate cells directly into the porous scaffolds for

homogenous cell distribution and colonisation inside the bone scaffold.

Having robust protein adhesion and absorption into the surface of biomaterial plays a crucial role ir
stronger cell adhesion for tissue regeneration. Protein adhesion is necessary for the formation of
bio-interface between implanted materials and nabioee (175,176) The alsorption of proteins

onto LblL-assembled films has been studied widely, and a kinetic model of protein adsorption has
been describe¢l77,178) PLL/DNA bilayers have been used to enhance protein adsorption and
biomimetic mineralisation on the surface of titanium implants for osteoblast cell culture experiments.
PLL is a positively charged polyelectrolyte that is biocompatible and can be eagilgated with
bioactive molecules. DNA has also been used for LbL assembly with layers of PEI, PDDA and PAH
(179 181) The highphosphate content in DNA was found to be beneficial for the deposition of
calcium during bone formation due to the high affinity for calcium ions. LbL assembly of PLL and
DNA has also been suggestéa improve the bioactivity of titanium for bone tissue repair
applicationsin vitro investigation has confirmed that osteoblasts isolated from neonatal rat calvarias
adhered to coated titanium surfaces and resulted in improved cell/cell and cell/substrate interaction
compared to uncoated titaniumntml samples. Surfaces coated with PLL/DNA/PLL showed a
higher number of overlapping and interconnected osteoblasts. The surface roughness of PLL/DN/

coatings depended on the terminating layer and was higher with PLL as the last layer. Cell viability,

27



assessed wittllamaBlue assay, demonstrated that tailored surface roughness improved the

biocompatibility of titanium implants and cell adhes{@@6)

To attract osteoblasts, titanium implants have been coated with calcium phosphat(taRing

films. CaP are bioactive and possess ebbwn osteoinductive properties that stimulate bone

formation (182) Incorporation of biocompatible and antibacterial chitosan (CH) into the

multifunctional LbL-assembled film prevented p@mplant infection and HA particles induced bone

mineralisation. The amount of mineralisation increased with increasing number#&-oh Gitayers.

The coatings were biocompatible with ymgteoblast MC3T3 cells and effective against infection by

Streptococcus Gordon(il83)

Table 16: Examples of Lbkassembled films promoting cell or protein adhesion

LbL assembly

C Substrate Treatment Functionality Cell type Ref
omponents
PEL(PSS/PAH)  Glass slides N/A Good biocompatibility of Sa0S2, (170)
and terminating PSS, PGA, and PLL PDL
layers of PGA, terminated films for SaG3
(PGA/PLL), PSS, cells
or (PSS/PEI)
Gelatin/PDAC PLLA LbL- The amount of gelatin wa MC3T3-E1 (172)
nanofiber  assembled controlled by number o
based coating was bilayers deposited; coatin
scaffold crosslinked improved  hydrophilicity;
with EDC coating improved
andNHS. proliferation and
homogeneous distribution ¢
osteoprogenitor cells.
PLL/DNA Titanium Both layers Bioactive coating enhance Osteoblasts (176)
films of PLL and proliferation ofosteoblasts
DNA
deposited
CH/HA Titanium N/A Coatings increase MC3T3 (183)
discs biomineralisation, exhibitec E1

biocompatibility with pre
osteoblast cells, an
significant antibacterial
activity against infection by
Streptococcus Gordonii
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1.3.6Natural Structure in the Micro and NanoscaleEnvironment

Nanc andmicro-scale architecture and arrangement play important roles in cell perforraadade

has been postulated that bone scaffolds should be designed to mimic the structure of the target
bone(184,185) Scaffold architecture plays a vital role in guiding cell interactions via direct contact.
An interconnected porous architecture is a crucial requirement for a functional bone tissue scaffolc
to promote vasculasation, enable cell migration and facilitate the supply of nutrients and removal
of waste product§186 188) The use of the LbL assembly technique to apply coatings on porous
foam substrates has been successfully demonsi{Ei®) The LbL assembly of nanocomposite
coated foamsshown in Figurel.3, resulted in materials with porosity ranging from 98.8% for
uncoated foams to 96.6% for foams with the thickest coatings aphesb) In a similar approach,

LbL assembly of coatings onto colloidal crystals and subsequent removal of the colloidal crystal has
been utilised to produce inverted colloidal crystal (ICC) multilayer materials. The LbL assembly of
ICCs has been used to fabricatarous cellular environments targeting various tissues other than

bone (i.e. connective tiss@&89), cartilage(190), bone marrow191)).

It is well proven that microscale structures ensure the primary attachment in titdviface of the
scaffolds and promote cell interactjomhile nanoscale orgasations have more significant effects

on the adhesion and differentiation of c€ll92 194). Bone consists of a mineral phase in the form

of apatite nanocrystals embedded in a collagen m@®&). The nanometrsized HA crystals play

a key role in the high mechanical properties exhibited by the @& Nanostructured surfaces
have widely been reported to promote osteoblast adhesidrcell growth has been enhanced by the
introduction of randomly distributed natopographic surfasson a scale of approximately 10 nm
(197,198) Cell behaviour can also be influenced by nrasmad microscale interactions with ECM
components since stem cells are sensitive to the topographical features of tHé@ICN0) The

ECM spans several length scales, is composed of fibronectin, collagen and laminin, acts as a stora

of growth factors and cytokines, provides complex biochemical and physical signals, and induces
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cell-cell and cellmatrix interactiong201,202) Hence new strategies in bone tissue engineering
include bioinspired 3D printed bone scaffolds with naarad microscale features mimicking ECM
structureg203). Nanostructured bone tissue scaffolds fabricated with nanoparticles, nanofibers, and
hydrogels aim to mimic the ECM and provide structural suppket that of the bone tissue
architecture. However, combining current bone scaffold fabrication techniques with nanomaterials
is challenging202,204) Due tothelarge specific surface area, HA nanocrystals tend to agglomerate
in polymer matrices, which differs from the homogenous dispersion of HA in(96e205) LbL
assembly is capable of producing multilayer structures with a broad range of potential compositions
and functional biomolecules with finely tuned dosa@®91) Fundamental studies have shown that
LbL assembly can be successfully implemented using ECM components, including proteins,
polysaccharides, growth factors, and c€li82,121,201)and the bioactivity of these components is

preserved by mild deposition conditions.

1.3.7 CombinationMultilayers for Multifunctional Coatings

The development of multifunctional bone scaffolds that combine improved mechanical properties
with enhanced biofunctionality is a key objective of bone tissue engind@a208). Tables 17
provide numerous examples of multilayered coatings that exhibit properties and functions relevan
to bone tissue engineering and provide an indication of the large number of multilayers that could
potentially be combined into a single Lialssembled coating to obtain scaffold materials with very

diverse compositions and capabilities.

In an examplevherenumerous multilayersvere combired to produce a multifunctional coating,
Shahet al. (209)reported a coating system consisting of two different multilayer materials systems
that were deposited onto titanium polyetheretherketondPEEK) bone implants. The first
multilayer system consisted &fH/HA complexes and PAA bilayers. These -EIA/PAA layers

were osteoconductive and had an average stiffness dsPal(within the typical range for cortical

bone (15)), which mitigated the mechanical mismatch between implants and native bone and
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provided a permanent boiaplant interface. The CHIA/PAA multilayers were combined with
degradable layers of pelyramino ester 2/PAA/BMR/PAA containing the osteoinductive growth
factor of bone morphogenetic protel(BMP-2). TheseQLs containing BMP2 were deposited on

top of the CHHA/PAA layers and enabled gradual and tuneable release of therapeutic levels of
growth factor without sudden bunstlease. The loading of BMPwas controlled by the number of

QLs deposited. The Lblassembled coating resulted in a ldegn stable fixation of the implam
vivowith rodent host tissue, indicating that the mechanical properties of the initiIXIPAA base

layers can be usefully combined with the biofunctiogatif the top layers in Lbiassembled

coatings.

Mechanically reinforcing and biocompatible layers have also been combined to produce coating
systems consisting of mechanically reinforcing PEI/PAA/PEI/nandglayxapped with a final layer

of thermally crosslinked PAAS59). These coatings were applied onto opeh foam templates,
resulting in coated scaffold materials with a wide range of tailorable porosity (i72532%6) within

the suitable range for bone scaffol@40,211)and with a range of stiffness values (0.608.64

MPa) approaching the lower range of cancellous bone. Despite the presence of cytotoxic PEI withit
the coating structure, no cytotoxic response was observed in MSCs exposed to coated scaffolds wi

the croslinked PAA final layers.

LbL-assembled coatings can also be combined with materials derived from other fabrication route:
to produce novel and complex material systems. Romaeeldl. utilised organic nanofibers
(fluorenylmethyloxycarbonyl protectedalyl-cetylamide) as substrates that were coated with
collagen type I, an HA binding peptide, and BMRising LbL assembl{212) Thesemultilayered
coatings were then incubated with HA nanocrystals and doped withnai@particles. The coated
nanofibers were embedded into an alginate hydrogel that is biodegradable under physiologica
conditions. The coated 3D scaffolds were biocompatible, enabled adhesion-adtqublast
MC3T3-E1 cells, and promoted osteogenic d#éfgiation as indicated by ALP assay. Furthermore,
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the coated 3D scaffolds were biodegradable and demonstrated inherent antibacterial lactivity.
addition to the wide range of constituents that may be utilised in LbL assembly, the thickness,
roughness, and morphology of coatings may be tailored through adjustment of assembly paramete
(e.g. number of depositions, pH of solutions and salt coratemt, intermittent drying steps, and
dipping times)77,92,213) Tuning the physical and mechanical properties of the porous structures
by depositing suitable Lbassembled coatings and tailoring assembly conditions could lead to an
appropriate balance of sufficiently high mechanical properties and high levels otypoegsired

for engineered bone tissue applicati¢6®,214)

Table 1.7 Examples of multifunctional LbL assembled films

LbL assembly components Substrate Treatment Functionality Cell Ref
type
CH-HA/PAA (base) PEEK and N/A CH-HA/PAA eased MSCs (209)
Titanium mechanical mismatch
Poly-b-amino ester rods and and encouraged
2/PAA/BMP-2/PAA sheets deposition of cohesive
(drug delivery system) trabecular bone on the

implant surface.

Tuned release of
BMP-2 controlled by
hydrolytic degradation
of poly-b-amino ester
2
PEI/PAA/PEl/nanoclay  PUopen Altered assembly  Tuneablemechanical MSCs (59)
cell foam conditions: pH of  (compressive strength

Thermally crosslinked solutions, salt and stiffness) and

PAA capping layers concentration, physical (density and
contact time porosity) properties of
Crosslinked at coated foams.
180°C

Crosslinked coatings
biocompatible with

MSCs
Chitosan/Sodium 3D-printed  Scaffolds were Swelling,mechanical MC3T3 (72)
hyaluronate hydroxyapat coated with 10 and and degradation El
ite-gelatin 20 bilayersof properties were
scaffolds coating and then  improved following
freezedried. application of Lbl=

assembled coating.
Scaffolds provided
proper conditions for
cell adhesion and
proliferation of
MC3T3-EL1 cells
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1.4 Summary

This chapter discussethe capability to provide controlled thickness, mechanical reinforcement,
local control of mechanical stiffness, biodegradability, biologically useful electroactivity, enhanced
cell and protein adhesion, and to enable microstructural features. LbL agskatblbeen
implemented for deposition onto planar 2D substrates, as well as 3D porous sylvssalt&sy in
largerscale bulk materials. Several examples of {asisembled material systems that satisfy one or
more of the key requirements of biomateri&ts bone tissue engineering, including tailored
mechanical properties on bulk and local scales, a porous -anchitecture, biodegradability,
biocompatibility and bioactivityhave been developed. More recently, combinations of different
multilayers have been reported to produce-dsisembled coatings with multifunctional capabilities
derived from combining coatings that satisfy different requirements (e.g. mechanicallyciagfor
layers combined witlbiological materialdayers).The LbL assembly technige not only provides
advances for surface modification withicro/hanoscale control but also opens the new door of
biomaterials for the fabrication of novel deposited scaffolds for tissue engineering applications. In
conclusion, the application of the LbL approach for bone scaffold materials in bone repair and

regenerabn is full of opportunities and challenges

1.5Project Motivation

A current limitation in the development of bone biomaterials is the challenge of meeting the diverse
requirements for engineered tissue within a single material sy8tepxplained in Section 1.1hé

main design requirements for bone tissue scaffold materials include biocompatibility,
biodegradability, mechanical strength, porosity & interconnectivity, @stdoconductivity Bone
scaffolds must possess suitable porosity to facilitate cell attachment and proliferation while
maintaining sufficient strength and stiffness to support physiological loads. Balancing the reduction

in mechanical properties associated with increasanggity remains a significant design challenge.
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While LbL assembly has been widely explored in the literature for biomedical applications, including
bone tissue engineering, specific knowledge gaps remain. These include the lack of
multifunctionality in existing coatings, limited control over the intggm of surface and bulk
modifications, and insufficient strategies for optimising both the coating material systems and LbL
process conditions. Such limitations have hindered the development of effective bone scaffolds tha
can fulfil the complex and miilaceted requirements. Therefore, the development and optimisation
of a novel, multilayer LbL coating system capable of enhancing mechanical performance,
maintaining high porosity, and incorporating biologically relevant functionalities to support cell

atachment and proliferation is crucial for advancing the field of bone tissue engineering.

This project aims t@addresghis gap by tailoring the surface and bulk properties of bone tissue
engineered scaffolds through multifunctional nanocomposite LbL coatings on porous scaffolds. By
using the LbL assembly techniquejsthresearchaims to enhance the phiy®-mechanicaland
biological properties of the scaffolds without compromising their porous structure. The
multifunctional nanocomposite coatings will address the need for improved cell attachment and
proliferation while providing an increase mechanical strength. This approach could bridge some
aspects of the current knowledge gaps and offer an effective solution for the development of
advanced bone tisstengineered scaffoldd.bL assembly offers the significant advantage of
allowing a wide variety of constituents to be combined into a single multilayered material system.
This versatility enables the firtening of material properties to meet specific needs. Additionally,
LbL assembly is a relatively simple and levost coating technique thadrt be easily implemented

onto a wide variety of substrate materials. This makes it an accessible and scalable solution fc
enhancing the performance of bone tissngineered scaffolds, contributing to both research

advancements and practical applicationgiomedical engineering.
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1.6 ProjectAims and Objectives

This doctoral project will develop an innovative multifunctional material system for the fabrication
of multifunctional, mechanically robust hanocomposite coatings on porous scaffold materials for
bone tissue engineering applications using LbL assenililg. research programme within this
project focused on tailoring physitnechanical properties of polymbased highly porous scaffolds

by depositing a nanocomposite coating using LbL assembly for-drgiaeered scaffolds. The
central aim of this doctoradroject is to utilise LbL assembly, a simple, scalable, inexpensive and
environmentally friendly method, to fabricate multifunctional, thin, and mechanically robust coatings
onto scaffolds, advancing perspectives for translating LbL assembly coatingltgghtm bone
tissueengineering applications. An understanding of the relationship between assembly conditions
coating properties and bone scaffold performance has been developed to fully optimise the
multifunctional coating depositionfhe overall aim of the project is to develop Lhksembled
coatings deposited onto a 3D porous scaffibld technique utilised to fabricate multifunctional bone
tissue engineering scaffolds satisfying the biological and mechanical propertieslo&ddiearing

applications. To accomplish the aim of research, the specific objectives of this project are

Objective 1: To develop thalepositionof LbL assemblycoated porous scaffold materials with
a customised deposition system capable of applying continuous perfusion flow and cyclic

compression loading during théL assembly process (Chapter 2)

Objective 2: To evaluate and optimidbe multilayer coating materials system and LbL assembly

process parameters (Chapter 3)

Objective 3: To investigateheeffect of crosslinking on Lbtassembled coated porous scaffads

mechanical performance in hydrated conditionsiandtro biodegradation rat@Chapter 4)

Objective 4: To assessell-material interactionand biocompatibility otrosslinked_bL polymer

nanocomposite coatings on pordrid foam scaffoldgChapter 5)
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Chapter 2. Deposition of Multilayer Coatings onto
Highly Porous Materials by Layer-by-Layer Assembly
for Bone Tissue Engineering Applications Using Cyclic

M echanicalDeformation and Perfusion

Sections of this Chapter have previously been publiasedtechnical paper Materials Advances
Journal,Royal Society of Chemistr{024).

Sahebalzamani MA, Hashemi TS, Mousavinejad Z, Agarwal S, McCatyLevingstone TJ,
Dunne NJ. Deposition of multilayer coatings onto highly porous materials by -bgsleayer
assembly for bone tissue engineering applications using cyclic mechanical deformation and
perfusionMater. Adv, 2024,5, 23162327.
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2.1 Introduction

The development of nafmicroscalefilm manufacturing technologies has opened new possibilities
for surface modification of biomimetic scaffoldhat mimic the natural bone structures and
extracellular matriX65). As discussed in the previous chaptdyl. assembly offes a new strategy

for functionalising and tailoring bone substitute materials to achieve the required mechanical
properties and porosi{$9). Thin films using LbL assembly have beemmmonlydeposited through

dip coating, spray coating, and spin coat(25) However, coating porous scaffolds with LbL
assembly is challengin@16) Spray and spin coatings are more suitable for flat surfaces and may
result in uneven coatings on porous scaffold surfaces, leaving surfaces deeper in the scaffold withot
coating material(64,217) Dip-coating/immersion has traditionally been used in bone tissue
engineering to fabricate films on porous scaffolds. Scaffolds are submerged in a solution containing
the coating material, which adsorbs onto the scaffold surface via electrostatic intsréEigre

2.1) (58,69) However, for highly porous scaffolds, the coating solution may be rapidly absorbed,
leading to noruniform coatings. This variation in coating thickness and composition negatively
affects the performance of Libtoated material®218) Furthermore, submerging porous scaffolds

in solutions or during washing cycles can generate air bubbles within cellular structures, adversely
impacting mechanical properti€z19,220) Therefore, toaddress the challenges associated with
coating a porous scaffold through LbL assemtitis study employedneadapted dipping technique,
whereby a continuous perfusion flow system is used to deliver solutions into the s@@&kP1)

A perfusion flow system provides greater control over the coating process, optimising parameter:
like flow rate, pressure, and exposure duration to the coating solution, enabling strategic uniform
coating deposition and resulting in improved uniformitg guality(217,222,223)

The application of mechanical deformation during the LbL assembly process has been shown f
positively affect the physicochemical and mechanical properties of polyamecompositeoated

bone scaffolds due tbeirlocalisation in highly deformed are¢@?2,224) Ziminskaet al.previously
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enhanced the physical and mechanical properties of LbL assembly cdabrg®) showing that
polymerbased porous scaffolds coated with 60 multilayers exhibited increased mass and bulk elasti
moduli of 2.5MPa compared to 0.1 MPa when uncoatsithro et al. demonstrated that applying
dynamic loading at Hz and 10% compressive strain amplitudes to a deformable porous agarose
hydrogetbased scaffold enhanced solute transport within the scg#fas). In hydrated polymers,

the application of cyclic loading has been shown to enhance the diffusion rate of large molecules
compared to passive diffusiof226) Mechanical deformation enables thicker coatings to be
deposited on areas of porous scaffolds experiencing higher loading, leading to a synthetic form o
mechanical adaptation (similar to Wolff's law in bone) and improved mechanical performance
(224,227) Previous studies have demonstrated enhanced bone cell proliferation, differentiation and
matrix deposition imesponse to combined perfusion flow with mechanical deform§2ie®,229)
Despite the substantial literature on LbL assembly covering a wide range of(i8yshe effect

of dynamic loading conditions and perfusion flow on the growth of-absembled films has not
been explored. This research delves into an innovative approach, focusing on the application o

dynamic coating conditions within the LbL assemblyqass.
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Figure 2.1: Schematic of the Lblassembly techniquapplied to highly porous scaffold®\) Representation

of the LbL-assembly processB) Changes of scaffold surface after the tddsembly coating.
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2.1.1 ChapterAims

The primary aim of this study was to develop a purptesstgned deposition system capable of
applying continuous perfusion flow and cyclic compression loading during the LbL assembly
process. Furthermore, the study aimed to analyse the effects of bath etinthe fabrication of
nanocomposite coatings for application in bone tissue engineering scaffolds. Additionally, this study
incorporated a novel composite coating system into the LbL assembly pf&asgsus research has

not explored the use of po®templates for bone tissue scaffolds with this matepiased approach.

This study is the first to evaluate the changes in the physical and mechanical properties o
nanocompositeoated 3D porous scaffolds fabricated using a combination of cyclic compressive

loading and perfusion flow during the LbL assembly process.

The specific objectives of this chapter were to:
91 Develop a custondesigned LbL deposition system
1 Analyse the effects of stimuli on LbL nanocomposite codtogtinuous perfusion flow
and cyclic compression loading)
1 Evaluate the changes in the physical and mechanical properties afolabéd 3Dporous
scaffolds in dynamic coating conditi®oompared to static conditien
91 Develop a tailorable LbL coating with a replicable and precise protocol for the creation of

polymernanocomposite coatings on highly porous materials

2.2 Materials & Methods

2.2.1 MaterialsSystem

Polymernanocomposite films were fabricated using LbL assembly with polyelectrolyte solutions of

poly-L-Lysine monohydrochloride (PLL), poly-Glutamic acid (PGA),
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Poly(diallyldimethylammonium chloride) (PDDA), and Montmorillonite nanoclay (MTM). The
addition of these biopolymers in LbL coatings enhances adhesion and stability and provides contro
over coating thickness and composition. MTM nanoclay, known forwsctust, biocompatibility,

and exceptional Hplane elastic modulus, is used to reinforce the mechanical properties of the
polymer films(55,59)

PLL powder (Mw:182.65 g/mol), PGA powder (Mw:147.13 g/mol), and PDDA solution (Mw: 400
kDa, 20 wt.% in HO) were purchased froBigmaAldrich (UK). MTM (Cloisite N&) was obtained

from Blagden Chemicals Ltd., UK. Aqueous solutions of 1 wt.% Plwt.% PGA and 1 wt./vol.%
PDDA were prepared by dilution in deionised water under vigorous stirring conditions for 12 h. The
pH of the resulting PDDA solution was approxiniate.5 and was not adjusted. The pH of the
resulting PLL solution was adjusted from 6 to 4 by addingWHCI, and the pH of the resultant
PGA solution was adjusted from 5 to 7 by addingNd.HaOH. Aqueous solution @.5 wt.% MTM

clay wasprepared by diluting them in deionised water under vigorous stirring conditions for 24 h.

The pH of the MTM solution was 9.5 and was not adjusted.

2.2.2PU FoamSubstrate

Opencell PU foam is a biocompatible polymer that closely mimics the porosity, interconnectivity,
and pore size of cancellous bone. As such, it is widely used in the evaluation of orthopaedic devices
as a cancellous core material in bone mo#s231) and for LbL assembly applicatio(&18,232)
Although it has some limitations, such as limited degradability and lack of inherent bioactivity, its
low cost and favourable microstructural characteristics make it a suitable 3D porous template fol
optimising the LbL assembly techniq(227,230) Cylindrical specimens measuring 10 mm in
diameter and 12 mm in heighere cut from PU foam sheets with 30 pores per inch (PPI) and 97%
porosity (EasyFoam Ltd., UK) using a ffin circular surgical biopsy punch (Acuderm Inc. USA).

Each specimen was cleaned in a 1M NaOH solution for 10 min to remove unwanted debris and the
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rinsed with DI water. Each specimen was then placed in a desiccator and allowed to dri for 24

before deposition.

2.3 Design and~abrication of LbL Deposition System

This study introduces a novel LbL assembly system that emulates Wolff's law for the fabrication of
porous scaffolds. This allows for the development of lightweight synthetics with exceptional load
bearing capabilities and high poros(B24) By applying mechanical deformation during the LbL
assembly process, thicker coatings can be selectively deposited in areas of porous scaffolc
experiencing higher load$9). The perfusion system's flow rate and compressidnced strain

rates were designed to replicate previous studies, effectively influencing the proliferation and
differentiation of bone cells through the application of perfusion and cyclic compré2sienA

custom LbL deposition chambeltesignedFigure 2.2A using SolidWorks 2020 software (DS
SolidWorks Corp., USA)(Appendix 2.1)and manufactured thereafter (&ig 2.2B) enabled

simultaneous compression and perfusion flow during the deposition process.

The deposition equipment consisted of a bespoke deposition chamber containing the porous scaffo
connected to a plunger for solution pumping. A stepper motor applied the actuation force via the
plunger to compress the scaffold. Custom software and anndrdlDE, 1.8.15) controlled the
stepper motorAppendix 2.2) automating the compression cycles. Peristaltic pumps (323S/D,
WatsonMarlow, UK) regulated the solution flow into the chamber. The LbL assembly system can
accommodate up to four different satuts, pumping them simultaneously and alternately. The
exposure time of each scaffold to solutions or rinse cycles was precisely controled torheasure

the force exerted by the motor and control the force acting on the scaffold, a load cell i¢dexifo
Parallax Inc., USA) was positioned between the stepper plate and the plunger. Validation ensure
uniform and reproducible loading, crucial for generating comparable results across different runs.

Figure 2.2C illustrates the force level produced at rpdn during a 30 s coating period. The peak
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loads remained constant throughout the test, with a maximum force of 0.239 N = 0.011 and &

minimum force of 0.089 N + 0.024, resulting in a range of 0.1580N.22.

To investigate the effect of cyclic mechanical deformation and perfusion flow on coating deposition
rate, porous scaffolds were coated using either static conditions where no loading was applied c
dynamic conditions where cyclic mechanical deformation agdied with a compressive strain
amplitude of 0.5nm and a frequency of 1 H39,233)throughout the LbL assembly process using

the purposalesigned deposition apparatus.

2.3.1 LbL AssemblyProcedure

Each scaffold was placed in a sealed chamber to fabricate a porous nanocomposite material at
subjected to alternating solutions of oppositely charged species to produce a hanocomposite thin filr
under dynamic coating conditions. Each coating layer, edfaor aQL, was produced by exposure

to four electrolytebased solutions: (i) a 1 wt.% PLL solution with a positive charge, (i) a 1 wt.%
PGA solution with a negative charge, (iii) a 1 wt.% PDDA solution with a positive charge and (iv) a
0.5 wt.% MTM nanglay solution with a negative charge. The coating deposition process was
conducted via the LbL assembly method using the purgesign deposition chamber under a
perfusion flow system and compression (compressive strain amplitude of 0.5 mm and a frefjuency
1 Hz) (Figure2.2D). Each solution was delivered into the deposition chamber for 30 s at a flow rate
of 12 mL/min, which is similar to the flow rates that have previously been shown to promote bone
growth within bioreactor system&26,233,234)while simultaneously draining the deposition
chamber.The volume of each solution was equal to the chamber volume, approximately 7 mL.
Between the introduction of each solution, the deposition chamber was rinsed for 30 s using deionise
water as described Biminskaet al andPodsiadlcet al. (59,85) After the deposition of every 10

QLs, the coated scaffold was removed from the deposition chamber, rinsed three times with deionise
water, and dried in a desiccator for 24 h. The process was repeated to deposit additiamdll QLs

reaching the desired number of QLs. A minimum of 40 QLs was chosen as the starting point to detec

42



significant differences in the investigated propertidge deposition chamber and exit tubing were

cleaned and dried after each scaffold was coated with 10 QLSs.

For the static coating condition, an immersion coating technique was applied, whereby the specimer
were coated with 40 QLs by immersing the substrates into alternating solutions (each for 30 s) tc
mimic the LbL assembly conditions in a controiéalv chamber. The solutions (PLL, PGA, PDDA,

and MTM nanoclay) were placed in 500 mL beakers, and three rinsing beakers containing
deionisedDI) H2O were used. The solutions and the watantaining beakers were changed after
each 10 QLs depositiofror the stati coating condition, similar to the dynamic coating condition,
after the deposition of every 10 QLs, the coated scaffold was rinsed three times with DI water anc
dried in a desiccator for 24 houmdacroscopic images of the uncoated scaffold and-tdshted
scaffold following the deposition of 4@ultilayer nanocoating under static and dynamic conditions

are presented in Figure2E.
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Figure 2.2: Customdesigned LbL deposition chamber and process SolidWorks design and B)
manufactured purposgesigned deposition chamber capable of demonstrating pertmiopression strain
during the LbL assembly process. C) Typical force wave generated during one coating period with a
compressive strain amplitude of 0.5 mm and a frequehtyHzwith repeatable and constant force peaks. D)
Schematic demonstrating the LbL assembly process of multilayer coating onto a 3D porous scaffold templat
by perfusion flow of electrolyte solutions and cyclic compressiangughe purposelesigned deposition
chamber. E) Macroscopic images of the uncoated scaffold (10 mm x 1@ithn830 PPI and 97% porosjty

and Lbl-coated scaffolds following the deposition of-diltilayer coating under static and dynamic

conditions.

2.4 CharacterisationTechniques

The following characterisation techniques are used inctigpter andsubsequent chapters to

investigate thehemical angbhysiceamechanical properties of Lbtoated PU foarscaffolds
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2.4.1Chemical Characterisation

Attenuated total reflectance (ATRpuriertransform infrared (FTIR) spectroscopy was conducted
using the Perkin Elmer Spectrum 100 instrument (PerkinElmer, Inc., USA) to investigate the
chemical composition of each scaffold. Spectra ranging frordSHID cm' were acquired, with an
average of 64 scans per spectrum. To enable convenient comparison of multiple peaks, th
transmission values of the FTIR spectra were adjusted. Characteristic functional groups were
identified by examining the absorbance rangfesnalogous organic and inorganic compoufite
spectra from each repeat were combined into a single spectrum for graphing purposes. The SpectrL
Two FTIR spectrophotometer, equipped with a diamond universal ATR accessory, lithium tantalate
detector, and mithfrared (MIR) source, was used for theadysis. Before scanning the samples, a

background scan was conducted to eliminate any potential environmental signal interference.

2.4.2Gravimetric Analysis

Gravimetric analysis was useditvestigate the variation in mass of the LbL coating under different
coating conditions. After the deposition of every 5 PLL/PGA/PDDA/MTM QLs, the weight of each
coated scaffold was measured using an analytical badaderius LA 620P Toploadg scale
balance (Sartorius Ltd, UKyith a resolution of 0.0001 @Before weighing, each scaffold was
maintained undea fume hood inambient conditions (approximately 23 °C and 30% relative

humidity) for a minimum of &. The recorded mass was obtained by averdgiagneasurements.

2.4.3Coating M orphology and Thickness

The morphology and coating thickness of each PLL/PGA/PDDA/MDdted scaffold were
determined as a function of the number of QLs deposited ssarming electron microscopy (SEM)
The SEM analysis was performed using a Zeiss EVO LS15 (Germany) operating le¥.18d
minimise scaffold charging, gold sputiswating(Edwards, West Sussex, Englands applied to

each scaffoldbeforeSEM imaging The specimens were fixed onto aluminium discs and coated with
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several nanomedsof gold at 60 mA for 80 s to prevent electrical charging on the samjesgeJ
software (version 1.44p, Nationhistitutes of Health, USA) was used for image analysis. The
coating thickness was calculated by measuring 10 data points from at least four SEM images capture

at different locations on each sample.

2.4.4SurfaceRoughness

The surface roughness of each scaffold was quantified using a TR200 surface profilometer (Beijinc
TIME High Technology Ltd., Chinafpllowing ISO 4287:1997235) The roughness average (Ra)
was measured for each scaffold, which represents the arithmetic mean of the absolute values of

profile heights over the evaluation length.

2.4.5Water Contact Angle

To assess the hydrophobicity of each scaffold before and after the coating assembly process, contz
angle analysis was conducted, considering the inherent hydrophobic nature of -trese@U
scaffolds. The dynamic contact angle was determined using thike sr®p method, involving the
placement obne5 pL droplet of water on the scaffold surface, followed by the measurement of the
contact angle using a contact measuring device (FTA200 Dynamic Contact Angle Analyser, First

Ten Angstroms, Inc., USA).

2.4.6 Porosity

To evaluate the influence of the coating on the overall scaffold porosity, the percentage porosity o
the scaffold was calculated before and after undergoing the coating assembly praces$)(Hdne
apparent densityr gpparent Of the scaffold was determined using the gravimetric method, employing

a Sartorius LA 620P Toploawy scale balance (Sartorius Ltd, UK) with a YDLO1l density
determination kit. The maximum theoretical densityakimum) Of the PUfoam scaffold was 1.20

g.cnt® (236)
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Equation 2.1: The percentage porosity of the scaffold

0l £iPROG p —— QP TT

2.4.7Mechanical Properties

The compressive properties of each scaffold coated with PLL/PGA/PDDA/MTM were measured
using a CellScale Univert Universal Testing Machine (CellScale, Canad#®)ON load cell was
used to apply a 0.8m deflection to each scaffold at a crosshead speed ofifd&in?, with a
preload of 1N. Each compression test was continued to failure, and a stress vs. strain plot was
recorded. The compressive elastic modulus was determined by identifying the maximum slope withir

the linear region of the stress vs strplot immediately after the toe region.

2.4.8Statistical Analysis

The data were presented as the mean + standard deviation, based on five replicates for each analy
for each sample grou@efore conducting statistical analysis, the homogeneity of variance was
assessed. To analyse the dependencies, independent sdegife were used, with statistical
significance set at p <0.0bive different samples were randomly selected from each test group for
each characterisation methodAll statistical analysis was performed using GraphPad

(GraphPad_Prism Software, Version 8)0.
2.5 Results

2.5.1Chemical Characterisation

The chemical composition of the Lkssembled coating was confirmed by acquiring the FTIR
spectra [Figure 2.3A). Spectrawas collected for uncoated scaffolds and Lbhated scaffolds
fabricated under static and dynamic conditions. In the case of 4b&ted scaffolds prepared using
both conditions, the chemical bonds remained consistent, and characteristic peaks confirmed th
presence of individual PLL/PGA/PDDA/MTM nanoclay components, as outlin€dbie2.1 (237
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239). Comparing the Lbiassembled coatings produced under static and dynamic conditions,
stronger chemical bonds were observed in the latter, as indicated by the peaks used to identif
functional groups. This can be attributed to the more compact and unibatmg achieved using

the dynamic coating condition.

Table 21: FTIR spectra peaks and corresponding functional groups

Wavenumber (cnt) Functional Group
3,350 O-H Stretching
2,800 -C-H Stretching ofi CH, of protein
1,550 Amide Il linkage
1,050 C-O Stretching/ @H Deformation
700 Si-O Stretching

2.5.2Gravimetric Analysis

Gravimetric analysis, a versatile and tiested analytical methodppliesto reaction systems of

any scale and uniformity. The method allows for the determination of the average growth of the
specimen (QL deposition) by measuring the change in the specimen(2483sin this study,
scaffolds deposited under both static and dynamic conditions exhibited a consistent increase in ma:
with the number of QLs of PLL/PGA/PDDA/MTM deposited (&ig2.3B). Notably, LbL-coated
scaffolds under dynamic conditions displayed significantly higher mass (p <0.05) compared to those
coated under static conditions. Specifically, for the ddolated scaffold, the mass increased by 18.90

+ 1.56 mg following the deposin of 40 QLs under dynamic conditgnwhile under static

conditions, itincreased by 8.31 £ 2.74 mg.
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2.5.3Multilayer CoatingsThickness

To ensure the uniformity and consistency of the coating in the LbL process, an analysis of the coatin
thickness was performed usi8&EM. Figure 2.30llustrates the average thickness of the multilayer

coating obtained under both static and dynamic conditions. The results indicated that for 40 QLs, th
coating thickness increased by 5.74 £ 1.89 um under dynamic conditions and 4.21 + 1.36 pm unde

static conditions.

2.5.4Water Contact Angle

The contact angle serves as an important determinant of the macroscopic wettability of a solid surfac
and plays a vital role in understanding the interfacial interactions between a solid and a liquid
(241,242) Figure 2.3Dillustrates the contact angles of both the uncoated anechhted scaffolds.

The uncoated scaffold exhibited a contact angle of 139158&, whereas the Lbicoated scaffolds,
fabricated under static and dynamic conditions, displayed contact angles of 118.%8 and
105.48 £2.23, respectively. The differences in contact angles between the uncoated acaoiitéd
scaffolds suggested that the incorporation of MTM nanoclay enhanced the hydrophilicity of the
scaffolds Moreover, the adopin of the dynamic LbL coating approach resultelégs hydrophobic

which has the potential to promote positive cellular interactiingss enhancing its efficacy in
biomedical applications such as in bone tissue engineering where specific attachment of the targe
cell type to the scaffold is required for optimal healing and regener@#s) Furthermore, the
introduction of a hydrophilic substrate can be beneficial for the promotion of protein adhesion for

drug delivery system@44).
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Figure 2.3: Experimental data for the uncoated coateaffoldsusing LbL deposition under static (LbL Static)

and dynamic conditions (LbL Dynamic)he Lbl-coated scaffolds had a coating of@0Ds unless otherwise
stated. A) The FTIR spectra demonstrate characteripgaks for the presence of individual
PLL/PGA/PDDA/MTM nanoclay components, with the shaded region indicating distinct peaks associated
with different levels of functional groups. B) Gravimetric data: Mean mass (xSD) of uncoated scaffolds and
scaffolds coted under static and dynamic conditions. C) Average thickness of theddilng after 10, 20,

and 40 QLs as measured using SEM. DaMeontact angle measurement. The values are presented as the
mean = standard deviation (n = 5). *p< 0.05, **p< 0.01, **p< 0.001.

2.5.5 SEMAnalysis

To determine the topograplayd physical changes the coating on the 3D porous substrates, SEM
was used to examine both uncoated and-tbated scaffoldSSEM images of the crossections of
the LbL-coated scaffolds exhibited a conformal coating that completely edtreg substrate, with

a noticeable increase in thickness in line with the gravimetric analysis findhiggsg2.4ai 2.4f1).

Upon closer examination at higher magnification, the layered structure of the LbL coatings was
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observed as anticipated, along with the discernible edges of the nanoclay sheets integrated into tt

coating as expecte®igure2.4g and Figre2.4h).

Figure 24: SEM images of uncoated and Ldgbated scaffoldsvith 40 QLs a) and b) SEM images of
uncoated scaffolds. ¢) and d) SEM images of the-tdéted scaffold fabricated under static conditions. e)
and f) SEM images of the Lbtoated scaffold fabricated under dynamic conditions. g) shows dense
multilayers within a crossection of the Lbtcoatirg fabricated under dynamic conditions, and h) provides
evidence of the successful integration of nanoclay sheets within theddilng fabricated under dynamic

conditions.

2.5.6Surface Roughness

Rougher surfaces can mimic the cellular microenvironments found in nature, offering physical and

chemical cues that enhance cell adhesion and fun@#246)In the case of Lbicoated scaffolds,
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the Ra profile parameters were found to be higher when compared to the uncoated scaffolds
However, this increase was not deemed statistically significant due to the high variance in the dat

recorded for each sample testad= 5)(Table 22).

Table 22: Mean + standard deviation surface roughness of scaffolds

Scaffold Type Mean Roughne:
Uncoated 0.084 + 0.044
LbL-coated scaffold fabricated under static conditions 0.908 £ 0.125
LbL-coated scaffold fabricated under dynamic conditions 1.56+0.763

2.5.7Porosity

Highly porous scaffolds witinterconnected pore structgrare highly desirable for applications in
bone tissue engineerings the porous architecture plays a critical role in promoting cell attachment,
proliferation, and differentiatiori247). In our study, the uncoated scaffolds displayed an initial
porosity of 97.40 #0.70% with a pore distribution rye of 1195 8 1 . White the Lbl-coated
scaffolds fabricated under static and dynamic conditions exhibited a reducedypof@it10 +
0.4%% and 86.20 0.726 and pore size distribution ranges of 4@ 9 ¢ m -&rhedmThebed
findings indicate the LbL assembly process effectively maintained the highly porous and
interconnected architecture of the scaffold irrespective of the process condititaisly,increasing

the number of layers in the Lbdssembled coating has the potential to offer several advantages for
bone tissue engineering applications. Specifically, increased nanoclay deposition has the potential 1
improve the mechanical properties whilecanporating additional layers of the amino acid
components (PLL, PGA) within the Lbassembled coating could enhance cellular interaction and
biocompatibility (248) This flexibility enables the design of the Ldslssembled coating to be

tailored to match the requirements for specific bone tissue engineering applications.
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2.5.8Mechanical Properties

The mechanical behavior of both Llmbated scaffolds, fabricated under static and dynamic
conditions, showed a significant difference (p < 0.05) due to the presence of the
PLL/PGA/PDDA/MTM coating. This effect is evident from the representative sstess plots
(Figure 2.5A and 2.5B). The compressive elastic modulus of the uncoated scaffolds experienced
substantial increase after applying 40 QLs of coating. Specifically, the modulus increased from 0.0¢
+ 0.05 MPa to 1.45 + 0.41 MPa (a-fidd increaseunder static conditions, and further to 3.65 £
0.70 MPa (a 4@old increase) under dynamic conditions. These findings highlight the effectiveness
of the custorrdesigned LbL system, which significantly enhanced the mechanical properties of the

LbL-coated saffolds, more than twice the improvement observed in static immersion coating.
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Figure 25: Experimental mechanical testimgis conducted to compare the mechanical properties of uncoated
scaffolds with scaffolds coated using LbL deposition under static (LbL Static) and dynamic conditions (LbL
Dynamic)with 40 QLs. A) Typical stress vs. strain plots resulting from mechanical testing. B) Mean Elastic
modulus (zSD) determined from the linear region of the plot immediately after the toe region. The values are
presented as the mean * standard deviation (n = 5). *p<*0@350.01, ***p< 0.001.

2.6Discussion

The field of bone tissue engineering has witnessed significant advancements in recent years, with tf

emergence of effective bone scaffold materials that enhance bone healing in cases where natur
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healing isinsufficient(249,250) Scaffolds with a high degree of open pores that are interconnected
offer anincreased surface area for eslterial interaction and facilitate efficient nutrient and waste
exchange (49). In thishapter the 40multilayer LbL-coated scaffold, fabricated under dynamic
coating conditions, maintained a highly poro
distribution ranging from 13474¢ m. Consequentl vy, the piegfthe c al
scaffold remained uncompromised followithe LbL process and potentially prouvida suitable

platform for bone tissue engineering applications (58, 59).

To optimise the performance of porous bone scaffolds in bone tissue engineering applications, th
utilisation of the LbL assembly technique presents a versatdeprecise method for tailoring their
surface properties and enhancing their physechanical propertieg58,168) However,
conventional methods of coating such scaffolds using LbL assembly methods encounter challenge
due to the difficulty in effectively infiltrating the coating materials into the porous structure
(218,227) Given the limited research available in the existing literature regarding this specific aspect,
the objective of this study was to investigate and develop an effective LbL assembly technique fol
the fabrication of highly porous scaffolds for use in btissue engineering applications. In this
study, we explored the potential of applying dynamic coating conditions using the LbL assembly
technique for fabricating micro/nanoscale coatings on porous scaffolds with the desired physio
mechanical and microardhctural properties necessary for bone tissue engine&yegifically, an
effective approachhas been presentdldat addresses the limitations of conventional methods by
applying both perfusion flow and cyclic compression during the LbL deposition of poelymer
nanocomposite coatings onto highly porous scaffolds. By applying dynamic LbL coating conditions
during the asembly process, the diffusion of polyelectrolyte chains and nanoclay solutions into and
out of the coating film can be facilitated, enablihg fabrication of ultrathin coating layers onto
opencell scaffold455,59,119)It is anticipated thahis methodvill not only improve the uniformity

and thickness of the coatings but also their mechanical prop@@és The purposelesigned LbL
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assembly system used in this study provides several advantages when compared to conventior
methodg68,251) It allows for precise control over perfusion flow, enables the application of cyclic
mechanical loading, and prevents coating solution deprivation, thereby eliminating air bubbles anc

the need for squeezing to remove previous coating soly@ds3

The results demonstrateseveral significant findings regarding tiRtL/PGA/PDDA/NaMTM
nanoclaybased LbEtcoated scaffolds fabricated under dynamic conditions. Hiist,-coated
scaffolds fabricated under dynamic conditions exhibited stronger chemical bonding due to the
uniform and homogeneous dispersion of the nanocomposite c¢@&iyi$8,225) Moreover,LbL-
coatings applied under dynamic conditions indicated faster growth rates gfwhads were also
denser and more uniform coatings compared to coating fabricated under static conditions. This i
attributed to the improved penetration of the coating materials into the porous scaffold structure,
leading to a higher coating mass and better cove(a@é) SEM analysis confired these
observations, revealing the superior coating morphology achieved under dynamic conditions. Thes
findings are consistent with previous reseanttere the application of cyclic mechanical loading
during the LbL assembly has been shown to enhance the diffusion of polyelectrolytes and result ir
thicker coatingg59). These resultgherefore emphasse the significance of cyclic deformation in
promoting the formation of thicker coatings. Despite the increased coating thickness resulting from
the dynamic coating conditions, the scaffolds maintained a high porosity and interconnected pore
structure thatesembles the trabecular structure of naturally spongy bone.

Furthermore the improvement of wettability and surface roughness of the-tdsted scaffolds
fabricated under dynamic conditions offer additional advantages for bone tissue engi{2ijng
These findings of increased surface roughness and decreased contact angleazftétlscaffolds

align with several studies that have highlighted the importance of surface characteristics in

influencing cell behaviour on biomaterig¥42,252) The effect of the nanocomposite coatings on
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the surface properties of scaffolds has previously been shown to enhance cell adhesion and spreadi

(218,253)

An important finding of thischapterwas that the incorporation of nanoclays into the polymer
nanocomposite coatings significantly enhances their mechanical properties, resulting in coatings witl
highly dispersed nanosheets and exceptional stiffness. This finding aligns with previouskstudies
Ziminskaet al, Li et al, and Podsiadlet al. demonstrating the reinforcing effect of nanoclays on
polymer matrice$55,59,85) For instance, a similar study conducted by Zimireskal. observed a
22-fold increase (from 0.078 MPa to 1.736 MPa) in the compressive elastic modulus through the
deposition of 40 QLs when applying Lidissembled coatings composed of PREVnanoclay onto
opencell substrateg227). One notable advantage observed in our study was that a significant
increase in scaffold stiffness was achieved when the LbL coating was applied under dynamic
conditions as opposed to static conditions. Specifically, the deposition of 40 QLs resultddl in a 4
fold increase in compressive elastic modulus compared to the uncoated scaffold. In contrast, whe
the LbL coating was applied under static conditions, the increase waki1éus highlighting the

superiority of dynamic conditions in enhancing sdafftiffness.

. Takentogether, these results demonstrate that the application chsstmbled nanocomposite
multilayered coating onta highly porous scaffold under perfused compression conditions is an
effective deposition method for bone tissue engineering applicai@d® While scaffolds with
desirable properties for bone tissue engineering applications have been achieved, there is a need
further optimisation of the coating process conditions to achieve greater control over coating

properties such as coating thicknassl uniformity.

As exemplified by the new design of the proposed LbL system investigated herein, it is possible tc
develop customised approaches to modulate the properties of porogséatield scaffolds. The next

chapter prioritises investigating the influence of varibbt assembly process parameters on the

56



physical, chemical, mechanical, asdrfacecharacteristics of Lbicoated porous scaffolds. To
achieve this, a systematic parametric study has been designed to comprehensively evaluate a
optimise these LbL assembly process parameters and coating materials system, aiming to attain tl

desired properties.

2.7 Conclusions

In this chapter a novel automated LbL assembly systeams been developdbat incorporates the
application of perfusion flow and cyclic compressive loading during the deposition of
PLL/PGA/PDDA/NaMTM nanoclaybased LbL coatings on highly porous scaffolds, specifically
for bone tissue engineering. Lassembled coatings fabated under these dynamic conditions were
shown to offer significant advantages, with enhanced physical and mechanical characteristics
compared to static conditions, where cyclic coasgive loading was not applied. Scaffolds coated
with PLL/PGA/PDDA/NaMTM nanoclaybased LbL coatings deposited under dynamic conditions
resulted in uniform and dense coatings that were thicker with stronger chemical bonding compare
to scaffolds coated under static conditions. Additionally, the-tbhted scaffolds coated under
dynamic conditions showed higher compressive elastic modulus and maiuhtaigher porosity
compared to scaffolds coated under static conditions. Importantly, the novel LbL ceiogjtion
method effectively preserved the highly porous and interconnective structure of the stratfodd.
context of surface properties, the Lbbated scaffold fabricated under dynamic conditions exhibited
enhanced surface hydrophilicity and surface roughness properties, both of which are considere
important to facilitate effective cell attachmelmtthe nextchaptey we focus on optinging the LbL
assembly conditions and nanocomposite material system to enhanghyd@chemical and

mechanicaproperties of Lblassembled coatings for potential bone tissue engineering applications.
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Chapter 3. Optimisation of Material Systems and
Process Parameters of Layeby-Layer Assembly
Conditions for Nanocomposite Multilayer Coating

Deposition on 3DPorous Bone Scaffolds

Sections of this Chapter have bg@eparedas asecondtechnical papefor Q1 biomaterials
journalsubmission.

Sahebalzamani MA, Levingstone TJ, Dunne NJ. Optimisation of Material Systems and Process
Parameters of Laydyy-Layer Assembly Conditions for Nanocomposite Multilayer Coating

Deposition on 3EPorous Bone ScaffoldéJnder Supervisory Review)
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3.1 Introduction

In the previous chapter, a novel LbL assendjgtemto fabricate hanocomposit®ated porous
templates with enhanced physiochemical properties and mechanical perfommzencgroduced

which demonstratd potentialtowardsbone tissue engineerirgpplications Chapter 2 specifically
highlighted the superior coating results achieved under dynamiecbating conditions, which
combined perfusion (12 mL/min, 10 rpm) and cyclic compressive loading stbdin, 1Hz),
compared to static conditions (dip coatingfersion). Consequently, this methodology will be
further optimised in terms of the coating system and LbL assembly process for the fabrication of

scaffolds for bone tissue engineering applications

Several studieBave previouslglemonstratethe effectiveness gfolymeii nanoclay compositebL
assembly coatingat increasinghe physical and mechanical properties3@-porous PU foam
scaffold withdifferent optimisation method55,59,227)Ziminskaet al.showed that polymepased
3D-porous scaffolds Lbicoated with40 QLs coatingsPEVPAA/PEIMTM exhibited increased
mass coating thicknesand bulk elastic moduli df.73 MPa, compared to 07 MPa when uncoated
(227). In another study, théeposition of PEI/PAA/PEMTM QLs onto PU foams, achieving up to

60 QLs with a 25old increase in scaffold physianechanical properties while preserving a highly
porous (88.1% * 1.3) and interconnected architecture under varied process co(idvisFerran

et al.demonstrated the ability to tailor the mechanical properties of PU porous structures using LbL
assemblyof PEVPDDA/chitosan (CHMTM, maintaining 95% porosity after 15 Qlasd 88%
porosity after 60 QLs(254). Similarly, our previous work (Chapter 2jeported a 4dold
enhancement in mechanical performance with @Ls deposition LbL coatings of
PLL/PGA/IPDDA/MTM on PU foam scaffolds, maintaining a porous structure of 86% porosity and
excellent interconnectivityfor bone tissue engineerin@255) These studies highlight the
effectiveness of LbL assembbyn highly 3Dporous polymeric templatés enhancing scaffold
properties while preserving critical porosity for bone tissue engineering applicé®tsDespite
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theseresearctadvancements, finding the optintdlL coating materials condition to further increase

the mechanical and physical properties of these scaffibleie is still a need to fully optise the

LbL assembly process. This optsaiion is crucial for gaining a better understanding of the factors
that influence the final coatings, ultimately improving control over the process and achieving more

effective enhancements

In addition to enhancing the mechanical properties of polymeric substrate makdaiatating

can also be applied for surface modificationachieve an enhancdaiological responsdor cell
adhesion, migration and proliferatid38,256) Mertz et al. fabricated nanoscale barriers using
alternate deposition ¢1DDA/polystyrene sulfonate (PSS) and exponentially growing LbL bilayers
PLL/hyaluronic acigd which improved the properties of biologically active fibwid (92). Many
polyelectrolytessuch asPEIl, PAA, PLL, and PGAare classified as feeble polyelectrolytes,
demonstrating pkiependent variations in their electrostatic charge densities when dissolved in
agueous solutiongl 18,257) The physicabnd biologicalproperties ol.bL assemblycoatings can

be tailored by altering the pH and concentration of the solutions employed during the LbL assembly
(35). This adjustment is attributed to modifications in charge density, which, in turn, influence the
conformation and diffusion of polymer chains within the previously deposited 14$&)s
Furthermore, prolonged contact time with the aqueous solyasnsgell as drying conditionsnay

result in increased coating thickness and mass due to enhanced difa®iddence, achieving
optimal pH, concentration of coating materials, and LbL assembly conditions requires tailored
experimentation for each specific material system. This caspfirhisationis crucial for developing

scaffolds that meet thepecific requirements needed fimne tissue engineering applicati¢as).

The procesparameter relationships are complex, and a large number of parameters influence the
final coating properties, includirtge pH of solutions, molecular weight of polyelectrolytes, time of
rinsing, frequency of intermittent drying steps, dipping times, and temper@lgs258,259)
Additionally, scaffold pore density and the number of layers also affect the overall properties of LbL
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coated scaffoldé38,218) Thereforea systematioptimisationstudy examining the effects of LbL
process parameters and coating materials on porosity, mechanical properties, and other releva
properties for bone tissue scaffold applications is lacking, particularly concerning the
PLL/PGA/PDDA/MTM nanoclay coatingkat are the focus of this resear@iven the large number

of parameters and the potentially complex interactions between them,safitmitechniques such

as the Design of Experiments (DoE) approach can be highgficial (260). DoE is a methodology

that determines causad-effect relationships betweehe controlled input factors and measurable
responses, enabling a reduction in the number of experiments re(@édgdwWhile DoE has been
widely used in various fields for process op#sation, its application to LbL coating optigation

has been less common. This makes the use of DoE in this context particularly valuable, as it offer
deeper insights into the process and yields enhanced sgtiomi results compared to traditional
methods.This approach enables the simultaneous evaluation of the impact of multiple process
parameter inputs on multiple process outputs, facilitatingphienisationof procedures or protots

(2601 262). This more comprehensive optimisation methodology gives greater insight iftblthe

process and gives enhanced optimisation results.

3.1.1 ChapterAims

This chapter aimdto optimise the nanocomposite matenmbpertiesandthe LbL assemblprocess
conditionsto enhance the physhemical and mechanical properties of kddsembled coatings for
potential bone tissueengineering applicationsThe influential factors were systematically
investigated using a DoE approach to identify optimal, tailorable condifldms study addresses
the complexity of LbL process parameter relationshipmtmancescaffoldperformance.
Theprimary objectives of this chapter were to:

1 Exploretheimpact ofmaterial system parametdesg., pH and concentrations of the coating

materials)and process paramete(s.g., deposition time and drying cycles) the ghysio

chemical and mechanicptopertiesof LbL-assembled coatings

61



1 Identify the optimal LbL coating material parameters for nanocomposite deposition en open
cell porous scaffolds.
1 Optimize LbL assembly process conditions to enhance the physical and mechanical

properties of the coatings

3.2 Materials & Methods

3.2.1Materials System

The materials and experimental procedure used here are the same as desChbetei2 unless
indicated otherwiseA multilayered Lbl-coating composed of positively chargedvil% PLL
solution, negatively chargedwit.% PGA solution, positively chargedwit.% PDDA solution and
negatively charged 0\t.% MTM solution were deposited onto PU porous scaffolds (12 mm in
heightand 10 mm irdiamete) with pore densities a30, 450r 60 PP All aqueous solutions were
prepared by dilution in Dwater withr e si st i vity O018.2 Mq under \

adjusted pH as previoustiescribed.

3.2.2 LbL AssemblyProcess

The multilayer coatings were applied using a custi@signed LbL coating chamber under dynamic
LbL-coating conditions that included a combination of perfusion (12 mL/min, 10 rpm) and cyclic
compressive loading (5% strain, 1 Hz), as detailed in Chapteig@ré~3.1) The introduction of

each solution was punctuated by three rinses with DI water, each with a total contact time of at leas
30 s. After the application of each QLs, the scaffold was rinsed three times in DI water and dried
for 24 h underafume hood irmmbient conditions (approximately 23°C and 30% relative humidity)
Thefull PLL/IPGA/PDDA/MTM nanoclay deposition process was repeatgd the target number

of QLs was achieved two-phase DoE approach was employed to optimise the nanocomposite LbL

assembly coatings. The material system parameters, specifigidllyand concentrations of
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polymers/nanoclaywvere adjustdas specified within the first DoE studyimilarly, the LbL process
conditions,specificallycontact time, number of layers, frequerdydrying, and poreensityof the
3D-porousscaffolds wereadjusted following the parameters setting required from the sdaoBd

study design
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Figure 3.1: Schematic of the Lblassembly procedsr depositiorof a QL of PLL/PGA/PDDA/MTM onto a
highly porous PU foam scaffold using a customised deposition chamber.

3.2.3Experimental Design

The first DoE study (DoE Study 1) investigated and optimised the LbL assembly nanocomposite
materials systeraonditions. Following this, in a second optimisation study (DoE Study 2), a DoE
approach was utilised to investigate and optimise the LbL assembly process conditions. Thus, th
overall process optimisation was conducted using two comprehensive DoE.sRafeStudy 1
involved a twelevel factorial design using a 1/4 fractional factorial and was designed using -Design
Expert software (Desigixpert V5 Software, Stéase Inc., USA). The twievel factorial design

is the most common method famalysing the response variable when the main effect of each variable
and the interaction between two or more variables on the output are congiEOedrhe 1/4
fractional factorial design was implemented to reduce the number of experimentalhilenstill
maintaining high statistical poweiThis DoE included six variables (or factprelating to the
concentration and pH for each material, the lower and upper levels of which are presented in Tabl
3.1. All factors and levels were determined through an extensive review of existing literature
similar studieg59,218,255)
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This DoE study consisted of a tvievel factorial design with six factors and four centre pgints
resulting in 20 experimental runs, which explored the influence of six input facteash
experimenthrun was randomly assigned and performed in the assigned runroiiddyle 3.2 Four
responses were investigatetass, porosity, strut thickness ammnpressive elastic modulus DoE
Study 1,PU scaffoldswith a pore density of 30 PRiere selected as the substrate. The coating
solution contact time wasekt constant at 30 s, and drying was carriedafter deposition ofl0
PLL/PGA/PDDA/MTM nanoclay Qk (n=5)by rinsing three times with deimssid water and drying

in a desiccator for 24 tat room temperatureThe full PLL/PGA/PDDA/NaMTM nanoclay

deposition cycle was repeated three times to achieve 30 QL

Table 31: Factors included in DoE Study 1 and their lower and upper levels

Factors Factors Units Lower level Upper level

A PLL pH - 3 7

B PGA pH - 7 11

C PDDA pH - 4 7

D MTM pH - 6 11

E Polymer wt.% 1 5
Concentrations

F Nanaclay wt.% 0.5 15
Concentration
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Table 32: Experimental runs for DoE Study 1

Run Factor A: Factor B: Factor C: Factor D: Factor E: Factor F:
PLL pH PGA pH PDDApH MTM pH Polymers MTM nanoclay
concentration concentration

(Wt.9%) (Wt.9%)

20 5 9 5.5 8.5 3 1
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DoE Study 2 consisted ofBox-Behnken design (BBD) designed using Deditipert sétware.The

BBD consisted of a threevel factorial designcontaining 28 experimental runs based on
investigating four factors dhreelevel factorial design anthe inclusion offour cente points.The
factorsinvestigated werPU scaffold porelensity solutionsubstrate contact time, drying frequency,
and the number of layerthe lower and upper levels for edalstor were identified from the literature
(Table 3.3) (55,119,218,255)The responses measured in the study weass, porosity, coating
thickness an@ompressive elastic modulus of alssembled coated (n=3)he replication points
allowed for an independent estimate of error and calculation of model curvsuhe pore density

and porosity play critical roles in bone ingrowth in bone tissue engineering and could influence the
mechanical properties of the scaffo(d), PU foamscaffolds withthree different pore densities of
30, 45 and 60 pores per PREre investigated in this studyrhe experimental rumrder was
randomised to remove potential hiaas summarised inTable 3.4 In DoE Study 2,
PLL/PGA/PDDA/MTM nanoclay QLs were assembled using the optimal material conditions
identified in the DoE Study.I'he pH of the PLL, PGA, PDDA and MTM was seBat15@ ., &d

9 ., Eespectively, the polymer concentration wlawt.%, and the nanoclay concentration was 5

wt.%.
Table 33: Input values at lower/higher levels for the second DoE study
Factors Factors Units Lower level Upper level
A Pore density of scaffolds PPI 30 60
B Number of layers QLs 40 100
C Frequency of drying QLs 10 20
D Contact time S 30 60
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Table 34: Experimental runs for DoE Study 2

Run Factor A: Pore  Factor B: Number Factor C: Drying  Factor D: Coating
Density of Layers Steps Time
(PPI) (QLs) (QLs) (s)



24 30 70 15 60

25 45 70 20 30
26 30 70 15 30
27 45 70 20 60
28 60 100 15 45

3.2.4DoE Optimisation

Following the completion of the DoE studi@snumerical optimisation method was conducted to
determine the optimdével for each factor relating to thdl -assembled nanocomposdeatings
Using information gathered from the experimental data, tte$dftware was used to produce effect
graphs, which indicate how changing each factor affects the property of infdteserical
optimisationwas carried out using th2esignExpertsoftwareto identify the factor settings that will
produce the desired response while satisfying any constraints onpthiefactors The optimal
coating materials and LbL process parameters were identifipddoitising the optimisation criteria

to maximise thelastic modulus and porosity while mingimg thickness and mass. These objectives
were defined within a desirability objective function, which was then magidnthrough the
utilisation of a numericabptimisationalgorithm within the BE software.The optimal parameters
were then determined usitige DOE optimisation processs shown in Tabl8.5 for DoE Study 1

and Table 3.6 for DoE Study 2
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Table 35: DoE Study 1 optimisation process for optimal materials system parameters

Factors Goal Lower level  Upper level
A: pH PLL In range 3 7

B: pH PGA In range 7 11
C: pH PDDA In range 4 7

D: pH MTM In range 6 11
E: Polymer concentration (wt.%) In range 0.5 5

F: Clay concentration (wt.%) In range 0.5 15
Mass (mg) Minimise 39.3 63.8
Coating Thicknesgum) Minimise 133.46 189.62
Compression modulus (MPa) Maximise 0.90 4.20
Porosity (%) Maximise 90.13 96.30

Table 36: DoE Study 2 optimisation process for optimal LbL process parameters

Factors Goal Lower level Upper level
A: Pore density of scaffolds In range 30 60

B: Number of layers In range 40 100

C: Frequency of drying In range 10 20

D: Contact time In range 30 60
Mass (g) Minimise 0.10 0.22
Coating Thickness (um) Minimise 5.7 19.1
Compression modulu$1Pa) Maximise 0.64 25.2
Porosity (%) Maximise 75.5 89.1
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The LbL-coated scaffolds were fabricated under both optimised conditiobsE Study land?2,
andtheresponses were measured to further validate the DoE models and optimisatioR(rthBy.
characterisation ofhe optimised scaffolds was also conducted using erdispersive X-ray

spectroscopyEDX), FTIR, contact angleneasuremenandmechanical testing analysis.

3.2.5 Physicochemical andM echanicalCharacterisation

Physicachemical and mechanical charadation of the Lblassembled coated scaffolds was
conducted as part of DoE Study 1 and DoE Study 2. This included measurements of mass, coatir
thickness, compressive modulus, and porosity, following the procedures outlined in Chapter 2,
Section 2.4. For coparison, uncoated 30, 45, and 60 PPl PU scaffolds were also chaealcteri
assess their mass, compressive modulus, and porosity (n=5). Additionally, the optbhadlyated
scaffolds underwent further analysis. Specifically, FTIR and contact angle measurements were
performed as described in Chapter 2, Section 2.4. Furthermore, new aniatysdsg EDX andX -

ray diffraction(XRD), were carried out on these optamd scaffolds, with detailed methodologies

for these techniques provided in this section.

3.25.1 SEM-EDX Analysis

To assesshe elemental composition of each scaff@EM coupled withEDX (SEM-EDX) was
employedusing a Zeiss EVO LS15 (German@nalysis was carried out jpoint mode tallow the
identification of the elemental constituerdf the scaffoldby measuringfive dataregions and
scanningat differentpoint locations on each samp(e=5). The resulting spectra were analysed to
determine the presence and relative abundance of elements within the scaffolds, providing a detaile

elemental profile.

3.2.5.2 Xray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis waserformedo determine thgualitative validation otheextent

of nanoclay coating presen@e=5). The equipment used for the evaluation of the structureawas

70



Bruker D8 diffractomete(Bruker, Germanypperating at 30 kV and 10 mavjth ascan speed of 2
s/scarusingCuUK U r adi ati on i n & and&nThegualitdtive AndilysisfeXRIv e e n
peaks in the spectmmas compared to those stored in the Joint Committee on Powder Diffraction
Standards (JCPDS) database using the se@aatth method with X'Pert High Score Plus software

(X'Pert, Netherlands).

3.2.5.3 Statistical Analysis

The data were presented as the mean + standard deviation, based on five ré¢iplieatéterent
coatingsscaffoldsfor each experimental rlifor each analysiandall statistical analyss conducted

using the DoE softwaré&tatistical analysis of experimental d&tam DoE Study 1 and DoE Study

2 was conductedising the DoE softwaréo understand the significance of process parameters.
Regression analysis was conducted to model the average of all inputs as a function of the LbL coatin
parameters. In a system with four independent variables, the relationship between the response a
these four parameters is approxinadby a quadratic polynomial model expresseldedswequation

(Eq.3.1). (261)

Equation 3.1: The relationship between the response and these four parameters

Y = By + Br X1 + X + B X + BuXs + P X1 X
F X1 X+ PraXaXa + BrsXaXs + fruX2Xa
FBaaX3Xa+ P XT + PrX5 + P X5 + PruXss

Where ¥, bXi,, bbii, and Dbi yalua theindépbandentdacter,dhe constadt r
term, the linear effect term, the squared effect term, and the interaction effect term, respectively. Th
quality of the fitted quadratic model was evaluated by the coefficient of determinatjpadRsted

R?, predictedR?, and the analysis of variances.

As DoE Study 1 consisted of a twievel factorial design witkix factors and a 1/4 fractional factorial,
the design is meant to investigate the main effects and interactions of the six factors while reducint

the number of experimental runs required. The-haifnal probability plots and effect plots were
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utilised as the most useful and accurate analysis for this study to determine the main factors affectin
each of the measured propertidp-value of <0.05 was deemed a significant regattall analyses
Parameters or parameter interactions with a significant effect upon a response were ranked in tr
order of pvalue. From the possible data transformations available in the DEsjggTt programme,

the square root was found to be most appropriate based on thR€ Box a n d analysis. aHe u e
statistical model used for the analysis of theEdactors waghe analysis of variancANOVA)

method

In DoE Study 2,using the information gathered from the experimental data, dkesDftware was

used to produce effect graphs, which indicated how changing each factor affected the property o
interest. The regression mathematical model with ANOVA tables, as well as the effecivplets
utilised to determine the main factors affecting each of the measured proddrtigsercentage of
contribution for each factor was calculated by dividing the sum of squares of each of the factors by
the total (model) surof squars (Eq. 3.2).

Equation 3.2: The percentage of contribution for each factor

AAAAAA 3.0 HENOB@@I AEOCEAAACONIO
#1171 OOEROOEHH——F——co e pTTP

The statistical significance of the terms in each regression equation was examined using th
sequential Rest, lackof-fit test to obtain the best fit and other adequacy measures wherelaaep

<0.05 is deemed a statistically significambdel

3.3Results

3.3.1 Properties ofUncoated Scaffolds

The porosity, compressive elastic modulus, and mass (n=5) of the 30, 45, and 60 $2aff&ld
before deposition are provided in Tab®7 to establish a baseline for comparison with LbL

assembled coated scaffolddoE Study 2.
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Table 3.7: Properties of uncoated foam templat@gan + standard deviatipn

Scaffold Type Mass Compressive elastic modulus  Porosity
PU foam- 30 PPI 36.1 +2.3 mg 0.09 +0.01MPa 97.4 +1.26%
PU foam- 45 PPI 40.4+ 3.1 mg 0.10+ 0.05 MPa 97.9+ 1.43%
PU foam- 60 PPI 23.2+ 1.7 mg 0.13+0.01 MPa 98.8+ 1.1%

3.3.2 DoE Study 1:Optimisation of the LbL Assembly Nanocomposite Materials System

Conditions

The results for DoE Study 1 are summarised in TableTh8.study used hatformal probability
plots and effect plots as reliable and accurate mettwdientify the parameters and interactions

which significantly affected the given resposise
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Table 38: Results table for DoE Study 1

Run Mass Strut Coating Compressive Porosity (%)

(mg) Thickness im)  Modulus (MPa)

2 46.10 156.13 2.15 96.10

4 48.20 148.71 2.80 95.01

6 49.80 145.33 3.80 95.69

8 52.90 151.13 2.90 95.25

10 60.50 148.71 4.20 95.86

12 54.60 135.76 3.85 95.36

14 44.40 141.11 2.15 96.19

16 43.40 135.25 3.60 96.30

18 59.30 141.69 3.35 92.77

20 44.80 139.23 2.25 93.66
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3.3.2.1MassIncrease ofDeposited LbL-assembledCoating

The mass of the uncoated PU scaffold (30 PPI) 3%+ 0.5 mg. The mass increase of 30 L
coating deposited onto templatescording to the numerical resyltanged from 39.4 0.3 mg to
63.8+ 0.7 mg. The massesponse was affected significantlyyg@lue of <0.0001 and%f 0.8609)

by theMTM nanoclay concentration, PDDA pH and the interaction of two factors, PLL pH and PGA
pH (Figure 3.2A). The results indicated that the mass was affected predominanthebyTM
concentrationwith increasing MTM concentration resulting iniasreasdn themass peQL. All

other factors were deemaealhave annsignificanteffect on themass.

3.3.2.2 Multilayer Strut ThicknessCoating

The averagstrut thickness ofhe uncoated PU scaffold quantified from SEM image analysis was
125+ 2.2 um. Following coating depositionhé crosssectionalSEM images revealed the presence

of a conformal coating surrounding the L-Bssembled coated scaffolds, with an apparent increase
in thicknesswhich is consistent with the results of gravimetric analyl® strut thickness of the

30 QLs LbL-assembled nanocomposite coating on the scaffolds ranged fro@5236h t 062 1 8 9
€ mTheDoE results indicated th#tte coating thicknessas affected significantly by the MTM pH

and polymer concentrations-alue of <0.0001 and®f 0.8410). Increasing these factorsreased

coating thickness, as shown in Fig@t2B. All other factors were insignificant.

3.3.2.3Mechanical Properties

Thecompressive elastic modulasthe uncoated PU scaffold was found to be @0D1MPa The
compressive elastic modulus of the coated scaffolds rangedt@ihrMPato 4.20MPa As shown

in thehalf-normal plot (Figure3.2C), three factors were found significantly affect the mechanical
properties of Lbkassembled coated scaffolds, polymers concentrations, MTM pH, and nanoclay

concentration, with a-palue of <0.0001 and%f 0.8920.
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3.3.2.4Porosity of LbL -coatedScaffolds

The porosity of the uncoated PU scaffold was found 874+ 1.1% The porosity of the 30 QL
LbL-assembled coatl scaffolds ranged from®13% to %$.30%. The interpretation of &k results
indicated that it was affected significantly by &M nanoclay concentration and the interaction

of two factors of PDDA pH and PGA pH, which can decrease the porosity percentabé of
nanocomposite coated scaffal®®rosity analysis confirmed that the l-Bksembled coated scaffold
percentage porosity decreased at high concentsaifamanoclay, as expectedije tothe pore walls

of higher levels of coating deposition on the fdldf resulting in a decrease in the overall porosity
percentageThe interaction between PDDA pH and PGA pH also played a critical role. It was
observed that higher porosity was achieved when PDDA pH was high and PGA pH was low. This
could bebecausef thepH on the polymer's charge density, influencing the thickness and uniformity
of the LbL coating. At higher pH, PDDA may have a stronger charge, leading to more extensive
deposition, while lower pH in PGA might result in a less dense coating layethatl factors in the

DoE study were deemed insignificant and were used to estimate the experimentakeshmwn in
Figure3.2D, two factors were found to affect the porosity in the scaffolds witaye of <0.0001

and R of 0.8110.
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Figure 3.2: The halfnormal probability plots and effect plgis-D) were used to determine the main factors
affecting each of the measured properties. A)4dalinal plot of the standardised effects for the influence of
inputs on the mass increase of deposited nanocomposite coating. Blokha#l plot of the standardised
effects for the influence of inputs oL assembled coating thickness. C) Habdfmal plot of the standardised
effects for the influence of inputs on the compressive elastic modulus efddtkd scaffolds. D) Haliormal

plot of the standardised effedts the influence of inputs on porosity of Lidoated scaffolds. E: SEM images
showing the coated surfaces of PU foam following LbL coating using low/high values for different factors. 1)
High polymer concentrations (Run 6). 1) Low MTM pH and low MTM centration (Run:11). lll) High
polymers pH and low MTM pH (Run:12). IV) Low polymers concentrations (Run:15). V) High MTM
concentrations (Run: 16). VI) Low polymers and MTM concentrations (Run: 14).

3.32.5 Property Optimisation of the LbL Assembly Nanocomposite Materials System

Condition

The selected parameters from optimisation had a desirability of 1. The optimal conditions were
determined to be concentrationslafit.% for polymers and 0.5 wt.% for the nanoclay. The optimum

pH values for PLL, PGA, PDDA and MTM based on the high electrical charges were found to be:
PLL pH of 3.5, PGA pH of 10, PDDA pH of 4.5 and MTM pH of 9.5 (Tabi® as pH affects the
degree of ionisation of the functional groups, and therefore the polyelectrolyte charge density. This

study identified the optimal matal parameters for the deposition of nanocomposite coatings onto
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opencell porousPU scaffolds using LbL assemblience the physicemechanical properties of the
LbL-assembled coatgubrousscaffolds could be tailored for bone tissue engineering applications

(227).

Table 39: Optimal conditions materials paramettsthe deposition of nanocomposite coatings onto
porous scaffolds using LbL assembly

Materials pH pH pH pH Polymers Clay
System PLL PGA PDDA MTM Concentration Concentration
Parameters
Optimisation 3.5 10 4.5 9.5 1 wt% 0.5 wt%

The composition described in TabB9 was fabricated,and the compressive elastic modulus,
porosity, thickness and mass properties were determintzst Bnalysisomparing thepredicted

and actual responselhoweda nonsignificant difference (walue: 0.1) between the values with a
percentage of di3i0. Ehe maparties olthedpbmiged Ridatedescaffolds for

DoE Study 1 were compared to-aptimised PU scaffolds coated with the 30QbL coating from

our previous work presented @hapter 2. The compressive modulus increased from 1.90 MPa to
3.80 MPa (+101% improvement in stiffness), and the porosity from 90.48% to 91.85%. Therefore,
optimising the material system for the LbL coating process was a crucial investigation to ttientify

ideal conditions to achieve the desired coating parameters.
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Table 310: Validation and comparison of the difference between predicted resgomse®oE
optimisation and actual values framperimental work using as a composition the optimal outputs.(n=5)

Responses Actual ResponsesNlean Predicated Responses Error
+ SD) (Mean) (%)

Mass (mg) 50.10+ 1.4 49.05 2.1

Strut Thickness (um) 153.25+ 1.7 147.55 3.7

Compressive elastianodulus 3.80+£ 0.20 3.65 3.1

(MPa)

Porosity (%) 91.85+ 0.91 9250 1.3

3.33 DoE Study 2:Optimisation of the LbL AssemblyProcessParameters

Following optimisation of thenain material parameters for nanocomposite coateppsiteconto

porous structures via the LbL assembly prodasBoE Study 1, DoE Study Rvestigate and
optimised the LbL assembly process conditiarssng a BBDPLL/PGA/PDDA/MTM nanoclay Qk
wereassembled using the optinrakterialconditions identified in the @€ Study 1 (i.e., PLL pH

3.5, PGA pH 10, PDDA pH 4.5, MTM pH 9.5, polymers concentratish% and clay concentration

0.5 wt%). After all experimental runs were completed, scaffalols-coakedwith differentnumbes

of QLs were characterised in terms of mass, coating thickness, porosity and compressive elasti

modulus.The results for DoE Study 2 are summarised in Table 3.11.
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Table 311: Experimental runs anesults for DoE Study.2

Run Factor Factor Factor Factor Mass Coating Compressive  Porosity

A: Pore B: C: D: Thickness Modulus
Density Number Drying Coating
(PPI) of Steps Time (9) (um) (MPa) (%)
Layers  (QLs) ()
(QLs)

2 30 40 15 45 0.108 5.8 0.644 85.80

4 45 40 20 45 0.158 6.3 3.86 84.50

6 45 40 10 45 0.146 5.7 3.88 87.30

8 60 70 15 60 0.196 123 9.85 78.50

10 30 100 15 45 0.161 13.1 5.56 83.00

12 45 70 15 45 0.201 12.3 13.14 84.90

14 45 70 15 45 0.198 12.4 12.92 85.10

16 45 40 15 60 0.163 6.7 3.09 86.40

18 45 70 10 60 0.225 13.6 12. 4¢ 8310

20 30 70 10 45 0.135 7.6 2. 38 86.10
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22 60 70 10 45 0.170 11.4 11. 1C 84.00

23 45 100 15 30 0.205 16.8 23.51 81.00
24 30 70 15 60 0.161 8.4 2.03 85.20
25 45 70 20 30 0.220 12.9 11.87 85.70
26 30 70 15 30 0.151 7.1 2.20 84.50
27 45 70 20 60 0.238 13.3 11.79 86.40
28 60 100 15 45 0.188 17.3 18.10 79.50

3.3.3.1 MassIncrease ofDeposited LbL-assembledCoating

The mass increase dfblL-assembt coaed PU scaffoldsranged from0.108 gto 0.225 g The
ANOVA analysis provided a significant modek¢plue: 0.0097) (Figurd.3). According tathesum

of squares provided by ANOVA analysiee mass was affected predominantly by the peresity
(Factor A) and the number of layeFagtor B) with the percentage of contribution to the mstsswn

to be greater than 42% while the other fact@@ntributed3-9%. The results indicated that by
increasing the number of layefeom 40 QLs to 100 QLs, the mass significantly increased
Furthermore, the 45 PPI scaffold exhibited a higher mass increase compared to its 30 PPl and 60 P
counterpartsThis can be attributed to the optimal balance of surface area and porosity within the 45
PPI scaffold, which offermoresurface area for coating deposition thae 60 PPI scaffold while

still maintaining a porosity level that facilitates effective coating penetration. In contrast, the 30 PPI
scaffold, with its larger pore size, has a reduced surface area available for coating, leading to les
deposition and, congaently, a lower mass increase. The 45 PPI scafiadidedan ideal balance
between porosity and surface area, resulting in more efficiertasbembled coating compared to
both the 30 PPI and 60 PPI scaffol@isereforethe interaction of factors AB, B (D: contact time),

and ABD wasalso significant. All other factors were deemed insignificant and used to estimate the

82



error. The results found a quadratic correlation between the number of layers and mass increass

which is consistent with the ressitif previous researtb5,59)
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Figure 3.3: Influence of all input factors on the mass respafideblL -assembled coated scaffolds according

to DoE analysis.
3.3.3.2 Multilayer CoatingsThickness

The coating increase dfbL-assemb}-coaed PU scaffoldsranged from5.7 um to 19.1um. The
ANOVA statistical model demonstrated a significant model withvalpe <0.0001Based on the

sum of squares and the contribution of each factor from the ANOVA analysis, the number of layers
has the most significant impact on this response, contributing over 20%. This is comparable to the
trends observed for the coating thickness resppwhere the input parameters such as gemsity

coating time, and drying timaso play significant roledncreasinghe number o€oating layers led

to a significant increasm coating thicknessas did,to a lesser extent, increasing t@ating time
(Figure3.4). The influence of physical parameters on coating thickisafiastrated in Figure3.5,

which shows SEM images of the samples with the lowest and highest coating thikeelisear
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relationship between coating thicknesgh manylayersand coating timebserved supports the

findings ofZiminskaet al.andAchesoret al.(59,119)
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Figure 34: Influence of all input factors on coating thickness respafidel -assembled coated scaffolds

according to DoE analysis.
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Figure 3.5: The effect of the number of layers on coating thicknA3&EM images for the lowest thickness
LbL coating and B) for the highest thickness LbL coating.
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3.3.3.3 Mechanical Properties of Scaffolds

The compressive elastic moduli of Lisissembled coated scaffolds ranged from 0.64 MPa to 25.20
MPa As with the previous properties, the compressive elastic modulus was affected predominantly
by theporedensity(Factor A) the number of layerd=actor B) andheinteraction between the two
parameters (AB). The compressive elastic modulus follows the same trends as thickness,and max
as depositing thicker coatings resulted in coated porous templates with higher compressive elasti
modulus. The experimentadsults highlighted that the compressive elastic modulus was affected by
two main factors number of layers and the pore size of the scaffold according to ANOVA analysis
of the DoE models. According to the sum of squares and the contribution of each factor provided by
ANOVA analysis (pvalue: 0.0015), the factevith the greatest effecin this response is the number

of layers with a contribution greater than 40%. The effect of the other factors on the compression
properties is shown in FiguR6. A redudion in compressive elastic modulus was obsewhédn

the frequency of drying (Factor C) was reduced fex@ry 10 Qlsto every20 QLs. Theporedensity

of the scaffold had quadratic relationship with theompressive elastic modulusith the coated5

PPI scaffolds showing the higheshechanical properties. Increasing the coating time did not
significantly affect the elastic modulus of Lalssembled coated scaffolds. In addition;<Bifface
analysishighlights the influence opore size and number of kg on the compressive elastic
modulus showingthat there is a high correlation between these two values in terms of ingribes
compressive elastic modulus of scaffolds (Fig8®. The analysis showed that variations in these
parameters lead to notable changes in the mechanical properties of the scaffolds, emphasising the

critical role in the optimisation process.
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Figure 36: Influence of all input factors on the mechanical propexiesbL-assembled coated scaffolds

according to DoE analysis
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Figure 3.7: 3D Surface DoE analysisshowed the influence of pore density and number of layers as the

parameters with the greatest effect on the compressive elastic modulusadddyhbled scaffolds.
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3.3.3.4 Porosity of Scaffolds

The porosity of LbL-assembled coated scaffolds randemm 75.5% to 89%. The significant
ANOVA model (pvalue<0.0001) provided by dE demonstrated that the porosity was affected
predominantly by the number of layevgith a contributionof approxmately 44%. This result can

be explained by the fact that coating deposition decreases porosity as the pore space is filled by tt
coating material. As expected, the number o5Q4&d the inverse effect on the porosity compared to
thickness, mass, and elastic moduldgh porosity scaffolds are desirable to obtain a larger surface
area for cellular attachment and improved cellular infiltration throughout the scaift@dhickness,

mass, and mechanical properties, the porosity was affected predominantly by the number. of layer:
More importantlyanincrease in mechanical properties was achieved while still maintaining a highly
interconnected pore structufiéhe porosity was lower when the number of layers was increased from
40 to 100 and when thecaffold pore densty was increased from 30 PPI to 60 PPI, as shown in

Figure3.8 Thecoating time and frequency of dryingd not significantly affect the porosity
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Figure 3.8: Influence of all input factors on porositf LbL-assembled scaffold#\) according to DoE

analysis and B) physical data (SEM) showing the porésedfighest and lowest porosity scaffolds.
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3.3.3.5 Property Optimisation of the LbL AssemblyProcessingCondition

The optimisation of processing parameters aimed to balance theoffdgetweenthe optimal
requirements fomechanical properties, porosithickness and mass to reach the desilesign for

bone scaffoldapplication The optimal LbL assembly conditions were then determined kg

DoE optimisation procesgas shown in Tabl8.12 (desirability = 0.928). The predicted parameters
and levels that would allow for these properties to be achieved are listed in3TaBlé bL-
assembled coated scaffolds were prepared using the LbL assembly conditions specifiedBiiZable
and the properties of the resulting l-aksembled coated scaffolds were measured to validate the
predicted properties from the optimum processing conditions. A small deviation between the
measured and the predicted values is expected, as the conditposqat by DE software do not

take into consideration the factors that individually are insignificant but combined can result in a
small variation. ftest analysis between predicted and actual responses was conpumtiting a
non-significant difference v a | u e : 0.1) between the valges \
Hence, the optimised scaffold gives the ideal LbL process parameters to achieve a highly porou
scaffold with high mechanical propertigghich ispotentiallysuitableto enablecells to infiltratethe

scaffolds for biomedical applicatios9,263)

Table 312 Optimal conditions of LbL process parametiensLbL-assembled coated scaffalds

LbL Process Pore Number of Drying Coating

Parameters density layers step time
(PPI) (QLs) (QLs) (s)

Optimisation 45 100 10 30
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Table 313 Validation and comparison of the difference between predicted respbosesthe DbE
optimisation and actual values frarperimental work using as a composition of the optimal outputs.

Response Actual Responses  Predicated Responses Error
(Mean = SD) (Mean) (%)
Mass (9) 0.202+ 0.6 0.199 1.50
Thickness (um) 17.30 £2.04 16.84 27
Porosity (%) 80.66 +1.15 81.71 1.29
Compressive elastic 23.55 £3.80 24.25 3.01

modulus (MPa)

3.34 Property Optimisation of the LbL AssemblyM aterials and ProcessingConditions

3.34.1 SEM-EDX Analysis

SEM and EDX analyses were conducted aptimisel coated scaffolds. Results from SEM
demonstrated that the uniform, dense, and homogenous multilayer ceatingshe interconnected
structureandon thesurface of the scaffolds (FiguBe9), with an increase isoating thickness at 100

QLs. EDX analysis confirmed the nanoclay was successfully incorporated into each polymer system
creating a nanocomposite coating (FigBt#0). The analysis revealed the presence of elements
typically found in MTM nanoclay9.43% amount of aluminium and a significant amount of silica

(21.37% (the chemical formula of MTM: (Na, Cagz(Al-Mg)2 (SisO10) (OH)p).
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Pores structure

Figure 39: SEM analysis confirmed the successful LbL depositddna multilayer coatinginto the
interconnected structureovering uniform pores surfaces and foam struts of scaffold under optimised

conditions.

Optimised
LbL coated

Figure 3.10. EDX analysis A) uncoated scaffold, and B) EDX analysis fiovestigation of the elemental

composition of th@ptimised parameters Lbtoated scaffold and corresponding tablgh the SEM imags.
3.3.4.2 Mechanical Properties

In terms of mechanical properti¢se LbL coatings enhancélde mechanical properties of the open
cell structures, with PU foan{45 PPIl)exhibiting an increased elastic modulus from 0.09 MPa when

uncoated to 23.55 MPa whehOO0 QLs Lbl-coated under optimised conditions (o

improvement in stiffness compared to the uncoated scaffold) (Fglite.
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Figure 3.11: Strainstress grapbf the uncoatedandLbL -coatedscaffolds- before the optimisation process,

and LblL-assembled coated under optimised conditions (100 QLs depdsitéd)

3.3.4.3 Porosity Analysis

In terms of the porosity of the scaffolds (Figugel?, the optimisedLblL-coated scaffolds
demonstrated significantdecrease in the porosity of 8% (i.e. a reduction fromR90% + 1.49

to 7820%+ 2.09) when compared to the uncoated scaffold.
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97.90 + 1.49 ‘
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=}

Uncoated Optimised LbL coated

Figure 3.12 Porosity test resultef uncoated and Lbicoatedscaffoldsunder optimised conditiondhe
values are mean * standard deviation (n = 5), *&001.

3.3.4.4 Chemical Characterisation

In terms of chemical analysis, FTkhalysisconfirmed the presence of a nanocomposite coating

within the scaffolds fabricated using the LbL assembly methoak fain peaks indicating the
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presence of nanoclay were observed at specific peak frequersgesifically, he Amide A of
biopolymers (PLL and PGA) and the OH group of nano¢&76 cml); CH. of PLL and PGA
protein (2,973 cm); the Amide | of biopolymers and NaH group of nanoclay (14& cml); the
Amide 1l of biopolymers and ADH group of nanoclay1,542 cmit ); and the Amide Ill of

biopolymers and SDH group of nanoclay (@73cm™) (255) (Figure3.13).

= Uncoated
m== Optimised LbL coated

Na-OH
Amide I

Transmittance (%)

OH CH, -
Amide A Amide IT

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm1)

Figure 3.13: FTIR spectra uncoated and the Lbtoatedscaffoldsunder optimised conditions

XRD analysis as a secondathemicalqualitative validation was used to identify the level of
presence of nanoclay coating. XRD refinement technique confirmed the nanoclay was incorporatet
into the coatingwhich was corroborated by FTIR analysis. A representative XRD pattern of
multilayer coating of PLL/PGA/PDDA/nanoclay film is shown in Fig®.d4 together with the
uncoated PU scaffold. The scaffolds with LbL nanocomposite coated under optimised conditions
exhibitedsix sharp distinctive peaks in the scan range in comparisoriiveitincaated scaffold. The

sharp peaksn the Lbl-coated scaffoldndicate welllayeredstructures of nanocomposite film
approximatelyl7.68°, 20.85°, 36.72°, 54.43, 6253° and 73.35 for MTM nanoclay(264) These

peaks analysed with X'Pert High Score Plus software correspond$o (N&PDS #9653-4381),
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SiO2 (JCPDS #00331161), NaOH (JCPDS #9610-4275), NaO (JCPDS #9®104275), FeO
(JCPDS #963000328), and €0 (JCPDS #94.01-0490), respectively265). The lowangle peaks

at 17.68° N-H, JCPDS # 96110-6500) 20.85°C-H-O, JCPDS # 9@51-7154) and 35.727-0,
JCPDS # 96101-0490 are consistent with the peaks observed in the uncoated PU scaffold,
suggesting that the LbL process did not alter the fundamental structure of the JE&&)Id he
increase in gallery spacing indicates the PLL and PGA were intercalated into the nanoclathduring
deposition process. Similar increases-spadcing have been observed in LbL assembly of graphene
oxide and poly(vinyl alcohol) (dpacing increased from 8.3 A to 13.2 A) and in
PEI/PAA/LPEI/nanoclay films (épacing increased from 11.4 A for pure MTM ®.3 A nm for
PEI/PAA/LPEI/nanoclayQLs) (267,268) The increase in thegspacing here was smaller compared

to reports in the literature, which may be attributed to potential differences in the spectra for pure
MTM compared wititMTM -Na" (Cloisite N&) nanoclayThe XRD resultonfirms that the nanoclay
was successfully incorporatédto the LbL coatings, leading to enhanced physi@xhanical

properties of the scaffolds.

= Uncoated
= Optimised LbL coated

-17.68° N-H JCPDS # 96-410-6500
-20.85° C-H-O JCPDS # 96-451-7154

- 35.72° C-O JCPDS # 96-101-0490

- 17.68° Na-Si JCPDS #96-153-4381

- 20.85° SiO2 JCPDS # 00-033-1161

Intensity (a.u.)

- 35.72° Na-OH JCPDS # 96-810-4275

- 54.43° Na-O JCPDS # 96-810-4275

- 62.53° Fe-O JCPDS # 96-300-0328

9-73.35° C-O0 JCPDS # 96-101-0490
20 30 40 50 60 70 80

26 (%)

Figure 3.14 Representative XRD spectrauncoated and the Lbhanocompositeoated scaffolslunder

optimised conditions.
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3.3.4.5 Contact Angle Measurement

The water contact angle data was analysed to determine the hydrophobic or hydrophilic propertie
of the scaffold surfaces. The water contact angle results indica6d0& + 1.37 significant
difference between the Lbtoated scaffold fabricated under the fudigtimised condition and the
uncoated scaffold. These results showed that theddalted scaffold fabricated undeptimised
conditions had improved hydrophilicity compared to the uncoated scaffold (Bdife The LbL-
optimisel coating films on 3Bporous substrates resulted in a significant decrease in contact angle,

thuspotentiallyenhancing the biological response to these matéfaR)
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Figure 3.15. Contact angle measuremeftuncoated PU scaffold compared to the PU scaffold inith-
assembly coating produced under the optimised conditions. The values are presented as the mean * stand
deviation (n = 5). ***p < 0.001.

3.4.Discussion

The field of bone tissue engineering has seen substantial advancements in receguaryieaiarly
with the development of effective bone scaffold materials for bone repair and reger(@68i@i0)

In many scaffold materials, high porosity limits lelagaring capacity, hindering the ability to tailor
mechanical properties to specific ned@31). Incorporating stiff nanfonicro coatings via LbL

assembly into 3D porous structures offers a promising sol(2b®) However, acomprehensive
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parametric study fooptimisationof the LbL assembly process lacking (55,255) This chapter
focused on investigating the impact of btile coating material system and process parameters on
the chemical, mechanical and physical properties of PU foam scaffolds coated with
PLL/PGA/PDDA/MTM nanoclay using LbL assembly. Two DoE studies were conducted to identify
themain effects andptimisethe process. The stigd examined four key properties bbL-coated

PU scaffold templates (thickness, mass, porosity, and compressive elastic modulus), which wer
influenced bymaterial propertiesuch as coating material pH and concentration in Bigdy 1 and
processing parametersuch aspore density, coating time, numbef coating layers and the
frequency ofdrying in DOEStudy 2. The interactions between these factors;rwiinal probability

plots, ANOVA analysis, and effexplots were employed to determine the main factors affecting
each propertyOptimisation of the_bL-assembled coated scaffoldsned to achieve thkighest
possible compressive elastic modulus with high porosity and lowest possible coating thickness an
mass. Undeoptimisal conditions, a significant improvement was observed in tailoring the surface
and bulk properties of porous scaffolds through nanocomplasiteassemblycoatings. ThidDoE
research wathe firstto systematically asseasdoptimise LbL assembly of PLL/PGA/PDDA/MTM

nanoclay coatings for bone tissergineered scaffold applications.

DoE Study 1 focused on optirsing the concentration and pH of the nanocomposite coating material
system. Optimal conditions were determined as 1 wt.% for polymers and 0.5 wt.% for nanoclay, with
pH values chosen to maxisai electrostatic polyelectrolyte interactions based on electrical charge
considerations (PLL pH of 3.5, PGA pH of 10, PDDA pH of 4.5 and MTM pH oAS)the LbL
assembly technique is based on electrostatic interactions between matexigld, levelsplay a

critical role inthe coating prcess(118) The degree of iosation of the carboxyl groups in
polyelectrolytes is influenced by pH variation, which affects surface charge d@va)yTherefore,

we expected that a low pH for PLL and PDDA as polycations and a high pH for MTM nanoclay with

a high negative charge and PGA as a polyanion would enhance the binding interactions in the Lbl
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coating. These conditions maxmsaithe electrostatic charge interactions, leading to stronger and
more effective coatings because the dominant driving force for LbL assembly in our multilayer films
wasthe electrostatic interaction272,273) The mechanism by which low concentrations improve
physiochemical and mechanical properties may be due to the decreased rate of particle penetratic
and diffusion at higher concentratiai2y4). This reduction in uniformity of the coating subsequently
leads to diminished mechanical propert{@48). Additionally, higher concentrations result in a
significant decrease in scaffold porosity as pores become filled, reducing the available surface are
(255). The concentration and pH of MTM significantly impacted all response propertiesldilthe
coatedscaffold.Specifically, variations in MTM concentration and pH levels were found to influence

t he <coat i npprdsity anchmech&nica strengfd75,276) In this study, it was observed

that adjusting the pH of the MTM solution could control the charge density and dispersion of the
nanoclay particles. A higher pbf the MTMtypically resulted in better particle dispersion and more
uniform layer formation, contributing to improved mechanical properties such as increased
compressiveelastic modulusThefindings of this studyalsodemonstratedhat an optimal balance

of concentration and phh the coating materials systes crucial for achieving desired séalfl
characteristics, suggesting that precise control over these parameters can tailor the scaffold
properties to specific applications in bone tissue engine€@h§) This finding was similar to
previous stusthat used MTM nanoclay LbL coating to improve the physi@achanical properties

of the PU scaffold59,254) The structure and physical properties ofgbaffoldsevolvedregularly

and predictablywith strut thickness and mass increasing and cell size and porosity decreasing as th
coating thickness increaseb previously demonstrated by Zimingkaal. (55,59) Themechanical
propertiesof the optimised scaffold from DoE Studyshowed a significant improvement of more
than 100% compared to thél-coated scaffoldpre-optimisation This notable enhancement in
mechanical properties indicates that tpimiseal coating conditions applied in this study (DoE

Study1l) are highly effectiveThis suggests that the specific material coating factors identified in this
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study are crucial for maxirsing the benefits of LbL assembly. Furthermdtes emphases the
importance of experimental validation insteadedfing only on existing literature or similar studies
DoE Study 1 was the initial and novel study focused on ogtigithe material system for LbL

coating, with goarticular emphasis on exploring the effects of pH and concentration parameters

DoE Study 2 involved a parametric study investigating the influence on LbL coating parameters. The
optimal conditions were identified ascaffoldpore density of 45 PPI, 100 Qland acoating time

of 30 s, with drying carried outevery 10 QLsResults showed the increase in coating tamd
number of layersed to a greater coating thickness due to enhanced diffusion, as found in similar
research on thmfluence of deposition time on LbL growth of clagsed thin film(277) Results
showed thascaffold pore densitand number ofQLs for LbL-coated scaffolds had the greatest
impact on the responses. This finding was the first parametric ansiysisng thampact of pore
density and number of layetdepositecbn PU foam scaffoldluringthe LbL coatingprocess orthe
physicemechanical properties of porous scaffolllse combination of 45 PPl and 100 QLs, along
with the optimisal drying steps and coating time, contributed to a significant improvement in the
mechanical propdds (260fold) of the PU scaffolds.This dramatic increase highlights the
effectiveness of the LbL process in significantly enhancing the mechanical properties of scaffolds.
Similarly, Achesoret al.found that the elastic modulus increased from 0.08 + 0.01 MPa for uncoated
foams to 4.90 £ 0.481Pa when coated with a 60 QL coating of PEI/PAA/PEI/nanodag®) They
determined that the elastic modulus of the coated foams increases as a function of the number of QI
deposited. In the previous chapter, fsand that increasing the number of layers under dynamic
coating conditions in LbL coatings significantly enhanced the compressive elastic modulus of the
scaffold. This improvement mechanism is attributed to the effective nanocomposite coating, which
ensures a homogeneous layer and strong bonding on the porous structure, thereby providin
enhanced physiemechantal properties(218,255) This finding highlights the importance of

optimising the number of layers in LbL assembly to achieve optimal mechanical properties in bone
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tissue engineering applicationghe optimal parameter of drying steps of 10 QLs and coating time
of 30 s in DoE Study 2 align with findings frooor previous work presented in ChapteZininska

et al, McFerranet al, and Achesoret al. who reported similar improvements in mechanical
properties wheapplying drying after every0 QLs andising adipping timeof 30 s when fabricating

LbL assembly coating on PU scaffol9,119,254,255)This agreement with previous studies
emphasies the reliability and reproducibility of thesmtimisation strategies across different
research effortsDuring all experimental runs, the porosity consistently exceeded the minimum
requirement of 60% for cancellous bone substit®&) This allowed for the deposition of
additional coating layers to achieve other targeted properties, such as mechanical bewaNgour,
still achieving the minimum porosity(255). Optimisal LbL-coatedscaffolds maintained high
porosity and an interconnected pore structure, facilitating cell infiltrétidn The results of the DoE
studies showed that the compressive elastic modulus of the &awxhffoldvas affected by either
depositing more coating mategiaksulting in higher thickness and mass of the coating or by
fabricating coatings with different mechanical properties resulting from altered assembly conditions.
Substantial mechanical improvement was observed by McFetralp who demonstrated that the
modulus of opertell PU foam increased from 0.15 + 0®a when uncoated to 6.01 + 0.36 MPa

for (PDDA/PAA/PDDA/nanoclay) coatings deposited with 60 @2S4) This significant increase
underscores the effectiveness of the LbL process in enhancing scaffold mechanical properties due

variations in nanoclay content under different process conditions, as observed in simila(S#)dies

The 3Dporous scaffolds exhibited a consistent mass increasef245 mg peQL) and coating
thickness (1.8& 0.43 um peQL) proportional to the number of deposited multilayers. SEM analysis
confirmed a uniform and robust multilayer nanocomposite coating with an average pore&2i#zé of
+12.1 um(uncoated 814 £ 9.2 um). A significant 266fold enhancement in mechanical properties
from 0.082 up to 21.64 MPa was achieved while maintaining a highly interconnected structure with

78.2% 1.24% porosity.These findings highligledthe necessitjor precise parameter control in the
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LbL assembly process to achieve desired mechanical properties in porous scaffolds, ultimatel
contributing to more effective and robust scaffolds for tissue engineering applicRieamusly,
comprehensive systemabptimisationstudies on the mechanical properties of LbL assembly films
deposited onto 3D porous templates were lackiftige optimisal conditions for the physio
mechanical properties of PLL/IPGA/PDDA/MTM nanoclay coatings assembled ontecelh8D-
porousPU scaffoldare described for the first tim€ompressive testing revealed a rapid increase in
the compressive elastic modulusnd that spanned an order of magnitudeder optimised
conditions, the fabrication of LbL scaffolds showcased enhanced phgsecalanical and chemical
properties, underscoring the capability of Lhgsembled coatings to create thin, robust films within
porousstructures, thereby offering promise for application in bemgineered scaffold255) Our
optimisation study confirmed the ability to tailor the surface and bulk properties of highly porous
scaffolds through Lb assembly, which is consistent with recent research in this field. Zimaiska

al. (2019), McFerranet al. (2022), Achesoret al. (2023), and Sahebalzamaet al. (2024)
collectively highlighted the potential ushtion of tailoring the physiemechanical properties of
porous scaffolds through precise control of LbL assembly parameters offers a robust approach fo

developing advancematerials for biomedicalpplicationg59,119,254,255)

One of the main benefits of the materials system in this research, in comparison with previous
studies, is the use of biocompatible polyelectrolytes PLL and PGA instead of PEI and PAA, which
is potentiallybeneficial forin vitro function (279). Despite the augmented coating thickness due to
optimised conditions, the scaffolds preserved their high porosity and interconnected pore structure
which might bemirroring the trabecular configuration of natural spongy H@68,280) This feature
facilitates cellular infiltration across the scaffold microstructure, a critical aspect for tissue ingrowth
and integration(12,281) Surface analysis of scaffolds coated with LbL under optimal conditions

revealed enhanced hydrophilicity, leading to a significant 33% reduction in contact angle from
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139.57 + 1.86° to 93.48 + 2.14Fhis enhancement in wettability provides additional benefits for

bone tissue engineering, such as increased cell adhesion and sp{E28ii2§2)

It is anticipated that these highly customisable materials with tuneable physical (e.g. thickness, mas:
pore size) and mechanical properties (stiffness, strength) could be employed for an engineered bor
substitute applicatiorit can be expected thatrther addingQLs or crosslinkers to the LbL coating
scaffoldwill allow for thefabrication of stiff and strong materials with compressive elastic modulus
comparable to that of cancellous bone tis@eerall, hischapteldemonstrated how these optimised

LbL coatingsystemeffectively modifies the chemical, physical, and mechanical properties of highly
porous 3D opettell structures, showcasing their potential for use as lightweight engineered

materials for bone tissue scaffolds.

The novelty of this research was in its systemaptmisationof LbL assembly conditions for
nanocomposite coatings on gdrous PU scaffolds, utdng the DoE approach specifically for bone
tissue engineering applications. It marks the first study to precisely eptbuth material system
parameters (concentration and pH) and process parameters (pore density, number of layers, coati
time, and drying steps), leading to a significant enhancement in the chemical and-ptechemical
properties of thecaffolds The research provided new insights into how optimal conditions improve
LbL coating uniformity, achieving mechanical properties while maintaining highly porous structures
to address the balance between porosity and mechanical strength, offering a oesV fanotreating

effective bone scaffolds.

3.5Conclusiors

The key advantage of multilayered films fabricated with LbL assembly is the ability to tailor
thickness, composition and morphology through adjustment of assembly parameters (e.g. number ¢
depositions, pH of solutionsomposition of constituents, time of rinsing, intermittent drying steps

and coating times)he influence of LbL assembly parameters and coating materials system on the
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properties of opewgell porous PU foam templates coated with PLL/PGA/PDDA/MTM nanoclay
compositesvassystematically quantified usingvo DoE studies for coating materials and process
parameters in this researd@y optimisation studies of the properties of the polymearocomposite
coatings fabricated via LbL assembly, the properties of coated porous templates can be controlle
and tailoredn both surface and bulk properties specific application requirementa.thischapter

it was shown that Lblasembled coatings reinforced with nanoclayuld produce coatings with
mechanical properties comparable to those of bone ts=mifoldsif a sufficient number of layers

were depositedThe key finding in thisoptimisationresearch was the identification of the optimal

pH and conditions based on high electrical charges for the coating material system parameters:
Additionally, we optimisel the LbL assembly process parameters, including pore density, layer
numbers, coating time, and drying steps. This compreheogitmnisationstudy has led to the
develgment of a new protocol that enables the fabrication of polyraeocomposite coatings on
highly porous structures with tailored mechanical and physical properties, controlled porosity, and

incorporated functionality.

This was the first study to systematically optimise and assess LbL assembly of
PLL/PGA/PDDA/MTM nanoclay coatings for bone tisseiegineeing applications.The physice
mechanicaland chemicalproperties of this optirsed scaffold were only tested under ambient
conditions. The nexdtudyexplores the physicemechanical properties of tloptimisedLbL-coated
porous scaffolds in hydrated conditioris.also investigates the ability of various crosslinking
processes to maintain the mechanical properties dftthecoated porous scaffolds under hydrated

conditions, enabling them to functiamvivo.
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Chapter 4: Effect of Crosslinking on the Physico-
mechanical Propertiesand Biodegradation Rateof LbL -

assembledCoated Porous Scaffolds

Sections of Chapte4 and Chapter have been negparedas a third technical paper for Q1
biomaterials journasubmission.

Sahebalzamani MA, Redmond Algarwal S,Levingstone TJ, Dunne NEnhancing Physico
mechanical Properties and Fsteoblast Interaction with Multifunctional Nanocomposite

Layerby-Layer Coated Scaffolds for Bone Tissue Engineefldgder Supervisory Review)
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4.1 Introduction

In Chapter 3the material system and the process parameters for fabrichtirgssembly coatings

on porous Plscaffoldswere optimisedThe optimal LbL-coated scaffolds demonstrated a-26d
increase in mechanical performance (i.e., elaatdulus) compared to pristine PU under ambient
conditions. However, whetested under hydrated conditions, these-bhted scaffolds showed a
significant reduction iime c hani c al perfor mance dworethethighlywa t
porous PU foam scaffold§ herefore, thichapteraims toinvestigate the ability of crosslinking
processes to maintain the mechanical propeofitise LblL-coated porous scaffolds under hydrated
conditions, enabling them to function undevivo application.Furthermore, this chapter explores
the degradation rate of the optimised scaffolds in-emymatic conditions and enzymatic

conditions.

Many studies, for exampldyy McFerraret al, Achesoret al, Ziminskaet al, and Podsiadlet al,

have shown that using LbL coatings like PEI, PAA, and nanoclay MTM on highly porous polymeric
structures can enhance the physioechanical properties of opeell scaffolds for bone tissue
engineering(55,103,119,254)These studies demonstrated significant mechanical improvements,
aligning with the findings in Chapters 2 and 3, where LbL coatings similarly enhanced the physical
and mechanical properties of PU foam scaffoldsile the mechanical properties of PU in hydrated
conditions have not been fully explorg85,103,119,218,254,255However, the mechanical
properties were only tested under ambient conditiand because of the nature of the structure of
the PU foam saffold, theywere shown to be sensitive to water content, swelling significantly,
suggesting water acts as a plasticiser, potentially reducing mechanical prq@2égieg4) While

the LbL-coated PU foam scaffold istiff under ambient conditions, providing significant
reinforcement to open cell structures, its stiffness is reduced when hydrated, transitioning to &
hydrogetlike material and providing no appreciable mechanical reinforcefh261284,285)These
studies highlighted the versatility of LbL coatings in enhancing the @iyséchanical and chemical
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properties of scaffolds, yet effective improvements are still needed for performance under hydratec

conditions to enablm vivo functionality.

To ensure that Lbicoated scaffolds can maintain the required physieghanical properties when
hydratedthe effect othehydrated condition on LbL coating properties must be charact¢#8ég
Improving the hydrated mechanical propertiematftilayercoatings and reducing the effect of water
acting as a plasticiser would improve the effectiveness of the coating in tailoring the physico
mechanical properties bone tissue scaffold287) One effective method identified in the literature

to mitigate the effects of a plasser in a polymer system is crosslinkig88) This technique
improves material stability and strength by creating chemical bonds between polymer chains,
enhancing mechanical propertig88) Crosslinking is commonly applied to optsaipolymers'
performance across various applications, including stiffening hydrogels pahy@lectrolyte
multilayers in hydrated conditionPrevious workinvolving polyelectrolyte complexe@ECs) of
poly-(styrene sulfonate) (PSS) andpoly-(diallyl dimethylammonium)(PDADMA) (284) has
examined how properties of PEM289) PECs(284) and nacrdike composite films(290) are
affected by hydration and relative humidity, but only qualitative analysis has been performed on QL
coatings upon subjection to DI waterp mention has quantified how hydration impacts the
mechanical properties, and water uptake of these fiiew. studies have explored the crosslinking

of LbL coatings on PU foam scaffolds for bone tissue engineering. Notably, Zimatskh
investigated the use of thermal crosslinking on PEI/PAA/PEI/MTM QLs applied to PU {6&ns

They used heated treatment by the furnace at 180°C for 60 min, successfully inducing crosslinking
in the PEI/PAA layers. When QLs were thermally treated, these coatings demorsstyaifechntly

more cell viability (110%with mesenchymal stem cettempared with noithermal treatment LbL
coating (40%) after 14 day$ighlighting improved stability and reduced cytotoxicity. Without

crosslinking, such multilayer coatings often lack structural integrity due to the absence of chemical

bonds, making them pne to leaching under physiological conditiof®®). In another study,
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Achesoret al.examined the effects of crosslinking on the LbL deposition of PEI/PAA/PEIl/nanoclay
QLs using glutaraldehyde (GA). This method reduced water's psasgiceffects, allowing the
crosslinked foams to retain about 56% of their mechanical properties when submerged. This
suggested that crosslinking can significantly enhance the durability and performance of PU foarr
scaffolds in aqueous environments, makingnthmore suitable for biomedical applicatiqiid 9)
However, the effect of GArosslinkingon biologicalcellularresponsg duringin vitro studiesand

the degradation rate of Lbassembled coated scaffoldas not investigated in this research.
Specifically, the impact of hydration on the plygsmechanical properties of highly porous
polymeric scaffolds and the water uptake of these films needs investigation. To the best of the
author's knowledge, no published studies have explored the effect of crosslinkarkitomctional
nanocomposite multilayer Lbassembly coatingsef PLL/PGA/PDDA/MTM onto opercell PU

foam scaffold, followed bybiodegradatiorstudiesand in vitro study (Chapter 5for potential

applications in bone tissue engineering.

One challenge with chemicairosslinkers in biomedical applications is their concentration
dependent cytotoxicity(132) A key conclusion drawn from several experiments revealed that
crosslinking polyelectrolyte multilayers using @an potentialljhave detrimental effects on cellular
behaviarr, particularly in terms of cell adhesion and spreadit®@ 134,136,291)GA chemical
crosslinker, while effective in enhancing the mechanical stability of multilayers, often intsoduce
cytotoxic effects or alterthe surface chemistry in ways that negatively impact-roelierial
interactions. While GA, EDC and thermal treatmenare common crosslinkers faailored
polyelectrolyte multilayer systems, green alternatives likéenipin andtannic acid (TA)may
potentially offer safer optiondor biomedical application§133,134,291)TA, with the formula
CreHs52046, IS @ pentamerous polyphenolic structure capable of forming lateral bonds with
biomacromoleculegl36). Its abundant phenolic groups facilitate active bonding with other materials

(292,293) TA is known for enhancing the physical and mechanical properties of biomaterials and
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possesses antibacterial properties beneficial for wound healing and other biomedical application
(136,292) Some significant propertiesf TA include improved tensile strength and compressive
strengt h, enhanced mechanical properties, i
kinetics and swelling, excellent antibacterial effects, and positive cellular resg2a4e# another

study, chitosan scaffolds were crosslinked with 1% GA and 1% TA to compare their toxicity and
mechanical properties. The results indicated that TA crosslinked with chitosan through interactions
between thdéydrophobic groups as well as hydroxyl, while GA created covalent bonds between the
amino groups of the chitosan scaffold. The addition of TA to the chitosan scaffold increased the
mechanical strength to 25 MPa, compared to pure chitassart h  Youngdéds modul us
The study also ighlighted that the presence of OHTA can alter the wettability and indirectly
affect cell bioactivity, protein, and cellular attachméhd6) TA is widely used in biomaterials
research as a natural crosslinking agenhancing the mechanical properties of tissngineered
scaffolds(293) However, it remains a challenge to explore the effect of TA on LbL nanocomposite
coating scaffold for bone tissue application and to investigate its impact on the mechanical

degradatiorand biological properties ofighscaffold

4.1.1 Chapter Aims

This chapteraims to investigate the effectiveness of crosslinking processes in maintaining the
mechanical function and physiohemical properties of Lbkoated porou$?U scaffolds under
hydrated conditionthat mimic thein vivo environment ando evaluate thén vitro degradation of

TA crosslinked Lblkcoated scaffolds under enzymatic and dynamic conditions.

The primary objectives of this chapter were to:

1 Evaluate the role of chemical crosslinking in presertiregmechanical propertiesf LbL-

coated porous PU scaffoldader hydrated conditions
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1 Examine theeffect of TA crosslinking on the physicochemical integrity of l-bbated
scaffolds, including structur@nd surface properties
1 Assess thé vitro degradation ofincrosslinked an@A-crosslinked LbEkcoated scaffoldm

adynamicenvironmenunderboth norenzymatic an@&nzymatic conditions

4.2 Materials and M ethods

4.2.1 Materials System

The materials and experimental procedures used in this chapter were derived from tlsategatimi
studies detailed in Chapter 3. The nanocomposite-dddted scaffolds were fabricated using the
optimal material conditions identified in the DoE Study Xhmapter3. These conditions included
PLL at pH 3.5, PGA at pH 10, PDDA at pH 4a&mdMTM at pH 9.5, with polymer concentrations

of 1 wt% and clay concentration of 0.5.9% Additionally, the optimal LbL assembly conditions
were determined in DoE Studywhich identified the most suitable scaffold characteristics as a pore

density of 45 PPI, the deposition of 100 QLs, a coating time of 30 s, and drying after every 10 QLs.

4.2.2 Layer-by-Layer AssemblyCoating

The LbL assembly coating process was carried out using a cestbaeposition chamber under
dynamic Lbl-coating conditions, as described in Chapter 2. A multilayered LbL coating was
achieved by sequentiallgpplying alternating solutions of oppositely charged polyelectrolytes:
positively charged PLL (+), negatively charged PG#A (ositively charged PDDA (+) and
negatively charged MTM-), as outlined inSection 3.2.2.This cycle of alternating layers was
repeated until 10 QLs were deposited. After the coating process, the scaffolds were rinsed three time
with DI water to remove excess materials and stareterafume hoodor 24 h to prepare them for

the crosslinking process and subsequent charsatieri A minimum of 10 QLs was chosen for this

chapter as the initial threshold to detect significant differences in the properties under investigation
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This decision was made to balance the need for observable results with the efficiency of preparatio
and testing time. Since the deposition of more layers requires extended time for both preparation an
analysis, starting with 10 QLs allows for a fasteadvu at i on of the scaff
promising results are achieved with this minimum number of layers, the process can be furthel

extended and evaluated to deposit additional layers.

4.2 .3 Crosslinking Process

LbL-coated scaffolds were chemically crosslinked using the immersion method in a 1 wt.% aqueou:
solution of either GA, EDENHS (1:1)and TA, which are commonly used and effective crosslinking
agents for polyelectrolyte LbL coating systems, as reported in the litekalli®@igmaAldrich,
Ireland. The crosslinking process was carried out fohlgt 22°C, with the pH maintained at an
optimal level(lunchangedjo ensure maximum crosslinking interactions at the selected concentration
and conditions. The specific concentrations, peatmentime, and temperature were chosen based
on an extensive review of similar studies, demonstratieq effectiveness in enhancing scaffold
stability and mechanical propertie€l19,132,136,291,292,295,296After the crosslinking
procedure, washingith DI water was necessary for the materials to remove excesslinkeror

any loosely bound by performing washing five times in DI water for 3 min for each wash to
effectively remove any unbound materials wittosslinker agentsThe crosslinked Lbicoated
foams were placedgnderafume hoodor 24 h before any characterisation/analysis to ensure that the
coatings were completely drynitially, we aimed to identify the most effective crosslinker for
maintaining the mechanical performance of kdmated scdblds under hydrated conditions
enabling them to function undar vitro application Three common biomaterial crosslinkeBA,
EDC-NHS, and TA were evaluatedThen, lased on the results from this comparative study, we
proceeded with further analysesth the most effective crosslinkéo fully explore the effects of

chemical crosslinking on the physicbhemica) mechanical performanand biological properties
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(Chapter5) of LbL-coated porous PU scaffolds with focus on their potential for bone scaffold

applications

4.2.4Physicochemical andM echanicalCharacterisation

Physicachemical, mechanical, and surface charas@#on of the uncoated, crosslinked, and
uncrosslinked Lbtassembled coated scaffoldaszonducted according to the procedures outlined

in Chapter 2 an€hapter3. Specifically, FTIR, SEM, mechanical testing and water contact angle
analysisverecarried out as described$ection 2.4 SEM-EDX analysisvas carried out as described

in Section3.2.5.1, andXRD analysiswas carried out as describedSection3.2.5.2. In addition to

these standard tests, new analyses were introduced, including mechanical testing under hydrats
conditions and in vitro biodegradation studies, all of which were sfeally applied to the
crosslinked Lbkcoated scaffolds. The detailed methodologies for these additional techniques are
provided in this section, ensurirgcomprehensive evaluation of the scaffolds' performance in

simulated physiological environments.

4.2.4.1 HydratedM echanical Testing

Crosslinkedand uncrosslinkedlbL-coated scaffolds were mechanically charasterin hydrated
conditions using uniaxial compression with a CellScale BioTester (Univert, Canada) equipped with
a 100 N load cell (n3). The same testing method and scaffold sizes were appkedetailed in
Chapters 2 an@hapter3. Scaffolds were ydratedin phosphatéouffered saline (PBS)uring testing

in a temperatureontrolled water batht 37°C.Specimens were compressed to 0.6 mm deformation
(60%) at a speed of 2 mm/min with a preload of 0.03TINe compressive elastic modulus was
determined from the slope of the linear portion of the sg&ai curveTo explore the effect of pre
hydration on the crosslinked Lbtoated scaffolds and compare it with immediate hydration, the

scaffoldswith the most effective crosslinkerere submerged in PBS for§,,and 24 h.
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4.2.51n vitro Degradation Study

The biockgradation stud of uncoated, Lbicoated and crosslinked Lbtoated scaffoldsvas
performedn PBS or a PBS/enzyme solutiontriplicate byplacingat pH 7.4 and incubated at 37°C
with agitationusing an orbital shak€60 rpm) to mimicin vivo conditions(297). Beforethis, the
scaffoldswere bisected into approximately0x6 mm (diameter x height) sized specimeardd
sterilised by immersing them in 70% ethanol for 10 min, followed by washiemin sterile 1x PBS
(298). Each scaffold was either incubateds-well platesin 10 mLPBS alone or in PBS containing
the enzymesysozyme(Fisher Scientific, Irelandjrom chicken egg whit¢13 mg/L) andlipase

(SigmaAldrich, Irelang from Aspergillus oryzag(110U/L) to simulatein vivo degradation

conditions The concentrations of the enzymes used were similar to those found in human blood

serum(299) The degradation solutions with the enzyme were changed every 48 h to maintain a higf

enzymatic activityas previously validated protocol300) The use of shaking motion during

incubation provided shear stress to the scaffold, which promoted better mass transfer of enzymes al

degradation byproducts, improving the contact between the scaffold surface and the enzymati

solution (301,302) Previous studies have reported tHa¢ tombination of both enzymes under
dynamic conditiongrovidedconditions thamoreclosely resemble those vivo (148,303) At the
end of each degradation period, the samples were removed, weighed, and theanplaceflime
hoodfor 24 h to dryDegradatiorwas assessedtane pointsof 7, 14, 21, 28, 35, 42, 4%And56 days.

At each timeooint, weight loss, water uptake, and pt¢asurement were carried out, @hdnges in
scaffoldmorphologywere assessed usi&fEM analyss. In addition,the degradation products were
collected from the degradation media using filter pgp@mm, Qualitative Small Particle Retention
0.45 um, VWR. The collected particles were dried for 24 h under a Hmddre assessment of
morphological and elemental composition analysssng SEM and SEMEDX particle size

distribution.
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4.2.5.1 WeightL oss
The percentage of weight loss during the degradation test was calculated using the following formul:
(148).

Equation 4.1: Calculation of the percentage of weight lbssleterminghe degradation rate:

7AECHE @ —— P

Where: W is the initial weight of each sample before degradaton W is thedriedweight of the
sample after a specific degradation periadl.each time pointsampleswere removed from the
degradation solution anithoroughly driedunder afume hoodfor 24 hto ensure accurate weight

measurement.

4.2.5.2 SwellingWater Uptake Test

The swelling analysisr water uptakeéestwas carried out to assess #iféect of LbL coating and
crosslinking procedure dheabsorption capacity of the scaffolds in wabased environments. The
weight change was measureceath specifienterval to determine the swelling ratio. This analysis
assesseblow the crosslinking of the scaffold affected their ability to absorb fluids. For the swelling
test, theweight of the swollen saffolds (Ws) wasmeasured after gently touching the surface with
filter paper to remove excess wat&he scaffold was dried underfame hoodfor 24 h and then
weighed to determine the dry scaffold weighhe water uptake was calculated using the difference
between the swollen weight and the dried weidihte swelling ratio of the samples was calculated

using the following equatio(l132,148)

Equation 4.2: Calculation of the percentage @velling

3><A|®Em§;d)— p T T

Where: W is theswollenweight of each sampland W is thedry weight of the sample
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4.2.5.3pH Measurements

The pH was monitored using a calibrated pH meter to track changkemrthe degradation media
(PBS aloneor PBS with enzym@sduring the degradation periofleasurements were taken before

each solution was refreshtemlassess changes in tht¢ during the degradation process.

4.2.5.4 Degradation Product Analysis

The degradation productiuring enzymatic degradatiomere collected andnvestigated through
particle size analysis, mass analysis, elemental compofiioK-SEM) analysis, andlegradation
product shap€SEM) analysis.The average particle size distribution of the degradation products was
measured using the Malvern Mastersizer Particle Analyser (Mastersizer 3000, Malvern Panalytical
UK). This instrument is capable of analysing particle sizes ranging from approximatety o 3

mm by interpreting the particle angular light scattering pattern. The analyser was set up for PU
particles with a refractive index between 1.53 and 1.67, while PBS (refractive index: 1.335) was use
as tte dispersant medium. For each sample, six readings were recorded, and the particle size resu

were reported in nanometres (nm).

4.2.5.5 Statistical Analysis

The data were presented as the mean * standard deviation, bésegi@plicates for each analysis
for each sample group. Before conducting statistical analymdiomogeneity of variance/as
assessedTo analyse the dependencies, we used independent saftests with statistical
significance set at p < 0.0bhreedifferent samples from each test growgrerandomly selected for
each charactesation method. All statistical analysis was performed using GraphPad
(GraphPad_Prism Software, Version 8.0)e resultsverecalculatedasthe mean + the standard

deviation (SD. Thepval ue is indicated as follows: p O
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4.3 Results

4.3.1 Characterisation of the Scaffolds

This chapter involved comprehensive analyses in characterising the pblysioacal and
mechanical properties (n=3) and biodegradation behaviour (n=3) of three groups of scaffolds
uncoated scaffolds(pristine PU foam) 10 QLs of PLL/PGA/PDDA/MTM LbL-coated
(uncrosslinked) scaffoldand crosslinked0 QLsLbL-coated scaffolds. These analyses aimed to
investigate the effects of crosslinking on the physidamical,mechanical, andurfaceproperties

of LbL multifunctional nanocomposite coatinga highly porousPU scaffoldsdesignedor bone

tissue engineering applications.

4.3.11 Evaluation of Different Crosslinker Effectivenesson Mechanical Stability Under

Hydrated Conditions

The mechanical behaviour of uncoated scaffolds, -tbated (uncrosslinked) scaffolds, and
crosslinked LbEkcoated scaffolds was investigated under both ambiertyadrdted conditiongsing

GA, EDCNHS, and TA crosslinkers. ©ated the PU scaffold with the optimised
PLL/PGA/PDDA/MTM coating from Chapter 3 led ta6&0% increasan the elastic modulygrom

85.1 £ 5.7 kPa for uncoat®&U foam scaffolds to 562.3 + 15.2 kR the coated PU scaffold (Figure
4.1). However, under hydrated conditions, the kdxhatd scaffoldshowed a significant reduction

in mechanical performance due to the plastigieffect of water, with the elastic modulus decreasing
to 130.1 + 12.4 kPa. Crosslinking with EENOHS improved the elastic modulus to 182 + 9.3 kPa,
while GA crosslinking further enhanced it to 270 = 11.2 kPa. TA crosslinking proved the most
effective inmitigating the plasti@ng effect, resulting in a substantial increase in elastic modulus to
423 + 18.9 kPa for the crosslinked Lisbated PU foam scaffold&igure4.1). This indicates that
TA-crosslinked scaffolds retained approximately 75% of their mechanical properties when tested

under hydrated conditions in PBS at 37°C. As a result, therdsslinked LbEcoated scaffold was
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identified as the optimal crosslinker for thibL-coated PU scaffol&and subsequent analyses

focussed on the assessment and optimisation of the TA crosslinked scaffold
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Figure 4.1: The mean elastic modulo$ uncoated, Lbikcoated and crosslinked Litoated scaffolds in both

dry (ambient) and hydrated conditions. (10 QLs deposited).

4.3.12 Assessment o€oating Morphology

SEM images revealed significant physical changeshe morphology ofLbL nanocomposite
coatingsof PLL/PGA/PDDA/MTM following TA crosslinking(Figure 4.2) The TA crosslinled
scaffolds demonstrated a mouwmiform, dense, and robust multilayer nanocomposite coating
compared to thancrosslinked Lbicoated scaffoldé-igure4.2). Detailed measurements of coating

thickness, pore size, and porosity for the three groups of scaffolds are presented 4nlTable
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Figure 42: SEM images of uncoated, Lbioated, and TA crosslinked Lkioatedscaffoldsin pores
structures and foam struts. (a) and (b) SEM images of uncoated scaffolds. (c) and (d) SEM images of the Lbl
coated scaffold with 10 QLs. (e) and (f) SEM images of TA crosslinkedddalted scaffold with 10 QLs.

Table 41: Properties of three groups scaffo{dsean + standard deviation (n =3)

Scaffold type Coating thickness Pore size range Porosity
(um) (Hm) (%)
Uncoated - 119581 97.40+0.70
Uncrosslinked LbEcoated 1.8+0.65 125494 95.65+0.55
TA crosslinked LbEcoated 2.7+0.80 110442 94.85+0.90
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4.3.1.3 Mechanical Properties of TA Crosslinking

To examine the impact of preydration on crosslinked Lbtoated scaffolds, they were immersed

in PBS for 1, 8, and 24 h. It was found that reduction in the mechanical properties of the
crosslinked LbEcoated scaffolds was observed as a function of submersion time, indicating the
persistent effect of crosslinkirf§igure 4.3) The results remained consistent with those of immediate
hydration, as presented in Section 4B.This highlighted the potential of TA crosslinked L-bL
coated scaffolds for maintaining mechanical integrity in hydrated environments, which is crucial for

in vivo performance.
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Figure 43: The mean elastic modulws uncoated, Lbikcoated and TA crosslinked Lbtoated scaffolds
after 24 h of hydrated conditions. TA crosslinking exhibited optimal behaviour, with hydrated scaffolds
37°Cretaining 75% of their mechaniga¢rformance posgtydration. (10 QLs deposited).

4.3.1.4 FTIR SpectroscopicCharacterisation

The chemical composition of the three scaffold groups wassessedhrough ATRFTIR
spectroscopy (Figre 4.4). Spectra were collected for uncoatel -coated, and crosslinked LbL
coated scaffolds. The chemical bonds remained consistent, with characteristic peaks confirming th
presence of individual PLL/PGA/PDDA/MTM nanoclay components in the-¢drted scaffold and

TA in the crosslinked scaffold. Ithe crosslinked LbL assembly, stronger chemical bonds were
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observed, as indicated by the peaks identifying functional groups. This can be attributed to the mor
stable and uniform coating achieved through crosslinking condifldvesfive primary amide peaks
associated with TA and PLL/PGA/PDDA/MTM were observed in the crosslinked compositions at
the expected locations. The amide A (~3300%meak representsiMi stretching vibrations; amide

B (~2940 cmb) represents asymmetrical stretching of 2Clmide | (~1635 cit) represents
stretching of the carbonyl group £O) coupled with NH bending and ON stretching vibrations;
amide 1l (~1550 cit) represents NH bending and ON stretching vibrations; and amide Ill (~1240
cm'Y) represents NH bending and ON stretching vibrations. Furthermore, FTIR spectroscopy
revealed a high density of hydroxyl group®Ifl) and free amine groups\H>) in the LbL coating

following TA crosslinking
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Figure 44:. FTIR spectra of uncoatedbL-coated and TA crosslinked Lblcoated scaffoldsshowing

characteristic peaks with different functional graups

4.3.1.5XRD Analysis

XRD analysidfurther confirmedhe chemical effecbf TA in the Lbl-coaed scaffold(Figure 4.5).
The XRD spectra displayed prominent peaks forTthAecrosslinked Lbkcoated scaffoldwhich

exhibitedfive sharp distinctive peaks in the scan range compared to the uncrosslinked and uncoate
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scaffolds. These peaks, at approximately 20.88%8°, 35.72°, 54.434nd 62.53°, indicatd the
effect of TA crosslinker to polymecompositd_bL-coating (50)Similar findings have been reported
by Elmorsi(304)and Zhangpt al.(305), who alscsuggested the presenceasianocrystalline tannate
phase in the sample&nalysis with X'Pert High Score Plus software identified these peaks-8s Na

(JCPDS #961534381) and Si@(JCPDS #0@331161).
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Figure 45: Representative XRD spectrancoated scaffold, uncrosslinked Lisbated, and TA crosslinked
LbL-coated scaffolds indicate the presence of TA in the-tdwiting composition.

4.3.16 EDX Analysis

The EDX analysis was utded toexamine the elemental composition of the three scaffold groups.
The presence of MTM impolymers ofthe LblL-coating system (uncrosslinked) was confirmed
through EDX, which identified elements typical of delaminated films, such as aluminium (4.95%),
sodium (2.42%), and silica (10.66%). This indicatteelsuccessful incorporation of MTM into the
coating. Following crosslinking withA, EDX results confirmed the presenceléf within the LbL-
coating system, resulting in a crosslinked nanocomposite coatintygasied in Figuré .6). Post
crosslinking analysis revealed a significant increase in elements characterisfic with carbon

and oxygen levels rising by approximately 3% and 15%, respectively-EHEX1analysis further
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validated that the crosslinked Lidoating predominantly consisted of oxygen (O) and carbon (C)

elements, confirming the successful incorporation and crosslinking @fithin the LbL-coating.

c) W’

Crosslinked

| =
100 pm

Figure 46: EDX spectrum analysifor investigation of elemental composition alongside SEM images: a)

uncoated scaffold, b) uncrosslinked Lbbated scaffold, and c) TA crosslinked l-bbated scaffold.

4.3.17 Contact Angle Analysis

The water contact angle (WCA) measurement was analysed to determine the hydrophobic o
hydrophilic properties of the scaffold surfaces. The obtained WCA results for the three groups of
scaffolds are represented in Figdré The WCA of pristine PU foam scaffolds was found to be very
hydrophobic (WCA = 18.8C°+ 2.85). This WCA value significantly decreased to71865°+ 3.67for
LbL-coated scaffolds and further decreased7@28+ 3.10 for TA-crosslinked Lbkcoated
scaffolds. The WCA results indicated a sfgant difference 0f68.52° and 37.38° between the
crosslinked Lbkcoated scaffold with pristine and uncrosslinked scaffoldsrespectively
demonstrating the effectiveness of crosslinking on hydrophilicity. TA crosslinking provided greater
hydrophilicity, which could potentially enhance the biological response to these materials by

promoting better cell adhesi¢ga52)

119



150 1

120 A

O
(=)
1

@ Uncoated

D
o
1

® bL-coated
O Crosslinked LbL-coated

Contact Angle (°)

W
(=]
1

Scaffold

Figure 4.7: Contact angle measurementincoated PU scaffold compared to the PU scaffold with-LbL

assembly coating and crosslinked Lbbated scaffolds

4.3.21n vitro Degradation Properties: Weight L oss,Swelling and pH M easurement

The degradation characteristics Pi) foam scaffoldsuncoated, Lbtcoated (uncrosslinked), and
crosslinked LbEcoatedwere investigateth vitro over56 days at 37°C with agitation at 60 rpm in
theincubator under two primary conditions: PBS alone and PBS with the additigsoayme and
lipase enzymesNotably, no degradation occurred in any scaffold group under PBS alone, in the
absence of enzymes, over theéks However, changes in pH and swelling rates were investigated,
showing comparable results to those under enzymatic cond{amnee4.8). The introduction of
enzymes into the PBS significantly accelerated the degradation rate across all gpafipkl
Figures4.9 and 4.10 present the degradation profilem the PU scaffolds undergoing enzymatic
degradationincluding pH changes, swelling rates, percentage mass loss, and morphological change
observed through SEM images over tifikepH measurementd the degradation mediaken after

each incubation period indicated no significant chamgesth conditions for all groupsuggesting
stable pH levels throughout the stuByecifically, in the norenzymatic condition, the pH remained
stable wihin the range of 7.01 to 7.39 across all three scaffold gwipsgthe study perio@Figure

4.8a) Also, the pH range was 7-2.4 for uncoated scaffolds, 63 for uncrosslinked Lbicoated
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scaffolds, and 6.7%.2 for crosslinked Lbicoated scaffoldsnder enzymatic conditigrindicating
minimal impact on pH over the study peri@ilgure4.9a). The water uptake, or swelling capacity,

of the scaffolds (Figuré.9b) after 8 weeks was approximately 156%, 127%, and 91% for uncoated,
uncrosslinked, and crosslinked scaffolds, respectively. This demonstrated that the presence c
enzymes influenced thecrease remarkabiyg water uptake across all scaffold tymédsen compared

with nonenzymatic condions The biodegradation rate, measured by total mass loss after 56 days,
was approximately 19.2% for uncoated scaffolds, 14.6% for uncrosslinkedddied scaffolds, and
10.5% for crosslinked Lblcoated scaffolds (Figur&9c). During the initial 21 days of enzymatic
degradation, the mass loss was 5.1% for uncoated scaffolds, 4.3% for uncrosslinkeshtdul
scaffolds, and 2.9% for crosslinked Liobated scaffolds. Following this period, the rate of mass loss
slowed, with cosslinked scaffolds showing a slaridegradation pattern to uncrosslinked scaffolds

at a reduced rat@-igure4.9c). Macroscopic and microscopic morphology changes in the scaffolds
were assessed usingacroscopic imagingnd SEM analysis éitme points of 4 and 8 weekBigure

4.10). The structural integrity of all scaffold types was largely maintained, thwtinterconnected

structureshowingrelatively smooth surfaces and few defects.
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Figure 4.8: Assessment of neanzymatic degradation propertiies uncoated, Lbikcoated (uncrosslinked),
and crosslinked Lbicoated scaffolds: a) pH monitoring: tracking the pH changes over 8 weeks. b) Swelling
Rate (%): measurement of the swelling rate as a percentage, showing the hydration capacity of the scaffolc

over the study period.
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Figure 4.9: Assessment ofin vitro enzymatic degradatiorproperties for uncoated, Lbtoated
(uncrosslinked), and crosslinked Uabated scaffolds: a) pH monitoring: tracking the pH changes over 8
weeks. b) Swelling Rate (%): measurement of the swelling rate as a percentage, showing the hydratio
capacity of the scaffolds over the study periodeyradation rate (%): the percentage of scaffold mass loss

due to degradation over time. The values are presented as the mean +* standard deviation (n = 3).
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Figure 4.10. Macroscopic and SEM images of biodegradation of PU scaffaldewing changes in
appearance and morphology of interconnected structures-sitte/points, Day 28 (top images) and Day 56
(bottom images): a) and b) uncoated scaffolds, ¢) and d)cblted (uncrosslinked) scaffolds, e) and f)
crosslinked LbEcoated scaffolds. Red lines indicate areas of degradation within the scaffolds.

4.3.2.1Degradation Product Analysis

The degradation productiuring enzymatic degradationere investigated through particle size
analysis, mass analysis, elemental composition analysis, and degradation product shapé\analysis.
degradation products were observed in the samples undergoing degradation in PBS along
Throughout the weekly assessments, all propediesh as elemental composition, particle size, and
shaperemained constant across all scaffold groups. The only variable was the volume of degradatior
products, which changed based the scaffold's degradation rauring the 8week degradation
study, the weight of degradation products across all three scaffold groups ranged from a minimun
of 0.26mg onDay 7for the crosslinked scaffol a maximum oft.80mg for the uncoated scaffold

on Day 56 reflecting the differing degradation rates of the scaffolde particle sizalistribution
analysis indicated that the average size of the degradation prémhattishree scaffold groups was

in the same size ithe range ofL..01em to 1.26 ¢ mindicating relatively consistent particle sizes

throughout the degradation process across all scaffold grgtigsre 4.1). SEM imagingevealed
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the varying shapes of ttaegradation products three scaffold groups, with the majority being

triangular (4%), followed by stridike structures 19%), rectangular shapes4®), and freeform

shapes 46%) (Figure 4.2). Similar studies have also highlighted that the primary degradation

products of PU foanduringin vivo models often present a triangular sh@igigure 4.B) (306). In

addition,EDX analysisof the degradation products for the TA crosslinked group confirmed that the

degradation products contained elements from both the PU foam scaffold and the crosslinked Lbl

coating, with elemental composition including C, O, N, Si, Na, and Al (Figu#.4.1
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Figure 4.13: Histological images of the crosection PU foam strwisible in haematoxylin and eosin (H&E)
stained histology sections. Membranes are attached at the vertices of the triangular struts. These are sectic

of peripheral embolisation devices (PEHB)D6)
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INa EDS 270 Na EDS 093
Al EDS 12.83
(A EDS 397 Si EDS 12.92
|Si EDS 483 Fe EDS 239
] X Total 100.00
Total —100 00 (c) |
 Hlement | Signal Type | W% |
[c EDS 3542
[N EDS 078
[o EDS 3484
Na DS 2.08
Al EDS 7.51
Si EDS 1937
[Total 100.00

Figure 4.14: EDX analysis of the degradation produftis elemental composition confirmation of the TA

LbL-coated scaffoldYellow box indicated the area used for the analysis.
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4.4 Discussion

The deposition ofthe optimal LbL-coaing from Chapter 3on scaffolds led to a significant
improvement in mechanical properties under ambient conditions, with an increase of over 560%.
raising the elastic modulus from 85 kPa to 562 kPa with just 10 QLs deposited. However, when teste
under hydrated conditions simulatein vivo performance, the mechanical properties were notably
reduced, showing a decrease in elastic modikeghat of the uncoated scaffold. This reduction is
attributed to the plastishg effect of wateron the PUfoam scaffold(119) The application of
crosslinking was observed emhanceahe ability of the LbL-coated PU scaffolds to maintain their
mechanical propertieend reducéhe plasticsing effect of water on the Pfdam scaffold Previous
studies have exploreeffective chemical crosslinking processes for nanocomposite LbL coatings.
Thisapproach was highlighted in recent research by Achetsaln who demonstrated that opeall

foams coated with PEI/PAA/PEI/nanoclay nanocomposites, crosslinke®jtivere able to retain
amaximumof 56% of their mechanical properties under hydrated conditions, following exposure to
high relative humidity and complete water submergidtd) The application of crosslinking was
observed toenhancethe ability of the LbL-coated PU scaffolds to maintain themrechanical
propertieswith the formation of covalent bonds between the layader hydrated conditior{g19)

In this chapter, the role of chemical crosslinking in preserving the mechanical properties- of LbL
coated porous PU scaffolds under hydrated conditions was initially evaluatedhusegommon
crosslinkers: GA, EDC, and TA. Following this, the effect of the most effective crosslinker, TA, on
the physicechemical integrity of Lbkcoated scaffolds was examined, focusing on structure and
surface propertied.his chapter indicatetthe effectiveness of TA crosslinking in Lidloated porous
scaffolds, which is particularly advantageous for maintaining mechanical integrity in hydrated
environments, &ey factor for successfuh vivo performance in tissue engineering applicatidns

crosslnking proved most effectivewhen compared with other commonly used crosslinkers, such as
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GA and EDGNHS. This approach demonstrai more sustainable method for enhancing scaffold

stability while maintaining superior mechanical propertigshysiologicalenvironments

TA-crosslinked scaffolds exhibited superior retention of mechanical properties when tested unde
hydrated conditions in PBS at 37°C, compared to other crosslinkers used in this study. Consequent!
TA crosslinking was identified as the optimal method fab#gising the LbL-coated PU scaffold

used in this projecfThe main mechanism of TA crosslinking is primarily attributed to the dense
hydrogen bonding and covalent interactions facilitated by(T36) TA was found to outperform

GA and EDGNHS, likely due to the high density of hydroxyl groups, which form strong hydrogen
bonds with the components of the LbL nanocomposite coatings, including polyelectrolytes and
nanoclay particles. These multiple hydybgroups enable TA to create more robust crosslinking
networks within the scaffold structure. The result was a more stable crosslinkezbatihg that
maintains its mechanical integrity even under hydrated conditions. The hydroxyl groups in TA not
only enhance bonding but also increase the reactivity between TA molecules and the surfaces of th
polyelectrolytes, leading to improved crosslinking density and preserving its mechanical properties
over time(292) The crosslinking mechanism of TA involves the formation of both hydrogen and
covalent bonds between the phenolic hydroxyl groups in tannic acid and the amino acid groups ir
LbL-coatings, similar to interactions reported for other biomaterials like ewllaghitosan, and
gelatin(307,308) Additionall vy, hydr ophobi c-bondsbofefAsact i
aromatic rings and hydrophobic regions in the coatir8p) TA can also form strong bonds with
metal ions through coordinated reactions with the phenolic hydroxyl groups, creating bonds that
surpass the strength of covalent ones while simultaneously enabling electrostatic interaction:

between TA and metal ior§809)

TA crosslinked LbLcoated scaffolds reduced the water plasiigi effect on PU foam under
physiological conditions, enhancing the overall performance of the scaffold. This finding aligns with
a previous study by Picchet al, which demonstrated that the use of TA as a crosslinker significantly
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improved water resistance in films, reducing the plastigieffect. In their research, the storage time
further influenced the water resistance of TA crosslinked casein films, with a notable decrease in th
degree of swelling at equilibrium over an extended pef®id) We found cosslinking with TA
proved effective in mitigating this plasting effect, allowing the scaffolds to retain approximately
75% of their mechanical properties under hydrated conditions in PBS at 37°C. The impAct of
crosslinking on mechanicand chemicalstability was threefoldas a hypothesis based on the
literature it created barrier layers to prevent excessive hydration, reduced chain mobility by

crosslinking the layers and confined the layers to megrawelling(136)

SEM analysisdemonstratedhat TA crosslinkingresulted insignificant physical changes in the
morphology of the PLL/PGA/PDDA/MTM nanocomposite coatingh improved uniformity
observedcompared to uncrosslinked Liatoated scaffoldsThis improvement is attributed to the
stabilisation effect of the crosslinked coating struct(B&1) The positive physical effects of TA
crosslinking observed here are consistent with previous findings on TA's ability to enhance the
strength and morphological features of gelatin films, as reported by(3L2nAlso,it was observed
thatthe scaffoldamaintained a highly interconnective poroditflowing the crosslinking process.

The slight reduction in porositycorresponded with the increase in film thickness, which can be

modulated by adjusting the number of deposited |a{2&S).

While the positive impact of TA crosslinking on the physigechanical properties resulted in a more
uniform and denser QL coatingffectively maintaining the mechanical integrity of the Lixtated
scaffold under hydrated conditions, chemical analysis via FTIR further revealed the presence o
stronger chemical bonds, indicating enhanced stability of the crosslinked strudterd=TIR
analysis revealed an increased density of hydroxyl gre@¥$)( CH, and free amine groups\H>)

within the LbL coating after TA crosslinking, signifying a high degree of crosslinking. This enhanced
presence of functional groups indicates the formadfasirong chemical bonds within the multilayer
coating, contributing to the improved structural stability and robustness of the sdaffadttlition,
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XRD analysis postrosslinking confirmed the successful incorporatiom Afinto nanoomposite

LbL coatings,Jeading to enhanced phystooechanical properties of the scaffolosmpared to the
uncrosslinked coatings. This incorporation contributed to the enhanced pmetbanical
properties of the scaffolds, reinforcing the structural stability and improving their overall
performanceFurther chemical analysis using SERMDX confirmed the successful incorporation of
TA within the LbL coatingscaffold The main elemental composition detected included carbon (C)
and oxygen (O) frontA, along with other elements such as sodium (Na), aluminium (Al), and silicon
(Si), which were part of the LbL assemblyating This analysisighlightedthe effective integration

of TA into the multilayer coating, contributing to its enhanced propehti¢srms of surface analysis,
WCA measurements revealed a significant difference between the crosslinkedated scaffold
(70.28°+ 3.10 with both the pristing(138.80°+ 2.85)and uncrosslinked.bL-coatedscaffolds
(107.66°+ 3.6Y, with WCA values differing by 68.52° and 37.38°, respectively. This highlights the
enhanced hydrophilicity achieved through TA crosslinking, surpassing similar s(@@s The
increased hydrophilicity provided by TA crosslinking can potentially improve the biological
response by promoting better cell adhesion and spred@#). Thus, the multifunctional LbL
coating presented in this research effectively modified both bulk properties (physical and

mechanical) and surface characteristics (chemical composition and wettability) of the scaffold

Additionally, the impact of crosslinking dhe degradation properties of the scaffolds was explored

in both norenzymatic and enzymatic solutions with the finding of reducing the rate of degradation
of the scaffold over time under enzymatic conditjonghlighting the stabiing effect of TA
crosslinking.The degradation of scaffolds was assessed Bve&laysin a dynamidn vitro setting
usingPBS at 37°C with 60 rpm agitation, simulating physiological conditimaker both enzymatic

and nonenzymatic conditionBiodegradation of polymerbasedbiomaterials occurs through the
cleavage of hydrolytically and/or enzymatically sensitive bonds, which are influenced by factors such

as the recruitment of inflammatory cells and enzyme medig8i3) The primary goal of the
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degradation study was to simulate physiological conditions wsizgmes which are present in
human serunand play a key role in scaffold degradati@pecifically,lysozyme and lipaseere

used according to the methodology describedCbgtaPinto et al. (299) The dynamic condition

used (60 rpm) aimed to better mimic the human body's dynamic environment, where fluid flow
affects degradation kinetics, providing a more realistic assessment of scaffold performance for bone
tissue application§297) No degradation was observed in any scaffold group under PBS alone, in
the absence of enzymes, during thevéeks However, changes in pH and swelling rates were
monitored, showing comparable results to those seen under enzymatic conditions. The introductio
of enzymes into the PBS significantly accelerated both the degradation rate and water uptake acro:
all scaffdd groups, highlighting the difference between enzymatic andenagmatic conditions.

The pH monitoring over the 568aysindicated stable pHevels for all scaffold groups; both
conditions ranging from7.01 to 7.39 fonon-enzymatic conditiomndranging from 6.75 to 7.4for
enzymaticong demonstrating that the scaffold materials did not induce significant environmental
changes during degradatiarhe svelling rate, which reflects the water absorption and permeability

of scaffolds, is important for nutriettansfer and metabolite exchan@99). After 8 weeks, the

water uptake capacity was 156%, 127%, and 91% for uncoated, uncrosslinked, and crddslinked
coatedscaffolds, respectively, showing a reduction in swelling for crosslinked scaffolds. This aligns
with previous studies, where crosslinking reduced water uptake by Stapihie coating structure
(119) The decreased swelling in crosslinked scaffolds is attributed to the reduced free pore spac
and the crosslinked coating's ability to resist water infiltraton act as a barrie(289) The
biodegradation rate, based on total mass loss over 56 days, was 19.2% for uncoated scaffolds, 14.¢
for uncrosslinked Lbtcoated scaffolds, and 10.5% for crosslinked {dolated scaffolds. These
findings are consistent with previous research shovwhagdnzymes like lipase and lysozyme can
hydrolyse ester bonds in polyurethanes, leading to scaffold degrada86n AlthoughPU foams

are designed to resist degradation, enzymatic activity can progressively break down polymer chain
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and weaken the foam structui@l4) The crosslinking introduced ByA effectively slowed this
degradation process, protecting the tdmated scaffolds and maintaining their integrity for a longer
duration under enzymatic conditions. The use of multiple enzymes better reflects the complex
enzymatic environmernih vivo, where scaffolds are exposed to a variety of enzy(3@2) The
enzymatic degradation observed in this study led to a progressive breakdown in scaffold morpholog
andstructureproperties. However, SEM analysis pdsgradation showed that despite some small
defects, the scaffolds maintained high porosity and interconnected structures, crucial for tissue

engineering applications.

By examining literature data on PU foams, we can predict theirtEmng performance, particularly

in terms of potential degradation. The letegm in vivo biocompatibility of PU foams has been
documented in several previous studies, providing valuable insights for evaluating the potential
degradation and biocompatibility of this materigthe initial shorttermin vitro degradation results

of this study can be compared and supported by existing literatld fwmams used in tissue repair

and regeneratioto explore the longerm assessment of biodegradation properties of PU-oglen

foam in bothin vitro andin vivo. For instance, lyeet al. demonstrated tha®U matriceswere
successfully integrated into auricular defeictsa pig model proving their potential for cartilage
tissue engineeringd315). Meskinfam et al showel PU foams were suitable for longterm
implantation, showing biodegradation without producing cytotoxic prodoated onin vitro
assessment andomineralsation studies(316). Similarly, Graul et al. conducted an imaggased
evaluation using highesolution and magnification scans of histology sections of PU foam
degradation in porcine arteries, which provided evidence supporting the biocompatibility and safety
of these foam$306) Moreover, studies by Mnenet al indicated biocompatibility of PU &
scaffold on subcutaneous implantation & rat model(317), and Vakil et al. demonstrated the

biocompatibility of highly porous PU foanfisom in vitro degradation studies, which included both
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hydrolysis and oxidation processes to closely simulateéivo conditions and accurately predict

degradation rates before transitioning to animal model te3it&).

Thein vitro degradation study detailed in this chapter provided a preliminary comparison to existing
in vivo literature on the degradation of PU foam. Our findings focused on the degradation rate,
particle size, and shape of the degradation products, and they show strong parallels withigaor
observations. For examplaprevious longtermin vivo studyreported that the degradation rate at
the same time point of this chapter over 8 weeks was between 9.46 tq a8d@¥e intracellular
fragments ofPU foam degradation products ranged from 0.5 pm to 1.5 um, which alignsheith

size distributions of degradation products, ranging from 1 umto 1.2 um, were measui@wee&s

in ourin vitro degradation stud{819) These findings, thereforsyupport the relevance of thevitro
degradation studiefor simulatingin vivo conditions (306,318 320). Moreover, the degradation
product shapes observed in our stymhymarily triangular particlesare consistent with earlier reports
from in vivo studies(306). These studies indicated that the results from a porcine and rabbit artery
model using shapmemory polyurethane foam exhibited a steadily increasing degradation profile,
predominantly marked by membrane lo&ased on thehistological imagesthe triangular
degradation PU foam fragments seem to hgyes#iveinteraction with the biological tisspyehich

is similar to our degraded particle shapes irirthatro biodegradation studiB06) All t hese findings
highlightedthe promise of PU foams with tuneable degradation rates as platforptddatialbone

tissue regeneration applications, reinforcing the importance of crosslinking in enhancing scaffold

stability and functionality.

The biological safety of degradation products from biomaterials is a critical consideration,
particularly for degradable scaffolds like PU foams. While PU foams are commonly used for tissue
engineering, their biodegradation rates present certain challg8§&3 Generally, durable

polyurethanes degrade slowly under clinical conditions, leading to a minimal risk of toxic
degradation byproduct&99) However, there are concerns regarding the degradation process,

133



especially in terms of the material breaking or chunks, which could cause an immune rg&3@nse
Ideally, a scaffold should degrade gradually and uniformly without forming significant detanis.
previous longtermin vivo studies, the degradation particles of PU foams have not typically posed
biological challenges, as histological analyses often revealed minimal inflammatory response ol
tissue reactior(315 318) Thesein vivo studies andhistological analyses have shown that PU
degradation products are predominantly small particles which can be safely phagocytosed o
absorbed by surrounding tissue without causing adverse gf3@&¥k The results from this chapter

are comparable with these findings from the literature, based on the degradation particle size an
shapes observed. Therefore, while there are inherent limitations to PU scaffold degradation, th
findings from bothin vivo andin vitro long-term studies in the literature suggest that ideally, the
degradation process should occur in a controlled manner without producing harmful particles,
reinforcing the scaffol dods sui t aburtherresgarchisr ¢
necessary to thoroughly evaluate the loeign biocompatibility and cytotoxicity of the scaffolds,

including the effects of their degradation proddotsextendedn vivo applications

In vitro assessmentsill further evaluate cellular respondasthe next chaptein the following
chapter(Chapter 5) the scaffolds will be evaluated for their biological performance, including
biocompatibility, cell viability, ceHmaterial interactions, cellular adhesion, proliferation, and

activity, which are crucial fosuitablescaffoldsfor bonetissue engineeringpplications.

4.5 Conclusions

In this chapter, we investigated the role of chemical crosslinking in preserving the mechanical
properties of LbEkcoated porous PU scaffolds under hydrated conditredsicing the wateinduced
plasticsing effect typically observed in PU foamBA crosslinking proved to be the most effective

in maintaining scaffold integrity and preserving mechanical properties, with a 75% retention in PBS

at 37°C, compared to other crosslinkers such as GA and EDC. TA significantly enhanced scaffolc
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performance by creating a more uniform and denser-ddating, improving the physieo
mechanical, chemical, and surface properties.ilvéro degradation assessment revealed that TA
crosslinked scaffolds exhibited slower degradation rates under enzymatic conditions, maintaining

their integrity for a longer duration compared to uncrosslinked and uncoated scaffolds.

This chapter presented the first identification of optimal TA crosslinking in the LbL assembly of
PLL/PGA/PDDA/MTM nanoclay coatings PU foam scaffolds for bone tissu@neered scaffolds

The study showed that the crosslinked tdmated scaffolds improved mechanical stability under
hydrated conditions, reduced swelliagd contact angleand slowed degradation ratespporing

the potential application of these scaffolds iforvivo performanceThis study demonstrated the
potential of tailoring surfacena bulk properties of multifunctional crosslinked L-bbated scaffolds

as an effective approach for enhancing the ghysiechanical properties of opeell structures.In

the next chapter, the focus will shift towards investigating the overall potential of multifunctional
crosslinked LbEcoated scaffolds for use in bone tissue engineering applications. This will involve a
comprehensive assessment of biological respoasdscelimaterial interactions to evaluate the

scaffold's biocompatibility and ability support cell adhesion, proliferation, andrphology
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Chapter 5. Investigation of Cell-material |nteractions
and Biocompatibility of LbL Polymer-Nanocomposite

Coatings onPorous Foam Scaffolds

Sections of Chapte4 and Chapter have been negparedas a third technical paper for Q1
biomaterials journasubmission.

Sahebalzamani MA, Redmond Algarwal S,Levingstone TJ, Dunne NEnhancing Physico
mechanical Properties and Fsteoblast Interaction with Multifunctional Nanocomposite
Layerby-Layer Coated Scaffolds for Bone Tissue Engineer{tnder Supervisory Review
DecembeR024)
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5.1 Introduction

Chapter 4detailed theimpact of crosslinking on the physiemechanical propertiesf LbL-
assembled (PLL/PGA/PDDA/MTM) coated PU porous scaffolds under hydrated conditions, along
with an assessment iof vitro biodegradation rates. The chemical crosslinking process enhanced the
physicachemical propertieand mechanical integrity ofhe polymemanocomposite coatings,
enabling controlled degradation, thus offering a promising strategy for fabricating castdrone
scaffoldmaterials An essential next step to fully resdithe potential of this material for bone tissue
engineering is to evaluate its biocompatibility. Thereforas tbhapter airm to assess the
biocompatibility ofLbL PLL/PGA/PDDA/MTM coated Plporous scaffolds using variogtandard

in vitro tests. This analysamimed toprovide critical insights into the material's interaction with cells,
focusing on cytotoxicity, cell adhesion, proliferation, and morphology, which are vital for its
application as a bone scaffolthaterial Initial cytotoxicity screening assessehde following
experimental groups from Chapter dncoated, 10QLs LbL-coated (ncrosslinked), and TA
crosslinked 10QLs coated scaffoldso determinewhether thecrosslinkng procedurded to any
cytotoxic effects. Following this, the study evaluated the impact of thecblted scaffolds on cell
attachment, proliferation, and morphology, which are critical indicators of biocompatibility and
scaffold biological performancédditionally, Live/Deadviability assays were conducted using a
fluorescence imaging system to further assess the qualitative viability of cells interacting with the

scaffolds.

The ability of PU foam structures to support cellular growth and biocompatibility for various
biomedical applications has been demonstrated in several s{Btig821) Zanetaet al.reported

that PU foam supported cell proliferation and the differentiatiddSCsinto osteoblast§322) In

this study, PU foam demonstrated the ability to promote cell interactions with both ostékélast
MG63 cells and human bone marrolerived MSCs seeded on the scaffold. Furthermore, PU foam
facilitated cell proliferation and sustained MSC growth, prongp their differentiation into
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osteoblastsn vitro (322) Similarly, Angeloniet al tested PU foam's ability to support human
adiposederived stem cells (ADSCs) and their osteoblastic differentiation. The results indicated that
PU foam served as a biomimeticvitro bone model suitable for lorgrm cell cultures, offering a
biostable 3D porous support for ADSC differentiation into osteob{88%) Giannitelli et al also
showed that graded porobB&) foam exhibited biocompatibility in combination with bemarrow
derived human mesenchymal stromal ¢eifirming their suitability for use in bone regeneration

applicationg324)

The LbL method has been applied polyelectrolyte PLL/IPGA film systems, demonstrating
enhanced cell adhesion and mechanical performg@®fs EDC-NHS aosslinkng of PLL/PGA

LbL films showed a sevenfold increase in osteoblast adhesion compareddmssimked films,
attributed to the presence of natural polyelectrolytes and the crosslinking process, which enhance
film stiffness(326). Nanoclayfilled polymeric materials are gaining interest for various biological
and biomedicabpplications, including antimicrobial agerdsad drug delivery, necessitating the
study of their biocompatibility(218,327) When incorporated into Lbhassembled films, the
cytotoxicity of nanoclays such as Cloisite can be mitigated. For examp@dag@r films containing

gold nanopatrticles and Cloisite coated with PDDA/Cloisite were shown to be biocompatible with
human osteoblsts after three days of incubat(@28). Furthermore, the mechanical stiffness of LbL
coatings can be improved by incorporating a ¥stfiness reinforcing laye(218) Studies have
demonstrated that biocompatible MTM nanoclay platelets can be successfully incorporated as
mechanical reinforcements in PDDA/MTM bilayer coatings. These coatings were applied to PAM
hydrogels, resulting in increased surface roughness affidest. Specifically, the compressive
modulus of the hydrogel coated witn bilayers of PDDA/MTM increased to 190 kPa, creating a
cell adhesive surface that promoted epithelial cell adhesion and migration into the sd&f)ld

These findings suggest that Lbl-assembled films, especially when crosslinked with
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multifunctional agents and reinforced with nanoclays, hold great potential for enhancing the

mechanical properties and biocompatibility of scaffolds in bone tissue engineering.

Generally, the crosslinking procepys a crucial role in influencing cellular interactions with
coating systems by enhancing the stability of the matgr&d,329) This process can also regulate
how cells adhere to and proliferate on the surface of the coating, affecting biocompatibility and
overall biological respons@30) TA is often compared with other common crosslinkers like GA
and EDCNHS in terms of its biological responses. Unlike synthetic crosslinkers st@A, aghich

may elicit adverse cellular responses or toxicity, TA offers a more biocompatible alte(hd6ye

In a comparative study of glutaraldehyd®sslinked chitosan and Teéosslinked chitosan
scaffolds, MC3T3 cells cultured on glutaraldemlesslinked scaffolds predominantly exhibited a
spherical shape and remained as single cells after one day. In contrast, cellscassliaked
chitosan scaffolds displayed significant spreading with visible filopodia, indicating enhanced cell
attachment and interaction with the scaffdldéhe scaffolds modified with TA showed the highest
cell viability, indicating the active role of TA in cell proliferation. The study suggested that TA
improves surface properties by binding to cationic molecules through electrostatic intgdg%ipn
Similarly, some other research indicat€A's ability to bind to cellular receptors helps prevent
microorganism attachment to surfaces. Its antimicrobial activity can be sgdirby adjusting
factors like concentration, temperature, pH, and the type of substrate inyb8&#92) A further
studydeveloped a crosslinked douldéeyer hydrogel (PVA/PEG/CS) modified with TA, featuring
layers of large and small pores to prevent bacterial invasion and water loss while maintaining a mois
environment. Thén vivoresults showed that the bilayer structure, combined with TA's antibacterial
and antioxidant properties, significantly improved wound repair, making it a promising treatment for
chronic wounds, including those infected by bacteria and diabetic w@¢a8dls Therefore, TA is

often considered a "green" crosslinking method in the literébut@omaterials productd 36). It is

known to offer improved biological propertjesich as biocompatibilitgndantrinflammatory and
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antibacterial characteristicgompared to other crosslinkel® is known to exhibit biocompatibility

towards different cell line92)

Since the cytotoxicity of the specific combination of TA crosslinked PLL/PGA/PDDA/MTM
nanoclayQL has not been assessed, this study will investigate the relationships between®MC3T3
pre-osteoblasts and Lbtoated (crosslinked andhcrosslinked. The precursor osteoblasike cell,
MC3T3-E1 pre-osteoblastsells, differentiate into mature osteoblasts under appropriate culture
conditions Theyexhibited high proliferative potential during their grsteoblast stage, which makes
them valuable forin vitro studies focused on bone tissue engineering, biocompatibility, and
osseointegration of implant materials and providing important insights into the bone formation
process(332) Therefore in this chapterjn vitro studies using MC3T-E1 preosteoblasts were
conducted to evaluate cell viability, biocompatibility, attachment, proliferatimrphology and
cellular responsesn theTA crosslinked Lbkcoated scaffolds, exploring their potential as bone

tissueengineered scaffolds.

5.1.1 ChapterAims

In this chapter, the main objective was to evaluate cellular behawithin the crosslinked LbE
coated scaffoldsSpecifically, the cytotoxicity, cell attachment efficiency, cell proliferation, cell

viability within the scaffolds, and cell morphology and growth pattersie assessed

The primary objectives of this chapter were to:

1 Assess the biocompatibility of scaffolds to ensure scaffold materigieiodegradation by
products do not cause cytotoxicity towards thegsteoblast murine cell line MC3TB1.

1 Demonstrate successful attachment and proliferation of ME3IT&ells within the scaffolds.

1 Assess the interactions between cells and the scaffold materials system, as well as the genet
morphology and behaviour of cells cultured within the scaffolds.

1 Qualitatively assestheviability of cellsinteracting with the scaffolds.
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5.2 Materials and Methods

5.2.1 Materials Systemand Experimental Procedures

Three scaffold groupsom Chapter 4 were included in this chaptancoated, 10 QLs Lbtoated
(uncrosslinked), and TA crosslinked 10 QLs kbhated scaffolds. The material conditions, LbL
assembly process, and crosslinking procedures followed the methodology outlined in Sections 4.2.1
4.2.3. Additionally, all characterisationsvere conducted according to the procedutesilal in

Section 4.2.4
5.2.2In vitro / Biocompatibility Assessment

5.2.2.1 CellCulture

The three scaffold groups, including uncoated,dcbiated (ncrosslinked), an@A crosslinked LbE

coated (n=5), were bisected into approximal€ly6 mm (diameter x height) sized specimens. Each
group was then immersed in a PBS solution fortd ensure they reached a neutral pH. The scaffolds
were then immersed in 70% ethanol for 15 min for sterilisation. The scaffolds were next thoroughly
washed wih sterile 1x PBS to remove any residual ethé2@8) The murine calvarial presteoblast

cell line MC3T3E1 (Mouse C57BL/6 calvaria, Merck Life Science, Irelgndps used for alin

vitro studies The cells were maintained Mi ni mum Es s e n(tMER) (Th&moFisherm U
Scientific, United Kingdom), supplemented with 10% foetal bovine serum (FBS) (THe&siner
Scientific, United Kingdom) and 1% PenStrep (Sigiidrich, Ireland) in 75n? flasks. The cells

were cultured in a humidified 5% G@ncubator at 37°C, with medium replenished every 48 h.

5.2.2.2 Cytotoxicity Analysis

The cytotoxicity of the uncoated, Lbtoated @ncrosslinked) andl'A crosslinked LbEcoated
scaffolds towards MC3TFEB1 preosteoblast cells was carried ofailowing the 1SO 10995
standard, using the extractimased method. Thenulti-transaction translato(MTT) assay

(Thiazolyl Blue tetrazolium bromide, Therntéisher Scientific, Irelandwas used to determine
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cytotoxicity levels. MC3T&EL1 cells were seedeat a seeding density ok1(® into 24well plates

with 1 mL of regulay supplementet?MEM and placed in an incubator (5% &@7°C) for 24(n =

5). Before the extraction, each scaffold was sterilised as before, with submersion in 70% ethanol fo
15 min. The extraction vehicle was standaMEM. Extraction was carried out for 24 After 24 h,
nonextractionUMEM was removed from the 24ell plates containing the cells, andnlL of the
extraction media was added to each well. Cells were exposed to the extract media for 2i4.and 48
To the list of suitable controls in the ISO standard, stainless steel was chdsneggtive control,
while natural ruber latex was used as a positive contfter 24 h, the extraetimedia was removed

from all wells and replaced by fresh media containing MTT to a final concentration of 0.5 mg/mL
MTT per well Plates were incubated fotgland formaan crystals were dissolved in DMSO. 200

from each well was transferred to a®86ll plate with absorbance determined at 540 (Infinite

200 PRO, TECAN, Switzerland). Viability was determined by the following equation:

Equation 5.1: Calculation of cell viability %

#A@EAA@lcgm- \\\\\\ P T

5.2.2.3 ScaffoldSeeding

Before cell seeding, the three groups of scaffolds were sterilised as before and then incubate
overnight in UMEM medi a, supplz.iEact scaffold ias thed % |
gently compressed to remove excess media before being transferred to a-well [#dte. For
seeding cellsin T75 flaskswere treated with 0.25% Trypsin (Thermo Fisher Scientific, United
Kingdom), collected via centrifugation (1000 RPM) for 5 min, and resuspended in a small volume
of fresh media for counting via trypan blue arsibn. Cells were then resuspended at the required
density for cell seedindgzach scaffold was seeded using a dosided technique, with half the total

number of cells to be seeded on each flat surface of the cylindrical scaffoédseeded scaffolds
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were incubated for ih at37°Cto allow for initial attachmenteeded scaffolds wetieensubmerged

in 1.5mL media duringn vitro studies, with media replenishment ever$ days.

5.2.2.4 Cell Attachment

The efficiency of cell attachment was determitgccalculating the percentage of cells remaining
attached tahe scaffolds after an initi@4-hourattachment period, comparedamwinitial number of

cells seeded. For each scaffold group (n=3), a total of GMITBT3-E1 cells were seeded and
incubated under standard culture conditions overnight. The scaffolds were then removed from the
media and lightly rinsed in sterile PBS to remove loosely adhered cells and media remnants. Th
quantification of cells duered to each scaffold was carried out using the CyQUANINA
guantificationassay ¢atalogie number: C7026), comparing DNA extracted from scaffwdaind

cells to DNA extracted from a cdblased standard curve ranging from 0 to 100,000. ddisseeding
efficiency (%) was calculated using the following equation:

Equation 5.2: Cell attachment efficiency %

,,,,,,, g EARDOAAE AA
8 EAORAAAATT

5.22.5 Cell Proliferation

TheaamarBlue assay wasmployed to evaluate cell metabolic activatyer two weeksindicating

cell proliferation.The three scaffold groups were prepared as previously desarildeseeded with
1x1( MC3T3-E1l cellsusing a twesided method Each scaffold was cultured in Ind. of
supplementedMEM, and the 24well plates were incubatgg=5). At each respective timepoint
(Day 1, 4, 7and14), the media was carefully removed, and each scaffold was washed with sterile
PBS to eliminate excess media and loosely attached cellscatields were then transferred to new
24-well plates containing supplemented DMEM with 10% alamarBlue soluficaffolds were then
incubated for 4. Unseeded scaffoldgoim each group were used as negative contrbty

background normadation, the negative control consisted of the same medidamdrBlue solution
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without cells. The plates were incubated fdn b allow resazurin reduction. After incubation, the
scaffolds were removed, and 100 ¢ L-wetl platetfdi e r
measurementThe absorbance was determined at Bf0and 600m (Infinite 200 PRO plate
reader)anda | amar Bl ue reduction was deter mi neTthe acc

reduction percentage was calculated according to the manufacturer's guidelines

5.22.6 CellMorphology Analysis

Cell morphology and interaction with the three scaffold grougreanalysed through SEM analysis.
Each scaffold groun=5)was seeded with 1x3®1C3T3-E1 cells as previously described. At each
respective timepoint (Day 1, 7 and 14), the scaffolds were removedttieoulture and washed
thrice with sterile PBS. Each scaffold was then fixed with 2G% overnight at £C before
undergoing an ethanol dehydration procedure (50%, 70%, 90%, 95% and 100% (i, ey

step). After ethanol dehydration, the scaffolds were submerged in hexamethyldisilazane (HMDS) for
10 min (x2) before finally being transferred to a dry petri dish for drying. Once,dréath scaffold

was sectioned along both transverse and longitudinal ardsthen mounted on a carbon
adhesive/aluminium stub before being sputteated with gold particles. SEM imaging was

performed at an accelerating voltage of 5 kV.

5.22.7 Live/DeadViability Assessment

Cell viability within the three scaffold groups was assessed using the LIVE/BEAD
Viability/Cytotoxicity Kit (Invitrogen, catalogie number: L3224), based on tlgeeen fluorescent
CalceirAM (live cells) and the red fluorescent ethidium homodihddead cellsiboth Sigma
Aldrich, Ireland. Scaffolds were seeded with 1®1IAC3T3-E1 as before and at each respective
timepoint (Day 1 and 7After incubation, scaffolds were rinsed twice using PBS and stained using
Live/Dead viability/cytotoxicity reagent acabi ng t o man uf a c(scaffoldswérs i r

removed from culture and submerged i nAMands ol u
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2 &M et hi di d,nmandhsanmg was naeried out for 30in). The scaffolds were then
incubated at 37C for 45 min. For observation and image acquisition, a fluorescence imaging system,
specifically the EVOS FL imaging system (Life Technologiess sed and cells on the scaffold
were observed using excitation and emission wavelengths of 495/515 @aldéem and 528/617

for EthD-1. Cell viability was qualitatively compared across three gromgsothDay 1 andDay 7.

For each scaffold, images wmetaken at least from three to six different locations to obtain an

overview of thecell viability.

5.2.2.8 StatisticalAnalysis

The minimum number of biological replicates tested per study for each composition wasln=3.
statistical analysis was performed using GraphPad (GraphPad_Prism Software, Version 8.0.2)
Results calculated and shown in graphs were the mean * the standard deviatidh€3®halue is

indicated as follows: p O 0.05 = *, p O 0.01

5.4 Results

5.4.1In vitro Biological Characterisation

5.4.1.1 CytotoxicityAnalysis

Potential cytotoxicity of the scaffolds and degradatiosplyducts from the scaffolds towards
MC3T3-E1 preosteoblasts cells eveinvestigatedising the MTT assayCytotoxicity was analysed

by the extraction method outlined in ISO 109938333). The initial in vitro cell viability results
demonstrated that all three scaffaldoups maintainedcell viability above the 70% threshold
specified by ISO standaraghen in contact with the extraconfirming their norcytotoxicity and
acceptable cytocompatibilityspecifically, MC3T3EL cells exposed to extracts from all scaffold
groups exhibited a mean viability of 090 % (
exceeding the 70% viability requirememotably, the crosslinked scaffolds showed higher cell

viability (114 %) than both the control group and the uncoated, uncrosslinked ,gralipating that
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cells actively proliferate on the scaffold during the attachment pektmteover, there was no
observed reduction in cell viability when compared to the negative control (unaltered media,
normalised to 100% viability) for any of the scaffold extraafter 48h. The initial cytotoxicity
analysis confirmed that the materials used in the scaffolds, along with their degradation products, di

not release any cytotoxic elements into the media and had no adverse effects on cell viability.

5.4.1.2 CellAttachment

The efficiency of cell attachment to the scaffolds was evaluated by comparing the number of cells
attachedo the scaffolds after 24 to the initial number of cells seededinga DNA assay All

scaffold compositions across the three groups demonstrated mean attachment efficiencies great
than 80%(non-significan) (Figure5.2b). Uncoated PU foam samples can support cell attachment
due to their high porosity and interconnected structure, which allow cells to adhere and spread withit
the scaffold. Howeverthe lack of bioactive functional groups may result in weaker adhesion
compared to coated sampl@éfe crosslinked scaffolds exhibitgdeaterattachment efficiency, with

a mean attachment of 97.31% + 2.17%, indicating a robust attachment of healthy and viable cel
populations within the scaffolds. In comparison, the {dolated scaffolds had a mean attachment

efficiency of 80.84% + 3.14%, andetluncoated scaffolds had a mean of 88.24% + 4.22%.

5.4.1.3 CellProliferation

The alamarBlue assay, which measures the reduction of resazurin to resorufin by metabolically activ
cells, indicated cell proliferation. A higher reduction rate reflects a greater number of cells or more
metabolically active cells. The study demonstratadncrease in alamarBlue reduction over time
(Figure 5.2c). The uncoated and uncrosslinked groups exhibited a continuous decrdhse in
reduction rate. In contrast, the crosslinked group showed a continuous increase in reduction at ea
timepoint over te 14days indicating the proliferation of viable cells within this scaffold group. By

Day 14, the crosslinked group showed a significant increase in alamarBlue reduction, more thar
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doubling from 17.15% on Day 1 to 35.48% on Dayrhdking it the besperforming group in terms

of cell activity and proliferation.
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Figure 5.1:. Assessment oin vitro biological propertiefor uncoated, Lbtcoated (uncrosslinked), and
crosslinked Lbkcoated scaffolds: a) MC3TB1 cells cultured with scaffold extracts did not result in
cytotoxicity, with cell viability at ~100% for all scaffold extract treated cells after 48 H. N&gjative control

and PQ positive control. b) Cell aiichment to the three group scaffolds was in the range 8780 after 24

h. No statistical differences were found among the composition scaffolds. ¢) AlamarBlue reduction across 1¢
days showed a continuous iease in reduction as a function of time for the crosslinked group. The values

are presented as the mean + standard deviation (n = 4). *p< 0.05, **p< 0.01, **p< 0.001.
5.4.1.4 CellMorphology Analysis

SEM analysis of the scaffolds demonstrated that MGBTI3cells successfully attached and
proliferatedin all threedifferent scaffold groups(Fig. 5.2 a, b and c)On Day 1, the cells were
primarily isolated, but by Day 7 and Day Bhincrease in cell numbevasobserved. At these later
timepoints, MC3T3E1 cells extensively populated the 3D surfaces and pore structures compared
with Day 1.By visually assessing trexaffold surfacetheincrease in celpopulationwas apparent

by Day 14 across all scaffl types, with densely populated cell aggregates forming, especially in the
crosslinked group. In the followinguantitativeanalysis of cell attachment and proliferation, SEM
analysis also qualitativelggreedwith the crosslinked groypwvhich showed higher levels afell
interaction compared to the other groups. €ell and celimatrix interactions were demonstrated
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through filopodia observation in the crosslinked group ), with interaction between filopodia

of adjacent cellandof filopodia with the scaffold surface. Morphological differences and growth
patterns between the crosslinked and other scaffold compositions were appddeyt1,Day 7,

and Day 14. SEM images revealed enhanced cell spreading and attachment over time, with cells
prominently adhering to pore walls. The crosslinked dcolated scaffoldexhibiteda highly porous

and interconnected sitture with a uniform cell layer, indicative of superior cell attachment and

spreading.

5.4.1.5 LiveDeadViability Assessment

Qualitative analysisof the MC3T3EL cell viability at Day 1 anday 7 was conducted using
Live/Dead staining, where viable cells were labelled WiticeinrAM (green) and dying/dead cells
were labelled witkethidium homodimed (EthD-1) (red). Due tdhe presence of ubiquitous esterase
activity, live cells convert nonfluorescent epktrmeantCalceinrAM to an intensely fluorescent
Calcein and emit green, fluorescent signals while dead cells stain withlitBich enters cells
through damaged membranesiampon binding to nucleic acid emit bright red fluorescefide
crosslinked group exhibited high percentage of live cells as denoted by high green fluorescent
intensity, thereby indicative o healthy state of cells. The celleerestained with both dyeShus

an overlapping signal was obserysiginifying a mixed population of cells. Cells on the crosslinked
scaffold had mordive cells and a minimal number of necrotic cells compared to uncoated and
uncrosslinkedTheimages showed a reduction in attached cells in the uncoated and uncrosslinked
groups, while the crosslinked group exhibited a higher level of cell viabititially (Fig. 5.3). This
apparent increase in cell viability aligns with timdtial results ofquantitative analysis of cell
proliferation and attachment, suggesting enhanced cell division and expansion in the crosslinke

group compared to the other two groups.
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Figure 5.2: In vitro biological characterisation of cell structul®sSEM analysis. SEM imaging of dehydrated
cell/scaffold constructs reveals MC3E2 cells populating the interior of all three scaffold groups, indicating
different cell morphologies across the different scaffold compositions at Day 1, 7 and 14: a) uncoated, b) LbL

coated (uncrosslinked), and epsslinked Lbl-coated scaffolds.

Day 1 Day 7

Figure 5.3: Fluorescence microscopy images of-peteoblast cell§MC3T3-E1) viability labelled with
CalceinrAM (green) and propidium iodide (redip Day 1 andDay 7. The cells were cultured on: a) uncoated,
b) LbL-coated (uncrosslinked), and c) crosslinked ddoiated scaffolds. All images were captured at 40x

magnification.

5.5 Discussion

Biocompatibility is a fundamenta¢quirement for bone scaffolds, ensuring they can support cellular
activity without inducing toxic effects on local tissy884) In this chaptern vitro assessments and
cellular responses to three scaffold groups of uncoa@e@LsLbL-coated (uncrosslinked), aid
crosslinkedLO QLsLbL -coated scaffolds were performed using MCEBpreosteoblast celld.bL
assemblyof PLL/PGA/PDDA/MTM was used to modifghe 3DporousPU scaffold structureto

influence bone cell adhesiofhe potential mechanism of cytotoxicity of syrttbg@olymerscaffold
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is associated with interactions of the positively charged polymer with negatively charged cell
membranescausing membrane leakage andéodecrease in metabolic activi(d35) Polymer
"leaching” from Lbl-assembled films due to polyelectrolyte mobility has been previously noted to
negatively affect cell viability42). The indirect cytotoxicitystudy demonstrated no cytotoxicity
from any of the scaffold groups, coating systems, or crosslinking treatments, with mean cell viability
0100% in all -trsated telisocafted 48e Actoss aalt scaffold compositions, cell
attachment efficiencies were greater than 80% after 24 h. The alamarBlue assay indicated increast
metabolic activity in the crosslinked scaffolds over 14 deyicating thatells actively proliferae

within the scaffold whereas both uncoated and uncrosslinked scaffoldgesha slight decrease in
reduction rates as a function of time. Quantitative analyses confirmed that the crosslinked scaffold:
exhibited the highest cell viability (114%), the highest attachment efficiency (97.31% + 2.17%), and
greater cell metabolic actty (36%), indicating enhanced proliferation compared to the uncoated
and uncrosslinked groupd$n addition, cell viability was also determined by observing cell
morphology following the incubation period, as this can be considered a complementary mwieasure
cell adhesionTo further evaluate thén vitro biocompatibility the qualitative analyses using
fluorescence microscopy and SEM imaging supported the quantitative resulteadectell
analysis demonstrated higher cell viability in the crosslinked grangcell coverage wakarger
compared to the other two types safaffolds while SEM imaging showed extensive ealatrix
interactions, with cells forming a uniform layer across the scaffotdsindicating an affinity with

the surfaceThe increaseaell survival and coverage in the Té&osslinkedLbL-coatedgroup,
compared to the other two groups, sugegstat TA crosslinking supported cellulattachmenand
spreadingachievinga densecell monolayer SEM images (5.2¢A crosslinked_bL-coatedgroup)
revealed numerous thin and long filopodia with veglteadflattenedshaped cells, indicating strong
cell-material interactions and successful integration with the scaff@ll filopodia were observed

interacting with the scaffold pore surfacesyd elongated cells spread throughout the scaffold
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structure over 14 days in comparison to the other grolipsse observations suggested that the
crosslinked scaffolds provided an ideal environment for robust cell adhesion, proliferation, and
viability, underlining their excellent biocompatibility. The egllatrix interactions, including
filopodia extensions ahflattened cell morphology, highlighted the scaffold's ability to support

healthy cellular function within its porous architecture.

LbL-assembled films made with weak polyelectrolytes are prone to swellmglrated conditions
limiting their stability under physiological conditiond19) Martinez et al. reported that the

Al eachingo of mobi |l e PAAIPAK lebL-assetbled filpst can neghtiaalyn s
impact cell viability(42). This leaching is anain factor contributing to the reduced cell viability
observedfor the uncrosslinked groupm this studycompared with the crosslinked grquas
uncrosslinked multilayers often lack structural integrity due to the absence of chemical bonds
between adjacent layerl contrast, the chemical crosslinking introduced by TA enhanced cell
attachment spreadingand cell viability, as evidenced by visual assessments and cell coverage
observationsMany studies reportedA's positive impact orbiological and cellular responses
significantly enhanced the cellular microenvironment, promoting superior conditions for cell growth
and interaction§133,136,292)In this study,TA crosslinking establistiea robust physicehemical
barrier, enhancing the structural stability of the ldmated scaffolds. Additionally, TA as a
crosslinker offeed notable advantages, including its positive impact on cellular respdPse
osteoblast cells (MC3TFB1) demonstrated a greater affinity for adhesion and spreading en TA
crosslinked LbL films compared to the uncoated and uncrosslinked films (Bigayerhe enhanced

cell coverage in the TA crosslinked group was qualitatiecemparable to the uncoated group and
was notably higher than that of the uncrosslinked group. This observation aligns with studies on the
biocompatibility of crosslinked PLL and alginate bilayers, where crosslinking improved cell
attachment and led to0OQ% cell coverage abay 7, compared to only 2B0% coverage in

uncrosslinked film£336).
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Further longterm in vitro analysis is required to comprehensively evaluate the scaffold's
functionality to supporin vivo application. The next steps of vitro studies should focus on
conducting calcium assays to quantify mineedion andexplore osteoconductivityAdditionally,
histological assessmenstiould be undertaketo analyse tissue integration and bone formation.
Overall, theresults of Chapter iidicate that TAchemicalcrosslinking campotentiallyprovideLbL -
coatedporous scaffolds witlsuitable biologicaproperties for bone tissue engineering applications
(135,136) Moreover,the combination of enhanced cell viability, cell proliferatiattachment, and
robust celmaterial interactions Chapter Svith the improved physical, chemical, mechanical, and
surface properties of the Férosslinkedscaffold described in Chapter the LbL-coated highly
porous PU scaffold, demonstrated its significant potential for bone tissue engineering applications
The scaffold's enhanced mechanical performance, porosity, andateliial interactions make it a

promising candidate fauccessful tissue regeneration outcomes.

5.6 Conclusion

The biocompatibility of TA crosslinking on PLL/PGA/PDDA/MTM nanoclay films produced via
LbL assembly ontdighly porous PU foam scaffold was investigated to assess the potential for
biomedical applications of foams Lktoated with this material systeifthe crosslinked Lbicoated
scaffoldsshowedmproved preosteoblast (MC3TEL1) cell viability, attachment, proliferation, and
morphology, compared to uncoated and uncrosslinked grospggesting that these scaffolds
potentially offer a suitable structurethat may serve as promising candidates for bone tissue
engineering applications. Ehlast experimental chaptsuccessfully developed functionally robust
multilayer nanocomposite coatings onto highly porous 3D templates,initild positive in vitro
responseshoth quantitatively and qualitativelpre-osteoblastinteraction with multifunctional
nanocompositeLblL-coated s howcasi ng t he scaff ol dendineepd t e n
scaffoldsand warrant further studyrhe TA crosslinked_bL -coatedscaffoldexhibited strong cell
material interactions, promoting cellukaability, adhesion, proliferation, andpreadingwhich are
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critical for effective bone tissue regeneration. Overall, this research highlights the potential of
multifunctional crosslinked Lbicoated scaffolds with superior biological responses for use in bone
tissue engineering applications (Aload-bearing scafftl). Future work should involve longésrm
biocompatibility and degradation studies, alongside detailed chasatitari of surfaceand bulk

propertiesto fully understand the cellular responses over time.
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Chapter 6: Overall Discussion, Concluded Remarks

and Future Perspectives
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6.1 Overall Discussion

The design and fabrication of mu$ictale scaffold materials that fulfil biological requirements while
achieving optimal mechanical properties and maintaining appropriate porosity represent significant
challenges in the field of bone tissue engineef@i@). This thesis aimed to address these challenges
by applyingaLbL assembly approachith a new materials systetm achieve scaffolds with tuneable
properties tailored for bone tissue engineering applications. This approach involved the depositior
of thin films as coatings onto opeell porous templates, enabling precise control over scaffold
properties.This strategy offers mechanical reinforcement, control over porosity, and additional
functionalities such as improved biocompatibil(ipp). The primary advantage of multilayered films
fabricated through LbL assembly is their tunabitiiickness, composition, and morphologshich

can be precisely tailored by adjusting the assembly param@&%3$ This research specifically
aimedto integrate biological and mechanical properties with appropriate interconnectivity, which is
critical for successful clinical application in bone tissue engineering. The material®useBGA,

PDDA, and MTM nanochka, were successfully assembled via LbL onto highly porous PU foam
scaffolds. The resultingoptimised coating conditions significantly improved the physical,
mechanical, chemical, and biological properties of the scaffolds, making them highly promising
candichtes for bone tissue engineering applicatidailitionally, using TA for crosslinking the LbL
coatings influenced controlled vitro degradation behaviour and enhanced the physiechanical

and chemicaproperties particularlyimproving mechanical stability under hydrated conditidns.

vitro studies utilsing MC3T3E1 preosteoblastslemonstrated initial positive cellular responses to

the TA crosslinked Lbicoated scaffolds, highlighting their potential in bone tissue regeneration.
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Within this chapter, the key findings of this thesis are presented

1. Developing asuccessfulcustom-designedLbL deposition system with continuous perfusion

flow and cyclic compression

This study exploré the application of dynamic conditiomghich combined perfusion (I8L/min,

10 rpm) and cyclic compressive loading (5% strain, 1 Hz), comparathtc conditions (dip
coating/immersionin the LbL assembly technique for fabricating nanocomposite coatingglog
porousPU foamscaffolds tailored for bone tissue engineerifigis approach offes precise control

over perfusioncyclic loading and eliminates issues like air bubble forma#ad difficulty in
effectively infiltrating the coating materials into the porous structi®®) Dynamic LbL coating
conditionsachieved through a custom LbL deposition chanfisetitatedenhanced diffusio59),
resulting in ultrathin, uniform, and dense coatings on apinscaffolds, azonfirmedby SEM
analysis. This method also improved the chemical bonding and surface properties, including
hydrophilicity and roughness, which were validated by AARR and contact angle measurements.
Dynamic conditions significantly increased scaffold stiffness (compressive elastic modulus) by a 40
fold improvement, compared to a-idid increase under static conditions, while maintaining high

porosity.

2. Systematic evaluation and optimisation of the LbL assembly conditions and nanocomposite

material system usingthe DoE approach

This study systematically quantified the influence of LbL assembly parameters and the coating
material system on the properties of opeH porous PU foam templates coated with
PLL/PGA/PDDA/MTM nanoclay composites using tveeparateDoE studies The interactions
amongthe factors were analysed using hatirmal probability plots, ANOVA, and effects plots to
identify the key factors influencing each propeBoE Study 1 focused on finding the best

concentration and pH levels for the coating materials. Optimal results were 1% concentration for
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polymers, 0.5% for nanoclay, and specific pH values identified for each material, to enhance the
electrostatic interactions for LbL assembly. This highlighted the importance of apgmiaterial
conditions experimentally rather than solely relying on previous st(e#¢<DoE Study 2 involved

a parametric investigation of LbL coating parameters, identifying optimal conditrartsding a
scaffold pore density of 45 PPI, 100 QLs, a coating time of 30 s, and drying intervals after every 1C
QLs. The study revealed that scaffold pore density and the number of LbL layers had the mos
significant impact on the physigonechanical rggonses of coated scaffolds. An impressive-R60
increase in mechanical properties was achieved, with the compressive modulus rising from 0.08:
MPa to 21.64 MPa while maintaining a highly interconnected structure with a porosity of 78.2 +
1.24%. These results highlighted the critical need for precise control of LbL assembly parameters t
optimise the mechanical properties of porous scaffolds, ultimately leading to more effective and
durable tissue engineering scaffol(®54). Previous studies, such as those by Ziminskal,
provided valuable insightssing theDoE studybut did notapplyanoptimisation-based approadio
determinecritical parameters like material concentration, pore density, and the number of3&yers

This represented the first parametric analysis demonstrating the influence of pore density and th
number of layers deposited during LbL coating on the mechanical properties of porous PU foam

scaffolds

The optimgation process aimed to maxsaithe compressive elastic modulus while maintaining high
porosity and mininsing coating thickness and mass. Under these ogthionditions, a significant
improvement was achieved in tailoring the surface and bulk properties of porous scaffolds througt
nanocomposite LbL coatings. This comprehensive opditioin study led to the development of a
novel protocol for fabricating polymeranocomposite coatings on highly porous structures, offering
tailored mechanical ahphysical properties, controlled porosity, and enhanced functionality for

advanced applications.
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3. Development of #ective chemical crosslinking in preserving the mechanical properties of
LbL -coated porous scaffold under hydrated conditionsand in vitro biodegradation rate

assessment

When the scaffoldswere tested under hydrated conditions, the omadi LbL-coated scaffolds
experienced a notable reduction in mechanical performance due to thegogstifect of water on

the highly porous PU foai288) This highlighted the need to investigate crosslinking processes that
could preserve mechanical properties under these conditions, making the scaffolds more suitable fc

in vivoapplicationg136).

Previous studies demonstrated that chemically crosslinking nanocomposite LbL coatings on PU foan
scaffolds with GA retained up to 56% of their mechanical properties when hyd{ai®).TA-
crosslinked scaffolds, however, showed superior performance, retaining approximately 75% of theil
mechanical properties under hydrated conditions in PBS at 37°C, surpassing other commor
crosslinkers such as GA and EIMES (119) TA crosslinking effectively mitigated the plassicg

effect of water, creating a more uniform and denser LbL coating and maintaining the mechanical
integrity of the scaffolds. Chemical analyses using FTIR and XRD confirmed the successful
incorporation of TA within the nanocomposite LbL coatings, showingnger chemical bonds and
indicating enhanced stability and crosslinked structure integAiyditionally, an in vitro
biodegradation study in PBS at 37°C with 60 rpm agitation using lipase and lys@&naymes
demonstrated that hydrolysis of ester bondBlhled to scaffold degradatiof299) Crosslinking

with TA effectively slowed this degradation, protecting the idaated scaffolds and extending their
structural integrity under enzymatic conditions. Enzymatic degradation led to a gradual breakdown
of scaffold morphology and properties; hower, posdegradation SEM analysis showed that despite
minor defects, the scaffolds retained high porosity and interconnected structyrebaracteristics

for bonetissue engineering applications.
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4. In vitro assessment of pr@steoblast interaction: Investigating initial cell viability,
biocompatibility, attachment, proliferation, morphology, and cellular responses on crosslinked

LbL -coated scaffolds to explore their potential as bone tisswgngineered scaffals.

The last experimental chapter of this doctoral thesis (Chapter 5) preseniéa istudies using
MC3T3-E1 preosteoblasts to evaluateell behaviour including cytotoxicity, cell attachment
efficiency, cell proliferation, cell viability within the scaffolds, and cell morphology spréading

pattern exploring their potential as bone tisseregineered scaffolds.

Quantitativein vitro analyses demonstrated that-€rosslinked scaffolds achieved the highest cell
viability (114%), attachment efficiency (97.31%), and increased cell metabolic activity (36%),
indicating enhanced proliferation compared to uncoated and uncrosslinked graaisatiQe
assessments, including fluorescence microscopy and SEM imaging, corroborated these findings
Live/Dead cell assays revealed higher cell viability and greater cell coverage in the crosslinked groug
while SEM images highligled extensive celinatrix interactions. Cells formed a uniform layer
across scaffold pores, exhibiting an affinity for the surface, with-spektad, flattened cells and long
filopodia, indicating strong celihaterial integration. Filopodia interacted inéitaly with scaffold
surfaces, with cells spreading and elongating throughout the structurbdodays contrasting with

other scaffold typesThese observations align with previ
influence on biological and cellule@sponses, creating an environment conducive to cell growth and
interactiong135,136,292)O0verall, the enhanced posteoblast viability, proliferation, attachment,

and celfmaterial interactions, coupled with improved physical, chemical, mechanical, and surface
properties of the TArosslinked LbEcoated highly porous PU scaffoldemonstrateds promising

potential for bone tissue engineering applications.
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6.2 Concluding Remarks

The deposition of engineered multifunctional coatings onto porous scaffolds using the LbL assembly
process, with precise control over thickness, porosity, composition, mechanical properties,
biodegradability, and stiffness, presents a promising approachefating effective bone scaffolds.

The LbL assembly process provides a simple, scalable, inexpensive and environmentally friendly
method for translating LbL assembly coating technology to bone tissue engineering applications
This research has demonstidithe use of electrostatic LbL assemlity the development of
multiscale materials that integrate biological and mechanical properties with appropriate porosity anc
interconnectivity This doctoral thesis explored the first systematic investigation ofddsembled
PLL/PGA/PDDA/MTM nanoclay coatingsnto opercell structuregor bone scaffold applications.
Dynamic coating conditions involving continuous perfusion flow and cyclic compression during the
LbL assembly process significantly enhanced the mechanical properties of the multilayered
nanocompositeoated scaffolds. Furthermore, a comprehensive ogation of LbL assembly
parameters and coating material conditions ugiDgE approach successfulijmproved thehysic
mechanical properties agtaffolds To address the challenge of maintaining Inagdcal properties
under hydrated conditions, an effective chemical crosslinking process usingg developedn

the final phase of this research, initravitro assessments and cellular response studies demonstrated
that TA-crosslinked multifunctional LbL coatings on poroRbl foam scaffolds elicited positive
biological responses. These scaffolds showed enhancedte@blast ceMC3T3-E1) attachment,
proliferation, and morphology, establishing their potential for application in bone tissue einginee
This research represents a significant advancement in the development of multifunctional LbL
coatings on highly porous bone scaffplgroviding a deeper understanding of the essential

properties required fadhese engineerestaffolds tafunction effectivelyin vivo.
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6.3 Future Perspectives

Building on the current research regarding multifunctional Icbltings on highly porous bone
scaffolds, several key areas for future work emerge as crucial for gaidiegpanderstanding of

this scaffoldand achieving the full potential of the study

Comprehensive in vitro assessmentsfor LbL -coated €affold biocompatibility and

osteoconductivity.

In terms of potential limitations and challenges for technology translation in this research, while
initial in vitro tests indicated that the optimised scaffold had no negative impact on cellular responses
extendedn vivo studies are critical to ensure that the scaffolds do not provoke toxicity or adverse
effects during longerm applicationsFuture research should focus on thoroughly evaluating the
long-term biocompatibility and cytotoxicity of the scaffolds, including their degradation products, to
corfirm their suitability for extendedn vivo applications. Comprehensivia vitro studies are
required to examine the structural and functional stability of the scaffolds over prolonged periods
while ensuring their continued positive impact on cellular activity. To achieve this, extended
Live/Dead and MTS assays will be conducted tmitor biocompatibility and cell viability. Further
investigations should include alkaline phosphatase activity assays and calcium deposition assays
guantify minerakation a critical indicator of osteoconductivity. These assays will provide valuable
data on the scaffold's capability to facilitate bone matrix formation and msagi@h, which is
essential for effective bone regenera{i@y These future directions will be instrumental in validating

the scaffold's potential for clinical translation and its ability to promote successful bone tissue

engineering outcomes.
Control and tailoring of stiffness in LbL coatings for enhancedosteointegration

The ability to controlsurface topography and stiffness pkypivotal roles in influencing cell

adhesion, behaviour, and differentiation, although these properties were not directly assessed in th
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study. The increased stiffness of LbL coatingg adjusting assembly conditions may have
contributed to the observed improving osteointegration, as the differentiation of bone progenitor cells
can be modulated by providing appropriate mechanical st{iiléi) Tailoring substrate stiffness in

bone tissue engineering scaffolds holds significant potential to redtleda vitro culture time
required for pradifferentiation and may eliminate the need for osteogenic supplements, streamlining
the scaffold's clinical applicatiofThis thesis and alsagvious studies have demonstrated that the
stiffness of Lblassembled coatings can be modulated through the incorporation of reinforcing
phases, such as nanoclay sheets, or by employing chemical crosslinking tecfirfi§u29,255)
Further studies can be focused the modulation of stiffness with the goal of better understanding

the mechanism involved in the mecb-responsive stimulation of bone cells

In vivo and histologicalevaluation of LbL assemblycoatedporous bone affolds.

Anot her significant <challenge is ensuring tI
the rate of bone regeneratioAssessing then vivo response to LbL assembtpated porous
scaffolds is critical for validating their potential and exploring their clinical applicability in bone
tissue engineering applications, necessitating future studies to evaluaite theiperformanceAn

in vivo study assessinte ability of both celfree and celseeded scaffolds to heal criticaked

bone deécts using a welkkstablished rat cranial defect mo{&B7)is proposed as the next step in

this researchn this experimental setup, critieaized cranial defects would be created in Wistar rats.
The defects would either be left empty as a control group or implanted wifineeetir ceHseeded

LbL assemblycoated porous scaffolds, with eight rats allocatestach group. Bone formation
would be monitored at-48-, and 12week intervals using advanced imaging techniques such as
micro-CT. Further analysis would include histological, histomorphometry, and
immundistochemical assessments to provide detailed insights into the quality and extent of bone
regeneration. Additionally, the study would investigate the relationship between the host
macrophagéed immune response and the overall healing of the bone défieetaspect is critical,
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as immune response pkag significant role in scaffold integration and tissue regeneration. This
comprehensivan vivo evaluation will help establish thefficacy of LbL-coated scaffolds in

promoting new bone formatippaving the way for improved strategies in bone regeneration.
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Appendices

Appendix 2.1: 2D SolidWorks CAD drawings of the custetiesigned LbL deposition chamber
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