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Abstract  

MohammadAli Sahebalzamani 

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

Tissue-engineered Scaffolds 

The electrostatic Layer-by-Layer (LbL) assembly process holds promise in customising the surface 

and bulk properties of bone tissue-engineered scaffolds. This research aimed to create functionalised, 

mechanically robust multilayer nanocomposite coatings on highly porous 3D templates to enhance 

in vivo functionality. The nanocomposite LbL-coated scaffolds were fabricated using 1 wt.% 

solutions of poly-L-lysine (+), polyglutamic acid (-), polydiallydimethylammonium (+), and 0.5 wt.% 

montmorillonite-nanoclay (-). Optimised coating materials system and process parameters under 

dynamic LbL-coating conditions were employed. Deposition of the nanocomposite LbL-coating on 

polyureathane (PU) scaffolds maintained the highly interconnected structure of the PU, resulting in 

scaffolds with 79 ± 1.1% porosity. This process led to a 260-fold enhancement in mechanical 

properties, increasing from 0.082 to 21.64 MPa under fully optimised conditions with 100 quadlayers 

deposited. To enhance mechanical properties under hydration, chemical crosslinking was applied to 

the optimised LbL-coated scaffolds using a 1 wt.% aqueous tannic acid (TA) solution. The 1 wt.% 

TA crosslinking exhibited optimal behaviour, with hydrated TA crosslinked scaffolds retaining 75% 

of their mechanical performance post-hydration. SEM analysis confirmed a uniform and robust 

multilayer nanocomposite coating was achieved using LbL process. Surface hydrophilicity analysis 

showed a decrease in the contact angle from 138.8 ± 2.85° for uncoated to 70.28 ± 3.10° for 

crosslinked scaffolds. In vitro studies where, the scaffolds seeded with pre-osteoblast cells (MC3T3-

E1) showed minimal evidence of cytotoxicity, with cell viability > 100% in crosslinked scaffold 

extracts after 48 h and 97.31% ± 2.17% cell attachment to the scaffold after 24. Increased cell 

metabolic activity was observed over 14 days, indicating proliferation. SEM imaging confirmed 

uniform cell layers with cell filopodia interacting with the scaffold pore surface on Days 7 and 14. 

The multifunctional crosslinked LbL-coated scaffolds demonstrated in this study represent a 

promising approach for enhancing the physiomechanical properties of open-cell structures with an 

initial positive impact on pre-osteoblast cellular responses for 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 paper 

published in Biomaterials Science Journal, Royal Society of Chemistry (2022). 

Sahebalzamani M.A, Ziminska M, McCarthy HO, Levingstone TJ, Dunne NJ, Hamilton AR. 

Advancing bone tissue engineering one layer at a time: a layer-by-layer assembly approach to 3D 

bone scaffold materials. Biomater Sci. 2022;10(11):2734ï58.  
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2 

 

 1.1 Introduction  

Bone tissue has a complex, hierarchical, three-dimensional (3D) porous structure and performs 

various unique mechanical, biological and chemical functions (1). Autogenous bone grafting, while 

the gold standard for treating segmental and non-union bone fractures, has limitations relating to 

tissue harvesting, lack of availability, etc. Thus, developing more effective synthetic bone grafting 

materials is imperative (1ï3). The use of synthetic bone grafts and substitutes during orthopaedic 

surgery is increasing significantly, and the global market was valued at         ú 2.98 billion in 2019 

and is projected to reach ú 4.15 billion by 2026 (4). Bone tissue engineering aims to replace injured 

bone tissue to restore functionality and promote healing (5). This engineering approach requires 

osteogenic cells, biochemical growth factors, and a porous, bioactive and biodegradable bone 

scaffold that is capable of accelerating bone formation and providing mechanical support during bone 

regeneration (5,6). The mechanical properties of an engineered bone scaffold should match those of 

the host bone tissue, with appropriate strength to prevent failure and sufficient stiffness to avoid bone 

tissue resorption (7,8). Bone scaffolds should also have sufficient mechanical strength to withstand 

the hydrostatic pressures in vivo and 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., 

75ï95 vol.%) is a prominent feature in this hierarchy and plays an important role in cancellous bone 

scaffold design and functional performance both in vitro and in vivo (11,12). The degradation rate 

also must be closely controlled and matched with the growth rate of new bone (e.g. nine months for 

spinal fusion scaffold (13) or between three and six months for cranio-maxillofacial 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 

degraded (16,17). 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 



 

3 

 

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

unique to individual sites of repair in patients (20ï22). 

The application of surface modification treatments, like using nano/micro scale coatings, can enhance 

the performance of the bone scaffolds and improve the cellular responses for tissue repair (23ï25). 

Nano/micro scale coatings offer an exciting opportunity for tailoring surface and bulk property 

modification of bone tissue engineering scaffolds for specific applications (26,27). The biological 

properties, mechanical properties and degradation of bone scaffolds can be controlled through the 

application of nano- and microscale coatings using various deposition methods, such as atomic layer 

deposition, Layer-by-Layer (LbL) assembly, plasma spraying, electrophoretic deposition or sol-gel 

processes (28ï31). These coatings can traverse material scales by affecting macroscale properties 

through structural features that extend to the nanoscale. In particular, the LbL assembly technique 

shows promise in providing an environment that resembles native bone by mimicking the structures 

and functions of native ECM and promoting cell adhesion, proliferation, and migration (32ï34). This 

technique is a simple, efficient, and versatile technique for surface modification in fabricating tissue 

engineering scaffolds (35). Numerous studies have reported the use of LbL assembly to incorporate 

proteins, growth factors, polysaccharides and functional peptides into biomaterials and to deposit 

coatings with controlled degradation rates (36ï40). In addition, the physico-mechanical and chemical 

properties of multilayer films, such as topography, stiffness and strength, and hydrophobicity, can be 

optimised by altering the coating composition and processing parameters, which in turn enables 

control over biological cellular responses (41,42). The bone tissue engineering field faces numerous 

challenges, including difficulties of in 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 applications 

(43ï45). Deposition of multifunctional coatings using LbL assembly is a potential route to addressing 

these challenges due to the low cost and simplicity of the technique, the fine control over composition 
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and structure, the ability to achieve a tailored hierarchical structure as well as the potential for a high 

loading capability of bioactive molecules (35). Furthermore, the fabrication of coatings using LbL 

assembly is of interest in the development of biocompatible implants for bone tissue repair and 

replacement applications (46,47). Over the last decade, over 1000 scientific papers have been 

published annually, with dozens of patents filed and several commercial products utilising LbL 

technology now on the market (38). Research studies conducted on LbL assembly technology applied 

to bone tissue engineering and bone regeneration have significantly increased by nearly six times the 

number of publications, as shown by a keyword search on the ISI Web of Knowledge database of 

topic terms ñlayer-by-layer assembly for bone regenerationò that reveals an increase from 100 papers 

in 2010 to more than 600 papers in 2023. 

This chapter presents an overview of LbL-assembled multifunctional films with a focus on coatings 

with tailored surface and bulk properties, coatings on porous 3D templates, crosslinking on coatings, 

biocompatible coatings that promote cell and protein adhesion, biodegradable coatings, and coatings 

containing bioactive molecules. An overview of the LbL assembly fabrication technique is followed 

by a review of the properties and functionalities of LbL-assembled coatings that are relevant for 

producing 3D constructs that satisfy the diverse requirements for bone tissue engineering. Finally, a 

perspective on the broad potential afforded by combinations of LbL-assembled coatings in bone 

repair and bone tissue engineering is given. 

 1.2 Overview of the LbL Assembly Technique 

1.2.1 Deposition Process and Mechanism 

LbL assembly is a form of template-assisted manufacturing that is used to fabricate thin film coating 

layers and functionalise surfaces (48,49). The LbL technique is a simple and effective surface 

modification strategy . The technique is mainly based on electrostatic attraction and involves the 

adsorption of oppositely charged electrolyte complexes onto a substrate, resulting in the deposition 
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of uniform single layers that can be sequentially deposited to form multilayer films (50,53). In 

addition to electrostatic attraction, the creation of multilayer films can also be driven by covalent 

bonding, van der Waals forces, biological recognition and hydrophobic interactions, or a combination 

of these forces (45). During a typical deposition sequence, a substrate is subjected to a negatively 

charged electrolyte (e.g. polyanion or micro-/nanoparticles), and a negatively charged monolayer 

absorbs onto the substrateôs surface (Figure 1.1a). The substrate is next immersed in a positively 

charged electrolyte (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 surface. 

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 between 

deposition steps (54). 

 

Figure 1.1: Schematic of LbL assembly. (a) LbL assembly using two oppositely charged polyelectrolytes 

where Step 1 is a polyanion, Step 2 and Step 4 are water washes, and Step 3 is a polycation. (b) Cross-sectional 

micrograph showing 60 quadlayers (QLs) of polyethyleneimine (PEI), polyacrylic acid (PAA), nanoclay 

(PEI/PAA/PEI/nanoclay) film fabricated with LbL assembly (55). (c) Typical change in zeta potential during 
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the build-up of PSS/PAH bilayers using LbL assembly (56). Reprinted with permission from J. Mater. Chem., 

16, 2006. Copyright 2006 Royal Society of Chemistry. 

 

The deposition of electrolytes onto the surface does not result in the formation of 1:1 stoichiometric 

complexes, but rather, there is an overcompensation of charge at the surface that allows the deposition 

of further layers via electrostatic interactions (57,58). This process can be repeated until the desired 

thickness or material coating material is obtained. Examples of a quadlayers (QLs) film fabricated in 

this way are shown in Figure 1.1b. The LbL assembly process enables precise control (theoretically 

down to a single nanoscale layer) over the multilayered structure, composition, and thickness of the 

resulting films, as a wide range of species can be deposited in a predetermined sequence (27). The 

potential of LbL assembly to deposit a wide range of functional constituents within multilayer-

structured coatings approaches LbL assembly a strong procedure for fabricating engineered tissue 

scaffolds that can be applied to various porous template materials to achieve a wide range of 

properties, pore structures, and multi-functionality (59). The alternating change in surface charge 

after deposition of each layer is illustrated in Figure 1.1c for a substrate coated with polycationic 

polystyrene sulfonate (PSS) and polyanionic polyallylamine (PAH) bilayers with an initial layer of 

polyethyleneimine (PEI) on a glass substrate.  

Notably, there was a lack of studies optimising the coating materials system and LbL process 

parameters to assess the physiochemical and mechanical properties of LbL-assembled coatings for 

potential bone tissue engineering applications. 

1.2.2 Deposition Methods 

LbL-assembled films can be deposited by dipping a substrate into oppositely charged solutions, 

spraying solutions onto the substrate, or by spin-assisted LbL assembly (Figure 1.2) (60ï62). There 

are advantages and disadvantages to all three methods of deposition. The traditional dipping 

assembly of multilayers is based on cyclic dipping of the substrate in solutions. It is the most studied 
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and well-known and is a convenient and cost-effective technique (63). However, it can be time-

consuming and can require long solution-substrate contact times (46). The spray- and spin-assisted 

assembly methods were developed to accelerate the deposition process. In spray deposition, a 

multilayer film is created by spraying solutions perpendicular to the substrates and the removal of 

the excess solution is driven by gravity. The deposition process is faster, and the resulting films are 

smoother compared to the dipping method. However, films are often inhomogeneous due to 

incomplete wetting of the substrateôs edges. Spin-assisted deposition is also faster than the traditional 

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 or 

3D structures (64,65). 

  

Figure 1.2: Schematic of LbL assembly fabrication process. From top: Dipping method, spray-assisted 

method, and spin-assisted method (66). Reprinted with permission from Chem. Soc. Rev., 41, 2012. Copyright 

2012 Royal Society of Chemistry. 

 

The ability to fabricate LbL-assembled coatings in a time- and cost-effective 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 applications (66). 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 and improved for commercial production (67ï69). Considerable work has 

focused on reducing LbL assembly processing times by the incorporation of automated systems and 

faster deposition kinetics. For example, the utilisation of a rotating slide holder reduced the solution 

contact time up to 10-fold and facilitated the fabrication of coatings with increased thicknesses (70). 

Electrophoretic deposition, used to speed up the deposition of the LbL-assembled 

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 time than the conventional LbL assembly dipping method (27,71).   

Deposition of LbL multilayer films as coatings onto open-cell porous substrates for mechanical 

reinforcement, controlled porosity, or added functionality such as biocompatibility or bioactivity is 

a potential route for addressing design challenges associated 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 properties, (c) controllable porosity, (d) surface 

modification that allows for desired physical, and (e) chemical and biological functionality (74). The 

LbL assembly process, employing dip-coating or immersion-based techniques, is widely used for 

developing highly porous bone scaffolds. Despite extensive research in this area, the effects of 

dynamic coating conditions such as mechanical loading and perfusion flow, as effective methods for 

creating LbL coatings on highly porous materials as challenging substrates have not yet been 

investigated. 
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1.2.3 Constituents and Substrates 

LbL assembly has been successfully implemented using a wide range of constituents, including 

proteins, polymers, inorganic nanoparticles, clay nanosheets, organic dyes, cells, nanotubes and 

nanofibers. These constituents can be deposited onto a wide range of substrates to form large-area 

films and coatings on substrates of almost any shape (75). Substrates reported in the literature include 

glass slides, silicon wafers, paper, quartz crystals, silicone rubber, titanium implants, 3D porous 

scaffolds, and biological cells (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 of 

polyelectrolytes, time of rinsing, dipping times, and temperature (34,77,77,78). Due to this 

versatility, simplicity and variety of constituents, LbL assembly has been utilised in a wide-ranging 

number of biomedical applications, such as coating of implantable materials, tissue engineering and 

drug delivery systems (47,60,79ï81).  

1.2.4 Film Growth and Thickness 

The total thickness of a multilayer film is determined by the number of times a deposition cycle is 

repeated. Typically, there is a linear 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 build-up is usually proportional to the dimensions of the constituents 

deposited (66,78). Linear growth occurs when strong polyelectrolytes are used (83). Alternatively, 

some pairs of weak polyelectrolytes, such as poly-l-lysine (PLL)/polyglutamic acid (PGA) or 

polyacrylic acid (PAA)/PEI, exhibit a more rapid ñexponentialò growth of thickness. The thickness 

increase of these exponential films is significantly faster compared to the linearly growing films and 

is not limited to the dimensions of the incorporated polymers or particles. The thickness and growth 

rate typically accelerate with the number of layers previously deposited and can reach several 

microns after fewer than ten deposition cycles, whereas linearly growing films are typically on the 
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order of several nanometres thick per deposition cycle (47,60,83,84). 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 to 80% of volume) and are permeable to water and large ions and molecules 

(35). Some exponentially grown polymers-nanoclay films (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 grown linearly (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 sheets (85). The high modulus of 

exponentially grown films without nanoclays (PEI/PAA) has also been attributed to assembly 

conditions that result in highly crosslinked, interpenetrating polymer networks (51,86). 

The exponential growth rate, permeability, stability and thickness per multilayer can be controlled 

and enhanced by altering the ionic strength or the pH of the polymer solutions (87,88). 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 polyelectrolytes, the charge on the functional groups is 

reduced, and as a result, a higher growth rate and thicker films are achieved (85,89). The 

characteristics of films grown exponentially are contrasted with films grown linearly in Table 1.1. A 

key limitation of LbL assembly is that the nano- and microscale thickness, together with the slow 

rate of deposition (27,90), can restrict macroscale applications requiring thicker films (11,85,91). 

Fabrication of thick films using exponentially grown films can help increase the deposition rate but 

typically remains limited to the order of ~100 µm 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 increase 

linearly as the number of 

deposited bilayers increases 

Thickness of dried films increased 

exponentially with the number of 

deposited layers  

(92) 
 

Polyelectrolytes 

during deposition 

Usually observed in highly 

charged polyelectrolytes, or 

polyelectrolytes dissolved in 

solutions of low ionic strength 

Cause by ñin-and-outò diffusion of 

combinations of polyelectrolytes   

(78) 
 

Permeability H2O, small ions, small molecules H2O, large ions and large molecules (60) 
 

Mechanical properties Elastic solids Liquids or weak gels (60) 

Water content Low (30% of volume) High (up to 80% of volume) 
 

Ions from electrolyte Very small Usually, high (60) 

Drug delivery Limited Can be loaded with biological 

molecules and act as reservoirs to 

deliver such molecules to cells 

(92) 

 

 1.3 Properties and Functions of LbL-assembled Films 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 multi-scale 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 implementation in bone tissue engineering (6,33,59). A high level of interconnected 

porosity is required to stimulate bone growth into the scaffold. However, high porosity reduces the 

mechanical properties. One of the possible novel approaches to this ongoing challenge is to deposit 

a stiff and strong polymer-nanocomposite 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 section, an overview of the properties and 

functions of LbL-assembled films are presented based on their architecture and performance with an 

emphasis on tailoring surface and bulk mechanical properties, adjusting biodegradability, achieving 

biocompatibility with the delivery of bioactive molecules and promoting cell and protein adhesion 

for bone tissue engineering applications. 

1.3.1 Bulk Mechanical Properties  

A successful bone scaffold should maintain mechanical stability under variable loading conditions 

while transferring sufficient force to newly formed tissue to stimulate osteoblasts (11,95,96). To 

achieve this, it is widely accepted that the mechanical properties of a bone scaffold should ideally 

match that of the host bone tissue (8). Compared with conventionally fabricated composite coatings 

(e.g., via in-situ polymerisation, melt intercalation, and vacuum evaporation) (10,97ï99), films 

prepared by LbL assembly have the advantages of improved mechanical properties owing to the 

capacity for high loadings of well-dispersed nanofillers, as well as the ability to tailor material 

structure and composition at the nano- and micro-scales and 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 studies (Table 1.2) have investigated the utilisation of negatively charged MTM 

nanoclay for mechanical reinforcement of polymer films fabricated via LbL assembly (59,85,101). 
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Table 1.2: Examples of mechanical reinforced LbL assembly films. 

LbL assembly 

components 
Substrate 

Mechanical 

Properties 
Thickness 

Additional 

Notes 
Ref 

Polydiallyldimethylam

monium chloride 

(PDDA)/MTM 

Free-

standing 

film 

Strength 109 MPa 

Elastic modulus 

13 GPa (200 

bilayers) 

4.9 µm for 

200 bilayers 

 

N/A (101) 

PVA/MTM 

(glutaraldehyde (GA) 

crosslinked) 

Free-

standing 

film 

GA crosslinked: 

Strength 400 MPa 

Elastic modulus 

125 GPa 

Non-crosslinked: 

Strength 150 MPa 

Elastic modulus 13 

GPa 

1.5 µm for 

300 bilayers 

GA crosslinking 

improved load 

transfer between 

polymer and 

nanoclay 

(102) 

PEI/PAA/PEI/MTM Glass slide Elastic modulus 

15.7 GPa (100 

QLs) 

100 µm for 

100 QLs 

Exhibited 

exponential 

growth during 

LbL assembly. 

(103) 

PEI/PAA/PEI/MTM 

covalently cross-linked 

Free-

standing 

film 

Elastic modulus 

45 GPa (20 QLs),  

25 GPa (100 QLs) 

920 nm for 10 

QLs 

Electrophoretic 

deposition used 

to enhance 

deposition rate 

during LbL 

assembly 

(71) 

PEI/PAA/PEI/Single 

wall carbon nanotubes 

(SWNT) 

Free-

standing 

film 

Elastic modulus 

15 GPa for  

8 QLs 

 

1 µm for 8 

QLs 

 

N/A (104) 

PDDA/MTM Silicon 

wafers 

Elastic modulus 

9.5 GPa 

528 nm for 

100 bilayers 

N/A (105) 

PEI/PAA 

ionically cross-linked 

Porous 

stainless 

steel 

Elastic modulus 

23.4 GPa for 10 

bilayers 

1 µm for 10 

bilayers 

High stiffness 

was attributed to 

alternating 

high/low pH of 

the solutions, 

which resulted in 

high ionic cross-

linking and 

inter-diffusion of 

PEI and PAA 

(86) 

PEI/PAA Free-

standing 

film 

Elastic modulus 

0.225 GPa for 40 

bilayers 

N/A N/A (104) 

PEI/PAA/PEI/nanoclay Silicone 

substrate 

or free-

standing 

film 

Elastic modulus 

0.601 ± 0.518 GPa 

(flexible substrate), 

1.667 ± 1.057 GPa 

(free-standing) for 

60 QLs 

16.07 for 60 

QLs 

N/A (55) 
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Although a range of LbL-assembled films with good mechanical properties have been reported 

(Table 1.2), the micro-scale 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 limitation and has been 

reported as a strategy for translating the mechanical properties of microscale coatings to the bulk 

scale (55). Open-cell porous foam templates are shown before and after coating with 

PEI/PAA/PEI/nanoclay QLs in Figure 1.3a and Figure 1.3b. As the thickness of the coatings 

increased, the bulk compressive modulus and density increased, and the porosity of coated foams 

decreased. The compressive modulus is plotted as a function of density for these coated foams in 

Figure 1.3c (black/white markers), and the predicted properties (dashed lines) were calculated using 

scaling laws for coated porous materials with varying coating thickness (increases along dashed 

lines) and coating materials with varying elastic modulus (increases across dashed lines). As shown 

in Figure 1.3c, the predicted range of achievable moduli for these coated foams overlaps the range 

for cancellous bone. 

 

Figure 1.3: Cross-section of polyurethane foam. (a) uncoated foam strut, (b) nanocomposite-coated 

polyurethane foam strut and (c) Ashby plot of compressive modulus and density, including ranges for common 

engineering materials, bone scaffold materials, and cancellous bone. Experimental data (markers) and 

theoretical predictions (dashed lines) for nanocomposite-coated foams are included for coatings with elastic 
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modulus ranging from 0.8ï125 GPa (55). 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. 

1.3.2 Local Surface Stiffness 

Bone healing is highly sensitive to mechanical loading since mechanical stimuli are a critical 

regulator of bone structure and function (106,107). Many bone tissue engineering strategies rely upon 

seeding mesenchymal stem cells (MSCs), which have the potential to differentiate into various cell 

types (108). MSCs are sensitive to the composition and structure of the materials onto which they 

are seeded (109). The mechanical properties of 2D surfaces and 3D scaffolds are known to regulate 

the behaviour of attached cells (110), influence the lineage specification of MSCs, and stimulate 

osteogenesis of MSCs both in vitro and in vivo (111,112). The stiffness of the microenvironment of 

pre-calcified collagenous bone tissue is above 30 kPa (113), and matrices with this approximate 

stiffness have been shown to be osteogenic. For example, Engler et al. demonstrated that MSCs could 

commit to osteoblasts when cultured on collagen-coated polyacrylamide (PAM) hydrogels with a 

stiffness of 25ï40 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 

stiffness in vitro has the potential to reduce the culture time required to pre-differentiate cells and 

eliminate the need for osteogenic induction supplements (3,114ï116). 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 are, therefore, a promising 

route for the regulation of MSC osteointegration via mechanical cues and studying cell behaviour on 

substrates with a wide range of mechanical properties achieved by simply varying the assembly 

conditions or the concentration of the crosslinkers.    
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1.3.2.1 Tailoring Deposition Conditions   

The thickness, roughness, and morphology of LbL-assembled films can be tailored through simple 

adjustments of assembly parameters such as the pH of solutions, salt concentration, molecular weight 

of polyelectrolytes, time of rinsing, frequency of intermittent drying steps, dipping times, and 

temperature (59,119). Weak polyelectrolytes in an aqueous solution exhibit a pH-dependant average 

charge density per unit of functional groups along the polymer chain, and thus, the extent of 

interaction between charged polymers can be controlled, whereas, in the strong polyelectrolytes, the 

charge density is constant (118). Yang et al. reported the thickness of 30 bilayers of PEI/PAA bilayers 

to be 4,740, 890, 350 or 90 nm depending on the combinations of pH values of solutions (10/4, 8/6, 

4/4 and 7/7, respectively, for 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 of 

PEI was 10 after considering pH values of 6, 8 and 10 (Figure 1.4). The ten bilayers of PEI/PAA 

were 1ɛm thick and had an elastic modulus of 23.4 GPa (86). 

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/PAA 

films increased with an increase in the concentration of NaCl in an aqueous solution of PAH and 

PAA (122). In PEI/nanoclay bilayers, increasing salt concentrations (1 mM, 10 mM, 100 mM, 1 M) 

in the PEI solution with a pH of 8 also resulted in the formation of thicker films, whereas adding salt 

to unadjusted PEI (pH 10) and clay solution (pH 10.5) did not affect the thickness (121). However, 

Mjahed et al. observed that when the salt concentration was above 0.48 M, PLL/HA film thickness 

and mass decreased (123). A similar effect was observed in PAH/PAA films, where the thickness 

decreased with an increased salt concentration (122).  
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Figure 1.4: Schematic of the interactions between PEI and PAA - at pH values that allow for (a) a high degree 

of ionisation and (b) a low degree of ionisation in both polyelectrolytes. Below, the film thickness affected by 

change in pH is shown (86). Reprinted with permission from Adv. Mater. 2014. Copyright 2014 Advance 

Materials. 

1.3.2.2 Addition of Reinforcing Layers 

The stiffness of LbL coatings can also be increased through the deposition of a high 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 stiffness (124). The compressive modulus of the hydrogel coated with 

ten bilayers of PDDA/MTM increased to 190 kPa, resulting in a cell adhesive surface that promoted 

epithelial cell adhesion and cell migration into the scaffold (102). Various open-cell polyurethane 

(PU) foams have been used as models for cancellous bone because of their similar morphology to 

cancellous bone and many bone tissue scaffold-like materials (125). Because of this, PU foam was 

used as a template to examine the possibilities of tailoring the mechanical properties of highly porous 

bone tissue scaffolds by the coating LbL process (55). Uncoated open-cell PU foam samples with a 

compressive elastic modulus of 95.33 ± 9.8 kPa increased by up to 1,100% to 882 ± 178.1 kPa after 

deposition of 15 PEI/PAA/PEI/MTM nanoclay multilayers (59,126).  
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1.3.2.3 Crosslinking on LbL -assembled Films              

Crosslinking provides a useful way to modify the mechanical properties of LbL-coated substrates 

(119). Various chemical (e.g. EDC (1-ethyl-3-3-dimethylaminopropyl-carbodiimide, GA 

(glutaraldehyde) and Genipin) and physical (e.g. photo-crosslinking) crosslinking techniques have 

been employed to improve the stiffness of LbL-assembled films. EDC is a water-based crosslinker 

that can be applied after the assembly of polyelectrolytes containing amine and/or carboxyl groups 

and leads to the formation of amide cross-linking bonds (117,118). A study by Ren et al. showed that 

the stiffness of PLL/hyaluronic acid coatings on a glass substrate was directly proportional to the 

concentration of EDC used in post-assembly crosslinking. The adhesion of skeletal muscle cells 

(C2C12) increased as the stiffness increased. Cell differentiation was also found to be dependent on 

the film stiffness, with the stiffest films (>320 kPa) promoting cell proliferation (127). In another 

study of EDC crosslinking of PLL/hyaluronic acid multilayers, a range of stiffness gradients from 

200ï600 kPa was reported (128). PAA/PAH films have also been crosslinked using EDC, exhibiting 

stiffness values ranging from 0.5ï100 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 cell spreading (130). 

LbL-assembled PVA/MTM films crosslinked with GA displayed a brick-and-mortar arrangement of 

organic and inorganic constituents resembling those found in nacre and bone and exhibited 

exceptionally high stiffness and strength (tensile modulus of up to 125 GPa and tensile strength up 

to 480 MPa). Such a highly controlled, layered structure is a unique advantage of the LbL assembly 

method (101,131).  The mechanical properties of selected films deposited with LbL assembly with 

and without inorganic reinforcing phases are summarised in Table 1.2 and demonstrate that several 

LbL-assembled material systems exhibit mechanical properties comparable to cortical bone (elastic 

modulus in a range of 7 to 30 GPa (15) and compressive strength of 100ï230 MPa). Acheson et al. 

recently reported on open-cell PU foams LbL-coated with nanocomposites composed of PEI, PAA, 
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and MTM. These were characterised under high relative humidity and fully submerged in water. Free 

amine functional groups were crosslinked using GA dissolved in deionised water at a concentration 

of 2.5 M, with samples immersed in the solution for 30 min. Crosslinking with GA effectively 

reduced the plasticising effect of water, with crosslinked LbL-coated foams retaining approximately 

56% of their mechanical properties in ambient conditions when hydrated (119). 

One challenge with chemical crosslinkers in biomedical applications is their concentration-

dependent cytotoxicity (132). Green alternatives like Genipin and Tannic acid (TA) offer safer 

options compared to other common crosslinkers such as carbodiimide or GA  (133,134). In a study 

comparing CG (glutaraldehyde-crosslinked chitosan) and CT (TA-crosslinked chitosan) scaffolds, it 

was found that MC3T3 cells exhibited a mostly spherical shape on CG scaffolds after one day of 

culture, while visible cellular protrusions were observed 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 

electrostatic interaction (135). In another study, chitosan scaffolds were cross-linked 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 addition 

of TA to the chitosan scaffold increased the mechanical strength from 5 to 25 MPa, compared to pure 

chitosan, with Youngôs modulus of about 13 MPa. The study also highlighted that the presence of 

OH in tannic acid can alter the wettability and indirectly affect cell bioactivity, protein, and cellular 

attachment (136).  

Genipin is a natural crosslinking agent derived from the gardenia fruit that has been used to modify 

the stiffness of bilayers of chondroitin sulphate A (CSA) and PLL deposited onto glass substrates. 

The resulting crosslinked films had elastic modulus between 170ï280 kPa, a relevant range for the 

control of cells, which are capable of detecting small variations in stiffness (137). The LbL assembly 
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films were biocompatible and promoted adhesion, proliferation, and early and late osteogenic 

differentiation of osteoblast precursor (MC3T3-E1) cells. Because the stiffness and nano-

topographical characteristics of the films influence physiological processes in cell behaviour, such 

as adhesion and proliferation. Also, the stiffness and topography of the films were controlled by the 

amount of the crosslinking agent (94,130,137). 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 and 

created multifunctional films capable of finely controlling the morphology and, in turn, influencing 

the subsequent behaviour of cells (138,139). Overall, the results showed that with an increase in 

substrate stiffness controlled by crosslinking agents, cells usually exhibit enhanced cell adhesion, 

enlarged cell spreading with defined actin organisation, increased cellular contractility, decreased 

migration speed, and increased proliferation (130,140,141). 

In a similar approach, photo-crosslinking of PAA/PAH films was achieved by grafting PAH with a 

photosensitive benzophenone (142). LbL-assembled films with a range of uniform stiffness and 

stiffness gradients were fabricated by varying the time of ultraviolet light exposure and by utilisation 

of gradient density filters, which regulated UV light exposure.  Films with a stiffness gradient ranging 

from 55ï140 MPa were obtained with both steep and shallow gradient slopes.  Osteoblast-like cells 

(U-2 OS) spread and adhered better to the stiffer regions of the films than the less stiff regions (142).  
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Table 1.3: Examples of crosslinked LbL-assembled films with controlled local stiffness. 

LbL assembly 

components 
Substrate Treatment Functionality Cell type Ref 

Diazo resins 

(DAR)/PAA 

Silicon 

wafer 

Crosslinked with 

UV irradiation 

using a photomask 

Tailored surface biological 

properties and selective 

absorption of polystyrene 

(PS) nanoparticles 

N/A (143) 

PAA/PAM 

conjugated with 

4-azidoaniline 

Glass 

slide 

Crosslinked with 

UV irradiation 

using a photomask 

Micropatterning and spatial 

of LbL multilayers film 

control over cell adhesion 

L929 

MG63 
(144) 

PAA/PAH 

grafted with 

benzophenone 

Silicon 

wafer 

Glass 

slide 

Crosslinked with 

UV irradiation 

Biocompatible surface with 

uniform stiffness gradient 

directing vascular and 

osteoblast cell behaviour 

A7r5 

U-2 OS 
(142) 

PLL/hyaluronan 
Glass 

slide 

Crosslinked with 

EDC 

Tuneable stiffness of LbL 

assembly films. Cellular 

adhesion without adhesive 

protein coatings 

C2C12 (127) 

PLL/hyaluronan 

Silicon 

wafer 

Glass 

slide 

Crosslinked with 

EDC, fluorescent 

PLL and RGD 

conjugated to 

PGA 

Cells adhere and spread 

along the stiffness gradient 

(200ï600 kPa) 

C2C12 

MC3T3-

E1 

(128) 

PAA/PAH 
Glass 

slides 

Crosslinked with 

EDC 

Controlled with time-

dependent immersion in a 

solution of EDC, gradients of 

surface elastic moduli (0.5ï

110 MPa in hydrated state) 

Human 

dermal 

fibroblasts 

(129) 

CSA/PLL 
Glass 

slides 

Crosslinked with 

Genipin 

Stiffness (170ï280 kPa) and 

topography of the coating 

controlled by changing the 

concentration of Genipin; 

stiffened surface films 

promoted cell adhesion, 

proliferation, and early and 

late osteogenic 

differentiation 

MC3T3-

E1 
(137) 

PDDA/MTM 

3D PAM 

hydrogel 

scaffold 

N/A 

LbL assembly film modified 

surface of hydrogel; and 

increased stiffness enhanced 

cell adhesion 

CRL-

7163 

CCL-240 

(124) 

PEI/PAA/MTM 
Open-cell 

PU foam 

Crosslinked with 

GA 

Crosslinked LbL-coated 

foams retaining 

approximately 56% of their 

mechanical properties in 

ambient conditions when 

hydrated 

N/A (119) 
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1.3.3 Biodegradation of LbL -assembled Films 

Biodegradation of scaffolds for bone tissue engineering applications should be tailored to achieve a 

gradual transfer of mechanical loads to the newly formed and surrounding bone tissue (15,145,146). 

In cell-seeded scaffolds, the degradation rate should be adjusted to avoid high levels of scaffold 

degradation during the initial incubation stage in vitro. The degradation rate of LbL-assembled films 

can be controlled depending on the type of polyelectrolytes used (33,147). Using enzymes under 

dynamic conditions had a superior effect on the scaffold's biodegradation, closely mimicking in vivo 

conditions (148). Multilayered films fabricated with natural polyelectrolytes such as polysaccharides 

can be degraded by various enzymes like lysozyme, and the degradation rate can be tailored via the 

degree of crosslinking (149). Schneider et al. demonstrated that in 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 treatments (147). 

Compared to untreated films, crosslinked films had increased surface roughness, were 10-fold stiffer, 

and exhibited a slower degradation rate. Garza et al. demonstrated that the degradation rate could 

also be controlled via the thickness of biodegradable layers (150). The films were composed of 

exponentially growing PLL/hyaluronic acid bilayers that acted as reservoir layers and were alternated 

with biodegradable Poly (Lactic-co-Glycolic Acid) (PLGA) barrier layers that were incorporated by 

spray-casting. Films composed of two PLL/hyaluronan bilayers and one PLGA barrier were rapidly 

degraded by murine bone marrow cells (within 1 h) (150).  

LbL-assembled coatings can also be used to tailor the degradation rate of the underlying substrate 

material when deposited onto a biodegradable substrate (68,151). Magnesium is biodegradable, 

osteoconductive, biocompatible, and has elastic modulus and compressive strengths like that of bone; 

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 hydrogen, 

magnesium and other ions, and the limited bioactivity of magnesium implants in vivo limits 
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widespread application (152). Surface modification of magnesium alloys by metal-organic 

framework-chitosan coatings has recently been presented as a new approach to control the 

degradation rate of magnesium implants for bone regeneration (153). PLL/alginate multilayer 

coatings with fibronectin immobilised via EDC crosslinking have been deposited onto magnesium 

substrates to increase bioactivity. The coating reduced cytotoxicity in MC3T3-E1 osteoblast cell 

lines, and an in vitro biodegradation study concluded that coated substrates were more resistant to 

corrosion. However, it did not alter the degradation kinetics of the magnesium alloy substrate (154). 

LbL-assembled coatings have also been deposited onto AZ91D (155) and WE43 (156) magnesium 

alloys for improved corrosion resistance. In both studies, the LbL-assembled coating temporarily 

reduced the hydrogen evolution of the magnesium substrates, enhancing corrosion resistance and 

tailoring the degradation rate.  

Table 1.4: Examples of biodegradable LbL assembled films. 

LbL assembly 

components 
Substrate Treatment Functionality 

Cell 

type 
Ref 

CH/hyaluronic 

acid and 

PLL/hyaluronic 

acid 

Glass slides 

Crosslinked with EDC 

and N-

hydrosulfosuccinimide 

(NHS)  

Controlled the 

degradation with 

altering the 

concentration of EDC 

during treatments, 

Crosslinking increased 

stiffness and surface 

roughness of 

biodegradable and 

bioactive films 

HT29 (147) 

PLL/hyaluronic 

acid 

(reservoirs) 

PLGA (barrier) 

Silica slides 

PLGA solution 

sprayed over the 

hydrated bilayers 

PLL/HA film for 

controlling the 

biodegradation 

Multicompartment 

films degraded by 

seeded bone marrow 

cells 

Murine 

bone 

marrow 

cells 

(150) 

PLL/alginate 

AZ31 

substrates 

(one of the 

commercial 

Mg alloy 

systems) 

EDC crosslinking 

Fibronectin 

immobilised 

LbL assembly films 

improved bioactivity of 

scaffold; in vitro 

degradation of layers 

did not affect 

degradation kinetics of 

the substrates 

MC3T3-

E1 
(154) 
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1.3.4 Electroactive Coatings 

In addition to mechanical stimuli, the differentiation of MSCs along an osteogenic route can also be 

achieved with electrical stimulation, which has been reported to determine cell behaviour and help 

induce bone healing (157). Pulsed electromagnetic fields, capacitive coupling, and direct current 

have each been used to promote bone regeneration (158,159). Several electroactive components (e.g. 

metal, carbon nanotube, graphene and conductive polymers) have been utilised in LbL assembly to 

fabricate functional coatings (Table 1.5) that can deliver such electrical stimuli (160). Multilayer 

materials produced by LbL assembly of PEI and the conductive polymer polyammonium-3-thienyl-

ethoxypropanesulfonate (SPT) have been reported to improve osteoblast adhesion and proliferation 

and promote osteogenesis (161). The conducting polymeric system was electroactive, fully erodible, 

and suitable for adhesion and growth of cells derived from mouse fibroblast (L-929) and skeletal 

muscle (C2C12) (162). Electroactive tetreaniline and degradable multilayered films consisting of 

PGA-graft-tetreaniline and PLL-graft-tetreaniline have been reported to support osteoblast function 

and promote osteogenic differentiation. Using this material system, the electrical stimulation of 

mouse-derived pre-osteoblast MC3T3-E1 cells in vitro resulted in increased expression of 

osteopontin and runt-related transcription factor 2 (RUNX2), which are markers of osteogenesis 

(163,164). 
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Table 1.5: Examples of electroactive LbL-assembled films. 

LbL assembly 

components 
Substrate Treatment Functionality  Cell type Ref 

SPT/PEI Glass slides  

Low voltage 

Electrical 

stimulus (ES) 

applied to 

electroactive 

films 

Erodible, electroactive 

LbL material system 

that promoted cell 

adhesion and growth 

L-929 

C2C12 
(162) 

PGA-

tetreaniline/PLL-

tetreaniline 

Glass quartz 

or silicon 

slides 

Low voltage 

ES applied to 

electroactive 

films 

Increase the level of 

biocompatibility 

because of using PLL 

and PGA, electroactive 

and degradable film 

enhanced the 

commitment of pre-

osteoblast cells to 

osteogenic lineage 

MC3T3-E1 (163) 

 

1.3.5 Cell Interactions and Protein Adhesion 

The surface properties of implants influence tissue and cellular events, including protein adsorption 

and cell behaviour, both of which are important to bone tissue remodelling (165,166). For this reason, 

considerable efforts have been devoted towards surface modification of bone scaffolds for added 

functionality and the creation of a suitable environment for cell growth and tissue formation (44,167). 

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 function (150). Recently, 

significant efforts have been devoted to optimising the surface properties of LbL assembly films, 

such as surface bioactivity, roughness, hydrophilicity, etc (168).  

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 line (169) because the ability of the LbL deposition technique in 3D mimetic 

architectures will be an original means of controlling supra-cellular organisation. Therefore, the 

reciprocal interactions between active cells and active polyelectrolyte multilayer surfaces offer 

enormous potential to control cell behaviour (44). Tryoen-Toth et al. observed higher viability and 
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adhesion of SaOS-2 human osteosarcoma cells when seeded on PEI-(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 phosphatase 

(ALP, a phenotypic marker for the early stage biomineralisation) was observed in SaOS-2 cells 

seeded on PEI-terminated layers after 24 h of contact, whereas only a small downregulation was 

measured for SaOS-2 cells in contact with negatively charged PSS- or PGA-terminated films. 

Osteocalcin expression (a marker for mature osteoblast phenotype) in SaOS-2 cells at 24 h was not 

influenced by any of the polyelectrolyte films. This study concluded that the electrostatic charge of 

the outer layer of the LbL-assembled films played a major role in early osteoblast phenotype 

regulation. The LbL-assembled films terminated with PSS, PGA and PLL layers showed good 

biocompatibility towards SaOS-2 cells and were deemed as biologically inert for bone tissue 

engineering applications (170).  

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 to 

the scaffold material is an important prerequisite for the successful colonisation of engineered bone 

substitutes (44,171). To improve the adhesion of pre-osteoblast MC3T3-E1 cells onto nanofibers-

based poly-l-lactic acid (PLLA) scaffolds, Liu et al. coated the scaffold surface with gelatine and 

poly (diallyldimethylammonium chloride) (PDDA). 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 MC3T3-E1 cells on coated scaffolds was significantly higher compared to 

uncoated scaffolds at 4 h and 24 h time points after cell seeding, and the number of cells increased 

as the number of PDDA/gelatin bilayers increased. Furthermore, the cells proliferated at a higher rate 

and were more evenly distributed on coated scaffolds compared to the uncoated scaffolds (172).  

Recent research has significantly broadened the understanding of the effects of nanocoating 

technology in controlling cell behaviour because the 3D nanostructured surfaces can directly affect 
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intracellular signalling pathways (94,100,173). LbL assembly of layers or sheets of cells may be 

utili sed to fabricate scaffolds with cell colonisation and proliferation extending throughout the 

scaffold. LbL cell sheets developed for bone regeneration based on interactions between 

hydroxyapatite (HA) microparticles and pre-osteoblast MC3T3-E1 cells were fabricated by Hu et 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 capacity (174). 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 in 

stronger cell adhesion for tissue regeneration. Protein adhesion is necessary for the formation of a 

bio-interface between implanted materials and native bone (175,176). The adsorption of proteins 

onto LbL-assembled films has been studied widely, and a kinetic model of protein adsorption has 

been described (177,178). 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 easily conjugated with 

bioactive molecules. DNA has also been used for LbL assembly with layers of PEI, PDDA and PAH 

(179ï181). The high phosphate 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 suggested to improve the bioactivity of titanium for bone tissue repair 

applications. In 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 interactions 

compared to uncoated titanium control samples. Surfaces coated with PLL/DNA/PLL showed a 

higher number of overlapping and interconnected osteoblasts. The surface roughness of PLL/DNA 

coatings depended on the terminating layer and was higher with PLL as the last layer. Cell viability, 
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assessed with alamarBlue assay, demonstrated that tailored surface roughness improved the 

biocompatibility of titanium implants and cell adhesion (176).  

To attract osteoblasts, titanium implants have been coated with calcium phosphate (CaP) containing 

films. CaP are bioactive and possess well-known osteoinductive properties that stimulate bone 

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

multifunctional LbL-assembled film prevented peri-implant infection and HA particles induced bone 

mineralisation. The amount of mineralisation increased with increasing numbers of CH/HA bilayers. 

The coatings were biocompatible with pre-osteoblast MC3T3 cells and effective against infection by 

Streptococcus Gordonii (183).  

Table 1.6: Examples of LbL-assembled films promoting cell or protein adhesion. 

LbL assembly 

Components 
Substrate Treatment Functionality  Cell type Ref 

PEI-(PSS/PAH) 

and terminating 

layers of PGA, 

(PGA/PLL), PSS, 

or (PSS/PEI) 

Glass slides N/A Good biocompatibility of 

PSS-, PGA-, and PLL-

terminated films for SaOS-2 

cells 

SaOS-2, 

PDL 

(170) 

Gelatin/PDAC PLLA 

nanofiber-

based 

scaffold 

LbL-

assembled 

coating was 

crosslinked 

with EDC 

and NHS. 

 

The amount of gelatin was 

controlled by number of 

bilayers deposited; coating 

improved hydrophilicity; 

coating improved 

proliferation and 

homogeneous distribution of 

osteoprogenitor cells. 

MC3T3-E1 (172) 

PLL/DNA Titanium 

films 

Both layers 

of PLL and 

DNA 

deposited 

Bioactive coating enhanced 

proliferation of osteoblasts 

Osteoblasts (176) 

CH/HA Titanium 

discs 

N/A Coatings increased 

biomineralisation, exhibited 

biocompatibility with pre-

osteoblast cells, and 

significant anti-bacterial 

activity against infection by 

Streptococcus Gordonii 

 MC3T3-

E1 

(183) 
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1.3.6 Natural Structure in the Micro and Nanoscale Environment  

Nano- and micro-scale architecture and arrangement play important roles in cell performance, and it 

has been postulated that bone scaffolds should be designed to mimic the structure of the targeted 

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 scaffold 

to promote vascularisation, enable cell migration and facilitate the supply of nutrients and removal 

of waste products (186ï188). The use of the LbL assembly technique to apply coatings on porous 

foam substrates has been successfully demonstrated (119). The LbL assembly of nanocomposite-

coated foams, shown in Figure 1.3, resulted in materials with porosity ranging from 98.8% for 

uncoated foams to 96.6% for foams with the thickest coatings applied (55,59). 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 fabricate porous, cellular environments targeting various tissues other than 

bone (i.e. connective tissue (189), cartilage (190), bone marrow (191)).  

It is well proven that microscale structures ensure the primary attachment in the bio-interface of the 

scaffolds and promote cell interaction, while nanoscale organisations have more significant effects 

on the adhesion and differentiation of cells (192ï194). Bone consists of a mineral phase in the form 

of apatite nanocrystals embedded in a collagen matrix (195). The nanometre-sized HA crystals play 

a key role in the high mechanical properties exhibited by the bone (196). Nanostructured surfaces 

have widely been reported to promote osteoblast adhesion, and cell growth has been enhanced by the 

introduction of randomly distributed nano-topographic surfaces on a scale of approximately 10 nm 

(197,198). Cell behaviour can also be influenced by nano- and microscale interactions with ECM 

components since stem cells are sensitive to the topographical features of the ECM (199,200). The 

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

of growth factors and cytokines, provides complex biochemical and physical signals, and induces 
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cell-cell and cell-matrix interactions (201,202). Hence, new strategies in bone tissue engineering 

include bioinspired 3D printed bone scaffolds with nano- and microscale features mimicking ECM 

structures (203). Nanostructured bone tissue scaffolds fabricated with nanoparticles, nanofibers, and 

hydrogels aim to mimic the ECM and provide structural support like that of the bone tissue 

architecture. However, combining current bone scaffold fabrication techniques with nanomaterials 

is challenging (202,204). Due to the large specific surface area, HA nanocrystals tend to agglomerate 

in polymer matrices, which differs from the homogenous dispersion of HA in bone (196,205). LbL 

assembly is capable of producing multilayer structures with a broad range of potential compositions 

and functional biomolecules with finely tuned dosages (201). Fundamental studies have shown that 

LbL assembly can be successfully implemented using ECM components, including proteins, 

polysaccharides, growth factors, and cells (102,121,201), and the bioactivity of these components is 

preserved by mild deposition conditions.  

1.3.7 Combination Multilayers for Multifunctional Coatings 

The development of multifunctional bone scaffolds that combine improved mechanical properties 

with enhanced biofunctionality is a key objective of bone tissue engineering (206ï208). Tables 1.7 

provide numerous examples of multilayered coatings that exhibit properties and functions relevant 

to bone tissue engineering and provide an indication of the large number of multilayers that could 

potentially be combined into a single LbL-assembled coating to obtain scaffold materials with very 

diverse compositions and capabilities. 

In an example where numerous multilayers were combined to produce a multifunctional coating, 

Shah et al. (209) reported a coating system consisting of two different multilayer materials systems 

that were deposited onto titanium or polyetheretherketone (PEEK) bone implants. The first 

multilayer system consisted of CH/HA complexes and PAA bilayers. These CH-HA/PAA layers 

were osteoconductive and had an average stiffness of ~11 GPa (within the typical range for cortical 

bone (15)), which mitigated the mechanical mismatch between implants and native bone and 



 

31 

 

provided a permanent bone-implant interface. The CH-HA/PAA multilayers were combined with 

degradable layers of poly-ɓ-amino ester 2/PAA/BMP-2/PAA containing the osteoinductive growth 

factor of bone morphogenetic protein-2 (BMP-2). These QLs containing BMP-2 were deposited on 

top of the CH-HA/PAA layers and enabled gradual and tuneable release of therapeutic levels of 

growth factor without sudden burst-release. The loading of BMP-2 was controlled by the number of 

QLs deposited. The LbL-assembled coating resulted in a long-term stable fixation of the implant in 

vivo with rodent host tissue, indicating that the mechanical properties of the initial CH-HA/PAA base 

layers can be usefully combined with the biofunctionality of the top layers in LbL-assembled 

coatings. 

Mechanically reinforcing and biocompatible layers have also been combined to produce coating 

systems consisting of mechanically reinforcing PEI/PAA/PEI/nanoclay QLs capped with a final layer 

of thermally crosslinked PAA (59). These coatings were applied onto open-cell foam templates, 

resulting in coated scaffold materials with a wide range of tailorable porosity (72.3%ï95.2%) within 

the suitable range for bone scaffolds (210,211) and with a range of stiffness values (0.604ï16.64 

MPa) approaching the lower range of cancellous bone. Despite the presence of cytotoxic PEI within 

the coating structure, no cytotoxic response was observed in MSCs exposed to coated scaffolds with 

the crosslinked PAA final layers. 

LbL-assembled coatings can also be combined with materials derived from other fabrication routes 

to produce novel and complex material systems. Romanelli et al. utilised organic nanofibers 

(fluorenylmethyloxycarbonyl protected valyl-cetylamide) as substrates that were coated with 

collagen type I, an HA binding peptide, and BMP-4 using LbL assembly (212). These multilayered 

coatings were then incubated with HA nanocrystals and doped with TiO2 nanoparticles. The coated 

nanofibers were embedded into an alginate hydrogel that is biodegradable under physiological 

conditions. The coated 3D scaffolds were biocompatible, enabled adhesion of pre-osteoblast 

MC3T3-E1 cells, and promoted osteogenic differentiation as indicated by ALP assay. Furthermore, 
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the coated 3D scaffolds were biodegradable and demonstrated inherent antibacterial activity. In 

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 parameters 

(e.g. number of depositions, pH of solutions and salt concentration, intermittent drying steps, and 

dipping times) (77,92,213). Tuning the physical and mechanical properties of the porous structures 

by depositing suitable LbL-assembled coatings and tailoring assembly conditions could lead to an 

appropriate balance of sufficiently high mechanical properties and high levels of porosity required 

for engineered bone tissue applications (59,214).  

Table 1.7: Examples of multifunctional LbL assembled films. 

LbL assembly components Substrate Treatment Functionality  Cell 

type 

Ref 

CH-HA/PAA (base) 

 

Poly-ɓ-amino ester 

2/PAA/BMP-2/PAA 

(drug delivery system) 

PEEK and 

Titanium 

rods and 

sheets 

N/A CH-HA/PAA eased 

mechanical mismatch 

and encouraged 

deposition of cohesive 

trabecular bone on the 

implant surface. 

 

Tuned release of 

BMP-2 controlled by 

hydrolytic degradation 

of poly-ɓ-amino ester 

2 

MSCs (209) 

PEI/PAA/PEI/nanoclay 

 

Thermally crosslinked 

PAA capping layers 

PU open-

cell foam 

Altered assembly 

conditions: pH of 

solutions, salt 

concentration, 

contact time 

Crosslinked at 

180°C 

Tuneable mechanical 

(compressive strength 

and stiffness) and 

physical (density and 

porosity) properties of 

coated foams. 

 

Crosslinked coatings 

biocompatible with 

MSCs 

MSCs (59) 

Chitosan/Sodium 

hyaluronate 

 

3D-printed 

hydroxyapat

ite-gelatin 

scaffolds 

 

Scaffolds were 

coated with 10 and 

20 bilayers of 

coating and then 

freeze-dried. 

 

Swelling, mechanical 

and degradation 

properties were 

improved following 

application of LbL-

assembled coating. 

Scaffolds provided 

proper conditions for 

cell adhesion and 

proliferation of 

MC3T3-E1 cells 

MC3T3-

E1 

(72) 

https://www.sciencedirect.com/topics/physics-and-astronomy/strength-of-materials
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1.4 Summary  

This chapter discussed the 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 assembly has been 

implemented for deposition onto planar 2D substrates, as well as 3D porous substrates, resulting in 

larger-scale bulk materials. Several examples of LbL-assembled material systems that satisfy one or 

more of the key requirements of biomaterials for bone tissue engineering, including tailored 

mechanical properties on bulk and local scales, a porous micro-architecture, biodegradability, 

biocompatibility and bioactivity, have been developed. More recently, combinations of different 

multilayers have been reported to produce LbL-assembled coatings with multifunctional capabilities 

derived from combining coatings that satisfy different requirements (e.g. mechanically reinforcing 

layers combined with biological materials layers). The LbL assembly technique not only provides 

advances for surface modification with micro/nanoscale 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 

regeneration is full of opportunities and challenges. 

1.5 Project 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 system. As explained in Section 1.1, the 

main design requirements for bone tissue scaffold materials include biocompatibility, 

biodegradability, mechanical strength, porosity & interconnectivity, and osteoconductivity. 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 increasing porosity 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 integration 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 that 

can fulfil the complex and multifaceted 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 

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

This project aims to address this 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 technique, this research aims to enhance the physico-mechanical and 

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 in mechanical strength. This approach could bridge some 

aspects of the current knowledge gaps and offer an effective solution for the development of 

advanced bone tissue-engineered scaffolds. LbL 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 fine-tuning of material properties to meet specific needs. Additionally, 

LbL assembly is a relatively simple and low-cost coating technique that can be easily implemented 

onto a wide variety of substrate materials. This makes it an accessible and scalable solution for 

enhancing the performance of bone tissue-engineered scaffolds, contributing to both research 

advancements and practical applications in biomedical engineering. 
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1.6 Project Aims and Objectives 

This doctoral project will develop an innovative multifunctional material system for the fabrication 

of multifunctional, mechanically robust nanocomposite coatings on porous scaffold materials for 

bone tissue engineering applications using LbL assembly. The research programme within this 

project focused on tailoring physico-mechanical properties of polymer-based highly porous scaffolds 

by depositing a nanocomposite coating using LbL assembly for bone-engineered scaffolds. The 

central aim of this doctoral project 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 coating technology to bone 

tissue engineering applications. An understanding of the relationship between assembly conditions, 

coating properties and bone scaffold performance has been developed to fully optimise the 

multifunctional coating deposition. The overall aim of the project is to develop LbL-assembled 

coatings deposited onto a 3D porous scaffold; the technique utilised to fabricate multifunctional bone 

tissue engineering scaffolds satisfying the biological and mechanical properties of non-load bearing 

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

Objective 1: To develop the deposition of LbL assembly-coated porous scaffold materials with 

a customised deposition system capable of applying continuous perfusion flow and cyclic 

compression loading during the LbL assembly process (Chapter 2). 

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

process parameters (Chapter 3). 

Objective 3: To investigate the effect of crosslinking on LbL-assembled coated porous scaffolds on 

mechanical performance in hydrated conditions and in vitro biodegradation rate (Chapter 4). 

Objective 4: To assess cell-material interactions and biocompatibility of crosslinked LbL polymer-

nanocomposite coatings on porous PU foam scaffolds (Chapter 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 

Mechanical Deformation and Perfusion  

 

Sections of this Chapter have previously been published as a technical paper in Materials Advances 

Journal, Royal Society of Chemistry (2024). 

Sahebalzamani MA, Hashemi TS, Mousavinejad Z, Agarwal S, McCarthy HO, Levingstone TJ, 

Dunne NJ. Deposition of multilayer coatings onto highly porous materials by Layer-by-Layer 

assembly for bone tissue engineering applications using cyclic mechanical deformation and 

perfusion. Mater. Adv., 2024, 5, 2316-2327. 

 

 

 
  

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
https://doi.org/10.1039/2633-5409/2020
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2.1 Introduction 

The development of nano/microscale-film manufacturing technologies has opened new possibilities 

for surface modification of biomimetic scaffolds that mimic the natural bone structures and 

extracellular matrix (65). As discussed in the previous chapter, LbL assembly offers a new strategy 

for functionalising and tailoring bone substitute materials to achieve the required mechanical 

properties and porosity (59). Thin films using LbL assembly have been commonly deposited through 

dip coating, spray coating, and spin coating (215). However, coating porous scaffolds with LbL 

assembly is challenging (216). 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 without 

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 interactions (Figure 

2.1) (58,69). However, for highly porous scaffolds, the coating solution may be rapidly absorbed, 

leading to non-uniform coatings. This variation in coating thickness and composition negatively 

affects the performance of LbL-coated materials (218). Furthermore, submerging porous scaffolds 

in solutions or during washing cycles can generate air bubbles within cellular structures, adversely 

impacting mechanical properties (219,220). Therefore, to address the challenges associated with 

coating a porous scaffold through LbL assembly, this study employed an adapted dipping technique, 

whereby a continuous perfusion flow system is used to deliver solutions into the scaffold (168,221). 

A perfusion flow system provides greater control over the coating process, optimising parameters 

like flow rate, pressure, and exposure duration to the coating solution, enabling strategic uniform 

coating deposition and resulting in improved uniformity and quality (217,222,223).  

The application of mechanical deformation during the LbL assembly process has been shown to 

positively affect the physicochemical and mechanical properties of polymer-nanocomposite-coated 

bone scaffolds due to their localisation in highly deformed areas (92,224). Ziminska et al. previously 
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enhanced the physical and mechanical properties of LbL assembly coatings (55,59), showing that 

polymer-based porous scaffolds coated with 60 multilayers exhibited increased mass and bulk elastic 

moduli of 2.5 MPa compared to 0.1 MPa when uncoated. Albro et al. demonstrated that applying 

dynamic loading at 1 Hz and 10% compressive strain amplitudes to a deformable porous agarose 

hydrogel-based scaffold enhanced solute transport within the scaffold (225). In hydrated polymers, 

the application of cyclic loading has been shown to enhance the diffusion rate of large molecules 

compared to passive diffusion (226). Mechanical deformation enables thicker coatings to be 

deposited on areas of porous scaffolds experiencing higher loading, leading to a synthetic form of 

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 in response to combined perfusion flow with mechanical deformation (228,229). 

Despite the substantial literature on LbL assembly covering a wide range of topics (218), the effect 

of dynamic loading conditions and perfusion flow on the growth of LbL-assembled films has not 

been explored. This research delves into an innovative approach, focusing on the application of 

dynamic coating conditions within the LbL assembly process.  

 

Figure 2.1: Schematic of the LbL assembly technique applied to highly porous scaffolds. (A) Representation 

of the LbL-assembly process. (B) Changes of scaffold surface after the LbL-assembly coating. 
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2.1.1 Chapter Aims 

The primary aim of this study was to develop a purpose-designed 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 both stimuli on the fabrication of 

nanocomposite coatings for application in bone tissue engineering scaffolds. Additionally, this study 

incorporated a novel composite coating system into the LbL assembly process. Previous research has 

not explored the use of porous templates for bone tissue scaffolds with this materials-based approach. 

This study is the first to evaluate the changes in the physical and mechanical properties of 

nanocomposite-coated 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:  

¶ Develop a custom-designed LbL deposition system. 

¶ Analyse the effects of stimuli on LbL nanocomposite coating (continuous perfusion flow 

and cyclic compression loading). 

¶ Evaluate the changes in the physical and mechanical properties of LbL-coated 3D-porous 

scaffolds in dynamic coating conditions compared to static conditions. 

¶ Develop a tailorable LbL coating with a replicable and precise protocol for the creation of 

polymer-nanocomposite coatings on highly porous materials. 

 

2.2 Materials & Methods  

2.2.1 Materials System 

Polymer-nanocomposite films were fabricated using LbL assembly with polyelectrolyte solutions of 

poly-L-Lysine monohydrochloride (PLL), poly-L-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 control 

over coating thickness and composition. MTM nanoclay, known for its low cost, biocompatibility, 

and exceptional in-plane 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 H2O) were purchased from Sigma-Aldrich (UK). MTM (Cloisite Na+) was obtained 

from Blagden Chemicals Ltd., UK. Aqueous solutions of 1 wt.% PLL, 1 wt.% 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 approximately 5.5 and was not adjusted. The pH of the 

resulting PLL solution was adjusted from 6 to 4 by adding 0.1 M HCl, and the pH of the resultant 

PGA solution was adjusted from 5 to 7 by adding 0.5 M NaOH. Aqueous solution of 0.5 wt.% MTM 

clay was prepared 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.  

2.2.2 PU Foam Substrate 

Open-cell 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 models (55,231), and for LbL assembly applications (218,232). 

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 for 

optimising the LbL assembly technique (227,230). Cylindrical specimens measuring 10 mm in 

diameter and 12 mm in height were cut from PU foam sheets with 30 pores per inch (PPI) and 97% 

porosity (EasyFoam Ltd., UK) using a 12 mm circular surgical biopsy punch (Acuderm Inc. USA). 

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

before deposition. 

2.3 Design and Fabrication 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 porosity (224). By applying mechanical deformation during the LbL 

assembly process, thicker coatings can be selectively deposited in areas of porous scaffolds 

experiencing higher loads (59). The perfusion system's flow rate and compression-induced strain 

rates were designed to replicate previous studies, effectively influencing the proliferation and 

differentiation of bone cells through the application of perfusion and cyclic compression (233). A 

custom LbL deposition chamber designed Figure 2.2A using SolidWorks 2020 software (DS 

SolidWorks Corp., USA) (Appendix 2.1) and manufactured thereafter (Figure 2.2B) enabled 

simultaneous compression and perfusion flow during the deposition process. 

The deposition equipment consisted of a bespoke deposition chamber containing the porous scaffold 

connected to a plunger for solution pumping. A stepper motor applied the actuation force via the 

plunger to compress the scaffold. Custom software and an Arduino (IDE, 1.8.15) controlled the 

stepper motor (Appendix 2.2), automating the compression cycles. Peristaltic pumps (323S/D, 

Watson-Marlow, UK) regulated the solution flow into the chamber. The LbL assembly system can 

accommodate up to four different solutions, pumping them simultaneously and alternately. The 

exposure time of each scaffold to solutions or rinse cycles was precisely controlled to 1 s. To measure 

the force exerted by the motor and control the force acting on the scaffold, a load cell (Flexiforce, 

Parallax Inc., USA) was positioned between the stepper plate and the plunger. Validation ensured 

uniform and reproducible loading, crucial for generating comparable results across different runs. 

Figure 2.2C illustrates the force level produced at 10 rpm during a 30 s coating period. The peak 



 

42 

 

loads remained constant throughout the test, with a maximum force of 0.239 N ± 0.011 and a 

minimum force of 0.089 N ± 0.024, resulting in a range of 0.158 N ± 0.122. 

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 or 

dynamic conditions where cyclic mechanical deformation was applied with a compressive strain 

amplitude of 0.5 mm and a frequency of 1 Hz (59,233) throughout the LbL assembly process using 

the purpose-designed deposition apparatus.  

2.3.1 LbL Assembly Procedure 

Each scaffold was placed in a sealed chamber to fabricate a porous nanocomposite material and 

subjected to alternating solutions of oppositely charged species to produce a nanocomposite thin film 

under dynamic coating conditions. Each coating layer, referred to as QL, was produced by exposure 

to four electrolyte-based solutions: (i) a 1 wt.% PLL solution with a positive charge, (ii) 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 nanoclay solution with a negative charge. The coating deposition process was 

conducted via the LbL assembly method using the purpose-design deposition chamber under a 

perfusion flow system and compression (compressive strain amplitude of 0.5 mm and a frequency of 

1 Hz) (Figure 2.2D). 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 systems (226,233,234) 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 deionised 

water as described by Ziminska et al. and Podsiadlo et al. (59,85). After the deposition of every 10 

QLs, the coated scaffold was removed from the deposition chamber, rinsed three times with deionised 

water, and dried in a desiccator for 24 h. The process was repeated to deposit additional QLs until 

reaching the desired number of QLs. A minimum of 40 QLs was chosen as the starting point to detect 
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significant differences in the investigated properties. The deposition chamber and exit tubing were 

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

For the static coating condition, an immersion coating technique was applied, whereby the specimens 

were coated with 40 QLs by immersing the substrates into alternating solutions (each for 30 s) to 

mimic the LbL assembly conditions in a controlled-flow chamber. The solutions (PLL, PGA, PDDA, 

and MTM nanoclay) were placed in 500 mL beakers, and three rinsing beakers containing 

deionised (DI) H2O were used. The solutions and the water-containing beakers were changed after 

each 10 QLs deposition. For the static 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 and 

dried in a desiccator for 24 hours. Macroscopic images of the uncoated scaffold and LbL-coated 

scaffold following the deposition of 40-multilayer nanocoating under static and dynamic conditions 

are presented in Figure 2.2E.  
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Figure 2.2: Custom-designed LbL deposition chamber and process. A) SolidWorks design and B) 

manufactured purpose-designed deposition chamber capable of demonstrating perfusion-compression 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 frequency of 1 Hz with repeatable and constant force peaks. D) 

Schematic demonstrating the LbL assembly process of multilayer coating onto a 3D porous scaffold template 

by perfusion flow of electrolyte solutions and cyclic compression using the purpose-designed deposition 

chamber. E) Macroscopic images of the uncoated scaffold (10 mm x 12 mm; with 30 PPI and 97% porosity) 

and LbL-coated scaffolds following the deposition of 40-multilayer coating under static and dynamic 

conditions. 

2.4 Characterisation Techniques   

The following characterisation techniques are used in the chapter and subsequent chapters to 

investigate the chemical and physico-mechanical properties of LbL-coated PU foam scaffolds. 



 

45 

 

2.4.1 Chemical Characterisation 

Attenuated total reflectance (ATR) Fourier-transform 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 from 550-4,000 cm-1 were acquired, with an 

average of 64 scans per spectrum. To enable convenient comparison of multiple peaks, the 

transmission values of the FTIR spectra were adjusted. Characteristic functional groups were 

identified by examining the absorbance ranges of analogous organic and inorganic compounds. The 

spectra from each repeat were combined into a single spectrum for graphing purposes. The Spectrum 

Two FTIR spectrophotometer, equipped with a diamond universal ATR accessory, lithium tantalate 

detector, and mid-infrared (MIR) source, was used for the analysis. Before scanning the samples, a 

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

2.4.2 Gravimetric Analysis 

Gravimetric analysis was used to investigate 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 balance Sartorius LA 620P Toploading scale 

balance (Sartorius Ltd, UK) with a resolution of 0.0001 g. Before weighing, each scaffold was 

maintained under a fume hood in ambient conditions (approximately 23 °C and 30% relative 

humidity) for a minimum of 8 h. The recorded mass was obtained by averaging five measurements. 

2.4.3 Coating Morphology and Thickness  

The morphology and coating thickness of each PLL/PGA/PDDA/MTM-coated scaffold were 

determined as a function of the number of QLs deposited using scanning electron microscopy (SEM). 

The SEM analysis was performed using a Zeiss EVO LS15 (Germany) operating at 18.0 kV. To 

minimise scaffold charging, gold sputter-coating (Edwards, West Sussex, England) was applied to 

each scaffold before SEM imaging. The specimens were fixed onto aluminium discs and coated with 
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several nanometres of gold at 60 mA for 80 s to prevent electrical charging on the samples. ImageJ 

software (version 1.44p, National Institutes of Health, USA) was used for image analysis. The 

coating thickness was calculated by measuring 10 data points from at least four SEM images captured 

at different locations on each sample.  

2.4.4 Surface Roughness 

The surface roughness of each scaffold was quantified using a TR200 surface profilometer (Beijing 

TIME High Technology Ltd., China.) following ISO 4287:1997 (235). The roughness average (Ra) 

was measured for each scaffold, which represents the arithmetic mean of the absolute values of the 

profile heights over the evaluation length.  

2.4.5 Water Contact Angle 

To assess the hydrophobicity of each scaffold before and after the coating assembly process, contact 

angle analysis was conducted, considering the inherent hydrophobic nature of the PU-based 

scaffolds. The dynamic contact angle was determined using the sessile drop method, involving the 

placement of one 5 µL droplet of water on the scaffold surface, followed by the measurement of the 

contact angle using a contact measuring device (FTÅ200 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 of 

the scaffold was calculated before and after undergoing the coating assembly process (Equ. 2.1). The 

apparent density (rapparent) of the scaffold was determined using the gravimetric method, employing 

a Sartorius LA 620P Toploading scale balance (Sartorius Ltd, UK) with a YDL01 density 

determination kit. The maximum theoretical density (rmaximum) of the PU foam scaffold was 1.20 

g.cm-3 (236). 

 

https://bio-protocol.org/bio101/r9956529
https://bio-protocol.org/bio101/r9956529
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Equation 2.1: The percentage porosity of the scaffold. 

ὖέὶέίὭὸώ Ϸ  ρ   ὼ ρππ   

    

2.4.7 Mechanical Properties 

The compressive properties of each scaffold coated with PLL/PGA/PDDA/MTM were measured 

using a CellScale Univert Universal Testing Machine (CellScale, Canada). A 100 N load cell was 

used to apply a 0.6 mm deflection to each scaffold at a crosshead speed of 0.5 mm min-1, with a 

preload of 10 N. 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 within 

the linear region of the stress vs strain plot immediately after the toe region. 

2.4.8 Statistical Analysis  

The data were presented as the mean ± standard deviation, based on five replicates for each analysis 

for each sample group. Before conducting statistical analysis, the homogeneity of variance was 

assessed. To analyse the dependencies, independent sample t-tests were used, with statistical 

significance set at p <0.05. Five different samples were randomly selected from each test group for 

each characterisation method. All statistical analysis was performed using GraphPad 

(GraphPad_Prism Software, Version 8.0.2) 

2.5 Results  

2.5.1 Chemical Characterisation  

The chemical composition of the LbL-assembled coating was confirmed by acquiring the FTIR 

spectra (Figure 2.3A). Spectra was collected for uncoated scaffolds and LbL-coated scaffolds 

fabricated under static and dynamic conditions. In the case of 40 QL-coated scaffolds prepared using 

both conditions, the chemical bonds remained consistent, and characteristic peaks confirmed the 

presence of individual PLL/PGA/PDDA/MTM nanoclay components, as outlined in Table 2.1 (237ï
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239). Comparing the LbL-assembled coatings produced under static and dynamic conditions, 

stronger chemical bonds were observed in the latter, as indicated by the peaks used to identify 

functional groups. This can be attributed to the more compact and uniform coating achieved using 

the dynamic coating condition.  

Table 2.1: FTIR spectra peaks and corresponding functional groups. 

 

 

 

 

 

 

 

2.5.2 Gravimetric Analysis 

Gravimetric analysis, a versatile and time-tested analytical method, applies to 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 mass (240). In this study, 

scaffolds deposited under both static and dynamic conditions exhibited a consistent increase in mass 

with the number of QLs of PLL/PGA/PDDA/MTM deposited (Figure 2.3B). Notably, LbL-coated 

scaffolds under dynamic conditions displayed significantly higher mass (p <0.05) compared to those 

coated under static conditions. Specifically, for the LbL-coated scaffold, the mass increased by 18.90 

± 1.56 mg following the deposition of 40 QLs under dynamic conditions, while under static 

conditions, it increased by 8.31 ± 2.74 mg. 

Wavenumber (cm-1) Functional Group 

3,350 O-H Stretching 

2,800 -C-H Stretching of ïCH2 of protein 

1,550 Amide II linkage 

1,050 C-O Stretching/ O-H Deformation 

700 Si-O Stretching 
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2.5.3 Multilayer Coatings Thickness 

To ensure the uniformity and consistency of the coating in the LbL process, an analysis of the coating 

thickness was performed using SEM. Figure 2.3C illustrates the average thickness of the multilayer 

coating obtained under both static and dynamic conditions. The results indicated that for 40 QLs, the 

coating thickness increased by 5.74 ± 1.89 µm under dynamic conditions and 4.21 ± 1.36 µm under 

static conditions.  

2.5.4 Water Contact Angle 

The contact angle serves as an important determinant of the macroscopic wettability of a solid surface 

and plays a vital role in understanding the interfacial interactions between a solid and a liquid 

(241,242). Figure 2.3D illustrates the contact angles of both the uncoated and LbL-coated scaffolds. 

The uncoated scaffold exhibited a contact angle of 139.57 ± 1.86°, whereas the LbL-coated scaffolds, 

fabricated under static and dynamic conditions, displayed contact angles of 118.73 ± 3.14° and 

105.48 ± 2.23°, respectively. The differences in contact angles between the uncoated and LbL-coated 

scaffolds suggested that the incorporation of MTM nanoclay enhanced the hydrophilicity of the 

scaffolds. Moreover, the adoption of the dynamic LbL coating approach resulted in less hydrophobic, 

which has the potential to promote positive cellular interactions, thus enhancing its efficacy in 

biomedical applications such as in bone tissue engineering where specific attachment of the target 

cell type to the scaffold is required for optimal healing and regeneration (243). Furthermore, the 

introduction of a hydrophilic substrate can be beneficial for the promotion of protein adhesion for 

drug delivery systems (244). 
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Figure 2.3: Experimental data for the uncoated coated scaffolds using LbL deposition under static (LbL Static) 

and dynamic conditions (LbL Dynamic). The LbL-coated scaffolds had a coating of 40 QLs unless otherwise 

stated. A) The FTIR spectra demonstrate characteristic peaks 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 (±SD) of uncoated scaffolds and 

scaffolds coated under static and dynamic conditions. C) Average thickness of the LbL-coating after 10, 20, 

and 40 QLs as measured using SEM. D) Mean contact 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 SEM Analysis 

To determine the topography and physical changes of the coating on the 3D porous substrates, SEM 

was used to examine both uncoated and LbL-coated scaffolds. SEM images of the cross-sections of 

the LbL-coated scaffolds exhibited a conformal coating that completely covered the substrate, with 

a noticeable increase in thickness in line with the gravimetric analysis findings (Figure 2.4a ï 2.4f). 

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 the 

coating as expected (Figure 2.4g and Figure 2.4h). 

 

Figure 2.4: SEM images of uncoated and LbL-coated scaffolds with 40 QLs. a) and b) SEM images of 

uncoated scaffolds. c) and d) SEM images of the LbL-coated scaffold fabricated under static conditions. e) 

and f) SEM images of the LbL-coated scaffold fabricated under dynamic conditions. g) shows dense 

multilayers within a cross-section of the LbL-coating fabricated under dynamic conditions, and h) provides 

evidence of the successful integration of nanoclay sheets within the LbL-coating fabricated under dynamic 

conditions.  

2.5.6 Surface Roughness  

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

chemical cues that enhance cell adhesion and function (245,246). In the case of LbL-coated 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 data 

recorded for each sample tested (n = 5) (Table 2.2). 

Table 2.2: Mean ± standard deviation surface roughness of scaffolds.  

Scaffold Type Mean Roughness, Ra (ɛm) 

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 

 

2.5.7 Porosity  

Highly porous scaffolds with interconnected pore structures are highly desirable for applications in 

bone tissue engineering, as the porous architecture plays a critical role in promoting cell attachment, 

proliferation, and differentiation (247). In our study, the uncoated scaffolds displayed an initial 

porosity of 97.40 ± 0.70% with a pore distribution range of 119-581 ɛm. While the LbL-coated 

scaffolds fabricated under static and dynamic conditions exhibited a reduced porosity of 81.10 ± 

0.45% and 86.20 ± 0.72% and pore size distribution ranges of 110-429 ɛm and 114-474 ɛm. These 

findings indicate the LbL assembly process effectively maintained the highly porous and 

interconnected architecture of the scaffold irrespective of the process conditions. Notably, increasing 

the number of layers in the LbL-assembled coating has the potential to offer several advantages for 

bone tissue engineering applications. Specifically, increased nanoclay deposition has the potential to 

improve the mechanical properties while incorporating additional layers of the amino acid 

components (PLL, PGA) within the LbL-assembled coating could enhance cellular interaction and 

biocompatibility (248). This flexibility enables the design of the LbL-assembled coating to be 

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

The mechanical behavior of both LbL-coated 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 stress-strain plots 

(Figure 2.5A and 2.5B). The compressive elastic modulus of the uncoated scaffolds experienced a 

substantial increase after applying 40 QLs of coating. Specifically, the modulus increased from 0.09 

± 0.05 MPa to 1.45 ± 0.41 MPa (a 16-fold increase) under static conditions, and further to 3.65 ± 

0.70 MPa (a 40-fold increase) under dynamic conditions. These findings highlight the effectiveness 

of the custom-designed LbL system, which significantly enhanced the mechanical properties of the 

LbL-coated scaffolds, more than twice the improvement observed in static immersion coating. 

  

Figure 2.5: Experimental mechanical testing was 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 (±SD) 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< 0.05, **p< 0.01, ***p< 0.001. 

 

2.6 Discussion 

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

emergence of effective bone scaffold materials that enhance bone healing in cases where natural 
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healing is insufficient (249,250). Scaffolds with a high degree of open pores that are interconnected 

offer an increased surface area for cell-material interaction and facilitate efficient nutrient and waste 

exchange (49). In this chapter, the 40-multilayer LbL-coated scaffold, fabricated under dynamic 

coating conditions, maintained a highly porous (å86%) and interconnective structure with a pore size 

distribution ranging from 114-474 ɛm. Consequently, the physical properties and architecture of the 

scaffold remained uncompromised following the LbL process and potentially provided a suitable 

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

To optimise the performance of porous bone scaffolds in bone tissue engineering applications, the 

utilisation of the LbL assembly technique presents a versatile and precise method for tailoring their 

surface properties and enhancing their physio-mechanical properties (58,168). However, 

conventional methods of coating such scaffolds using LbL assembly methods encounter challenges 

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 for 

the fabrication of highly porous scaffolds for use in bone tissue 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 microarchitectural properties necessary for bone tissue engineering. Specifically, an 

effective approach has been presented that addresses the limitations of conventional methods by 

applying both perfusion flow and cyclic compression during the LbL deposition of polymer-

nanocomposite coatings onto highly porous scaffolds. By applying dynamic LbL coating conditions 

during the assembly process, the diffusion of polyelectrolyte chains and nanoclay solutions into and 

out of the coating film can be facilitated, enabling the fabrication of ultrathin coating layers onto 

open-cell scaffolds (55,59,119). It is anticipated that this method will not only improve the uniformity 

and thickness of the coatings but also their mechanical properties (227). The purpose-designed LbL 
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assembly system used in this study provides several advantages when compared to conventional 

methods (68,251). It allows for precise control over perfusion flow, enables the application of cyclic 

mechanical loading, and prevents coating solution deprivation, thereby eliminating air bubbles and 

the need for squeezing to remove previous coating solutions (218).  

The results demonstrated several significant findings regarding the PLL/PGA/PDDA/Na-MTM 

nanoclay-based LbL-coated scaffolds fabricated under dynamic conditions. First, LbL-coated 

scaffolds fabricated under dynamic conditions exhibited stronger chemical bonding due to the 

uniform and homogeneous dispersion of the nanocomposite coating (85,168,225). Moreover, LbL-

coatings applied under dynamic conditions indicated faster growth rates of mass, which were also 

denser and more uniform coatings compared to coating fabricated under static conditions. This is 

attributed to the improved penetration of the coating materials into the porous scaffold structure, 

leading to a higher coating mass and better coverage (227).  SEM analysis confirmed these 

observations, revealing the superior coating morphology achieved under dynamic conditions. These 

findings are consistent with previous research where the application of cyclic mechanical loading 

during the LbL assembly has been shown to enhance the diffusion of polyelectrolytes and result in 

thicker coatings (59). These results, therefore, emphasise 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 that resembles the trabecular structure of naturally spongy bone.  

Furthermore, the improvement of wettability and surface roughness of the LbL-coated scaffolds 

fabricated under dynamic conditions offer additional advantages for bone tissue engineering (246). 

These findings of increased surface roughness and decreased contact angle of LbL-coated scaffolds 

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

influencing cell behaviour on biomaterials (242,252). 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 spreading 

(218,253).  

An important finding of this chapter was that the incorporation of nanoclays into the polymer-

nanocomposite coatings significantly enhances their mechanical properties, resulting in coatings with 

highly dispersed nanosheets and exceptional stiffness. This finding aligns with previous studies by 

Ziminska et al., Li et al., and Podsiadlo et al. demonstrating the reinforcing effect of nanoclays on 

polymer matrices (55,59,85). For instance, a similar study conducted by Ziminska et al. 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 LbL-assembled coatings composed of PAA/PEI/nanoclay onto 

open-cell substrates (227). 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 resulted in a 40-

fold increase in compressive elastic modulus compared to the uncoated scaffold. In contrast, when 

the LbL coating was applied under static conditions, the increase was 16-fold, thus highlighting the 

superiority of dynamic conditions in enhancing scaffold stiffness. 

. Taken together, these results demonstrate that the application of LbL-assembled nanocomposite 

multilayered coating onto a highly porous scaffold under perfused compression conditions is an 

effective deposition method for bone tissue engineering applications (218). While scaffolds with 

desirable properties for bone tissue engineering applications have been achieved, there is a need for 

further optimisation of the coating process conditions to achieve greater control over coating 

properties such as coating thickness and uniformity.  

As exemplified by the new design of the proposed LbL system investigated herein, it is possible to 

develop customised approaches to modulate the properties of porous LbL-coated scaffolds. The next 

chapter prioritises investigating the influence of various LbL assembly process parameters on the 
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physical, chemical, mechanical, and surface characteristics of LbL-coated porous scaffolds. To 

achieve this, a systematic parametric study has been designed to comprehensively evaluate and 

optimise these LbL assembly process parameters and coating materials system, aiming to attain the 

desired properties. 

2.7 Conclusions 

In this chapter, a novel automated LbL assembly system has been developed that incorporates the 

application of perfusion flow and cyclic compressive loading during the deposition of 

PLL/PGA/PDDA/Na-MTM nanoclay-based LbL coatings on highly porous scaffolds, specifically 

for bone tissue engineering. LbL-assembled coatings fabricated under these dynamic conditions were 

shown to offer significant advantages, with enhanced physical and mechanical characteristics 

compared to static conditions, where cyclic compressive loading was not applied. Scaffolds coated 

with PLL/PGA/PDDA/Na-MTM nanoclay based LbL coatings deposited under dynamic conditions 

resulted in uniform and dense coatings that were thicker with stronger chemical bonding compared 

to scaffolds coated under static conditions. Additionally, the LbL-coated scaffolds coated under 

dynamic conditions showed higher compressive elastic modulus and maintained higher porosity 

compared to scaffolds coated under static conditions. Importantly, the novel LbL coating deposition 

method effectively preserved the highly porous and interconnective structure of the scaffold. In the 

context of surface properties, the LbL-coated scaffold fabricated under dynamic conditions exhibited 

enhanced surface hydrophilicity and surface roughness properties, both of which are considered 

important to facilitate effective cell attachment. In the next chapter, we focus on optimising the LbL 

assembly conditions and nanocomposite material system to enhance the physiochemical and 

mechanical properties of LbL-assembled coatings for potential bone tissue engineering applications. 
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3.1 Introduction  

In the previous chapter, a novel LbL assembly system to fabricate nanocomposite-coated porous 

templates with enhanced physiochemical properties and mechanical performance was introduced, 

which demonstrated potential towards bone tissue engineering applications. Chapter 2 specifically 

highlighted the superior coating results achieved under dynamic LbL-coating conditions, which 

combined perfusion (12 mL/min, 10 rpm) and cyclic compressive loading (5% strain, 1 Hz), 

compared to static conditions (dip coating/immersion). 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 studies have previously demonstrated the effectiveness of polymerïnanoclay composite LbL 

assembly coatings at increasing the physical and mechanical properties of 3D-porous PU foam 

scaffold with different optimisation methods (55,59,227). Ziminska et al. showed that polymer-based 

3D-porous scaffolds LbL-coated with 40 QLs coatings PEI/PAA/PEI/MTM  exhibited increased 

mass, coating thickness and bulk elastic moduli of 1.73 MPa, compared to 0.07 MPa when uncoated 

(227). In another study, the deposition of PEI/PAA/PEI/MTM QLs onto PU foams, achieving up to 

60 QLs with a 25-fold increase in scaffold physico-mechanical properties while preserving a highly 

porous (88.1% ± 1.3) and interconnected architecture under varied process conditions (59). McFerran 

et al. demonstrated the ability to tailor the mechanical properties of PU porous structures using LbL 

assembly of PEI/PDDA/chitosan (CH)/MTM, maintaining 95% porosity after 15 QLs and 88% 

porosity after 60 QLs (254). Similarly, our previous work (Chapter 2) reported a 40-fold 

enhancement in mechanical performance with 40 QLs deposition LbL coatings of 

PLL/PGA/PDDA/MTM on PU foam scaffolds, maintaining a porous structure of 86% porosity and 

excellent interconnectivity for bone tissue engineering (255). These studies highlight the 

effectiveness of LbL assembly on highly 3D-porous polymeric templates in enhancing scaffold 

properties while preserving critical porosity for bone tissue engineering applications (254). Despite 
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these research advancements, finding the optimal LbL coating materials condition to further increase 

the mechanical and physical properties of these scaffolds, there is still a need to fully optimise the 

LbL assembly process. This optimisation 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 materials, LbL coatings 

can also be applied for surface modification to achieve an enhanced biological response for cell 

adhesion, migration and proliferation (38,256). Mertz et al. fabricated nanoscale barriers using 

alternate deposition of PDDA/polystyrene sulfonate (PSS) and exponentially growing LbL bilayers 

PLL/hyaluronic acid, which improved the properties of biologically active film acid (92). Many 

polyelectrolytes such as PEI, PAA, PLL, and PGA are classified as feeble polyelectrolytes, 

demonstrating pH-dependent variations in their electrostatic charge densities when dissolved in 

aqueous solutions (118,257). The physical and biological properties of LbL assembly coatings 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 layers (80). 

Furthermore, prolonged contact time with the aqueous solutions, as well as drying conditions, may 

result in increased coating thickness and mass due to enhanced diffusion (59). Hence, achieving 

optimal pH, concentration of coating materials, and LbL assembly conditions requires tailored 

experimentation for each specific material system. This careful optimisation is crucial for developing 

scaffolds that meet the specific requirements needed for bone tissue engineering applications (38). 

The process parameter relationships are complex, and a large number of parameters influence the 

final coating properties, including the pH of solutions, molecular weight of polyelectrolytes, time of 

rinsing, frequency of intermittent drying steps, dipping times, and temperature (218,258,259). 

Additionally, scaffold pore density and the number of layers also affect the overall properties of LbL-
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coated scaffolds (38,218). Therefore, a systematic optimisation study examining the effects of LbL 

process parameters and coating materials on porosity, mechanical properties, and other relevant 

properties for bone tissue scaffold applications is lacking, particularly concerning the 

PLL/PGA/PDDA/MTM nanoclay coatings that are the focus of this research. Given the large number 

of parameters and the potentially complex interactions between them, optimisation techniques such 

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

that determines cause-and-effect relationships between the controlled input factors and measurable 

responses, enabling a reduction in the number of experiments required (261). While DoE has been 

widely used in various fields for process optimisation, its application to LbL coating optimisation 

has been less common. This makes the use of DoE in this context particularly valuable, as it offers 

deeper insights into the process and yields enhanced optimisation results compared to traditional 

methods. This approach enables the simultaneous evaluation of the impact of multiple process 

parameter inputs on multiple process outputs, facilitating the optimisation of procedures or protocols 

(260ï262). This more comprehensive optimisation methodology gives greater insight into the LbL 

process and gives enhanced optimisation results. 

3.1.1 Chapter Aims 

This chapter aimed to optimise the nanocomposite material properties and the LbL assembly process 

conditions to enhance the physio-chemical and mechanical properties of LbL-assembled coatings for 

potential bone tissue engineering applications. The influential factors were systematically 

investigated using a DoE approach to identify optimal, tailorable conditions. This study addresses 

the complexity of LbL process parameter relationships to enhance scaffold performance. 

The primary objectives of this chapter were to:  

¶ Explore the impact of material system parameters (e.g., pH and concentrations of the coating 

materials) and process parameters (e.g., deposition time and drying cycles) on the physio-

chemical and mechanical properties of LbL-assembled coatings.  
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¶ Identify the optimal LbL coating material parameters for nanocomposite deposition on open-

cell porous scaffolds. 

¶ Optimize LbL assembly process conditions to enhance the physical and mechanical 

properties of the coatings. 

 

3.2 Materials & Methods  

3.2.1 Materials System 

The materials and experimental procedure used here are the same as described in Chapter 2 unless 

indicated otherwise. A multilayered LbL-coating composed of positively charged 1 wt.% PLL 

solution, negatively charged 1 wt.% PGA solution, positively charged 1 wt.% PDDA solution and 

negatively charged 0.5 wt.% MTM solution were deposited onto PU porous scaffolds (12 mm in 

height and 10 mm in diameter) with pore densities of 30, 45 or 60 PPI. All aqueous solutions were 

prepared by dilution in DI water with resistivity Ó18.2 Mɋ under vigorous stirring for 24 h with 

adjusted pH as previously described. 

3.2.2 LbL Assembly Process 

The multilayer coatings were applied using a custom-designed 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 Chapter 2 (Figure 3.1). The introduction of 

each solution was punctuated by three rinses with DI water, each with a total contact time of at least 

30 s. After the application of each 10 QLs, the scaffold was rinsed three times in DI water and dried 

for 24 h under a fume hood in ambient conditions (approximately 23°C and 30% relative humidity). 

The full PLL/PGA/PDDA/MTM nanoclay deposition process was repeated until the target number 

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

assembly coatings. The material system parameters, specifically pH and concentrations of 
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polymers/nanoclay, were adjusted as specified within the first DoE study. Similarly, the LbL process 

conditions, specifically contact time, number of layers, frequency of drying, and pore density of the 

3D-porous scaffolds, were adjusted following the parameters setting required from the second DoE 

study design. 

 

Figure 3.1: Schematic of the LbL assembly process for deposition of a QL of PLL/PGA/PDDA/MTM onto a 

highly porous PU foam scaffold using a customised deposition chamber.  

3.2.3 Experimental Design 

The first DoE study (DoE Study 1) investigated and optimised the LbL assembly nanocomposite 

materials system conditions. 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, the 

overall process optimisation was conducted using two comprehensive DoE studies. DoE Study 1 

involved a two-level factorial design using a 1/4 fractional factorial and was designed using Design-

Expert software (Design-Expert V5 Software, Stat-Ease Inc., USA). The two-level factorial design 

is the most common method for analysing the response variable when the main effect of each variable 

and the interaction between two or more variables on the output are considered (260). The 1/4 

fractional factorial design was implemented to reduce the number of experimental runs while still 

maintaining high statistical power. This DoE included six variables (or factors) relating to the 

concentration and pH for each material, the lower and upper levels of which are presented in Table 

3.1. All factors and levels were determined through an extensive review of existing literature in 

similar studies (59,218,255). 
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 This DoE study consisted of a two-level factorial design with six factors and four centre points, 

resulting in 20 experimental runs, which explored the influence of six input factors. Each 

experimental run was randomly assigned and performed in the assigned run order in Table 3.2. Four 

responses were investigated: mass, porosity, strut thickness and compressive elastic modulus. In DoE 

Study 1, PU scaffolds with a pore density of 30 PPI were selected as the substrate. The coating 

solution contact time was kept constant at 30 s, and drying was carried out after deposition of 10 

PLL/PGA/PDDA/MTM nanoclay QLs (n=5) by rinsing three times with deionised water and drying 

in a desiccator for 24 h at room temperature. The full PLL/PGA/PDDA/Na-MTM nanoclay 

deposition cycle was repeated three times to achieve 30 QLs. 

Table 3.1: 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 

Concentrations 

wt.% 1 5 

F Nano-clay 

Concentration 

wt.% 0.5 1.5 
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Table 3.2: Experimental runs for DoE Study 1. 

Run Factor A: 

PLL pH  

Factor B: 

PGA pH 

Factor C: 

PDDA pH 

 

Factor D: 

MTM pH  

Factor E: 

Polymers 

concentration 

(wt.%)  

Factor F: 

MTM nanoclay 

concentration 

(wt.%)  

1 7 7 4 11 5 1.5 

2 7 7 7 6 1 1.5 

3 7 11 7 6 5 0.5 

4 7 11 7 11 5 1.5 

5 3 7 4 11 5 0.5 

6 3 9 7 11 5 0.5 

7 5 9 5.5 8.5 3 1 

8 5 9 5.5 8.5 3 1 

9 5 11 5.5 8.5 3 1 

10 7 11 4 11 1 0.5 

11 3 7 7 6 1 0.5 

12 3 7 7 6 5 1.5 

13 3 7 4 11 1 1.5 

14 3 7 4 6 1 0.5 

15 7 11 7 11 1 0.5 

16 3 7 7 11 1 1.5 

17 7 7 4 6 5 0.5 

18 7 11 4 6 1 1.5 

19 3 11 4 6 5 1.5 

20 5 9 5.5 8.5 3 1 
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DoE Study 2 consisted of a Box-Behnken design (BBD) designed using Design-Expert software. The 

BBD consisted of a three-level factorial design containing 28 experimental runs based on 

investigating four factors at three-level factorial design and the inclusion of four centre points. The 

factors investigated were PU scaffold pore density, solution-substrate contact time, drying frequency, 

and the number of layers, the lower and upper levels for each factor were identified from the literature 

(Table 3.3) (55,119,218,255). The responses measured in the study were mass, porosity, coating 

thickness and compressive elastic modulus of LbL-assembled coated (n=5). The replication points 

allowed for an independent estimate of error and calculation of model curvature. As the pore density 

and porosity play critical roles in bone ingrowth in bone tissue engineering and could influence the 

mechanical properties of the scaffolds (12), PU foam scaffolds with three different pore densities of 

30, 45 and 60 pores per PPI were investigated in this study. The experimental run order was 

randomised to remove potential bias, as summarised in Table 3.4. In DoE Study 2, 

PLL/PGA/PDDA/MTM nanoclay QLs were assembled using the optimal material conditions 

identified in the DoE Study 1. The pH of the PLL, PGA, PDDA and MTM was set at 3.5,10,4.5, and 

9.5, respectively, the polymer concentration was 1 wt.%, and the nanoclay concentration was 0.5 

wt.%.   

Table 3.3: 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 3.4: Experimental runs for DoE Study 2. 

Run Factor A: Pore 

Density  

(PPI) 

Factor B: Number 

of Layers  

(QLs) 

Factor C: Drying  

Steps 

(QLs) 

Factor D: Coating 

Time  

(s) 

1 30 70 20 45 

2 30 40 15 45 

3 45 70 15 45 

4 45 40 20 45 

5 45 100 15 60 

6 45 40 10 45 

7 60 70 20 45 

8 60 70 15 60 

9 45 70 15 45 

10 30 100 15 45 

11 60 40 15 45 

12 45 70 15 45 

13 45 70 10 30 

14 45 70 15 45 

15 45 100 20 45 

16 45 40 15 60 

17 60 70 15 30 

18 45 70 10 60 

19 45 40 15 30 

20 30 70 10 45 

21 45 100 10 45 

22 60 70 10 45 

23 45 100 15 30 
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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 

 

3.2.4 DoE Optimisation 

Following the completion of the DoE studies, a numerical optimisation method was conducted to 

determine the optimal level for each factor relating to the LbL-assembled nanocomposite coatings. 

Using information gathered from the experimental data, the DoE software was used to produce effect 

graphs, which indicate how changing each factor affects the property of interest. Numerical 

optimisation was carried out using the Design-Expert software to identify the factor settings that will 

produce the desired response while satisfying any constraints on the input factors. The optimal 

coating materials and LbL process parameters were identified by prioritising the optimisation criteria 

to maximise the elastic modulus and porosity while minimising thickness and mass. These objectives 

were defined within a desirability objective function, which was then maximised through the 

utili sation of a numerical optimisation algorithm within the DoE software. The optimal parameters 

were then determined using the DoE optimisation process, as shown in Table 3.5 for DoE Study 1 

and Table 3.6 for DoE Study 2.  
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Table 3.5: 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 1.5 

Mass (mg) Minimise 39.3 63.8 

Coating Thickness (µm) Minimise 133.46 189.62 

Compression modulus (MPa) Maximise 0.90 4.20 

Porosity (%) Maximise 90.13 96.30 

 

Table 3.6: 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 (µm) Minimise 5.7 19.1 

Compression modulus (MPa) Maximise 0.64 25.2 

Porosity (%) Maximise 75.5 89.1 
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The LbL-coated scaffolds were fabricated under both optimised conditions in DoE Study 1 and 2, 

and the responses were measured to further validate the DoE models and optimisation (n=5). Further 

characterisation of the optimised scaffolds was also conducted using energy-dispersive X-ray 

spectroscopy (EDX), FTIR, contact angle measurement, and mechanical testing analysis.   

3.2.5 Physico-chemical and Mechanical Characterisation 

Physico-chemical and mechanical characterisation of the LbL-assembled coated scaffolds was 

conducted as part of DoE Study 1 and DoE Study 2. This included measurements of mass, coating 

thickness, compressive modulus, and porosity, following the procedures outlined in Chapter 2, 

Section 2.4. For comparison, uncoated 30, 45, and 60 PPI PU scaffolds were also characterised to 

assess their mass, compressive modulus, and porosity (n=5). Additionally, the optimally LbL-coated 

scaffolds underwent further analysis. Specifically, FTIR and contact angle measurements were 

performed as described in Chapter 2, Section 2.4. Furthermore, new analyses, including EDX and X-

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

for these techniques provided in this section. 

3.2.5.1 SEM-EDX Analysis 

To assess the elemental composition of each scaffold, SEM coupled with EDX (SEM-EDX) was 

employed using a Zeiss EVO LS15 (Germany). Analysis was carried out in point mode to allow the 

identification of the elemental constituents of the scaffold by measuring five data regions and 

scanning at different point locations on each sample (n=5). The resulting spectra were analysed to 

determine the presence and relative abundance of elements within the scaffolds, providing a detailed 

elemental profile. 

3.2.5.2 X-ray Diffraction (XRD) Analysis 

X-ray diffraction (XRD) analysis was performed to determine the qualitative validation of the extent 

of nanoclay coating presence (n=5). The equipment used for the evaluation of the structure was a 
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Bruker D8 diffractometer (Bruker, Germany) operating at 30 kV and 10 mA, with a scan speed of 2 

s/scan using Cu-KŬ radiation in a range of 2ɗ between 20o and 80o. The qualitative analysis of XRD 

peaks in the spectra was compared to those stored in the Joint Committee on Powder Diffraction 

Standards (JCPDS) database using the search-match 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 replicates (five different 

coatings scaffolds for each experimental run) for each analysis and all statistical analyses conducted 

using the DoE software. Statistical analysis of experimental data from DoE Study 1 and DoE Study 

2 was conducted using the DoE software to understand the significance of process parameters. 

Regression analysis was conducted to model the average of all inputs as a function of the LbL coating 

parameters. In a system with four independent variables, the relationship between the response and 

these four parameters is approximated by a quadratic polynomial model expressed as below equation 

(Eq. 3.1). (261):  

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

  

Where Y, Xi, ɓ0, ɓi, ɓii, and ɓij are the predicted response value, the independent factor, the constant 

term, the linear effect term, the squared effect term, and the interaction effect term, respectively. The 

quality of the fitted quadratic model was evaluated by the coefficient of determination (R2), adjusted-

R2, predicted-R2, and the analysis of variances. 

As DoE Study 1 consisted of a two-level factorial design with six factors and a 1/4 fractional factorial, 

the design is meant to investigate the main effects and interactions of the six factors while reducing 

the number of experimental runs required. The half-normal 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 affecting 

each of the measured properties. A p-value of < 0.05 was deemed a significant result for all analyses. 

Parameters or parameter interactions with a significant effect upon a response were ranked in the 

order of p-value. From the possible data transformations available in the Design-Expert programme, 

the square root was found to be most appropriate based on the Box-Cox and ɚ value analysis. The 

statistical model used for the analysis of the DoE factors was the analysis of variance (ANOVA) 

method.  

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

used to produce effect graphs, which indicated how changing each factor affected the property of 

interest. The regression mathematical model with ANOVA tables, as well as the effect plots, were 

utilised to determine the main factors affecting each of the measured properties. The percentage of 

contribution for each factor was calculated by dividing the sum of squares of each of the factors by 

the total (model) sum of squares (Eq. 3.2). 

Equation 3. 2: The percentage of contribution for each factor: 

#ÏÎÔÒÉÂÕÔÉÏÎ Ϸ
3ÕÍ ÏÆ ÓÑÕÁÒÅ ÐÅÒ ÉÎÄÉÖÉÄÕÁÌ ÆÁÃÔÏÒ  

4ÏÔÁÌ ÓÕÍ ÏÆ ÓÑÕÁÒÅÓ
ρππϷ 

The statistical significance of the terms in each regression equation was examined using the 

sequential F-test, lack-of-fit test to obtain the best fit and other adequacy measures whereby a p-value 

<0.05 is deemed a statistically significant model.   

3.3 Results  

3.3.1 Properties of Uncoated Scaffolds  

The porosity, compressive elastic modulus, and mass (n=5) of the 30, 45, and 60 PPI PU scaffold 

before deposition are provided in Table 3.7 to establish a baseline for comparison with LbL-

assembled coated scaffolds in DoE Study 2. 
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Table 3.7: Properties of uncoated foam templates (mean ± standard deviation). 

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 Table 3.8. The study used half-normal probability 

plots and effect plots as reliable and accurate methods to identify the parameters and interactions 

which significantly affected the given responses. 
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Table 3.8: Results table for DoE Study 1. 

Run Mass 

(mg) 

Strut Coating 

Thickness (µm) 

Compressive 

Modulus (MPa) 

Porosity (%) 

1 39.40 138.46 1.74 95.91 

2 46.10 156.13 2.15 96.10 

3 39.30 158.89 0.90 92.33 

4 48.20 148.71 2.80 95.01 

5 48.60 189.62 2.65 92.51 

6 49.80 145.33 3.80 95.69 

7 39.50 140.09 1.95 91.79 

8 52.90 151.13 2.90 95.25 

9 39.90 142.89 1.70 95.53 

10 60.50 148.71 4.20 95.86 

11 45.10 169.62 3.35 92.89 

12 54.60 135.76 3.85 95.36 

13 63.80 133.46 4.10 90.13 

14 44.40 141.11 2.15 96.19 

15 51.70 141.69 3.01 91.23 

16 43.40 135.25 3.60 96.30 

17 47.20 136.10 2.40 94.30 

18 59.30 141.69 3.35 92.77 

19 43.50 138.75 2.45 95.14 

20 44.80 139.23 2.25 93.66 
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3.3.2.1 Mass Increase of Deposited LbL-assembled Coating  

The mass of the uncoated PU scaffold (30 PPI) was 36.1 ± 0.5 mg. The mass increase of 30 QLs 

coating deposited onto templates, according to the numerical results, ranged from 39.4 ± 0.3 mg to 

63.8 ± 0.7 mg. The mass response was affected significantly (p-value of <0.0001 and R2 of 0.8609) 

by the MTM 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 predominantly by the MTM 

concentration, with increasing MTM concentration resulting in an increase in the mass per QL. All 

other factors were deemed to have an insignificant effect on the mass. 

3.3.2.2 Multilayer Strut  Thickness Coating 

The average strut thickness of the uncoated PU scaffold quantified from SEM image analysis was 

125 ± 2.2 µm. Following coating deposition, the cross-sectional SEM images revealed the presence 

of a conformal coating surrounding the LbL-assembled coated scaffolds, with an apparent increase 

in thickness, which is consistent with the results of gravimetric analysis. The strut thickness of the 

30 QLs LbL-assembled nanocomposite coating on the scaffolds ranged from 135.25 ɛm to 189.62 

ɛm. The DoE results indicated that the coating thickness was affected significantly by the MTM pH 

and polymer concentrations (p-value of <0.0001 and R2 of 0.8410). Increasing these factors increased 

coating thickness, as shown in Figure 3.2B. All other factors were insignificant.  

3.3.2.3 Mechanical Properties  

The compressive elastic modulus of the uncoated PU scaffold was found to be 0.09 ± 0.01 MPa. The 

compressive elastic modulus of the coated scaffolds ranged from 0.90 MPa to 4.20 MPa. As shown 

in the half-normal plot (Figure 3.2C), three factors were found to significantly affect the mechanical 

properties of LbL-assembled coated scaffolds, polymers concentrations, MTM pH, and nanoclay 

concentration, with a p-value of <0.0001 and R2 of 0.8920.   



 

76 

 

3.3.2.4 Porosity of LbL -coated Scaffolds  

The porosity of the uncoated PU scaffold was found to be 97.4 ± 1.1%. The porosity of the 30 QLs 

LbL-assembled coated scaffolds ranged from 90.13% to 96.30%. The interpretation of DoE results 

indicated that it was affected significantly by the MTM nanoclay concentration and the interaction 

of two factors of PDDA pH and PGA pH, which can decrease the porosity percentage of LbL 

nanocomposite coated scaffolds. Porosity analysis confirmed that the LbL-assembled coated scaffold 

percentage porosity decreased at high concentrations of nanoclay, as expected, due to the pore walls 

of higher levels of coating deposition on the scaffold, resulting in a decrease in the overall porosity 

percentage. The 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 be because of the pH 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 layer. All other factors in the 

DoE study were deemed insignificant and were used to estimate the experimental error. As shown in 

Figure 3.2D, two factors were found to affect the porosity in the scaffolds with a p-value of <0.0001 

and R2 of 0.8110.  
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Figure 3.2: The half-normal probability plots and effect plots (A-D) were used to determine the main factors 

affecting each of the measured properties. A) Half-normal plot of the standardised effects for the influence of 

inputs on the mass increase of deposited nanocomposite coating. B) Half-normal plot of the standardised 

effects for the influence of inputs on LbL assembled coating thickness. C) Half-normal plot of the standardised 

effects for the influence of inputs on the compressive elastic modulus of LbL-coated scaffolds. D) Half-normal 

plot of the standardised effects for the influence of inputs on porosity of LbL-coated scaffolds. E: SEM images 

showing the coated surfaces of PU foam following LbL coating using low/high values for different factors. I) 

High polymer concentrations (Run 6). II) Low MTM pH and low MTM concentration (Run:11). III) 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).  

3.3.2.5 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 concentrations of 1 wt.% 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 (Table 3.9) as pH affects the 

degree of ionisation of the functional groups, and therefore the polyelectrolyte charge density. This 

study identified the optimal material parameters for the deposition of nanocomposite coatings onto 
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open-cell porous PU scaffolds using LbL assembly. Hence, the physico-mechanical properties of the 

LbL-assembled coated porous scaffolds could be tailored for bone tissue engineering applications 

(227).  

Table 3.9: Optimal conditions materials parameters for the deposition of nanocomposite coatings onto 

porous scaffolds using LbL assembly. 

Materials 

System 

Parameters 

pH 

PLL  

pH 

PGA 

pH 

PDDA 

pH 

MTM  

Polymers 

Concentration 

Clay 

Concentration 

Optimisation 3.5 10 4.5 9.5 1 wt.% 0.5 wt.% 

 

The composition described in Table 3.9 was fabricated, and the compressive elastic modulus, 

porosity, thickness and mass properties were determined. T-test analysis comparing the predicted 

and actual responses showed a non-significant difference (p-value: 0.1) between the values with a 

percentage of difference Ò 4% (Table 3.10). The properties of the optimised PU-coated scaffolds for 

DoE Study 1 were compared to un-optimised PU scaffolds coated with the 30 QLs LbL coating from 

our previous work presented in Chapter 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 identify the 

ideal conditions to achieve the desired coating parameters.  
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Table 3.10: Validation and comparison of the difference between predicted responses from DoE 

optimisation and actual values from experimental work using as a composition the optimal outputs (n=5). 

Responses Actual Responses (Mean 

± SD) 

Predicated Responses 

(Mean) 

Error  

(%) 

Mass (mg) 50.10 ± 1.4 49.05 2.1 

Strut Thickness (µm) 153.25 ± 1.7 147.55 3.7 

Compressive elastic modulus 

(MPa) 

3.80 ± 0.20 3.65 3.1 

Porosity (%) 91.85 ± 0.91 92.50 1.3 

 

3.3.3 DoE Study 2: Optimisation of the LbL Assembly Process Parameters   

Following optimisation of the main material parameters for nanocomposite coating deposited onto 

porous structures via the LbL assembly process in DoE Study 1, DoE Study 2 investigated and 

optimised the LbL assembly process conditions using a BBD. PLL/PGA/PDDA/MTM nanoclay QLs 

were assembled using the optimal material conditions identified in the DoE Study 1 (i.e., PLL pH 

3.5, PGA pH 10, PDDA pH 4.5, MTM pH 9.5, polymers concentration 1 wt.% and clay concentration 

0.5 wt.%). After all experimental runs were completed, scaffolds LbL-coated with different numbers 

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

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

Run Factor 

A: Pore 

Density 

(PPI) 

Factor 

B: 

Number 

of 

Layers 

(QLs) 

Factor 

C: 

Drying  

Steps 

(QLs) 

Factor 

D: 

Coating 

Time 

(s) 

Mass 

 

 

(g) 

Coating 

Thickness 

 

(µm) 

Compressive 

Modulus 

 

(MPa) 

Porosity  

 

 

(%) 

1 30 70 20 45 0.157 8.9 1.85 83.60 

2 30 40 15 45 0.108 5.8 0.644 85.80 

3 45 70 15 45 0.200 12.6 13.01 84.80 

4 45 40 20 45 0.158 6.3 3.86 84.50 

5 45 100 15 60 0.216 19.1 22.5 80.20 

6 45 40 10 45 0.146 5.7 3.88 87.30 

7 60 70 20 45 0.175 12.9 10.21 80.20 

8 60 70 15 60 0.196 12.3 9.85 78.50 

9 45 70 15 45 0.189 12.5 13.15 85.10 

10 30 100 15 45 0.161 13.1 5.56 83.00 

11 60 40 15 45 0.112 6.1 2.45 89.01 

12 45 70 15 45 0.201 12.3 13.14 84.90 

13 45 70 10 30 0.191 12.1 13.21 85.50 

14 45 70 15 45 0.198 12.4 12.92 85.10 

15 45 100 20 45 0.207 18.2 21.35 80.00 

16 45 40 15 60 0.163 6.7 3.09 86.40 

17 60 70 15 30 0.185 11.8 10.41 81.20 

18 45 70 10 60 0.225 13.6 12.46 83.10 

19 45 40 15 30 0.152 5.9 4.35 86.90 

20 30 70 10 45 0.135 7.6 2.38 86.10 

21 45 100 10 45 0.197 16.2 25.20 82.40 
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22 60 70 10 45 0.170 11.4 11.10 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 Mass Increase of Deposited LbL-assembled Coating  

The mass increase of LbL-assembly coated PU scaffolds ranged from 0.108 g to 0.225 g. The 

ANOVA analysis provided a significant model (p-value: 0.0097) (Figure 3.3). According to the sum 

of squares provided by ANOVA analysis, the mass was affected predominantly by the pore density 

(Factor A) and the number of layers (Factor B), with the percentage of contribution to the mass shown 

to be greater than 42% while the other factors contributed 3-9%. The results indicated that by 

increasing the number of layers from 40 QLs to 100 QLs, the mass significantly increased. 

Furthermore, the 45 PPI scaffold exhibited a higher mass increase compared to its 30 PPI and 60 PPI 

counterparts. This can be attributed to the optimal balance of surface area and porosity within the 45 

PPI scaffold, which offers more surface area for coating deposition than the 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 less 

deposition and, consequently, a lower mass increase. The 45 PPI scaffold provided an ideal balance 

between porosity and surface area, resulting in more efficient LbL-assembled coating compared to 

both the 30 PPI and 60 PPI scaffolds. Therefore, the interaction of factors AB, AD (D: contact time), 

and ABD was also significant. All other factors were deemed insignificant and used to estimate the 
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error. The results found a quadratic correlation between the number of layers and mass increase, 

which is consistent with the results of previous research (55,59). 

 

Figure 3.3: Influence of all input factors on the mass response of LbL-assembled coated scaffolds according 

to DoE analysis.  

3.3.3.2 Multilayer Coatings Thickness  

The coating increase of LbL-assembly-coated PU scaffolds ranged from 5.7 µm to 19.1 µm. The 

ANOVA statistical model demonstrated a significant model with a p-value <0.0001. Based 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 response, where the input parameters such as pore density, 

coating time, and drying time also play significant roles.  Increasing the number of coating layers led 

to a significant increase in coating thickness, as did, to a lesser extent, increasing the coating time 

(Figure 3.4). The influence of physical parameters on coating thickness is illustrated in Figure 3.5, 

which shows SEM images of the samples with the lowest and highest coating thickness. The linear 
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relationship between coating thickness with many layers and coating time observed supports the 

findings of Ziminska et al. and Acheson et al. (59,119). 

 

Figure 3.4: Influence of all input factors on coating thickness response of LbL-assembled coated scaffolds 

according to DoE analysis.  

 

Figure 3.5: The effect of the number of layers on coating thickness. A) SEM 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 LbL-assembled coated scaffolds ranged from 0.64 MPa to 25.20 

MPa. As with the previous properties, the compressive elastic modulus was affected predominantly 

by the pore density (Factor A), the number of layers (Factor B) and the interaction between the two 

parameters (AB). The compressive elastic modulus follows the same trends as thickness and mass, 

as depositing thicker coatings resulted in coated porous templates with higher compressive elastic 

modulus. The experimental results 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 (p-value: 0.0015), the factor with the greatest effect on 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 Figure 3.6. A reduction in compressive elastic modulus was observed when 

the frequency of drying (Factor C) was reduced from every 10 QLs to every 20 QLs. The pore density 

of the scaffold had a quadratic relationship with the compressive elastic modulus, with the coated 45 

PPI scaffolds showing the highest mechanical properties. Increasing the coating time did not 

significantly affect the elastic modulus of LbL-assembled coated scaffolds. In addition, 3D-surface 

analysis highlights the influence of pore size and number of layers on the compressive elastic 

modulus, showing that there is a high correlation between these two values in terms of increasing the 

compressive elastic modulus of scaffolds (Figure 3.7). The analysis showed that variations in these 

parameters lead to notable changes in the mechanical properties of the scaffolds, emphasising their 

critical role in the optimisation process. 
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Figure 3.6: Influence of all input factors on the mechanical properties of LbL-assembled coated scaffolds 

according to DoE analysis.  

 

Figure 3.7: 3D Surface DoE analysis - showed the influence of pore density and number of layers as the 

parameters with the greatest effect on the compressive elastic modulus of LbL-assembled scaffolds. 
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3.3.3.4 Porosity of Scaffolds  

The porosity of LbL-assembled coated scaffolds ranged from 75.5% to 89.1%. The significant 

ANOVA model (p-value<0.0001) provided by DoE demonstrated that the porosity was affected 

predominantly by the number of layers, with a contribution of approximately 44%. This result can 

be explained by the fact that coating deposition decreases porosity as the pore space is filled by the 

coating material. As expected, the number of QLs had the inverse effect on the porosity compared to 

thickness, mass, and elastic modulus. High porosity scaffolds are desirable to obtain a larger surface 

area for cellular attachment and improved cellular infiltration throughout the scaffold. Like thickness, 

mass, and mechanical properties, the porosity was affected predominantly by the number of layers. 

More importantly, an increase in mechanical properties was achieved while still maintaining a highly 

interconnected pore structure. The porosity was lower when the number of layers was increased from 

40 to 100 and when the scaffold pore density was increased from 30 PPI to 60 PPI, as shown in 

Figure 3.8. The coating time and frequency of drying did not significantly affect the porosity.  

 

Figure 3.8: Influence of all input factors on porosity of LbL-assembled scaffolds. A) according to DoE 

analysis and B) physical data (SEM) showing the pores of the highest and lowest porosity scaffolds. 
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3.3.3.5 Property Optimisation of the LbL Assembly Processing Condition  

The optimisation of processing parameters aimed to balance the trade-off between the optimal 

requirements for mechanical properties, porosity, thickness and mass to reach the desired design for 

bone scaffold application. The optimal LbL assembly conditions were then determined using the 

DoE optimisation process, as shown in Table 3.12 (desirability = 0.928). The predicted parameters 

and levels that would allow for these properties to be achieved are listed in Table 3.13. LbL-

assembled coated scaffolds were prepared using the LbL assembly conditions specified in Table 3.12, 

and the properties of the resulting LbL-assembled 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 conditions proposed by DoE software do not 

take into consideration the factors that individually are insignificant but combined can result in a 

small variation. T-test analysis between predicted and actual responses was conducted, providing a 

non-significant difference (p-value: 0.1) between the values with a percentage of difference Ò3%. 

Hence, the optimised scaffold gives the ideal LbL process parameters to achieve a highly porous 

scaffold with high mechanical properties, which is potentially suitable to enable cells to infiltrate the 

scaffolds for biomedical applications (59,263).  

Table 3.12: Optimal conditions of LbL process parameters for LbL-assembled coated scaffolds. 

LbL Process 

Parameters 

 

Pore 

density 

(PPI) 

Number of 

layers 

(QLs) 

Drying 

step 

(QLs) 

Coating 

time 

(s) 

Optimisation 45 100 10 30 
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Table 3.13: Validation and comparison of the difference between predicted responses from the DoE 

optimisation and actual values from experimental work using as a composition of the optimal outputs. 

Response  Actual Responses 

(Mean ± SD) 

Predicated Responses 

(Mean) 

Error  

(%) 

Mass (g) 0.202 ± 0.03 0.199 1.50 

Thickness (µm)  17.30 ± 2.04 16.84 2.7 

Porosity (%) 80.66 ± 1.15 81.71 1.29 

Compressive elastic 

modulus (MPa) 

23.55 ± 3.80 24.25 3.01 

 

3.3.4 Property Optimisation of the LbL Assembly Materials and Processing Conditions 

3.3.4.1 SEM-EDX Analysis 

SEM and EDX analyses were conducted on optimised coated scaffolds. Results from SEM 

demonstrated that the uniform, dense, and homogenous multilayer coatings within the interconnected 

structure and on the surface of the scaffolds (Figure 3.9), with an increase in coating thickness at 100 

QLs. EDX analysis confirmed the nanoclay was successfully incorporated into each polymer system, 

creating a nanocomposite coating (Figure 3.10). The analysis revealed the presence of elements 

typically found in MTM nanoclay, 9.43% amount of aluminium and a significant amount of silica 

(21.37%) (the chemical formula of MTM: (Na, Ca) -.33 (Al -Mg)2 (Si4O10) (OH)2).  
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Figure 3.9: SEM analysis confirmed the successful LbL deposition of a multilayer coating into the 

interconnected structure, covering uniform pores surfaces and foam struts of scaffold under optimised 

conditions. 

 

Figure 3.10: EDX analysis, A) uncoated scaffold, and B) EDX analysis for investigation of the elemental 

composition of the optimised parameters LbL-coated scaffold and corresponding tables with the SEM images. 

3.3.4.2 Mechanical Properties 

In terms of mechanical properties, the LbL coatings enhanced the mechanical properties of the open-

cell structures, with PU foams (45 PPI) exhibiting an increased elastic modulus from 0.09 MPa when 

uncoated to 23.55 MPa when 100 QLs LbL-coated under optimised conditions (260-fold 

improvement in stiffness compared to the uncoated scaffold) (Figure 3.11). 
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Figure 3.11: Strain-stress graph of the uncoated and LbL-coated scaffolds - before the optimisation process, 

and LbL-assembled coated under optimised conditions (100 QLs deposited) (n=5).  

3.3.4.3 Porosity Analysis 

In terms of the porosity of the scaffolds (Figure 3.12), the optimised LbL-coated scaffolds 

demonstrated a significant decrease in the porosity of 18.70% (i.e. a reduction from 97.90% ± 1.49 

to 78.20% ± 2.09) when compared to the uncoated scaffold.  

 

Figure 3.12: Porosity test results of uncoated and LbL-coated scaffolds under optimised conditions. The 

values are mean ± standard deviation (n = 5), ***p<0.001. 

3.3.4.4 Chemical Characterisation 

In terms of chemical analysis, FTIR analysis confirmed the presence of a nanocomposite coating 

within the scaffolds fabricated using the LbL assembly method. Five main peaks indicating the 
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presence of nanoclay were observed at specific peak frequencies., specifically, the Amide A of 

biopolymers (PLL and PGA) and the OH group of nanoclay (3,276 cm-1); CH2 of PLL and PGA 

protein (2,973 cm-1); the Amide I of biopolymers and Na-OH group of nanoclay (1,645 cm-1); the 

Amide II of biopolymers and Al-OH group of nanoclay (1,542 cm-1 ); and the Amide III of 

biopolymers and Si-OH group of nanoclay (1,073 cm-1) (255) (Figure 3.13).   

 

Figure 3.13: FTIR spectra - uncoated and the LbL-coated scaffolds under optimised conditions. 

 

XRD analysis as a secondary chemical qualitative validation was used to identify the level of 

presence of nanoclay coating. XRD refinement technique confirmed the nanoclay was incorporated 

into the coating, which was corroborated by FTIR analysis. A representative XRD pattern of 

multilayer coating of PLL/PGA/PDDA/nanoclay film is shown in Figure 3.14, together with the 

uncoated PU scaffold. The scaffolds with LbL nanocomposite coated under optimised conditions 

exhibited six sharp distinctive peaks in the scan range in comparison with the uncoated scaffold. The 

sharp peaks in the LbL-coated scaffold indicate well-layered structures of nanocomposite film, 

approximately 17.68°, 20.85°, 35.72°, 54.43°, 62.53° and 73.35° for MTM nanoclay (264). These 

peaks analysed with X'Pert High Score Plus software correspond to Na-Si (JCPDS #96-153-4381), 
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SiO2 (JCPDS #00-033-1161), Na-OH (JCPDS #96-810-4275), Na-O (JCPDS #96-810-4275), Fe-O 

(JCPDS #96-300-0328), and C-O (JCPDS #96-101-0490), respectively (265). The low-angle peaks 

at 17.68° (N-H, JCPDS # 96-410-6500), 20.85°(C-H-O, JCPDS # 96-451-7154), and 35.72°(C-O, 

JCPDS # 96-101-0490) are consistent with the peaks observed in the uncoated PU scaffold, 

suggesting that the LbL process did not alter the fundamental structure of the scaffold (266). The 

increase in gallery spacing indicates the PLL and PGA were intercalated into the nanoclay during the 

deposition process. Similar increases in d-spacing have been observed in LbL assembly of graphene 

oxide and poly(vinyl alcohol) (d-spacing increased from 8.3 Å to 13.2 Å) and in 

PEI/PAA/LPEI/nanoclay films (d-spacing increased from 11.4 Å for pure MTM to 13.3 Å nm for 

PEI/PAA/LPEI/nanoclay QLs) (267,268). The increase in the d-spacing here was smaller compared 

to reports in the literature, which may be attributed to potential differences in the spectra for pure 

MTM compared with MTM-Na+ (Cloisite Na+) nanoclay. The XRD result confirms that the nanoclay 

was successfully incorporated into the LbL coatings, leading to enhanced physico-mechanical 

properties of the scaffolds. 

 

Figure 3.14: Representative XRD spectra - uncoated and the LbL nanocomposite-coated scaffolds under 

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 properties 

of the scaffold surfaces. The water contact angle results indicated a 61.04° ± 1.37 significant 

difference between the LbL-coated scaffold fabricated under the fully optimised condition and the 

uncoated scaffold. These results showed that the LbL-coated scaffold fabricated under optimised 

conditions had improved hydrophilicity compared to the uncoated scaffold (Figure 3.15). The LbL-

optimised coating films on 3D-porous substrates resulted in a significant decrease in contact angle, 

thus potentially enhancing the biological response to these materials (242).   

 

Figure 3.15: Contact angle measurement of uncoated PU scaffold compared to the PU scaffold with LbL-

assembly coating produced under the optimised conditions. The values are presented as the mean ± standard 

deviation (n = 5). ***p < 0.001. 

 

3.4. Discussion 

The field of bone tissue engineering has seen substantial advancements in recent years, particularly 

with the development of effective bone scaffold materials for bone repair and regeneration (269,270). 

In many scaffold materials, high porosity limits load-bearing capacity, hindering the ability to tailor 

mechanical properties to specific needs (271). Incorporating stiff nano/micro coatings via LbL 

assembly into 3D porous structures offers a promising solution (218). However, a comprehensive 
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parametric study for optimisation of the LbL assembly process is lacking (55,255). This chapter 

focused on investigating the impact of both the 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 

the main effects and optimise the process. The studies examined four key properties of LbL-coated 

PU scaffold templates (thickness, mass, porosity, and compressive elastic modulus), which were 

influenced by material properties such as coating material pH and concentration in DoE Study 1 and 

processing parameters, such as pore density, coating time, number of coating layers and the 

frequency of drying in DoE Study 2. The interactions between these factors, half-normal probability 

plots, ANOVA analysis, and effects plots were employed to determine the main factors affecting 

each property. Optimisation of the LbL-assembled coated scaffolds aimed to achieve the highest 

possible compressive elastic modulus with high porosity and lowest possible coating thickness and 

mass. Under optimised conditions, a significant improvement was observed in tailoring the surface 

and bulk properties of porous scaffolds through nanocomposite LbL assembly coatings. This DoE 

research was the first to systematically assess and optimise LbL assembly of PLL/PGA/PDDA/MTM 

nanoclay coatings for bone tissue-engineered scaffold applications.    

DoE Study 1 focused on optimising 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 maximise 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 of 9). As the LbL 

assembly technique is based on electrostatic interactions between materials, the pH levels play a 

critical role in the coating process (118). The degree of ionisation of the carboxyl groups in 

polyelectrolytes is influenced by pH variation, which affects surface charge density (272). Therefore, 

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 maximise the electrostatic charge interactions, leading to stronger and 

more effective coatings because the dominant driving force for LbL assembly in our multilayer films 

was the electrostatic interactions (272,273). The mechanism by which low concentrations improve 

physiochemical and mechanical properties may be due to the decreased rate of particle penetration 

and diffusion at higher concentrations (274). This reduction in uniformity of the coating subsequently 

leads to diminished mechanical properties (118). Additionally, higher concentrations result in a 

significant decrease in scaffold porosity as pores become filled, reducing the available surface area 

(255). The concentration and pH of MTM significantly impacted all response properties of the LbL-

coated scaffold. Specifically, variations in MTM concentration and pH levels were found to influence 

the coatingôs thickness, porosity, and mechanical strength (275,276). 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 pH of the MTM typically resulted in better particle dispersion and more 

uniform layer formation, contributing to improved mechanical properties such as increased 

compressive elastic modulus. The findings of this study also demonstrated that an optimal balance 

of concentration and pH in the coating materials system is crucial for achieving desired scaffold 

characteristics, suggesting that precise control over these parameters can tailor the scaffold's 

properties to specific applications in bone tissue engineering (218). This finding was similar to 

previous studies that used MTM nanoclay LbL coating to improve the physico-mechanical properties 

of the PU scaffold (59,254). The structure and physical properties of the scaffolds evolved regularly 

and predictably, with strut thickness and mass increasing and cell size and porosity decreasing as the 

coating thickness increased, as previously demonstrated by Ziminska et al. (55,59). The mechanical 

properties of the optimised scaffold from DoE Study 1 showed a significant improvement of more 

than 100% compared to the LbL-coated scaffold pre-optimisation. This notable enhancement in 

mechanical properties indicates that the optimised coating conditions applied in this study (DoE 

Study 1) are highly effective. This suggests that the specific material coating factors identified in this 
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study are crucial for maximising the benefits of LbL assembly. Furthermore, this emphasises the 

importance of experimental validation instead of relying only on existing literature or similar studies. 

DoE Study 1 was the initial and novel study focused on optimising the material system for LbL 

coating, with a particular 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 as a scaffold pore density of 45 PPI, 100 QLs, and a coating time 

of 30 s, with drying carried out every 10 QLs. Results showed the increase in coating time and 

number of layers led to a greater coating thickness due to enhanced diffusion, as found in similar 

research on the influence of deposition time on LbL growth of clay-based thin film (277). Results 

showed that scaffold pore density and number of QLs for LbL-coated scaffolds had the greatest 

impact on the responses. This finding was the first parametric analysis showing the impact of pore 

density and number of layers deposited on PU foam scaffold during the LbL coating process on the 

physico-mechanical properties of porous scaffolds. The combination of 45 PPI and 100 QLs, along 

with the optimised drying steps and coating time, contributed to a significant improvement in the 

mechanical properties (260-fold) of the PU scaffolds. This dramatic increase highlights the 

effectiveness of the LbL process in significantly enhancing the mechanical properties of scaffolds. 

Similarly, Acheson et al. found that the elastic modulus increased from 0.08 ± 0.01 MPa for uncoated 

foams to 4.90 ± 0.46 MPa when coated with a 60 QL coating of PEI/PAA/PEI/nanoclay (119). They 

determined that the elastic modulus of the coated foams increases as a function of the number of QLs 

deposited. In the previous chapter, we found 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 providing 

enhanced physico-mechanical 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 applications. The optimal parameter of drying steps of 10 QLs and coating time 

of 30 s in DoE Study 2 align with findings from our previous work presented in Chapter 2, Ziminska 

et al., McFerran et al., and Acheson et al. who reported similar improvements in mechanical 

properties when applying drying after every 10 QLs and using a dipping time of 30 s when fabricating 

LbL assembly coating on PU scaffolds (59,119,254,255). This agreement with previous studies 

emphasises the reliability and reproducibility of these optimisation strategies across different 

research efforts. During all experimental runs, the porosity consistently exceeded the minimum 

requirement of 60% for cancellous bone substitutes (278). This allowed for the deposition of 

additional coating layers to achieve other targeted properties, such as mechanical behaviour, while 

still achieving the minimum porosity (255). Optimised LbL-coated scaffolds maintained high 

porosity and an interconnected pore structure, facilitating cell infiltration (12). The results of the DoE 

studies showed that the compressive elastic modulus of the coated PU scaffold was affected by either 

depositing more coating material, resulting 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 McFerran et al., who demonstrated that the 

modulus of open-cell PU foam increased from 0.15 ± 0.10 MPa when uncoated to 6.01 ± 0.36 MPa 

for (PDDA/PAA/PDDA/nanoclay) coatings deposited with 60 QLs (254). This significant increase 

underscores the effectiveness of the LbL process in enhancing scaffold mechanical properties due to 

variations in nanoclay content under different process conditions, as observed in similar studies (59).  

The 3D-porous scaffolds exhibited a consistent mass increase (2.41 ± 0.55 mg per QL) and coating 

thickness (1.86 ± 0.43 µm per QL) proportional to the number of deposited multilayers. SEM analysis 

confirmed a uniform and robust multilayer nanocomposite coating with an average pore size of 424.1 

± 12.1 µm (uncoated 816.4 ± 9.2 µm). A significant 260-fold 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 highlighted the necessity for precise parameter control in the 
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LbL assembly process to achieve desired mechanical properties in porous scaffolds, ultimately 

contributing to more effective and robust scaffolds for tissue engineering applications. Previously, 

comprehensive systematic optimisation studies on the mechanical properties of LbL assembly films 

deposited onto 3D porous templates were lacking. The optimised conditions for the physio-

mechanical properties of PLL/PGA/PDDA/MTM nanoclay coatings assembled onto open-cell 3D-

porous PU scaffold are described for the first time. Compressive testing revealed a rapid increase in 

the compressive elastic modulus, and that spanned an order of magnitude. Under optimised 

conditions, the fabrication of LbL scaffolds showcased enhanced physical-mechanical and chemical 

properties, underscoring the capability of LbL-assembled coatings to create thin, robust films within 

porous structures, thereby offering promise for application in bone-engineered scaffolds (255). Our 

optimisation study confirmed the ability to tailor the surface and bulk properties of highly porous 

scaffolds through LbL assembly, which is consistent with recent research in this field. Ziminska et 

al. (2019), McFerran et al. (2022), Acheson et al. (2023), and Sahebalzamani et al. (2024) 

collectively highlighted the potential utilisation of tailoring the physio-mechanical properties of 

porous scaffolds through precise control of LbL assembly parameters offers a robust approach for 

developing advanced materials for biomedical applications (59,119,254,255). 

 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 potentially beneficial for in vitro function (279). Despite the augmented coating thickness due to 

optimised conditions, the scaffolds preserved their high porosity and interconnected pore structure, 

which might be mirroring the trabecular configuration of natural spongy bone (269,280). 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 ± 2.14°. This enhancement in wettability provides additional benefits for 

bone tissue engineering, such as increased cell adhesion and spreading (193,282). 

It is anticipated that these highly customisable materials with tuneable physical (e.g. thickness, mass, 

pore size) and mechanical properties (stiffness, strength) could be employed for an engineered bone 

substitute application. It can be expected that further adding QLs or crosslinkers to the LbL coating 

scaffold will allow for the fabrication of stiff and strong materials with compressive elastic modulus 

comparable to that of cancellous bone tissue. Overall, this chapter demonstrated how these optimised 

LbL coatings system effectively modifies the chemical, physical, and mechanical properties of highly 

porous 3D open-cell structures, showcasing their potential for use as lightweight engineered 

materials for bone tissue scaffolds. 

The novelty of this research was in its systematic optimisation of LbL assembly conditions for 

nanocomposite coatings on 3D-porous PU scaffolds, utilising the DoE approach specifically for bone 

tissue engineering applications. It marks the first study to precisely optimise both material system 

parameters (concentration and pH) and process parameters (pore density, number of layers, coating 

time, and drying steps), leading to a significant enhancement in the chemical and physico-mechanical 

properties of the scaffolds. 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 new protocol for creating 

effective bone scaffolds. 

3.5 Conclusions 

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 of 

depositions, pH of solutions, composition of constituents, time of rinsing, intermittent drying steps 

and coating times). The influence of LbL assembly parameters and coating materials system on the 
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properties of open-cell porous PU foam templates coated with PLL/PGA/PDDA/MTM nanoclay 

composites was systematically quantified using two DoE studies for coating materials and process 

parameters in this research. By optimisation studies of the properties of the polymer-nanocomposite 

coatings fabricated via LbL assembly, the properties of coated porous templates can be controlled 

and tailored in both surface and bulk properties for specific application requirements. In this chapter, 

it was shown that LbL-assembled coatings reinforced with nanoclay could produce coatings with 

mechanical properties comparable to those of bone tissue scaffolds if a sufficient number of layers 

were deposited. The key finding in this optimisation research was the identification of the optimal 

pH and conditions based on high electrical charges for the coating material system parameters. 

Additionally, we optimised the LbL assembly process parameters, including pore density, layer 

numbers, coating time, and drying steps. This comprehensive optimisation study has led to the 

development of a new protocol that enables the fabrication of polymer-nanocomposite 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 tissue engineering applications. The physico-

mechanical and chemical properties of this optimised scaffold were only tested under ambient 

conditions. The next study explores the physico-mechanical properties of the optimised LbL-coated 

porous scaffolds in hydrated conditions. It also investigates the ability of various crosslinking 

processes to maintain the mechanical properties of the LbL-coated porous scaffolds under hydrated 

conditions, enabling them to function in vivo.  
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Chapter 4:  Effect of Crosslinking on the Physico-

mechanical Properties and Biodegradation Rate of LbL -

assembled Coated Porous Scaffolds 

 

Sections of Chapter 4 and Chapter 5 have been prepared as a third technical paper for Q1 

biomaterials journal submission.  

Sahebalzamani MA, Redmond J, Agarwal S, Levingstone TJ, Dunne NJ. Enhancing Physico-

mechanical Properties and Pre-Osteoblast Interaction with Multifunctional Nanocomposite 

Layer-by-Layer Coated Scaffolds for Bone Tissue Engineering. (Under Supervisory Review). 
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4.1 Introduction  

In Chapter 3, the material system and the process parameters for fabricating LbL assembly coatings 

on porous PU scaffolds were optimised. The optimal LbL-coated scaffolds demonstrated a 260-fold 

increase in mechanical performance (i.e., elastic modulus) compared to pristine PU under ambient 

conditions. However, when tested under hydrated conditions, these LbL-coated scaffolds showed a 

significant reduction in mechanical performance due to waterôs plasticising effect on the highly 

porous PU foam scaffolds. Therefore, this chapter aims to investigate the ability of crosslinking 

processes to maintain the mechanical properties of the LbL-coated porous scaffolds under hydrated 

conditions, enabling them to function under in vivo application. Furthermore, this chapter explores 

the degradation rate of the optimised scaffolds in non-enzymatic conditions and enzymatic 

conditions. 

Many studies, for example, by McFerran et al., Acheson et al., Ziminska et al., and Podsiadlo et al., 

have shown that using LbL coatings like PEI, PAA, and nanoclay MTM on highly porous polymeric 

structures can enhance the physico-mechanical properties of open-cell 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 scaffolds, while the mechanical properties of PU in hydrated 

conditions have not been fully explored (55,103,119,218,254,255). However, the mechanical 

properties were only tested under ambient conditions, and because of the nature of the structure of 

the PU foam scaffold, they were shown to be sensitive to water content, swelling significantly, 

suggesting water acts as a plasticiser, potentially reducing mechanical properties (283,284). While 

the LbL-coated PU foam scaffold is stiff under ambient conditions, providing significant 

reinforcement to open cell structures, its stiffness is reduced when hydrated, transitioning to a 

hydrogel-like material and providing no appreciable mechanical reinforcement (126,284,285). These 

studies highlighted the versatility of LbL coatings in enhancing the physico-mechanical and chemical 
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properties of scaffolds, yet effective improvements are still needed for performance under hydrated 

conditions to enable in vivo functionality.  

To ensure that LbL-coated scaffolds can maintain the required physico-mechanical properties when 

hydrated, the effect of the hydrated condition on LbL coating properties must be characterised (286). 

Improving the hydrated mechanical properties of multilayer coatings and reducing the effect of water 

acting as a plasticiser would improve the effectiveness of the coating in tailoring the physico-

mechanical properties of bone tissue scaffolds (287). One effective method identified in the literature 

to mitigate the effects of a plasticiser in a polymer system is crosslinking (288). This technique 

improves material stability and strength by creating chemical bonds between polymer chains, 

enhancing mechanical properties (288). Crosslinking is commonly applied to optimise polymers' 

performance across various applications, including stiffening hydrogels and polyelectrolyte 

multilayers in hydrated conditions.  Previous work involving polyelectrolyte complexes (PECs) of 

poly-(styrene sulfonate) (PSS)  and poly-(diallyl dimethylammonium) (PDADMA) (284) has 

examined how properties of PEMs (289), PECs (284) and nacre-like composite films (290) are 

affected by hydration and relative humidity, but only qualitative analysis has been performed on QL 

coatings upon subjection to DI water, no mention has quantified how hydration impacts the 

mechanical properties, and water uptake of these films. Few studies have explored the crosslinking 

of LbL coatings on PU foam scaffolds for bone tissue engineering. Notably, Ziminska et al. 

investigated the use of thermal crosslinking on PEI/PAA/PEI/MTM QLs applied to PU foams (59). 

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 demonstrated significantly 

more cell viability (110%) with mesenchymal stem cells compared with non-thermal treatment LbL 

coating (40%) after 14 days, highlighting improved stability and reduced cytotoxicity. Without 

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

bonds, making them prone to leaching under physiological conditions (59). In another study, 
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Acheson et al. examined the effects of crosslinking on the LbL deposition of PEI/PAA/PEI/nanoclay 

QLs using glutaraldehyde (GA). This method reduced water's plasticising effects, 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 foam 

scaffolds in aqueous environments, making them more suitable for biomedical applications (119). 

However, the effect of GA crosslinking on biological/cellular responses during in vitro studies and 

the degradation rate of LbL-assembled coated scaffold was not investigated in this research. 

Specifically, the impact of hydration on the physico-mechanical 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 crosslinkers on multifunctional 

nanocomposite multilayer LbL assembly coatings of PLL/PGA/PDDA/MTM onto open-cell PU 

foam scaffold, followed by biodegradation studies and in vitro study (Chapter 5) for potential 

applications in bone tissue engineering. 

One challenge with chemical crosslinkers in biomedical applications is their concentration-

dependent cytotoxicity (132). A key conclusion drawn from several experiments revealed that 

crosslinking polyelectrolyte multilayers using GA can potentially have detrimental effects on cellular 

behaviour, particularly in terms of cell adhesion and spreading (132ï134,136,291). GA chemical 

crosslinker, while effective in enhancing the mechanical stability of multilayers, often introduces 

cytotoxic effects or alters the surface chemistry in ways that negatively impact cell-material 

interactions. While GA, EDC and thermal treatment are common crosslinkers for tailored 

polyelectrolyte multilayer systems, green alternatives like Genipin and tannic acid (TA) may 

potentially offer safer options for biomedical applications (133,134,291). TA, with the formula 

C76H52O46, is a pentamerous polyphenolic structure capable of forming lateral bonds with 

biomacromolecules (136). 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 applications 

(136,292). Some significant properties of TA include improved tensile strength and compressive 

strength, enhanced mechanical properties, increased Youngôs modulus, influence on degradation 

kinetics and swelling, excellent antibacterial effects, and positive cellular responses (294). In 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 the hydrophobic 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 chitosan, with Youngôs modulus of about 13 MPa. 

The study also highlighted that the presence of OH in TA can alter the wettability and indirectly 

affect cell bioactivity, protein, and cellular attachment (136). TA is widely used in biomaterials 

research as a natural crosslinking agent, enhancing the mechanical properties of tissue-engineered 

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, 

degradation and biological properties of this scaffold. 

4.1.1 Chapter Aims 

This chapter aims to investigate the effectiveness of crosslinking processes in maintaining the 

mechanical function and physico-chemical properties of LbL-coated porous PU scaffolds under 

hydrated conditions that mimic the in vivo environment and to evaluate the in vitro degradation of 

TA crosslinked LbL-coated scaffolds under enzymatic and dynamic conditions.  

The primary objectives of this chapter were to:  

¶ Evaluate the role of chemical crosslinking in preserving the mechanical properties of LbL-

coated porous PU scaffolds under hydrated conditions 
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¶ Examine the effect of TA crosslinking on the physicochemical integrity of LbL-coated 

scaffolds, including structure and surface properties  

¶ Assess the in vitro degradation of uncrosslinked and TA-crosslinked LbL-coated scaffolds in 

a dynamic environment under both non-enzymatic and enzymatic conditions 

 

4.2 Materials and Methods 

4.2.1 Materials System 

The materials and experimental procedures used in this chapter were derived from the optimisation 

studies detailed in Chapter 3. The nanocomposite LbL-coated scaffolds were fabricated using the 

optimal material conditions identified in the DoE Study 1 in Chapter 3. These conditions included 

PLL at pH 3.5, PGA at pH 10, PDDA at pH 4.5, and MTM at pH 9.5, with polymer concentrations 

of 1 wt.% and clay concentration of 0.5 wt.%.  Additionally, the optimal LbL assembly conditions 

were determined in DoE Study 2, which 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 Assembly Coating 

The LbL assembly coating process was carried out using a customised deposition chamber under 

dynamic LbL-coating conditions, as described in Chapter 2. A multilayered LbL coating was 

achieved by sequentially applying alternating solutions of oppositely charged polyelectrolytes: 

positively charged PLL (+), negatively charged PGA (-), positively charged PDDA (+) and 

negatively charged MTM (-), as outlined in Section 3.2.2. This cycle of alternating layers was 

repeated until 10 QLs were deposited. After the coating process, the scaffolds were rinsed three times 

with DI water to remove excess materials and stored under a fume hood for 24 h to prepare them for 

the crosslinking process and subsequent characterisation. 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 preparation 

and testing time. Since the deposition of more layers requires extended time for both preparation and 

analysis, starting with 10 QLs allows for a faster evaluation of the scaffoldôs performance. If 

promising results are achieved with this minimum number of layers, the process can be further 

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.% aqueous 

solution of either GA, EDC-NHS (1:1) and TA, which are commonly used and effective crosslinking 

agents for polyelectrolyte LbL coating systems, as reported in the literature (all Sigma-Aldrich, 

Ireland). The crosslinking process was carried out for 12 h at 22ºC, with the pH maintained at an 

optimal level (unchanged) to ensure maximum crosslinking interactions at the selected concentration 

and conditions. The specific concentrations, pH, treatment time, and temperature were chosen based 

on an extensive review of similar studies, demonstrating their effectiveness in enhancing scaffold 

stability and mechanical properties (119,132,136,291,292,295,296). After the crosslinking 

procedure, washing with DI water was necessary for the materials to remove excess crosslinker or 

any loosely bound by performing washing five times in DI water for 3 min for each wash to 

effectively remove any unbound materials with crosslinker agents. The crosslinked LbL-coated 

foams were placed under a fume hood for 24 h before any characterisation/analysis to ensure that the 

coatings were completely dry. Initially, we aimed to identify the most effective crosslinker for 

maintaining the mechanical performance of LbL-coated scaffolds under hydrated conditions, 

enabling them to function under in vitro application. Three common biomaterial crosslinkers, GA, 

EDC-NHS, and TA, were evaluated. Then, based on the results from this comparative study, we 

proceeded with further analyses with the most effective crosslinker to fully explore the effects of 

chemical crosslinking on the physico-chemical, mechanical performance and biological properties 
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(Chapter 5) of LbL-coated porous PU scaffolds with focus on their potential for bone scaffold 

applications. 

4.2.4 Physico-chemical and Mechanical Characterisation 

Physico-chemical, mechanical, and surface characterisation of the uncoated, crosslinked, and 

uncrosslinked LbL-assembled coated scaffolds was conducted according to the procedures outlined 

in Chapter 2 and Chapter 3. Specifically, FTIR, SEM, mechanical testing and water contact angle 

analysis were carried out as described in Section 2.4, SEM-EDX analysis was carried out as described 

in Section 3.2.5.1, and XRD analysis was carried out as described in Section 3.2.5.2. In addition to 

these standard tests, new analyses were introduced, including mechanical testing under hydrated 

conditions and in vitro biodegradation studies, all of which were specifically applied to the 

crosslinked LbL-coated scaffolds. The detailed methodologies for these additional techniques are 

provided in this section, ensuring a comprehensive evaluation of the scaffolds' performance in 

simulated physiological environments. 

4.2.4.1 Hydrated Mechanical Testing 

Crosslinked and uncrosslinked LbL-coated scaffolds were mechanically characterised in hydrated 

conditions using uniaxial compression with a CellScale BioTester (Univert, Canada) equipped with 

a 100 N load cell (n=3). The same testing method and scaffold sizes were applied, as detailed in 

Chapters 2 and Chapter 3. Scaffolds were hydrated in phosphate-buffered saline (PBS) during testing 

in a temperature-controlled water bath at 37°C. Specimens were compressed to 0.6 mm deformation 

(60%) at a speed of 2 mm/min with a preload of 0.03 N. The compressive elastic modulus was 

determined from the slope of the linear portion of the stress-strain curve. To explore the effect of pre-

hydration on the crosslinked LbL-coated scaffolds and compare it with immediate hydration, the 

scaffolds with the most effective crosslinker were submerged in PBS for 1, 8, and 24 h. 
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4.2.5 In  vitro Degradation Study 

The biodegradation study of uncoated, LbL-coated and crosslinked LbL-coated scaffolds was 

performed in PBS or a PBS/enzyme solution in triplicate by placing at pH 7.4 and incubated at 37°C 

with agitation using an orbital shaker (60 rpm) to mimic in vivo conditions (297). Before this, the 

scaffolds were bisected into approximately 10×6 mm (diameter x height) sized specimens and 

sterilised by immersing them in 70% ethanol for 10 min, followed by washing them in sterile 1× PBS 

(298). Each scaffold was either incubated in 6-well plates in 10 mL PBS alone or in PBS containing 

the enzymes lysozyme (Fisher Scientific, Ireland) from chicken egg white (13 mg/L) and lipase 

(Sigma-Aldrich, Ireland) from Aspergillus oryzae (110 U/L) to simulate in 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 high 

enzymatic activity as previously validated protocol (300). The use of shaking motion during 

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

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

solution (301,302). Previous studies have reported that the combination of both enzymes under 

dynamic conditions provided conditions that more closely resemble those in vivo (148,303). At the 

end of each degradation period, the samples were removed, weighed, and then placed under a fume 

hood for 24 h to dry. Degradation was assessed at time points of 7, 14, 21, 28, 35, 42, 49 and 56 days. 

At each time point, weight loss, water uptake, and pH measurement were carried out, and changes in 

scaffold morphology were assessed using SEM analysis. In addition, the degradation products were 

collected from the degradation media using filter paper (70 mm, Qualitative Small Particle Retention 

0.45 µm, VWR). The collected particles were dried for 24 h under a hood before assessment of 

morphological and elemental composition analysis using SEM and SEM-EDX particle size 

distribution. 
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4.2.5.1 Weight Loss  

The percentage of weight loss during the degradation test was calculated using the following formula 

(148). 

Equation 4.1: Calculation of the percentage of weight loss to determine the degradation rate: 

7ÅÉÇÈÔ ÌÏÓÓ Ϸ ȡ 
ὡ ὡ

ὡ
ρππ 

Where: W0 is the initial weight of each sample before degradation, and Wd is the dried weight of the 

sample after a specific degradation period. At each time point, samples were removed from the 

degradation solution and thoroughly dried under a fume hood for 24 h to ensure accurate weight 

measurement.  

4.2.5.2 Swelling/Water Uptake Test 

The swelling analysis or water uptake test was carried out to assess the effect of LbL coating and 

crosslinking procedure on the absorption capacity of the scaffolds in water-based environments. The 

weight change was measured at each specific interval to determine the swelling ratio. This analysis 

assessed how the crosslinking of the scaffold affected their ability to absorb fluids. For the swelling 

test, the weight of the swollen scaffolds (Ws) was measured after gently touching the surface with 

filter paper to remove excess water. The scaffold was dried under a fume hood for 24 h and then 

weighed to determine the dry scaffold weight. The water uptake was calculated using the difference 

between the swollen weight and the dried weight. The swelling ratio of the samples was calculated 

using the following equation (132,148). 

Equation 4.2: Calculation of the percentage of swelling: 

3×ÅÌÌÉÎÇ ÒÁÔÉÏϷ ȡ 
ὡ ὡ

ὡ
ρππ 

Where: Ws is the swollen weight of each sample, and Wd is the dry weight of the sample 
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4.2.5.3 pH Measurements 

The pH was monitored using a calibrated pH meter to track changes in pH in the degradation media 

(PBS alone or PBS with enzymes) during the degradation period. Measurements were taken before 

each solution was refreshed to assess changes in the pH during the degradation process. 

4.2.5.4 Degradation Product Analysis 

The degradation products during enzymatic degradation were collected and investigated through 

particle size analysis, mass analysis, elemental composition (EDX-SEM) analysis, and degradation 

product shape (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 approximately 10 nm to 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 used 

as the dispersant medium. For each sample, six readings were recorded, and the particle size results 

were reported in nanometres (nm). 

4.2.5.5 Statistical Analysis 

The data were presented as the mean ± standard deviation, based on three replicates for each analysis 

for each sample group. Before conducting statistical analysis, the homogeneity of variance was 

assessed. To analyse the dependencies, we used independent sample t-tests with statistical 

significance set at p < 0.05. Three different samples from each test group were randomly selected for 

each characterisation method. All statistical analysis was performed using GraphPad 

(GraphPad_Prism Software, Version 8.0.2). The results were calculated as the mean ± the standard 

deviation (SD). The p-value is indicated as follows: p Ò 0.05 = *, p Ò 0.01 = **, p Ò 0.001 = ***. 
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4.3 Results 

4.3.1 Characterisation of the Scaffolds 

This chapter involved comprehensive analyses in characterising the physico-chemical 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) scaffolds and crosslinked 10 QLs LbL-coated scaffolds. These analyses aimed to 

investigate the effects of crosslinking on the physical, chemical, mechanical, and surface properties 

of LbL multifunctional nanocomposite coatings on highly porous PU scaffolds designed for bone 

tissue engineering applications. 

4.3.1.1 Evaluation of Different Crosslinker Effectiveness on Mechanical Stability Under 

Hydrated Conditions 

The mechanical behaviour of uncoated scaffolds, LbL-coated (uncrosslinked) scaffolds, and 

crosslinked LbL-coated scaffolds was investigated under both ambient and hydrated conditions using 

GA, EDC-NHS, and TA crosslinkers. Coated the PU scaffold with the optimised 

PLL/PGA/PDDA/MTM coating from Chapter 3 led to a 560% increase in the elastic modulus, from 

85.1 ± 5.7 kPa for uncoated PU foam scaffolds to 562.3 ± 15.2 kPa for the coated PU scaffold (Figure 

4.1). However, under hydrated conditions, the LbL-coated scaffolds showed a significant reduction 

in mechanical performance due to the plasticising effect of water, with the elastic modulus decreasing 

to 130.1 ± 12.4 kPa. Crosslinking with EDC-NHS 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 in mitigating the plasticising effect, resulting in a substantial increase in elastic modulus to 

423 ± 18.9 kPa for the crosslinked LbL-coated PU foam scaffolds (Figure 4.1). 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, the TA crosslinked LbL-coated scaffold was 
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identified as the optimal crosslinker for this LbL-coated PU scaffold and subsequent analyses 

focussed on the assessment and optimisation of the TA crosslinked scaffold.  

 

Figure 4.1: The mean elastic modulus of uncoated, LbL-coated and crosslinked LbL-coated scaffolds in both 

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

4.3.1.2 Assessment of Coating Morphology  

SEM images revealed significant physical changes in the morphology of LbL nanocomposite 

coatings of PLL/PGA/PDDA/MTM following TA crosslinking (Figure 4.2). The TA crosslinked 

scaffolds demonstrated a more uniform, dense, and robust multilayer nanocomposite coating 

compared to the uncrosslinked LbL-coated scaffolds (Figure 4.2). Detailed measurements of coating 

thickness, pore size, and porosity for the three groups of scaffolds are presented in Table 4.1.  
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Figure 4.2: SEM images of uncoated, LbL-coated, and TA crosslinked LbL-coated scaffolds in 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 crosslinked LbL-coated scaffold with 10 QLs. 

 

Table 4.1: Properties of three groups scaffolds (mean ± standard deviation (n =3). 

Scaffold type Coating thickness  

(µm) 

Pore size range 

(µm) 

Porosity 

(%) 

Uncoated - 119-581 97.40±0.70 

Uncrosslinked LbL-coated  1.8±0.65 125-494 95.65±0.55 

TA crosslinked LbL-coated 2.7±0.80 110-442 94.85±0.90 
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4.3.1.3 Mechanical Properties of TA Crosslinking 

To examine the impact of pre-hydration on crosslinked LbL-coated scaffolds, they were immersed 

in PBS for 1, 8, and 24 h. It was found that no reduction in the mechanical properties of the 

crosslinked LbL-coated scaffolds was observed as a function of submersion time, indicating the 

persistent effect of crosslinking (Figure 4.3). The results remained consistent with those of immediate 

hydration, as presented in Section 4.3.1.1. This highlighted the potential of TA crosslinked LbL-

coated scaffolds for maintaining mechanical integrity in hydrated environments, which is crucial for 

in vivo performance. 

 

Figure 4.3: The mean elastic modulus of uncoated, LbL-coated and TA crosslinked LbL-coated scaffolds 

after 24 h of hydrated conditions. TA crosslinking exhibited optimal behaviour, with hydrated scaffolds at 

37°C retaining 75% of their mechanical performance post-hydration. (10 QLs deposited). 

4.3.1.4 FTIR Spectroscopic Characterisation 

The chemical composition of the three scaffold groups was assessed through ATR-FTIR 

spectroscopy (Figure 4.4). Spectra were collected for uncoated, LbL-coated, and crosslinked LbL-

coated scaffolds. The chemical bonds remained consistent, with characteristic peaks confirming the 

presence of individual PLL/PGA/PDDA/MTM nanoclay components in the LbL-coated scaffold and 

TA in the crosslinked scaffold. In the 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 more 

stable and uniform coating achieved through crosslinking conditions. The five 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 cmī1) peak represents NïH stretching vibrations; amide 

B (~2940 cmī1) represents asymmetrical stretching of CH2; amide I (~1635 cmī1) represents 

stretching of the carbonyl group (C=O) coupled with NïH bending and CïN stretching vibrations; 

amide II (~1550 cmī1) represents NïH bending and CïN stretching vibrations; and amide III (~1240 

cmī1) represents NïH bending and CïN stretching vibrations. Furthermore, FTIR spectroscopy 

revealed a high density of hydroxyl groups (-OH) and free amine groups (-NH2) in the LbL coating 

following TA crosslinking. 

 

Figure 4.4: FTIR spectra of uncoated, LbL-coated, and TA crosslinked LbL-coated scaffolds, showing 

characteristic peaks with different functional groups. 

4.3.1.5 XRD Analysis 

XRD analysis further confirmed the chemical effect of TA in the LbL-coated scaffold (Figure 4.5). 

The XRD spectra displayed prominent peaks for the TA crosslinked LbL-coated scaffold, which 

exhibited five sharp distinctive peaks in the scan range compared to the uncrosslinked and uncoated 
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scaffolds. These peaks, at approximately 20.85°, 27.68°, 35.72°, 54.43° and 62.53°, indicated the 

effect of TA crosslinker to polymer-composite LbL-coating (50). Similar findings have been reported 

by Elmorsi (304) and Zhang et al. (305), who also suggested the presence of a nanocrystalline tannate 

phase in the samples. Analysis with X'Pert High Score Plus software identified these peaks as Na-Si 

(JCPDS #96-153-4381) and SiO2 (JCPDS #00-033-1161).  

 

Figure 4.5: Representative XRD spectra - uncoated scaffold, uncrosslinked LbL-coated, and TA crosslinked 

LbL-coated scaffolds indicate the presence of TA in the LbL-coating composition. 

4.3.1.6 EDX Analysis 

The EDX analysis was utilised to examine the elemental composition of the three scaffold groups. 

The presence of MTM in polymers of the LbL-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 indicated the successful incorporation of MTM into the 

coating. Following crosslinking with TA, EDX results confirmed the presence of TA within the LbL-

coating system, resulting in a crosslinked nanocomposite coating (as illustrated in Figure 4.6). Post-

crosslinking analysis revealed a significant increase in elements characteristic of TA, with carbon 

and oxygen levels rising by approximately 3% and 15%, respectively. SEM-EDX analysis further 
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validated that the crosslinked LbL-coating predominantly consisted of oxygen (O) and carbon (C) 

elements, confirming the successful incorporation and crosslinking of TA within the LbL-coating. 

 

Figure 4.6: EDX spectrum analysis for investigation of elemental composition alongside SEM images: a) 

uncoated scaffold, b) uncrosslinked LbL-coated scaffold, and c) TA crosslinked LbL-coated scaffold. 

4.3.1.7 Contact Angle Analysis 

The water contact angle (WCA) measurement was analysed to determine the hydrophobic or 

hydrophilic properties of the scaffold surfaces. The obtained WCA results for the three groups of 

scaffolds are represented in Figure 4.7. The WCA of pristine PU foam scaffolds was found to be very 

hydrophobic (WCA = 138.80°± 2.85). This WCA value significantly decreased to 107.66°± 3.67 for 

LbL-coated scaffolds and further decreased to 70.28°± 3.10 for TA-crosslinked LbL-coated 

scaffolds. The WCA results indicated a significant difference of 68.52° and 37.38° between the 

crosslinked LbL-coated scaffold with pristine and uncrosslinked scaffolds, respectively, 

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 adhesion (252). 
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Figure 4.7: Contact angle measurement - uncoated PU scaffold compared to the PU scaffold with LbL-

assembly coating and crosslinked LbL-coated scaffolds.  

4.3.2 In vitro  Degradation Properties: Weight Loss, Swelling and pH Measurement 

The degradation characteristics of PU foam scaffolds uncoated, LbL-coated (uncrosslinked), and 

crosslinked LbL-coated were investigated in vitro over 56 days, at 37°C with agitation at 60 rpm in 

the incubator under two primary conditions: PBS alone and PBS with the addition of lysozyme and 

lipase enzymes. Notably, no degradation occurred in any scaffold group under PBS alone, in the 

absence of enzymes, over the 8 weeks. However, changes in pH and swelling rates were investigated, 

showing comparable results to those under enzymatic conditions (Figure 4.8). The introduction of 

enzymes into the PBS significantly accelerated the degradation rate across all scaffold groups. 

Figures 4.9 and 4.10 present the degradation profiles for the PU scaffolds undergoing enzymatic 

degradation, including pH changes, swelling rates, percentage mass loss, and morphological changes 

observed through SEM images over time. The pH measurements of the degradation media taken after 

each incubation period indicated no significant changes in both conditions for all groups, suggesting 

stable pH levels throughout the study. Specifically, in the non-enzymatic condition, the pH remained 

stable within the range of 7.01 to 7.39 across all three scaffold groups during the study period (Figure 

4.8a). Also, the pH range was 7.2-7.4 for uncoated scaffolds, 6.9-7.3 for uncrosslinked LbL-coated 
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scaffolds, and 6.75-7.2 for crosslinked LbL-coated scaffolds under enzymatic condition, indicating 

minimal impact on pH over the study period (Figure 4.9a). The water uptake, or swelling capacity, 

of the scaffolds (Figure 4.9b) after 8 weeks was approximately 156%, 127%, and 91% for uncoated, 

uncrosslinked, and crosslinked scaffolds, respectively. This demonstrated that the presence of 

enzymes influenced the increase remarkably in water uptake across all scaffold types when compared 

with non-enzymatic conditions. The biodegradation rate, measured by total mass loss after 56 days, 

was approximately 19.2% for uncoated scaffolds, 14.6% for uncrosslinked LbL-coated scaffolds, and 

10.5% for crosslinked LbL-coated scaffolds (Figure 4.9c). During the initial 21 days of enzymatic 

degradation, the mass loss was 5.1% for uncoated scaffolds, 4.3% for uncrosslinked LbL-coated 

scaffolds, and 2.9% for crosslinked LbL-coated scaffolds. Following this period, the rate of mass loss 

slowed, with crosslinked scaffolds showing a similar degradation pattern to uncrosslinked scaffolds 

at a reduced rate (Figure 4.9c). Macroscopic and microscopic morphology changes in the scaffolds 

were assessed using macroscopic imaging and SEM analysis at time points of 4 and 8 weeks (Figure 

4.10). The structural integrity of all scaffold types was largely maintained, with the interconnected 

structures showing relatively smooth surfaces and few defects.   

 

Figure 4.8: Assessment of non-enzymatic degradation properties for uncoated, LbL-coated (uncrosslinked), 

and crosslinked LbL-coated 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 scaffolds 

over the study period. 
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Figure 4.9: Assessment of in vitro enzymatic degradation properties for uncoated, LbL-coated 

(uncrosslinked), and crosslinked LbL-coated 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 scaffolds over the study period. c) Degradation 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 scaffolds, showing changes in 

appearance and morphology of interconnected structures at two-time points, Day 28 (top images) and Day 56 

(bottom images): a) and b) uncoated scaffolds, c) and d) LbL-coated (uncrosslinked) scaffolds, e) and f) 

crosslinked LbL-coated scaffolds. Red lines indicate areas of degradation within the scaffolds. 

4.3.2.1 Degradation Product Analysis                                           

The degradation products during enzymatic degradation were investigated through particle size 

analysis, mass analysis, elemental composition analysis, and degradation product shape analysis. No 

degradation products were observed in the samples undergoing degradation in PBS alone. 

Throughout the weekly assessments, all properties, such as elemental composition, particle size, and 

shape, remained constant across all scaffold groups. The only variable was the volume of degradation 

products, which changed based on the scaffold's degradation rate. During the 8-week degradation 

study, the weight of degradation products across all three scaffold groups ranged from a minimum 

of 0.26 mg on Day 7 for the crosslinked scaffold to a maximum of 4.80 mg for the uncoated scaffold 

on Day 56, reflecting the differing degradation rates of the scaffolds. The particle size distribution 

analysis indicated that the average size of the degradation products for all three scaffold groups was 

in the same size in the range of 1.01 ɛm to 1.26 ɛm, indicating relatively consistent particle sizes 

throughout the degradation process across all scaffold groups. (Figure 4.11). SEM imaging revealed 
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the varying shapes of the degradation products in three scaffold groups, with the majority being 

triangular (41%), followed by strut-like structures (19%), rectangular shapes (14%), and freeform 

shapes (26%) (Figure 4.12). Similar studies have also highlighted that the primary degradation 

products of PU foam during in vivo models often present a triangular shape (Figure 4.13) (306). In 

addition, EDX analysis of 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 (Figure 4.14).  

 

Figure 4.11: Particle size distribution analysis of the degradation products collected every two weeks (a-d) 

revealed an average size ranging from 1.01 ɛm to 1.26 ɛm. 
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Figure 4.12: SEM images and the macroscopic visualisation of degradation products for all scaffold groups, 

used for assessing the morphology and shapes of the degradation products. 
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Figure 4.13: Histological images of the cross-section PU foam strut visible in haematoxylin and eosin (H&E)-

stained histology sections. Membranes are attached at the vertices of the triangular struts. These are sections 

of peripheral embolisation devices (PED) (306). 

 

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

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

The deposition of the optimal LbL-coating from Chapter 3 on 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 tested 

under hydrated conditions to simulate in vivo performance, the mechanical properties were notably 

reduced, showing a decrease in elastic modulus like that of the uncoated scaffold. This reduction is 

attributed to the plasticising effect of water on the PU foam scaffold (119). The application of 

crosslinking was observed to enhance the ability of the LbL-coated PU scaffolds to maintain their 

mechanical properties and reduce the plasticising effect of water on the PU foam scaffold. Previous 

studies have explored effective chemical crosslinking processes for nanocomposite LbL coatings. 

This approach was highlighted in recent research by Acheson et al., who demonstrated that open-cell 

foams coated with PEI/PAA/PEI/nanoclay nanocomposites, crosslinked with GA, were able to retain 

a maximum of 56% of their mechanical properties under hydrated conditions, following exposure to 

high relative humidity and complete water submersion (119). The application of crosslinking was 

observed to enhance the ability of the LbL-coated PU scaffolds to maintain their mechanical 

properties with the formation of covalent bonds between the layers under hydrated conditions (119). 

In this chapter, the role of chemical crosslinking in preserving the mechanical properties of LbL-

coated porous PU scaffolds under hydrated conditions was initially evaluated using three common 

crosslinkers: GA, EDC, and TA. Following this, the effect of the most effective crosslinker, TA, on 

the physico-chemical integrity of LbL-coated scaffolds was examined, focusing on structure and 

surface properties. This chapter indicated the effectiveness of TA crosslinking in LbL-coated porous 

scaffolds, which is particularly advantageous for maintaining mechanical integrity in hydrated 

environments, a key factor for successful in vivo performance in tissue engineering applications. TA 

crosslinking proved most effective when compared with other commonly used crosslinkers, such as 
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GA and EDC-NHS. This approach demonstrated a more sustainable method for enhancing scaffold 

stability while maintaining superior mechanical properties in physiological environments. 

TA-crosslinked scaffolds exhibited superior retention of mechanical properties when tested under 

hydrated conditions in PBS at 37°C, compared to other crosslinkers used in this study. Consequently, 

TA crosslinking was identified as the optimal method for stabilising the LbL-coated PU scaffold 

used in this project. The main mechanism of TA crosslinking is primarily attributed to the dense 

hydrogen bonding and covalent interactions facilitated by TA (136). TA was found to outperform 

GA and EDC-NHS, 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 hydroxyl groups enable TA to create more robust crosslinking 

networks within the scaffold structure. The result was a more stable crosslinked LbL-coating 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 the 

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 in 

LbL-coatings, similar to interactions reported for other biomaterials like collagen, chitosan, and 

gelatin (307,308). Additionally, hydrophobic interactions may occur between the ˊ-bonds of TA's 

aromatic rings and hydrophobic regions in the coating (136). 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 interactions 

between TA and metal ions (309).  

TA crosslinked LbL-coated scaffolds reduced the water plasticising effect on PU foam under 

physiological conditions, enhancing the overall performance of the scaffold. This finding aligns with 

a previous study by Picchio et al., which demonstrated that the use of TA as a crosslinker significantly 
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improved water resistance in films, reducing the plasticising effect. In their research, the storage time 

further influenced the water resistance of TA crosslinked casein films, with a notable decrease in the 

degree of swelling at equilibrium over an extended period (310). We found crosslinking with TA 

proved effective in mitigating this plasticising effect, allowing the scaffolds to retain approximately 

75% of their mechanical properties under hydrated conditions in PBS at 37°C. The impact of TA 

crosslinking on mechanical and chemical stability was threefold as 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 minimise swelling (136).  

SEM analysis demonstrated that TA crosslinking resulted in significant physical changes in the 

morphology of the PLL/PGA/PDDA/MTM nanocomposite coatings with improved uniformity 

observed compared to uncrosslinked LbL-coated scaffolds. This improvement is attributed to the 

stabilisation effect of the crosslinked coating structure (311). 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 Yuan (312). Also, it was observed 

that the scaffolds maintained a highly interconnective porosity following the crosslinking process. 

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

modulated by adjusting the number of deposited layers (255).   

While the positive impact of TA crosslinking on the physico-mechanical properties resulted in a more 

uniform and denser QL coating, effectively maintaining the mechanical integrity of the LbL-coated 

scaffold under hydrated conditions, chemical analysis via FTIR further revealed the presence of 

stronger chemical bonds, indicating enhanced stability of the crosslinked structure. The FTIR 

analysis revealed an increased density of hydroxyl groups (-OH), CH2, and free amine groups (-NH2) 

within the LbL coating after TA crosslinking, signifying a high degree of crosslinking. This enhanced 

presence of functional groups indicates the formation of strong chemical bonds within the multilayer 

coating, contributing to the improved structural stability and robustness of the scaffold. In addition, 



 

130 

 

XRD analysis post-crosslinking confirmed the successful incorporation of TA into nanocomposite 

LbL coatings, leading to enhanced physico-mechanical properties of the scaffolds compared to the 

uncrosslinked coatings. This incorporation contributed to the enhanced physico-mechanical 

properties of the scaffolds, reinforcing the structural stability and improving their overall 

performance. Further chemical analysis using SEM-EDX confirmed the successful incorporation of 

TA within the LbL coating scaffold. The main elemental composition detected included carbon (C) 

and oxygen (O) from TA, along with other elements such as sodium (Na), aluminium (Al), and silicon 

(Si), which were part of the LbL assembly coating. This analysis highlighted the effective integration 

of TA into the multilayer coating, contributing to its enhanced properties. In terms of surface analysis, 

WCA measurements revealed a significant difference between the crosslinked LbL-coated scaffold 

(70.28°± 3.10) with both the pristine (138.80°± 2.85) and uncrosslinked LbL-coated scaffolds 

(107.66°± 3.67), with WCA values differing by 68.52° and 37.38°, respectively. This highlights the 

enhanced hydrophilicity achieved through TA crosslinking, surpassing similar studies (255). The 

increased hydrophilicity provided by TA crosslinking can potentially improve the biological 

response by promoting better cell adhesion and spreading (242). 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 on the degradation properties of the scaffolds was explored 

in both non-enzymatic and enzymatic solutions with the finding of reducing the rate of degradation 

of the scaffold over time under enzymatic conditions, highlighting the stabilising effect of TA 

crosslinking. The degradation of scaffolds was assessed over 56 days in a dynamic in vitro setting 

using PBS at 37°C with 60 rpm agitation, simulating physiological conditions under both enzymatic 

and nonenzymatic conditions. Biodegradation of polymeric-based biomaterials 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 mediators (313). The primary goal of the 
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degradation study was to simulate physiological conditions using enzymes which are present in 

human serum and play a key role in scaffold degradation. Specifically, lysozyme and lipase were 

used according to the methodology described by Costa-Pinto 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 applications (297). No degradation was observed in any scaffold group under PBS alone, in 

the absence of enzymes, during the 8 weeks. However, changes in pH and swelling rates were 

monitored, showing comparable results to those seen under enzymatic conditions. The introduction 

of enzymes into the PBS significantly accelerated both the degradation rate and water uptake across 

all scaffold groups, highlighting the difference between enzymatic and non-enzymatic conditions. 

The pH monitoring over the 56 days indicated stable pH levels for all scaffold groups in both 

conditions, ranging from 7.01 to 7.39 for non-enzymatic condition and ranging from 6.75 to 7.40 for 

enzymatic one, demonstrating that the scaffold materials did not induce significant environmental 

changes during degradation. The swelling rate, which reflects the water absorption and permeability 

of scaffolds, is important for nutrient transfer and metabolite exchange (299). After 8 weeks, the 

water uptake capacity was 156%, 127%, and 91% for uncoated, uncrosslinked, and crosslinked LbL-

coated scaffolds, respectively, showing a reduction in swelling for crosslinked scaffolds. This aligns 

with previous studies, where crosslinking reduced water uptake by stabilising the coating structure 

(119). The decreased swelling in crosslinked scaffolds is attributed to the reduced free pore space 

and the crosslinked coating's ability to resist water infiltration and act as a barrier (289). The 

biodegradation rate, based on total mass loss over 56 days, was 19.2% for uncoated scaffolds, 14.6% 

for uncrosslinked LbL-coated scaffolds, and 10.5% for crosslinked LbL-coated scaffolds. These 

findings are consistent with previous research showing that enzymes like lipase and lysozyme can 

hydrolyse ester bonds in polyurethanes, leading to scaffold degradation (299). Although PU foams 

are designed to resist degradation, enzymatic activity can progressively break down polymer chains 
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and weaken the foam structure (314). The crosslinking introduced by TA effectively slowed this 

degradation process, protecting the LbL-coated scaffolds and maintaining their integrity for a longer 

duration under enzymatic conditions. The use of multiple enzymes better reflects the complex 

enzymatic environment in vivo, where scaffolds are exposed to a variety of enzymes (302). The 

enzymatic degradation observed in this study led to a progressive breakdown in scaffold morphology 

and structure properties. However, SEM analysis post-degradation 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 their long-term performance, particularly 

in terms of potential degradation. The long-term 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 material. The initial short-term in vitro degradation results 

of this study can be compared and supported by existing literature on PU foams used in tissue repair 

and regeneration to explore the long-term assessment of biodegradation properties of PU open-cell 

foam in both in vitro and in vivo. For instance, Iyer et al. demonstrated that PU matrices were 

successfully integrated into auricular defects in a pig model, proving their potential for cartilage 

tissue engineering (315). Meskinfam et al. showed PU foams were suitable for long-term 

implantation, showing biodegradation without producing cytotoxic products based on in vitro 

assessment and biomineralisation studies (316). Similarly, Graul et al. conducted an image-based 

evaluation using high-resolution and magnification scans of histology sections of PU foam 

degradation in porcine arteries, which provided evidence supporting the biocompatibility and safety 

of these foams (306). Moreover, studies by Minnen et al. indicated biocompatibility of PU foam 

scaffold on subcutaneous implantation in a rat model (317), and Vakil et al. demonstrated the 

biocompatibility of highly porous PU foams from in vitro degradation studies, which included both 
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hydrolysis and oxidation processes to closely simulate in vivo conditions and accurately predict 

degradation rates before transitioning to animal model testing (318). 

The in 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 with prior in vivo 

observations. For example, a previous long-term in vivo study reported that the degradation rate at 

the same time point of this chapter over 8 weeks was between 9.46 to 12.9%, and the intracellular 

fragments of PU foam degradation products ranged from 0.5 µm to 1.5 µm, which aligns with the 

size distributions of degradation products, ranging from 1 µm to 1.2 µm, were measured over 8 weeks 

in our in vitro degradation study (319). These findings, therefore, support the relevance of the in vitro 

degradation studies for simulating in vivo conditions (306,318ï320). Moreover, the degradation 

product shapes observed in our study, primarily triangular particles, are consistent with earlier reports 

from in vivo studies (306). These studies indicated that the results from a porcine and rabbit artery 

model using shape-memory polyurethane foam exhibited a steadily increasing degradation profile, 

predominantly marked by membrane loss. Based on the histological images, the triangular 

degradation PU foam fragments seem to have a positive interaction with the biological tissue, which 

is similar to our degraded particle shapes in the in vitro biodegradation study (306). All t hese findings 

highlighted the promise of PU foams with tuneable degradation rates as platforms for potential bone 

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 challenges (317). Generally, durable 

polyurethanes degrade slowly under clinical conditions, leading to a minimal risk of toxic 

degradation byproducts (299). However, there are concerns regarding the degradation process, 
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especially in terms of the material breaking or chunks, which could cause an immune response (320). 

Ideally, a scaffold should degrade gradually and uniformly without forming significant debris. From 

previous long-term in vivo studies, the degradation particles of PU foams have not typically posed 

biological challenges, as histological analyses often revealed minimal inflammatory response or 

tissue reaction (315ï318). These in vivo studies and histological analyses have shown that PU 

degradation products are predominantly small particles which can be safely phagocytosed or 

absorbed by surrounding tissue without causing adverse effects (306). The results from this chapter 

are comparable with these findings from the literature, based on the degradation particle size and 

shapes observed. Therefore, while there are inherent limitations to PU scaffold degradation, the 

findings from both in vivo and in 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 scaffoldôs suitability for clinical use in bone tissue engineering. Further research is 

necessary to thoroughly evaluate the long-term biocompatibility and cytotoxicity of the scaffolds, 

including the effects of their degradation products for extended in vivo applications. 

 In vitro assessments will further evaluate cellular responses in the next chapter. In the following 

chapter (Chapter 5), the scaffolds will be evaluated for their biological performance, including 

biocompatibility, cell viability, cell-material interactions, cellular adhesion, proliferation, and 

activity, which are crucial for suitable scaffolds for bone tissue engineering applications. 

4.5 Conclusions 

In this chapter, we investigated the role of chemical crosslinking in preserving the mechanical 

properties of LbL-coated porous PU scaffolds under hydrated conditions, reducing the water-induced 

plasticising effect typically observed in PU foams. TA 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 scaffold 
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performance by creating a more uniform and denser LbL-coating, improving the physico-

mechanical, chemical, and surface properties. The in vitro 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 tissue-engineered scaffolds. 

The study showed that the crosslinked LbL-coated scaffolds improved mechanical stability under 

hydrated conditions, reduced swelling and contact angle, and slowed degradation rates, supporting 

the potential application of these scaffolds for in vivo performance. This study demonstrated the 

potential of tailoring surface and bulk properties of multifunctional crosslinked LbL-coated scaffolds 

as an effective approach for enhancing the physico-mechanical properties of open-cell structures.  In 

the next chapter, the focus will shift towards investigating the overall potential of multifunctional 

crosslinked LbL-coated scaffolds for use in bone tissue engineering applications. This will involve a 

comprehensive assessment of biological responses and cell-material interactions to evaluate the 

scaffold's biocompatibility and ability to support cell adhesion, proliferation, and morphology. 
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Chapter 5:  Investigation of Cell-material Interactions 

and Biocompatibility of LbL Polymer-Nanocomposite 

Coatings on Porous Foam Scaffolds 

 

Sections of Chapter 4 and Chapter 5 have been prepared as a third technical paper for Q1 

biomaterials journal submission.  

Sahebalzamani MA, Redmond J, Agarwal S, Levingstone TJ, Dunne NJ. Enhancing Physico-

mechanical Properties and Pre-Osteoblast Interaction with Multifunctional Nanocomposite 

Layer-by-Layer Coated Scaffolds for Bone Tissue Engineering. (Under Supervisory Review- 

December 2024). 
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5.1 Introduction 

Chapter 4 detailed the impact of crosslinking on the physico-mechanical properties of LbL-

assembled (PLL/PGA/PDDA/MTM) coated PU porous scaffolds under hydrated conditions, along 

with an assessment of in vitro biodegradation rates. The chemical crosslinking process enhanced the 

physico-chemical properties and mechanical integrity of the polymer-nanocomposite coatings, 

enabling controlled degradation, thus offering a promising strategy for fabricating customised bone 

scaffold materials. An essential next step to fully realise the potential of this material for bone tissue 

engineering is to evaluate its biocompatibility. Therefore, this chapter aims to assess the 

biocompatibility of LbL PLL/PGA/PDDA/MTM coated PU porous scaffolds using various standard 

in vitro tests. This analysis aimed to provide 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 scaffold material. Initial cytotoxicity screening assessed the following 

experimental groups from Chapter 4: uncoated, 10 QLs LbL-coated (uncrosslinked), and TA 

crosslinked 10 QLs coated scaffolds to determine whether the crosslinking procedure led to any 

cytotoxic effects. Following this, the study evaluated the impact of the LbL-coated scaffolds on cell 

attachment, proliferation, and morphology, which are critical indicators of biocompatibility and 

scaffold biological performance. Additionally, Live/Dead viability 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 studies (319ï321). Zanetta et al. reported 

that PU foam supported cell proliferation and the differentiation of MSCs into osteoblasts (322). In 

this study, PU foam demonstrated the ability to promote cell interactions with both osteoblast-like 

MG63 cells and human bone marrow-derived MSCs seeded on the scaffold. Furthermore, PU foam 

facilitated cell proliferation and sustained MSC growth, promoting their differentiation into 



 

138 

 

osteoblasts in vitro (322). Similarly, Angeloni et al. tested PU foam's ability to support human 

adipose-derived stem cells (ADSCs) and their osteoblastic differentiation. The results indicated that 

PU foam served as a biomimetic in vitro bone model suitable for long-term cell cultures, offering a 

biostable 3D porous support for ADSC differentiation into osteoblasts (323). Giannitelli et al. also 

showed that graded porous PU foam exhibited biocompatibility in combination with bone-marrow-

derived human mesenchymal stromal cells, confirming their suitability for use in bone regeneration 

applications (324).  

The LbL method has been applied to polyelectrolyte PLL/PGA film systems, demonstrating 

enhanced cell adhesion and mechanical performance (325). EDC-NHS crosslinking of  PLL/PGA 

LbL films showed a sevenfold increase in osteoblast adhesion compared to non-crosslinked films, 

attributed to the presence of natural polyelectrolytes and the crosslinking process, which enhanced 

film stiffness (326). Nanoclay-filled polymeric materials are gaining interest for various biological 

and biomedical applications, including antimicrobial agents and drug delivery, necessitating the 

study of their biocompatibility (218,327). When incorporated into LbL-assembled films, the 

cytotoxicity of nanoclays such as Cloisite can be mitigated. For example, 10-bilayer films containing 

gold nanoparticles and Cloisite coated with PDDA/Cloisite were shown to be biocompatible with 

human osteoblasts after three days of incubation (328). Furthermore, the mechanical stiffness of LbL 

coatings can be improved by incorporating a high-stiffness reinforcing layer (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 and stiffness. Specifically, the compressive 

modulus of the hydrogel coated with ten bilayers of PDDA/MTM increased to 190 kPa, creating a 

cell adhesive surface that promoted epithelial cell adhesion and migration into the scaffold (102). 

These findings suggested 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 process plays a crucial role in influencing cellular interactions with 

coating systems by enhancing the stability of the material (132,329). This process can also regulate 

how cells adhere to and proliferate on the surface of the coating, affecting biocompatibility and 

overall biological response (330). TA is often compared with other common crosslinkers like GA 

and EDC-NHS in terms of its biological responses. Unlike synthetic crosslinkers such as GA, which 

may elicit adverse cellular responses or toxicity, TA offers a more biocompatible alternative (136). 

In a comparative study of glutaraldehyde-crosslinked chitosan and TA-crosslinked chitosan 

scaffolds, MC3T3 cells cultured on glutaraldehyde-crosslinked scaffolds predominantly exhibited a 

spherical shape and remained as single cells after one day. In contrast, cells on TA-crosslinked 

chitosan scaffolds displayed significant spreading with visible filopodia, indicating enhanced cell 

attachment and interaction with the scaffold. 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 electrostatic interaction (135). 

Similarly, some other research indicated TA's ability to bind to cellular receptors helps prevent 

microorganism attachment to surfaces. Its antimicrobial activity can be optimised by adjusting 

factors like concentration, temperature, pH, and the type of substrate involved (132,292). A further 

study developed a crosslinked double-layer hydrogel (PVA/PEG/CS) modified with TA, featuring 

layers of large and small pores to prevent bacterial invasion and water loss while maintaining a moist 

environment. The in vivo results 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 wounds (331). Therefore, TA is 

often considered a "green" crosslinking method in the literature for biomaterials products (136). It is 

known to offer improved biological properties, such as biocompatibility and anti-inflammatory and 
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antibacterial characteristics, compared to other crosslinkers. TA is known to exhibit biocompatibility 

towards different cell lines (292).  

Since the cytotoxicity of the specific combination of TA crosslinked PLL/PGA/PDDA/MTM 

nanoclay QL has not been assessed, this study will investigate the relationships between MC3T3-E1 

pre-osteoblasts and LbL-coated (crosslinked and uncrosslinked). The precursor osteoblast-like cell, 

MC3T3-E1 pre-osteoblasts cells, differentiate into mature osteoblasts under appropriate culture 

conditions. They exhibited high proliferative potential during their pre-osteoblast stage, which makes 

them valuable for in 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 chapter, in vitro studies using MC3T3-E1 pre-osteoblasts were 

conducted to evaluate cell viability, biocompatibility, attachment, proliferation, morphology, and 

cellular responses on the TA crosslinked LbL-coated scaffolds, exploring their potential as bone 

tissue-engineered scaffolds. 

5.1.1 Chapter Aims 

In this chapter, the main objective was to evaluate cellular behaviour within the crosslinked LbL-

coated scaffolds. Specifically, the cytotoxicity, cell attachment efficiency, cell proliferation, cell 

viability within the scaffolds, and cell morphology and growth patterns were assessed. 

The primary objectives of this chapter were to:  

¶ Assess the biocompatibility of scaffolds to ensure scaffold materials or their degradation by-

products do not cause cytotoxicity towards the pre-osteoblast murine cell line MC3T3-E1. 

¶ Demonstrate successful attachment and proliferation of MC3T3-E1 cells within the scaffolds. 

¶ Assess the interactions between cells and the scaffold materials system, as well as the general 

morphology and behaviour of cells cultured within the scaffolds. 

¶ Qualitatively assess the viability of cells interacting with the scaffolds. 
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5.2 Materials and Methods 

5.2.1 Materials System and Experimental Procedures 

Three scaffold groups from Chapter 4 were included in this chapter: uncoated, 10 QLs LbL-coated 

(uncrosslinked), and TA crosslinked 10 QLs LbL-coated scaffolds. The material conditions, LbL 

assembly process, and crosslinking procedures followed the methodology outlined in Sections 4.2.1-

4.2.3. Additionally, all characterisations were conducted according to the procedures detailed in 

Section 4.2.4. 

5.2.2 In  vitro / Biocompatibility Assessment 

5.2.2.1 Cell Culture  

The three scaffold groups, including uncoated, LbL-coated (uncrosslinked), and TA crosslinked LbL-

coated (n=5), were bisected into approximately 10×6 mm (diameter x height) sized specimens. Each 

group was then immersed in a PBS solution for 1 h to 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 with sterile 1× PBS to remove any residual ethanol (298). The murine calvarial pre-osteoblast 

cell line MC3T3-E1 (Mouse C57BL/6 calvaria, Merck Life Science, Ireland)) was used for all in 

vitro studies. The cells were maintained in Minimum Essential Medium Ŭ (ŬMEM) (Thermo Fisher 

Scientific, United Kingdom), supplemented with 10% foetal bovine serum (FBS) (Thermo Fisher 

Scientific, United Kingdom) and 1% PenStrep (Sigma-Aldrich, Ireland) in 75 cm2 flasks. The cells 

were cultured in a humidified 5% CO2 incubator at 37°C, with medium replenished every 48 h.  

5.2.2.2 Cytotoxicity Analysis 

The cytotoxicity of the uncoated, LbL-coated (uncrosslinked) and TA crosslinked LbL-coated 

scaffolds towards MC3T3-E1 pre-osteoblast cells was carried out following the ISO 10993-5 

standard, using the extraction-based method. The multi-transaction translator (MTT) assay 

(Thiazolyl Blue tetrazolium bromide, Thermo Fisher Scientific, Ireland) was used to determine 
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cytotoxicity levels. MC3T3-E1 cells were seeded at a seeding density of 1×105 into 24-well plates 

with 1 mL of regularly supplemented ŬMEM and placed in an incubator (5% CO2, 37°C) for 24 (n = 

5). Before the extraction, each scaffold was sterilised as before, with submersion in 70% ethanol for 

15 min. The extraction vehicle was standard ŬMEM. Extraction was carried out for 24 h. After 24 h, 

non-extraction ŬMEM was removed from the 24-well plates containing the cells, and 1 mL of the 

extraction media was added to each well. Cells were exposed to the extract media for 24 and 48 h. 

To the list of suitable controls in the ISO standard, stainless steel was chosen as the negative control, 

while natural rubber latex was used as a positive control. After 24 h, the extracted media 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 for 4 h, and formazan crystals were dissolved in DMSO. 200 ɛL 

from each well was transferred to a 96-well plate with absorbance determined at 540 nm (Infinite 

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

Equation 5.1: Calculation of cell viability %: 

#ÅÌÌ 6ÉÁÂÉÌÉÔÙ Ϸ ȡ 
%ØÐÅÒÉÍÅÎÔÁÌ !ÂÓ υτπÎÍ 

-ÅÁÎ .ÅÇÁÔÉÖÅ #ÏÎÔÒÏÌ !ÂÓ υτπÎÍ
ρππ 

5.2.2.3 Scaffold Seeding 

Before cell seeding, the three groups of scaffolds were sterilised as before and then incubated 

overnight in ŬMEM media, supplied with 50% FBS at 37ÁC and 5% CO2. Each scaffold was then 

gently compressed to remove excess media before being transferred to a new 24-well plate. For 

seeding, cells in T75 flasks were 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 exclusion. Cells were then resuspended at the required 

density for cell seeding. Each scaffold was seeded using a double-sided technique, with half the total 

number of cells to be seeded on each flat surface of the cylindrical scaffolds. The seeded scaffolds 
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were incubated for 1 h at 37°C to allow for initial attachment. Seeded scaffolds were then submerged 

in 1.5 mL media during in vitro studies, with media replenishment every 2-3 days. 

5.2.2.4 Cell Attachment 

The efficiency of cell attachment was determined by calculating the percentage of cells remaining 

attached to the scaffolds after an initial 24-hour attachment period, compared to an initial number of 

cells seeded. For each scaffold group (n=3), a total of 5×104 MC3T3-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. The 

quantification of cells adhered to each scaffold was carried out using the CyQUANTÊ DNA 

quantification assay (catalogue number: C7026), comparing DNA extracted from scaffold-bound 

cells to DNA extracted from a cell-based standard curve ranging from 0 to 100,000 cells. The seeding 

efficiency (%) was calculated using the following equation: 

Equation 5.2: Cell attachment efficiency %: 

#ÅÌÌ ÁÔÔÁÃÈÍÅÎÔ Ϸ ȡ 
.ÏȢÏÆ ÃÅÌÌÓ ÁÔÔÁÃÈÅÄ 

.ÏȢÏÆ ÃÅÌÌÓ ÓÅÅÄÅÄ
ρππ 

5.2.2.5 Cell Proliferation  

The alamarBlue assay was employed to evaluate cell metabolic activity over two weeks, indicating 

cell proliferation. The three scaffold groups were prepared as previously described and seeded with 

1×105 MC3T3-E1 cells using a two-sided method. Each scaffold was cultured in 1.5 mL of 

supplemented DMEM, and the 24-well plates were incubated (n=5). At each respective timepoint 

(Day 1, 4, 7 and 14), the media was carefully removed, and each scaffold was washed with sterile 

PBS to eliminate excess media and loosely attached cells. The scaffolds were then transferred to new 

24-well plates containing supplemented DMEM with 10% alamarBlue solution. Scaffolds were then 

incubated for 4 h. Unseeded scaffolds from each group were used as negative controls. For 

background normalisation, the negative control consisted of the same media and alamarBlue solution 
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without cells. The plates were incubated for 4 h to allow resazurin reduction. After incubation, the 

scaffolds were removed, and 100 ɛL of the reduced media was transferred to a 96-well plate for 

measurement. The absorbance was determined at 570 nm and 600 nm (Infinite 200 PRO plate 

reader), and alamarBlue reduction was determined according to the manufacturerôs instructions. The 

reduction percentage was calculated according to the manufacturer's guidelines. 

5.2.2.6 Cell Morphology Analysis  

Cell morphology and interaction with the three scaffold groups were analysed through SEM analysis. 

Each scaffold group (n=5) was seeded with 1×105 MC3T3-E1 cells as previously described. At each 

respective timepoint (Day 1, 7 and 14), the scaffolds were removed from the culture and washed 

thrice with sterile PBS. Each scaffold was then fixed with 2.5% GA overnight at 4 °C before 

undergoing an ethanol dehydration procedure (50%, 70%, 90%, 95% and 100% (x2), 10 min per 

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 dried, each scaffold 

was sectioned along both transverse and longitudinal axes and then mounted on a carbon 

adhesive/aluminium stub before being sputter-coated with gold particles. SEM imaging was 

performed at an accelerating voltage of 5 kV. 

5.2.2.7 Live/Dead Viability Assessment 

Cell viability within the three scaffold groups was assessed using the LIVE/DEADÊ 

Viability/Cytotoxicity Kit (Invitrogen, catalogue number: L3224), based on the green fluorescent 

Calcein-AM (live cells) and the red fluorescent ethidium homodimer-1 (dead cells) (both Sigma-

Aldrich, Ireland). Scaffolds were seeded with 1×105 MC3T3-E1 as before and at each respective 

timepoint (Day 1 and 7). After incubation, scaffolds were rinsed twice using PBS and stained using 

Live/Dead viability/cytotoxicity reagent according to manufacturerôs instructions (scaffolds were 

removed from culture and submerged in a solution containing 1 micromolar (ɛM) Calcein-AM and 
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2 ɛM ethidium homodimer-1, and staining was carried out for 30 min). The scaffolds were then 

incubated at 37̄ C for 45 min. For observation and image acquisition, a fluorescence imaging system, 

specifically the EVOS FL imaging system (Life Technologies), was used, and cells on the scaffold 

were observed using excitation and emission wavelengths of 495/515 nm for Calcein and 528/617 

for EthD-1. Cell viability was qualitatively compared across three groups on both Day 1 and Day 7. 

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

overview of the cell viability. 

5.2.2.8 Statistical Analysis 

The minimum number of biological replicates tested per study for each composition was n=3. All 

statistical analysis was performed using GraphPad (GraphPad_Prism Software, Version 8.0.2). 

Results calculated and shown in graphs were the mean ± the standard deviation (SD). The p-value is 

indicated as follows: p Ò 0.05 = *, p Ò 0.01 = **, p Ò 0.001 = ***. 

5.4 Results 

5.4.1 In  vitro Biological Characterisation 

5.4.1.1 Cytotoxicity Analysis 

Potential cytotoxicity of the scaffolds and degradation by-products from the scaffolds towards 

MC3T3-E1 pre-osteoblasts cells were investigated using the MTT assay. Cytotoxicity was analysed 

by the extraction method outlined in ISO 10993-5 (333). The initial in vitro cell viability results 

demonstrated that all three scaffold groups maintained cell viability above the 70% threshold 

specified by ISO standards when in contact with the extract, confirming their non-cytotoxicity and 

acceptable cytocompatibility. Specifically, MC3T3-E1 cells exposed to extracts from all scaffold 

groups exhibited a mean viability of Ó90% (Figure 5.1a) after both 24 and 48 h, significantly 

exceeding the 70% viability requirement. Notably, the crosslinked scaffolds showed higher cell 

viability (114 %) than both the control group and the uncoated, uncrosslinked groups, indicating that 
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cells actively proliferate on the scaffold during the attachment period. Moreover, 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 extracts after 48 h. The initial cytotoxicity 

analysis confirmed that the materials used in the scaffolds, along with their degradation products, did 

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

5.4.1.2 Cell Attachment 

The efficiency of cell attachment to the scaffolds was evaluated by comparing the number of cells 

attached to the scaffolds after 24 h to the initial number of cells seeded using a DNA assay. All 

scaffold compositions across the three groups demonstrated mean attachment efficiencies greater 

than 80% (non-significant) (Figure 5.2b). Uncoated PU foam samples can support cell attachment 

due to their high porosity and interconnected structure, which allow cells to adhere and spread within 

the scaffold. However, the lack of bioactive functional groups may result in weaker adhesion 

compared to coated samples. The crosslinked scaffolds exhibited greater attachment efficiency, with 

a mean attachment of 97.31% ± 2.17%, indicating a robust attachment of healthy and viable cell 

populations within the scaffolds. In comparison, the LbL-coated scaffolds had a mean attachment 

efficiency of 80.84% ± 3.14%, and the uncoated scaffolds had a mean of 88.24% ± 4.22%.  

5.4.1.3 Cell Proliferation  

The alamarBlue assay, which measures the reduction of resazurin to resorufin by metabolically active 

cells, indicated cell proliferation. A higher reduction rate reflects a greater number of cells or more 

metabolically active cells. The study demonstrated an increase in alamarBlue reduction over time 

(Figure 5.2c). The uncoated and uncrosslinked groups exhibited a continuous decrease in the 

reduction rate. In contrast, the crosslinked group showed a continuous increase in reduction at each 

timepoint over the 14 days, indicating the proliferation of viable cells within this scaffold group. By 

Day 14, the crosslinked group showed a significant increase in alamarBlue reduction, more than 
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doubling from 17.15% on Day 1 to 35.48% on Day 14, making it the best-performing group in terms 

of cell activity and proliferation. 
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Figure 5.1: Assessment of in vitro biological properties for uncoated, LbL-coated (uncrosslinked), and 

crosslinked LbL-coated scaffolds: a) MC3T3-E1 cells cultured with scaffold extracts did not result in 

cytotoxicity, with cell viability at ~100% for all scaffold extract treated cells after 48 h. NC ï negative control 

and PC ï positive control. b) Cell attachment to the three group scaffolds was in the range of 80ï97% after 24 

h. No statistical differences were found among the composition scaffolds. c) AlamarBlue reduction across 14 

days showed a continuous increase 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 Cell Morphology Analysis 

SEM analysis of the scaffolds demonstrated that MC3T3-E1 cells successfully attached and 

proliferated in all three different scaffold groups (Fig. 5.2 a, b and c). On Day 1, the cells were 

primarily isolated, but by Day 7 and Day 14, an increase in cell number was observed.  At these later 

timepoints, MC3T3-E1 cells extensively populated the 3D surfaces and pore structures compared 

with Day 1. By visually assessing the scaffold surface, the increase in cell population was apparent 

by Day 14 across all scaffold types, with densely populated cell aggregates forming, especially in the 

crosslinked group. In the following quantitative analysis of cell attachment and proliferation, SEM 

analysis also qualitatively agreed with the crosslinked group, which showed higher levels of cell 

interaction compared to the other groups. Cell-cell and cell-matrix interactions were demonstrated 
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through filopodia observation in the crosslinked group (Fig. 5.2c), with interaction between filopodia 

of adjacent cells and of filopodia with the scaffold surface. Morphological differences and growth 

patterns between the crosslinked and other scaffold compositions were apparent on Day 1, Day 7, 

and Day 14. SEM images revealed enhanced cell spreading and attachment over time, with cells 

prominently adhering to pore walls. The crosslinked LbL-coated scaffolds exhibited a highly porous 

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

spreading.  

5.4.1.5 Live/Dead Viability Assessment 

Qualitative analysis of the MC3T3-E1 cell viability at Day 1 and Day 7 was conducted using 

Live/Dead staining, where viable cells were labelled with Calcein-AM (green) and dying/dead cells 

were labelled with ethidium homodimer-1 (EthD-1) (red). Due to the presence of ubiquitous esterase 

activity, live cells convert nonfluorescent cell-permeant Calcein-AM to an intensely fluorescent 

Calcein and emit green, fluorescent signals while dead cells stain with EthD-1, which enters cells 

through damaged membranes and, upon binding to nucleic acid emit bright red fluorescence. The 

crosslinked group exhibited a high percentage of live cells as denoted by high green fluorescent 

intensity, thereby indicative of a healthy state of cells. The cells were stained with both dyes. Thus, 

an overlapping signal was observed, signifying a mixed population of cells. Cells on the crosslinked 

scaffold had more live cells and a minimal number of necrotic cells compared to uncoated and 

uncrosslinked. The images showed a reduction in attached cells in the uncoated and uncrosslinked 

groups, while the crosslinked group exhibited a higher level of cell viability visually (Fig. 5.3). This 

apparent increase in cell viability aligns with the initial results of quantitative analysis of cell 

proliferation and attachment, suggesting enhanced cell division and expansion in the crosslinked 

group compared to the other two groups. 
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Figure 5.2: In vitro biological characterisation of cell structures by SEM analysis. SEM imaging of dehydrated 

cell/scaffold constructs reveals MC3T3-E1 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 c) crosslinked LbL-coated scaffolds. 

 

Figure 5.3: Fluorescence microscopy images of pre-osteoblast cells (MC3T3-E1) viability labelled with 

Calcein-AM (green) and propidium iodide (red) on Day 1 and Day 7. The cells were cultured on: a) uncoated, 

b) LbL-coated (uncrosslinked), and c) crosslinked LbL-coated scaffolds. All images were captured at 40x 

magnification. 

 

5.5 Discussion 

Biocompatibility is a fundamental requirement for bone scaffolds, ensuring they can support cellular 

activity without inducing toxic effects on local tissues (334). In this chapter, in vitro assessments and 

cellular responses to three scaffold groups of uncoated, 10 QLs LbL-coated (uncrosslinked), and TA 

crosslinked 10 QLs LbL-coated scaffolds were performed using MC3T3-E1 pre-osteoblast cells. LbL 

assembly of PLL/PGA/PDDA/MTM was used to modify the 3D-porous PU scaffold structure to 

influence bone cell adhesion. The potential mechanism of cytotoxicity of synthetic polymer scaffold 
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is associated with interactions of the positively charged polymer with negatively charged cell 

membranes, causing membrane leakage and/or a decrease in metabolic activity (335). Polymer 

"leaching" from LbL-assembled films due to polyelectrolyte mobility has been previously noted to 

negatively affect cell viability (42). The indirect cytotoxicity study demonstrated no cytotoxicity 

from any of the scaffold groups, coating systems, or crosslinking treatments, with mean cell viability 

Ó100% in all scaffold extract-treated cells after 48 h. Across all scaffold compositions, cell 

attachment efficiencies were greater than 80% after 24 h. The alamarBlue assay indicated increased 

metabolic activity in the crosslinked scaffolds over 14 days, indicating that cells actively proliferate 

within the scaffold, whereas both uncoated and uncrosslinked scaffolds showed a slight decrease in 

reduction rates as a function of time. Quantitative analyses confirmed that the crosslinked scaffolds 

exhibited the highest cell viability (114%), the highest attachment efficiency (97.31% ± 2.17%), and 

greater cell metabolic activity (36%), indicating enhanced proliferation compared to the uncoated 

and uncrosslinked groups. In addition, cell viability was also determined by observing cell 

morphology following the incubation period, as this can be considered a complementary measure of 

cell adhesion. To further evaluate the in vitro biocompatibility, the qualitative analyses using 

fluorescence microscopy and SEM imaging supported the quantitative results. Live/Dead cell 

analysis demonstrated higher cell viability in the crosslinked group, and cell coverage was larger 

compared to the other two types of scaffolds, while SEM imaging showed extensive cell-matrix 

interactions, with cells forming a uniform layer across the scaffold pores indicating an affinity with 

the surface. The increased cell survival and coverage in the TA crosslinked LbL-coated group, 

compared to the other two groups, suggested that TA crosslinking supported cellular attachment and 

spreading, achieving a denser cell monolayer. SEM images (5.2c TA crosslinked LbL-coated group) 

revealed numerous thin and long filopodia with well-spread, flattened-shaped cells, indicating strong 

cell-material interactions and successful integration with the scaffold. Cell filopodia were observed 

interacting with the scaffold pore surfaces, and elongated cells spread throughout the scaffold 
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structure over 14 days in comparison to the other groups. These observations suggested that the 

crosslinked scaffolds provided an ideal environment for robust cell adhesion, proliferation, and 

viability, underlining their excellent biocompatibility. The cell-matrix interactions, including 

filopodia extensions and flattened 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 swelling in hydrated conditions, 

limiting their stability under physiological conditions (119). Martinez et al. reported that the 

ñleachingò of mobile polyelectrolyte chains from PAA/PAH LbL-assembled films can negatively 

impact cell viability (42). This leaching is a main factor contributing to the reduced cell viability 

observed for the uncrosslinked group in this study compared with the crosslinked group, as 

uncrosslinked multilayers often lack structural integrity due to the absence of chemical bonds 

between adjacent layers. In contrast, the chemical crosslinking introduced by TA enhanced cell 

attachment, spreading and cell viability, as evidenced by visual assessments and cell coverage 

observations. Many studies reported TA's positive impact on biological and cellular responses 

significantly enhanced the cellular microenvironment, promoting superior conditions for cell growth 

and interactions (133,136,292). In this study, TA crosslinking established a robust physico-chemical 

barrier, enhancing the structural stability of the LbL-coated scaffolds. Additionally, TA as a 

crosslinker offered notable advantages, including its positive impact on cellular responses. Pre-

osteoblast cells (MC3T3-E1) demonstrated a greater affinity for adhesion and spreading on TA-

crosslinked LbL films compared to the uncoated and uncrosslinked films (Figure 5.2c). The enhanced 

cell coverage in the TA crosslinked group was qualitatively comparable 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 to 100% cell coverage at Day 7, compared to only 20-30% coverage in 

uncrosslinked films (336).  
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Further long-term in vitro analysis is required to comprehensively evaluate the scaffold's 

functionality to support in vivo application. The next steps of in vitro studies should focus on 

conducting calcium assays to quantify mineralisation and explore osteoconductivity. Additionally, 

histological assessments should be undertaken to analyse tissue integration and bone formation. 

Overall, the results of Chapter 5 indicate that TA chemical crosslinking can potentially provide LbL-

coated porous scaffolds with suitable biological properties for bone tissue engineering applications 

(135,136). Moreover, the combination of enhanced cell viability, cell proliferation, attachment, and 

robust cell-material interactions in Chapter 5 with the improved physical, chemical, mechanical, and 

surface properties of the TA-crosslinked scaffold described in Chapter 4, the LbL-coated highly 

porous PU scaffold, demonstrated its significant potential for bone tissue engineering applications. 

The scaffold's enhanced mechanical performance, porosity, and cell-material interactions make it a 

promising candidate for successful tissue regeneration outcomes.  

5.6 Conclusion 

The biocompatibility of TA crosslinking on PLL/PGA/PDDA/MTM nanoclay films produced via 

LbL assembly onto highly porous PU foam scaffold was investigated to assess the potential for 

biomedical applications of foams LbL-coated with this material system. The crosslinked LbL-coated 

scaffolds showed improved pre-osteoblast (MC3T3-E1) cell viability, attachment, proliferation, and 

morphology, compared to uncoated and uncrosslinked groups, suggesting that these scaffolds 

potentially offer a suitable structure that may serve as promising candidates for bone tissue 

engineering applications. This last experimental chapter successfully developed functionally robust 

multilayer nanocomposite coatings onto highly porous 3D templates, with initial positive in vitro 

responses both quantitatively and qualitatively pre-osteoblast interaction with multifunctional 

nanocomposite LbL-coated, showcasing the scaffoldsô potential as effective bone-engineered 

scaffolds and warrant further study. The TA crosslinked LbL-coated scaffold exhibited strong cell-

material interactions, promoting cellular viability, adhesion, proliferation, and spreading, which are 
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critical for effective bone tissue regeneration. Overall, this research highlights the potential of 

multifunctional crosslinked LbL-coated scaffolds with superior biological responses for use in bone 

tissue engineering applications (non-load-bearing scaffold). Future work should involve longer-term 

biocompatibility and degradation studies, alongside detailed characterisation of surface and bulk 

properties, to 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 multi-scale scaffold materials that fulfil biological requirements while 

achieving optimal mechanical properties and maintaining appropriate porosity represent significant 

challenges in the field of bone tissue engineering (218). This thesis aimed to address these challenges 

by applying a LbL assembly approach with a new materials system to achieve scaffolds with tuneable 

properties tailored for bone tissue engineering applications. This approach involved the deposition 

of thin films as coatings onto open-cell porous templates, enabling precise control over scaffold 

properties. This strategy offers mechanical reinforcement, control over porosity, and additional 

functionalities such as improved biocompatibility (55). The primary advantage of multilayered films 

fabricated through LbL assembly is their tunability thickness, composition, and morphology, which 

can be precisely tailored by adjusting the assembly parameters (255). This research specifically 

aimed to integrate biological and mechanical properties with appropriate interconnectivity, which is 

critical for successful clinical application in bone tissue engineering. The materials used, PLL, PGA, 

PDDA, and MTM nanoclay, were successfully assembled via LbL onto highly porous PU foam 

scaffolds. The resulting optimised coating conditions significantly improved the physical, 

mechanical, chemical, and biological properties of the scaffolds, making them highly promising 

candidates for bone tissue engineering applications. Additionally, using TA for crosslinking the LbL 

coatings influenced controlled in vitro degradation behaviour and enhanced the physico-mechanical 

and chemical properties, particularly improving mechanical stability under hydrated conditions. In 

vitro studies utilising MC3T3-E1 pre-osteoblasts demonstrated initial positive cellular responses to 

the TA crosslinked LbL-coated 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 a successful custom-designed LbL deposition system with continuous perfusion 

flow and cyclic compression. 

This study explored the application of dynamic conditions which combined perfusion (12 mL/min, 

10 rpm) and cyclic compressive loading (5% strain, 1 Hz), compared to static conditions (dip 

coating/immersion) in the LbL assembly technique for fabricating nanocomposite coatings on highly 

porous PU foam scaffolds tailored for bone tissue engineering. This approach offers precise control 

over perfusion cyclic loading and eliminates issues like air bubble formation and difficulty in 

effectively infiltrating the coating materials into the porous structure (126). Dynamic LbL coating 

conditions achieved through a custom LbL deposition chamber facilitated enhanced diffusion (59), 

resulting in ultrathin, uniform, and dense coatings on open-cell scaffolds, as confirmed by SEM 

analysis. This method also improved the chemical bonding and surface properties, including 

hydrophilicity and roughness, which were validated by ATR-FTIR and contact angle measurements. 

Dynamic conditions significantly increased scaffold stiffness (compressive elastic modulus) by a 40-

fold improvement, compared to a 16-fold increase under static conditions, while maintaining high 

porosity.   

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

material system using the DoE approach. 

This study systematically quantified the influence of LbL assembly parameters and the coating 

material system on the properties of open-cell porous PU foam templates coated with 

PLL/PGA/PDDA/MTM nanoclay composites using two separate DoE studies. The interactions 

among the factors were analysed using half-normal probability plots, ANOVA, and effects plots to 

identify the key factors influencing each property. DoE Study 1 focused on finding the best 

concentration and pH levels for the coating materials. Optimal results were 1% concentration for 



 

159 

 

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 optimising material 

conditions experimentally rather than solely relying on previous studies (59). DoE Study 2 involved 

a parametric investigation of LbL coating parameters, identifying optimal conditions, including a 

scaffold pore density of 45 PPI, 100 QLs, a coating time of 30 s, and drying intervals after every 10 

QLs. The study revealed that scaffold pore density and the number of LbL layers had the most 

significant impact on the physico-mechanical responses of coated scaffolds. An impressive 260-fold 

increase in mechanical properties was achieved, with the compressive modulus rising from 0.082 

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 to 

optimise the mechanical properties of porous scaffolds, ultimately leading to more effective and 

durable tissue engineering scaffolds (254). Previous studies, such as those by Ziminska et al., 

provided valuable insights using the DoE study but did not apply an optimisation-based approach to 

determine critical parameters like material concentration, pore density, and the number of layers (59). 

This represented the first parametric analysis demonstrating the influence of pore density and the 

number of layers deposited during LbL coating on the mechanical properties of porous PU foam 

scaffolds. 

The optimisation process aimed to maximise the compressive elastic modulus while maintaining high 

porosity and minimising coating thickness and mass. Under these optimised conditions, a significant 

improvement was achieved in tailoring the surface and bulk properties of porous scaffolds through 

nanocomposite LbL coatings. This comprehensive optimisation study led to the development of a 

novel protocol for fabricating polymer-nanocomposite coatings on highly porous structures, offering 

tailored mechanical and physical properties, controlled porosity, and enhanced functionality for 

advanced applications. 
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3. Development of effective chemical crosslinking in preserving the mechanical properties of 

LbL -coated porous scaffold under hydrated conditions and in vitro biodegradation rate 

assessment. 

When the scaffolds were tested under hydrated conditions, the optimised LbL-coated scaffolds 

experienced a notable reduction in mechanical performance due to the plasticising effect of water on 

the highly porous PU foam (288). This highlighted the need to investigate crosslinking processes that 

could preserve mechanical properties under these conditions, making the scaffolds more suitable for 

in vivo applications (136).  

Previous studies demonstrated that chemically crosslinking nanocomposite LbL coatings on PU foam 

scaffolds with GA retained up to 56% of their mechanical properties when hydrated. (119) TA-

crosslinked scaffolds, however, showed superior performance, retaining approximately 75% of their 

mechanical properties under hydrated conditions in PBS at 37°C, surpassing other common 

crosslinkers such as GA and EDC-NHS (119). TA crosslinking effectively mitigated the plasticising 

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, showing stronger chemical bonds and 

indicating enhanced stability and crosslinked structure integrity. Additionally, an in vitro 

biodegradation study in PBS at 37°C with 60 rpm agitation using lipase and lysozyme enzymes 

demonstrated that hydrolysis of ester bonds in PU led to scaffold degradation (299). Crosslinking 

with TA effectively slowed this degradation, protecting the LbL-coated scaffolds and extending their 

structural integrity under enzymatic conditions. Enzymatic degradation led to a gradual breakdown 

of scaffold morphology and properties; however, post-degradation SEM analysis showed that despite 

minor defects, the scaffolds retained high porosity and interconnected structures, key characteristics 

for bone tissue engineering applications. 
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4. In vitro assessment of pre-osteoblast interaction: Investigating initial cell viability, 

biocompatibility, attachment, proliferation, morphology, and cellular responses on crosslinked 

LbL -coated scaffolds to explore their potential as bone tissue-engineered scaffolds.  

The last experimental chapter of this doctoral thesis (Chapter 5) presented in vitro studies using 

MC3T3-E1 pre-osteoblasts to evaluate cell behaviour, including cytotoxicity, cell attachment 

efficiency, cell proliferation, cell viability within the scaffolds, and cell morphology and spreading 

pattern, exploring their potential as bone tissue-engineered scaffolds. 

Quantitative in vitro analyses demonstrated that TA-crosslinked 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 groups. Qualitative 

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 group, 

while SEM images highlighted extensive cell-matrix interactions. Cells formed a uniform layer 

across scaffold pores, exhibiting an affinity for the surface, with well-spread, flattened cells and long 

filopodia, indicating strong cell-material integration. Filopodia interacted intimately with scaffold 

surfaces, with cells spreading and elongating throughout the structure over 14 days, contrasting with 

other scaffold types. These observations align with previous studies demonstrating TAôs positive 

influence on biological and cellular responses, creating an environment conducive to cell growth and 

interactions (135,136,292). Overall, the enhanced pre-osteoblast viability, proliferation, attachment, 

and cell-material interactions, coupled with improved physical, chemical, mechanical, and surface 

properties of the TA-crosslinked LbL-coated highly porous PU scaffold, demonstrated its 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 approach for creating 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 demonstrated the use of electrostatic LbL assembly for the development of 

multiscale materials that integrate biological and mechanical properties with appropriate porosity and 

interconnectivity. This doctoral thesis explored the first systematic investigation of LbL-assembled 

PLL/PGA/PDDA/MTM nanoclay coatings onto open-cell structures for 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 

nanocomposite-coated scaffolds. Furthermore, a comprehensive optimisation of LbL assembly 

parameters and coating material conditions using a DoE approach successfully improved the physio-

mechanical properties of scaffolds. To address the challenge of maintaining mechanical properties 

under hydrated conditions, an effective chemical crosslinking process using TA was developed. In 

the final phase of this research, initial in vitro assessments and cellular response studies demonstrated 

that TA-crosslinked multifunctional LbL coatings on porous PU foam scaffolds elicited positive 

biological responses. These scaffolds showed enhanced pre-osteoblast cell (MC3T3-E1) attachment, 

proliferation, and morphology, establishing their potential for application in bone tissue engineering.  

This research represents a significant advancement in the development of multifunctional LbL 

coatings on highly porous bone scaffolds, providing a deeper understanding of the essential 

properties required for these engineered scaffolds to function effectively in vivo.  
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6.3 Future Perspectives 

Building on the current research regarding multifunctional LbL coatings on highly porous bone 

scaffolds, several key areas for future work emerge as crucial for gaining a deep understanding of 

this scaffold and achieving the full potential of the study: 

Comprehensive in vitro assessments for  LbL -coated scaffold 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, 

extended in vivo studies are critical to ensure that the scaffolds do not provoke toxicity or adverse 

effects during long-term applications. Future research should focus on thoroughly evaluating the 

long-term biocompatibility and cytotoxicity of the scaffolds, including their degradation products, to 

confirm their suitability for extended in vivo applications. Comprehensive in 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 to monitor biocompatibility and cell viability. Further 

investigations should include alkaline phosphatase activity assays and calcium deposition assays to 

quantify mineralisation, a critical indicator of osteoconductivity. These assays will provide valuable 

data on the scaffold's capability to facilitate bone matrix formation and mineralisation, which is 

essential for effective bone regeneration (2). 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 enhanced osteointegration 

The ability to control surface topography and stiffness plays pivotal roles in influencing cell 

adhesion, behaviour, and differentiation, although these properties were not directly assessed in this 
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study. The increased stiffness of LbL coatings by 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 stimuli (116). Tailoring substrate stiffness in 

bone tissue engineering scaffolds holds significant potential to reduce the in vitro culture time 

required for pre-differentiation and may eliminate the need for osteogenic supplements, streamlining 

the scaffold's clinical application. This thesis and also previous studies have demonstrated that the 

stiffness of LbL-assembled coatings can be modulated through the incorporation of reinforcing 

phases, such as nanoclay sheets, or by employing chemical crosslinking techniques (116,129,255).  

Further studies can be focused on the modulation of stiffness with the goal of better understanding 

the mechanism involved in the mechano-responsive stimulation of bone cells.  

In vivo and histological evaluation of LbL assembly-coated porous bone scaffolds.  

Another significant challenge is ensuring that the scaffoldôs degradation rate aligns precisely with 

the rate of bone regeneration. Assessing the in vivo response to LbL assembly-coated porous 

scaffolds is critical for validating their potential and exploring their clinical applicability in bone 

tissue engineering applications, necessitating future studies to evaluate their in vivo performance. An 

in vivo study assessing the ability of both cell-free and cell-seeded scaffolds to heal critical-sized 

bone defects using a well-established rat cranial defect model (337) is proposed as the next step in 

this research. In this experimental setup, critical-sized cranial defects would be created in Wistar rats. 

The defects would either be left empty as a control group or implanted with cell-free or cell-seeded 

LbL assembly-coated porous scaffolds, with eight rats allocated to each group. Bone formation 

would be monitored at 4-, 8-, and 12-week intervals using advanced imaging techniques such as 

micro-CT. Further analysis would include histological, histomorphometry, and 

immunohistochemical assessments to provide detailed insights into the quality and extent of bone 

regeneration. Additionally, the study would investigate the relationship between the host 

macrophage-led immune response and the overall healing of the bone defect. This aspect is critical, 
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as immune response plays a significant role in scaffold integration and tissue regeneration. This 

comprehensive in vivo evaluation will help establish the efficacy of LbL-coated scaffolds in 

promoting new bone formation, paving the way for improved strategies in bone regeneration. 
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Appendices 

Appendix 2.1: 2D SolidWorks CAD drawings of the custom-designed LbL deposition chamber. 
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