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Introduction

Deposition of multilayer coatings onto highly
porous materials by Layer-by-Layer assembly for
bone tissue engineering applications using cyclic
mechanical deformation and perfusion

MohammadAli Sahebalzamani, €2 2°° Tina Sadat Hashemi,?""
Zohreh Mousavi Nejad, »ab Srishti Agarwal,®® Helen O. M(:Carthy,d
Tanya J. Levingstone®“™ and Nicholas J. Dunne (1) *@bcdefan

By using Layer-by-Layer (LbL) assembly, micro- and nano-scale coatings can be applied to porous structures,
allowing for the potential customisation of scaffolds for bone tissue engineering applications. In this study, we
developed a purpose-designed LbL assembly system, enabling continuous perfusion flow and cyclic
compression, to fabricate LbL multilayer-coated scaffolds with tailored properties. Their physicochemical
properties were analysed using SEM and FTIR spectroscopy, while their elastic compressive modulus
quantified their mechanical performance. This study compared immersion alone (i.e., static conditions) to the
combination of perfusion flow (12 mL min~2, 10 rpm) and cyclic compressive loading (5% strain, 1 Hz) (ie.
dynamic conditions) as methods to influence coating deposition during LbL assembly. The results
demonstrated that the LbL-coated scaffolds with 40-multilayer coatings deposited under dynamic conditions
demonstrated a 40-fold improvement in the compressive elastic modulus compared to uncoated scaffolds
and a 16-fold increase was achieved when the LbL coatings were applied under static conditions.
Importantly, application of the dynamic coating conditions during the LbL assembly process preserved the
high porosity and interconnectivity of the scaffolds even after applying the 40-multilayer coating. Moreover,
the nanocomposite coatings enhanced surface characteristics such as roughness and hydrophilicity. Taken
together, adoption of the proposed approach of combining perfusion flow and cyclic compression loading
during assembly of LbL-coated scaffolds is a promising approach for bone tissue engineering applications.

explored and are gaining popularity.”” Bone scaffold materials
play a crucial role in facilitating bone repair by providing a

Various methods, such as autografts, allografts, and synthetic
biomaterial-based bone grafts, are used to repair bone defects.">
However, autologous and allografts have certain -clinical
limitations.> To overcome these limitations, tissue-engineered
bone scaffolds and synthetic biomaterial bone grafts are being
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supportive framework for cellular attachment, proliferation,
and new tissue formation.® However, effective fabrication is
challenging, as these grafts need to mimic the osteogenesis of
native tissue with interconnected porosity while meeting struc-
tural, mechanical, and biological requirements.>” Nanomater-
ials and nanocoatings offer a new strategy for functionalising
and tailoring bone substitute materials to achieve the required
mechanical properties and porosity.® The development of
nanoscale-film manufacturing technologies has opened new
possibilities for surface modification of biomimetic scaffolds,
which mimic the natural bone structures and extracellular
matrices.” These scaffolds have been shown to promote cell
proliferation and migration, aiding tissue regeneration.'® Tech-
niques such as the Langmuir-Blodgett method, self-assembled
monolayers, and Layer-by-Layer (LbL) assembly have been used
in the fabrication of ultra-thin films.""

LbL assembly presents an exciting opportunity to modify
both the surface and bulk properties of bone-tissue-engineered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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scaffolds.'> The LbL assembly process, a template-assisted
deposition technique, is used for fabricating thin film layers
and functionalizing surfaces.’® It involves the sequential
adsorption of oppositely charged electrolyte complexes onto a
substrate, resulting in a uniform multilayer thin film."*>"
Nanocomposite coatings deposited using LbL assembly can
be used to tailor the mechanical properties and biofunction-
ality of scaffolds, including controlled release of therapeutic
agents, biodegradability, improved biocompatibility, and cell
and protein attachment, for repairing bone defects.'®'®> Thin
films using LbL assembly have been deposited through dip
coating, spray coating, and spin coating.'® However, coating
porous scaffolds with LbL assembly is challenging."” Spray and
spin coatings are more suitable for flat surfaces and may result
in uneven coatings on porous scaffold surfaces, leaving sur-
faces deeper in the scaffold without coating materials.'®'® 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
(Fig. 1).2%*' 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."®
Furthermore, submerging porous scaffolds in solutions or
during washing cycles can generate air bubbles within cellular
structures, adversely impacting the mechanical properties.**>**

An adapted dipping technique, whereby a continuous perfu-
sion flow system is used to deliver solutions into the scaffold, has
been employed to address the challenges associated with coating
a porous scaffold through LbL assembly.®>*?> A perfusion flow
system provides greater control over the coating process, optimis-
ing parameters like flow rate, pressure, and exposure duration to
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Fig. 1 Schematic of the LbL-assembly technique applied to highly porous
scaffolds for bone tissue engineering applications. (A) Representation of
the LbL-assembly process. (B) Changes of the scaffold surface after the
LbL-assembly coating.
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the coating solution, enabling strategic uniform coating deposi-
tion and resulting in improved uniformity and quality."®**>”

The application of mechanical deformation during the LbL
assembly process has been shown to positively affect the physico-
chemical and mechanical properties of polymer-nanocomposite—
coated bone scaffolds due to their localisation in highly deformed
areas.”®* Ziminska et al. previously enhanced the physical and
mechanical properties of LbL assembly coatings,'*** 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.**
In hydrated polymers, the application of cyclic loading has been
shown to enhance the diffusion rate of large molecules com-
pared to passive diffusion.*?

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.”®** Previous studies have demonstrated enhanced
bone cell proliferation, differentiation and matrix deposition in
response to combined perfusion flow with mechanical
deformation.>*?* Despite the substantial literature on LbL assem-
bly covering a wide range of topics,"® 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. This study
is the first to evaluate the changes in the physical and mechan-
ical properties of nanocomposite-coated 3D porous scaffolds
fabricated using a combination of cyclic compressive loading
and perfusion flow during the LbL assembly process. 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, this 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
material-based approach.

Materials and methods
Materials system

Polymer-nanocomposite films were fabricated using LbL assembly
with polyelectrolyte solutions of poly-i-lysine monohydrochloride
(PLL), poly-L-glutamic acid (PGA), 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. The MTM nanoclay, known for its low cost,
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biocompatibility, and exceptional in-plane elastic modulus, is
used to reinforce the mechanical properties of the polymer
films.12'30'33

PLL powder (Mw: 182.65 g mol '), PGA powder (Mw:
147.13 g mol "), and PDDA solution (Mw: 400 kDa, 20 wt% in
H,0) were purchased from Sigma-Aldrich (UK). The 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 diluting them 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 HCI, and the pH of the resultant PGA solution
was adjusted from 5 to 7 by adding 0.5 M NaOH. Aqueous
solutions of 0.5 wt% MTM clay were 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.

Due to its biocompatibility, low cost, and similar porosity
and pore size to cancellous bone, open-cell polyurethane (PU)
foam was selected as the 3D porous template.***® PU foam is
commonly used as a scaffold-based material for the evaluation of
orthopaedic devices, as a cancellous core material in bone
models,**?” and for LbL assembly applications.'**® 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 1 M NaOH solution for 10 min to remove unwanted debris and
then rinsed with DI water. Each specimen was then placed in a
desiccator and allowed to dry for 24 h before deposition.

Design and fabrication of the LbL deposition system

This study introduces a novel LbL assembly system that emu-
lates 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.*® By
applying mechanical deformation during the LbL assembly
process, thicker coatings can be selectively deposited in areas
of porous scaffolds experiencing higher loads."” To accurately
represent in vivo conditions, the perfusion system’s flow rates
and compression-induced strain rates were carefully chosen.*
A custom LbL deposition chamber, designed using SolidWorks
2020 software (DS SolidWorks Corp., USA) and manufactured
thereafter (Fig. 2A and B), enabled simultaneous compression
and perfusion flow during the deposition process.

The deposition equipment consisted of a bespoke deposi-
tion chamber containing the porous scaffold, connected to a
plunger for solution pumping. A stepper motor applied the actua-
tion force via the plunger to compress the scaffold. Custom software
and an Arduino (IDE, 1.8.15) controlled the stepper motor, auto-
mating 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
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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. Fig. 2C illus-
trates the force level produced at 10 rpm during a 30 s coating
period. The peak 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 rates, porous scaf-
folds were coated under 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'? throughout the LbL assembly
process using the purpose-designed deposition apparatus.

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 nanocom-
posite thin film under dynamic coating conditions. Each coat-
ing layer, referred to as a Quadlayer (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
(a compressive strain amplitude of 0.5 mm and a frequency of
1 Hz) (Fig. 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,**”**° 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.">*" 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 significant differences in the
investigated properties. The deposition chamber and exit tubing
were cleaned and dried after each scaffold was coated with 10 QLs.

Under the static coating conditions, an immersion coating
technique was applied, whereby the specimens were coated
with 40 QLs by immersing the substrates in alternating solu-
tions (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 DI H,O were used. The solutions
and the water-containing beakers were changed after each
10 QL deposition. Macroscopic images of the uncoated scaffold
and LbL coated scaffold following the deposition of 40-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Custom designed LbL deposition chambers and the process of applying multilayer coatings on 3D porous scaffold templates. (A) SolidWorks design and (B)
manufactured purpose-designed deposition chambers 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 pores per inch (PPI)
and 97% porosity] and LbL-coated scaffolds following the deposition of 40-multilayer nanocoating under static and dynamic conditions.

multilayer nanocoating under static and dynamic conditions
are presented in Fig. 2E.

Chemical characterisation

Fourier-transform infrared (FTIR) spectroscopy was conducted using
a PerkinElmer Spectrum 100 instrument (PerkinElmer, Inc., USA) to
investigate the chemical composition of each scaffold. Spectra
ranging from 550 to 4000 cm™ ' were acquired, with an average of
64 scans per spectrum. To enable the convenient comparison of
multiple peaks, the transmission values of the FTIR spectra were
adjusted. Characteristic functional groups were identified by exam-
ining the absorbance ranges of analogous organic and inorganic
compounds.

Gravimetric analysis

Gravimetric analysis was used to investigate the variation in the
mass of the LbL coating under different coating conditions. After
the deposition of every 5 PLL/PGA/PDDA/MTM QLs, the weight of

© 2024 The Author(s). Published by the Royal Society of Chemistry

each coated scaffold was measured using an analytical balance
with a resolution of 0.0001 g. Prior to weighing, each scaffold was
maintained under ambient conditions (approximately 23 °C and
30% relative humidity) for a minimum of 8 h. The recorded mass
was obtained by averaging five measurements.

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 SEM. Image] 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.

Surface roughness

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

Mater. Adv., 2024, 5, 2316-2327 | 2319
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Ltd, China.) in accordance with ISO 4287:1997.*> The rough-
ness average (Ra) was measured for each scaffold, which
represents the arithmetic mean of the absolute values of the
profile heights over the evaluation length.

Water contact angle

To assess the hydrophobicity of each scaffold before and after
the coating assembly process, contact angle analysis was con-
ducted, 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 pL droplet of water on the scaffold surface, followed by the
measurement of the contact angle using a contact measuring
device (FTA200 Dynamic Contact Angle Analyser, First Ten
Angstroms, Inc., USA).

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
(eqn (1)). The apparent density (papparend) Of the scaffold was
determined using the gravimetric method, employing a Sartor-
ius LA 620P Toploader scale balance (Sartorius Ltd, UK) with a
YDLO1 density determination kit. The maximum theoretical
density (0maximum) Of the PU foam scaffold was 1.20 g cm ™ >.*

Porosity(%) = ((1 —M> X 100) )

Pmaximum

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 50 N load
cell was used to apply a 0.6 mm deflection to each scaffold at a
crosshead speed of 0.5 mm min ", 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.

Statistical analysis

The data were presented as the mean + standard deviation,
based on five replicates for each analysis for each sample
group. Prior to conducting statistical analysis, the homogeneity
of variance was assessed. To analyse the dependencies, inde-
pendent sample ¢-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.

Results
Chemical characterisation

The chemical composition of the LbL-assembled coating was
confirmed by acquiring the FTIR spectra (Fig. 3A). Spectra were
collected for uncoated scaffolds and LbL-coated scaffolds
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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 nano-
clay components, as outlined in Table 1.***® Comparing the LbL-
assembled coatings produced under static and dynamic condi-
tions, 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 conditions.

Gravimetric analysis

Gravimetric analysis, a versatile and time-tested analytical
method, is applicable to reaction systems of any scale and
uniformity. This method allows for the determination of the
average growth of the specimen (QL deposition) by measuring
the change in the specimen mass.”” 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 (Fig. 3B). Notably, LbL-coated scaf-
folds under dynamic conditions displayed a 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.

Multilayer coating thickness

To ensure the uniformity and consistency of the coating in the
LbL process, an analysis of the coating thickness was per-
formed using SEM. Fig. 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 um under dynamic condi-
tions and 4.21 + 1.36 pm under static conditions.

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 (Fig. 4a—f). Upon closer exam-
ination at higher magnification, the layered structure of the
LbL coatings was clearly observed as anticipated, along with the
discernible edges of the nanoclay sheets integrated into the
coating as expected (Fig. 4g and h).

Surface roughness

Rougher surfaces can mimic the cellular microenvironment
found in nature, offering physical and chemical cues that
enhance cell adhesion and function.*®*® In the case of LbL-
coated scaffolds, 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 (Table 2).

Water contact angle

The contact angle serves as an important determinant of the
macroscopic wettability of a solid surface and plays a vital role

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Experimental data for the uncoated scaffolds and scaffolds coated 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 demonstrating 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.

Table 1 FTIR spectra peaks and functional groups assigned

Wavenumber (cm ™) Functional group

3350 O-H stretching

2800 -C-H stretching of ~CH, of protein
1550 Amide II linkage

1050 C-O stretching/O-H deformation
700 Si-O stretching

in understanding the interfacial interactions between a solid
and a liquid.’>®" Fig. 3D illustrates the contact angles of both
the uncoated and LbL-coated scaffolds. The uncoated scaffolds
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 hydrophili-
city of the scaffolds. Moreover, the adoption of the dynamic LbL
coating approach resulted in greater hydrophilicity, which has
the potential to promote positive cellular interactions thus
enhancing its efficacy in biomedical applications such as in

© 2024 The Author(s). Published by the Royal Society of Chemistry

bone tissue engineering where the specific attachment of the
target cell type to the scaffold is required for optimal healing
and regeneration.>” Furthermore, the introduction of a hydro-
philic substrate can be beneficial for the promotion of protein
adhesion for drug delivery systems.>®

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.* In our study,
the uncoated scaffolds displayed an initial porosity of 97.40 +
0.70% with a pore distribution range of 119-581 pm. While the
LbL-coated scaffolds fabricated under static and dynamic condi-
tions exhibited reduced porosities of 81.10 & 0.45% and 86.20 +
0.72%, and pore size distribution ranges of 110-429 pm and 114-
476 pm. These findings indicate that 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

Mater. Adv,, 2024, 5, 2316-2327 | 2321
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Fig. 4 SEM images of uncoated and LbL-coated scaffolds coated 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 condi-
tions. (g) Dense multilayers within a cross-section of the LbL-coating
fabricated under dynamic conditions. (h) Evidence of the successful
integration of nanoclay sheets within the LblL-coating fabricated under
dynamic conditions.

tissue engineering applications. Specifically, increased nanoclay
deposition has the potential to improve the mechanical proper-
ties, while incorporating additional layers of the amino acid
components (PLL and PGA) within the LbL-assembled coating
could enhance cellular interaction and biocompatibility.>® This
flexibility enables the design of the LbL-assembled coating to be
tailored to match the requirements for specific bone tissue
engineering applications.

Table 2 Mean + standard deviation surface roughness of scaffolds (n = 5)
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Mechanical properties

The mechanical behaviour of both uncoated scaffolds and LbL-
coated scaffolds, fabricated under static and dynamic condi-
tions, was significantly (p < 0.05) influenced by the presence of
the PLL/PGA/PDDA/MTM coating, as evident from the repre-
sentative stress vs. strain plots (Fig. 5A and B). The compressive
elastic modulus of the uncoated scaffolds exhibited a signifi-
cant enhancement for 40 QLs coated scaffolds. The modulus
increased from 0.09 + 0.05 MPa to 1.45 £ 0.41 MPa (16-fold
increase) when the LbL coating was applied under static con-
ditions and to 3.65 + 0.70 MPa (40-fold increase) under
dynamic conditions. Therefore, the custom designed LbL sys-
tem significantly enhanced the mechanical performance of
coated scaffolds under dynamic conditions compared to that
under static conditions using immersion. The improvement
achieved under dynamic conditions was more than double that
observed under static conditions.

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 healing is insufficient.”®®” Scaffolds with a high
degree of open pores that are interconnected offer increased
surface area for cell-material interaction and facilitate efficient
nutrient and waste exchange.*® In this study, the 40-multilayer
LbL-coated scaffold, fabricated under dynamic coating condi-
tions, maintained a highly porous (~ 86%) and interconnective
structure with a pore size distribution ranging from 114 to
474 pm. Consequently, the physical properties and architecture
of the scaffold remained uncompromised following the LbL
process, and potentially provides a suitable platform for bone
tissue engineering applications.’®*® To understand the cell-
material interaction of the optimal LbL-coated scaffold, in vitro
biological assessment is required.

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.>*" However, conventional methods of coat-
ing such scaffolds using LbL assembly methods encounter chal-
lenges due to the difficulty in effectively infiltrating the coating
materials into the porous structure.>** Previous studies have
attempted to address this issue by modifying the assembly process
or introducing additives to enhance coating penetration.'>*® Con-
sequently, there is a pressing need for innovative approaches that
can address these challenges and improve the outcomes of bone

Scaffold type Mean roughness, Ra (um)
Uncoated 0.084 + 0.044
LbL-coated scaffolds fabricated under static conditions 0.908 + 0.125
LbL-coated scaffolds fabricated under dynamic conditions 1.56 + 0.763
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Fig. 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 (LbL dynamic) conditions. The LbL-coated scaffolds were uniformly coated 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.

tissue engineering. 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 scaf-
folds 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.

The materials used in this study PLL/PGA/PDDA/Na-MTM
are known to be biocompatible and exhibit excellent suitability
for tissue engineering applications. Through the technique of
LbL assembly, these materials can be effectively combined to
create coatings that enhance the mechanical properties and
biocompatibility of bone scaffolds, making them highly pro-
mising for use in bone tissue engineering approaches.*?**3°

In this study, we present a novel approach 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.”>%>® This
method not only improves the uniformity and thickness of the
coatings but also has the potential to enhance their mechanical
properties.*® The purpose-designed LbL assembly system used in
this study provides several advantages when compared to conven-
tional methods.">* 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."

Our results demonstrate several significant findings regard-
ing the PLL/PGA/PDDA/Na-MTM nanoclay-based LbL-coated
scaffolds fabricated under dynamic conditions. First, LbL-

© 2024 The Author(s). Published by the Royal Society of Chemistry

coated scaffolds fabricated under dynamic conditions exhibited
stronger chemical bonding due to the uniform and homoge-
neous dispersion of the nanocomposite coating.®*"** Moreover,
LbL-coatings applied under dynamic conditions indicated faster
growth rates of mass, denser, and more uniform coatings
compared to coatings fabricated under static conditions. This
is attributed to the improved penetration of the coating materi-
als into the porous scaffold structure, leading to a higher
coating mass and better coverage.”® SEM analysis confirms
these observations, revealing the superior coating morphology
achieved under dynamic conditions. These findings are consis-
tent 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.'” These results therefore emphasize 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 an interconnected pore structure that resem-
bles the trabecular structure of naturally spongy bone.

Furthermore, improvement in the wettability and surface
roughness of the LbL-coated scaffolds fabricated under dynamic
conditions offers additional advantages for bone tissue
engineering.” 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.>"*"
The effect of the nanocomposite coatings on the surface properties
of scaffolds has previously been shown to enhance cell adhesion
and spreading.">*

An important finding of this study was that the incorpora-
tion 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 reinfor-
cing effect of nanoclays on polymer matrices.">***! For
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instance, in a similar study conducted by Ziminska et al., a 22-
fold increase (from 0.078 MPa to 1.736 MPa) in the compressive
elastic modulus through the deposition of 40 QLs when apply-
ing LbL-assembled coatings composed of polyacrylic acid
(PAA), polyethyleneimine (PEI), and nanoclay onto open-cell
substrates®® was observed. 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 the
compressive elastic modulus compared to the that of uncoated
scaffolds. 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.

This pioneering study established a highly replicable and
precise protocol for the creation of polymer-nanocomposite
coatings on highly porous materials. Taken together, these
results demonstrate that the application of LbL-assembled
nanocomposite multilayered coating onto highly porous scaf-
folds under perfused compression conditions is an effective
deposition method for bone tissue engineering applications."
While scaffolds with desirable properties for bone tissue engi-
neering 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. Further research should prioritise
investigating the influence of various LbL assembly process
parameters on the physical, chemical, mechanical, and biolo-
gical characteristics of LbL-coated porous scaffolds. To achieve
this, a systematic parametric study could be designed to com-
prehensively evaluate and optimise these LbL assembly process
parameters, aiming to attain the desired properties. As exempli-
fied by the innovative design of the proposed novel LbL system
investigated herein, it is possible to develop customised
approaches to modulate the properties of porous LbL-coated
scaffolds. Further optimisation of these LbL-coated porous scaf-
folds will not only establish a favourable microenvironment for
cell adhesion and proliferation but also ensures the preservation
of stable mechanical properties under hydrated conditions.
Building on the improvements in the surface characteristics
and physico-mechanical performance of the LbL-coated scaffolds
fabricated under dynamic conditions, further work is needed to
understand and validate the influence of combining perfusion
flow and cyclic compression loading during the LbL assembly
process. This validation requires in vitro biological assessments,
specifically focusing on biocompatibility and ability to support
cell adhesion, proliferation and differentiation — aspects that
were not explored in this study.

Conclusions

The LbL assembly technique holds great promise for the fabrica-
tion of scaffolds for bone tissue engineering applications, offer-
ing a cost-effective and precise coating method that is compatible
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with various substrates, thus showcasing its high versatility. In
this study, we developed a novel automated LbL assembly system
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 dynamic conditions were shown to offer sig-
nificant advantages, with enhanced physical and mechanical
characteristics compared to those fabricated under static condi-
tions, where cyclic compressive loading was not applied. Scaf-
folds coated with PLL/PGA/PDDA/Na-MTM nanoclay-based LbL
coatings deposited under dynamic conditions resulted in uni-
form 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 a higher compressive elastic modulus and
maintained a higher porosity compared to scaffolds coated under
static conditions. Importantly, the novel LbL coating deposition
method effectively preserved the highly porous and interconnec-
tive 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 and protein attachment. Overall, the adoption of
combining perfusion flow and cyclic compression loading during
assembly of LbL-coated scaffolds presents a promising approach
for bone tissue engineering applications.
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