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A B S T R A C T

The development of bone tissue-engineered scaffolds requires materials that combine adequate mechanical 
strength, biocompatibility, and interconnected porosity, while maintaining stability under physiological condi
tions. However, highly porous polymer-based scaffolds often exhibit reduced mechanical stability in hydrated 
environments due to water-induced plasticisation. In this study, highly porous polymer-based scaffolds were 
functionalised using electrostatic Layer-by-Layer (LbL) assembly to enable controlled modification of surface and 
bulk properties. Multilayer nanocomposite coatings comprising poly-L-lysine, poly-L-glutamic acid, poly(dia
llyldimethylammonium chloride), and montmorillonite were deposited using LbL assembly. To improve me
chanical stability under physiological conditions, the LbL-coated scaffolds were chemically crosslinked using a 1 
wt% aqueous tannic acid (TA) solution as a naturally derived green crosslinker.

Physicochemical characterisation was conducted using scanning electron microscopy (SEM), Fourier- 
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), energy-dispersive X-ray (EDX) analysis, and 
contact angle measurements. SEM analysis confirmed the formation of a uniform and dense multilayer coating 
following TA crosslinking. Under hydrated conditions (phosphate-buffered saline, PBS, 37 ◦C), TA-crosslinked 
scaffolds retained 75% of their dry-state elastic modulus, demonstrating improved mechanical stability. Con
tact angle measurements showed an increase in surface hydrophilicity, with values decreasing from 138.8 ±
2.85◦ for uncoated polyurethane to 70.3 ± 3.10◦ after crosslinking. Biodegradation studies under enzymatic and 
dynamic conditions showed controlled mass loss (10.5% over 8 weeks), consistent with enhanced structural 
stability.

In vitro evaluation using MC3T3-E1 pre-osteoblasts confirmed no cytotoxic effects, with cell attachment on 
crosslinked scaffolds reaching 97.3% ± 2.2% after 24 h. The crosslinked scaffolds supported cell proliferation 
and maintained favourable cell morphology over 14 days. These results indicate that TA-crosslinked LbL-coated 
polyurethane scaffolds provide improved mechanical stability, surface properties, and cytocompatibility, sup
porting their potential use in bone tissue engineering applications.
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1. Introduction

The increasing prevalence of musculoskeletal disorders and injuries 
has led to a growing demand for bone grafting and replacement mate
rials in clinical settings. These materials must not only restore the 
structural integrity of damaged bone but also facilitate regeneration and 
integration with host tissue, making their development essential for 
improving patient outcomes [1,2]. Advances in bone tissue engineering 
have focused on designing scaffolds that support effective bone regen
eration by providing a suitable environment for cell attachment, pro
liferation, and differentiation [3,4]. Key requirements for bone scaffolds 
include appropriate porosity, mechanical strength, and stiffness [5]. 
However, increasing scaffold porosity to enhance tissue integration 
often compromises mechanical properties, presenting a significant 
design challenge [6,7].

Layer-by-Layer (LbL) assembly offers a promising strategy to address 
this challenge by enabling the deposition of stiff, robust coatings onto 
highly porous substrates [8]. The process involves the sequential 
adsorption of oppositely charged polyelectrolytes, resulting in uniform 
multilayer films with tunable properties [9]. This technique allows for 
precise control over surface and bulk characteristics and accommodates 
a wide range of materials, making it particularly suitable for bone tissue 
engineering applications involving complex, porous structures [9,10]. 
Previous studies have demonstrated that LbL coatings composed of poly 
(ethylenimine) (PEI), poly(acrylic acid) (PAA), and montmorillonite 
(MTM) can significantly enhance the mechanical properties of poly
meric scaffolds without compromising porosity [11–14]. For example, 
our group previously reported that LbL coatings of poly-L-lysine (PLL), 
poly-L-glutamic acid (PGA), poly(diallyldimethylammonium chloride) 
(PDDA), and MTM on polyurethane scaffolds increased the compressive 
modulus from 0.09 ± 0.05 MPa to 3.65 ± 0.70 MPa while maintaining 
high porosity (86%), a feature critical for bone tissue engineering [15].

Adding a stiff and strong coating through LbL deposition offers a 
promising solution. This approach can enhance structural integrity 
while maintaining the necessary porosity for tissue integration [8]. The 
fabrication of multifunctional, mechanically robust bio-nanocomposite 
coatings through the LbL assembly technique has gained significant 
attention for its potential to address key current challenges in bone 
tissue engineering applications [9,16]. This technique involves 
sequentially adsorbing oppositely charged electrolyte complexes onto a 
substrate. LbL assembly achieves the formation of uniform multilayer 
thin films with tailored properties, allowing for precise surface and bulk 
functionalisation. One of the benefits of this method is its ability to use 
multiple materials and functionalities, especially for bone tissue engi
neering applications on highly porous structures [9,10]. Despite these 
improvements, most assessments of LbL-coated scaffolds have been 
conducted under ambient conditions, which do not reflect the hydrated 
environments encountered in vivo [11–15].

Open-cell polyurethane (PU) foams have been widely studied for 
bone tissue engineering due to their tuneable porous architecture, 
elasticity, low cost, and ease of fabrication [17,18]. They are commonly 
used as 3D-porous templates to tailor the physicochemical and me
chanical properties of porous bone scaffolds through a LbL coating 
process [9]. However, several limitations hinder their clinical trans
lation. A key challenge is the inherent trade-off between porosity and 
mechanical strength: although high porosity and the interconnected 
pores are essential for cell infiltration, vascularisation, and nutrient 
transport, they reduce the load-bearing capacity and structural stiffness 
of the scaffold [19]. In addition, PU scaffolds are also sensitive to water, 
which acts as a plasticiser, leading to swelling and reduced stiffness 
[20]. Consequently, while LbL coatings improve mechanical properties 
under dry conditions, these benefits decrease in hydration environ
ments, where scaffolds exhibit hydrogel-like behaviour and limited 
reinforcement [21,22]. This highlights the need to characterise scaffold 
performance under physiologically relevant hydrated conditions [23]. 
Improving mechanical stability in such environments while limiting 

water-induced plasticisation would enhance their suitability for bone 
tissue applications [24]. In addition, controlling the degradation 
behaviour remains challenging, as PU degradation depends on hydro
lytic and enzymatic processes that are sensitive to local environmental 
conditions, often resulting in variable mass loss and structural instability 
[25]. Therefore, strategies that can maintain high porosity while 
improving mechanical stability and enabling controlled degradation 
under physiological conditions are required for the effective application 
of PU scaffolds in bone tissue engineering.

Crosslinking is widely used to improve the performance of polymeric 
systems, including hydrogels and polyelectrolyte multilayers, under 
hydrated conditions relevant to biomedical applications [26,27]. 
Studies on model systems, such as poly(styrene sulfonate) (PSS) and 
PDDA, have examined the effects of hydration and relative humidity on 
multilayer films, polyelectrolyte complexes, and nacre-like composites 
[28], but have largely provided qualitative insights, with little quanti
tative analysis of mechanical properties, water uptake and degradation 
behaviour in LbL coated systems. Chemical crosslinking, typically using 
agents such as carbodiimides (e.g., EDAC), genipin, or GA, enhances 
stability and mechanical strength by forming covalent bonds between 
polymer chains is an effective method to increase the stability and me
chanical strength of polymeric materials by forming covalent bonds 
between polymer chains [9,14,29–31]. However, crosslinking of LbL 
coatings on PU-based scaffolds for bone tissue engineering remains 
insufficiently studied. Ziminska et al. (2016) reported that thermal 
crosslinking of PEI/PAA/PEI/MTM coatings improved cell viability and 
coating stability compared to non-crosslinked controls [32], while 
Acheson et al. (2023) showed that GA crosslinking reduced water- 
induced plasticisation, enabling retention of approximately 56% of 
mechanical properties under hydrated conditions [14]. Despite these 
advances, the effects of GA crosslinking on cellular responses and scaf
fold degradation rates are not well defined.

The enhanced retention of mechanical properties arises from the 
combined contribution of multiple intermolecular interactions [9]. 
Electrostatic interactions between fully charged species drive the as
sembly of polyelectrolyte-based LbL coatings, while secondary in
teractions, particularly hydrogen bonding between partially charged 
groups, further stabilise the structure. In systems containing functional 
groups such as –OH, –COOH, and –NH₂, hydrogen bonding contributes 
significantly to cohesion and resistance to mechanical instability [9,15].

A major limitation of many chemical crosslinkers is their potential 
cytotoxicity, which is often concentration-dependent [33–35]. Natural 
crosslinkers such as genipin and tannic acid (TA) offer safer alternatives 
with lower cytotoxicity [30,36]. TA, a polyphenolic compound 
(C76H52O46), can form multiple bonds with biomacromolecules, 
enhancing the mechanical properties and stability of tissue-engineered 
scaffolds [37]. It has also been reported that TA can impart antibacte
rial properties and modulate scaffold degradation, swelling, and cell- 
material interactions [37,38]. For example, the incorporation of TA 
into chitosan scaffolds increased mechanical strength and Young's 
modulus, and its hydroxyl groups influenced wettability and cell 
attachment [39]. The antimicrobial activity of TA can be tuned by 
adjusting its concentration and environmental conditions [33,38], 
making it an attractive “green” crosslinker for biomedical applications 
[37]. In a previous study, chitosan scaffolds were crosslinked with 1% 
GA and 1% TA to compare cytotoxicity and mechanical properties [37]. 
The results indicated that TA interacted with chitosan through hydro
phobic and hydroxyl groups, whereas GA formed covalent bonds with 
the amino groups of the chitosan scaffold. TA crosslinking increased the 
scaffold's mechanical strength to 25 MPa, compared to approximately 
13 MPa for uncrosslinked chitosan [37]. The hydroxyl groups in TA also 
influenced wettability, which can affect protein adsorption and cell 
attachment [37]. However, studies on TA crosslinking in nanocomposite 
layer-by-layer (LbL) coatings remain limited, particularly regarding 
hydration effects on mechanical properties and water uptake in highly 
porous scaffolds. To date, no work has systematically examined the use 
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of novel crosslinkers in multifunctional PLL/PGA/PDDA/MTM LbL 
coatings on open-cell polymer foam scaffolds, nor their impact on in vitro 
cellular response and biodegradation in bone tissue applications.

Specifically, TA forms hydrogen bonds with the amine and carboxyl 
groups of PLL and PGA, engages in electrostatic interactions with 
charged polyelectrolytes such as PDDA, and establishes coordination 
interactions with the inorganic MTM nanoclay [14,37]. Together, these 
interactions increase crosslinking density, limit polymer chain mobility, 
and strengthen interfacial cohesion within the multilayer structure. This 
reduces water-induced plasticisation and improves mechanical stability 
under hydrated conditions [38].

This study aims to evaluate the effectiveness of TA crosslinking in 
maintaining the mechanical and physicochemical properties of LbL- 
coated porous polyurethane foam-based scaffolds under hydrated con
ditions, with a focus on their suitability for bone tissue engineering 
applications (Fig. 1). We further assess the in vitro degradation of TA- 
crosslinked LbL-coated scaffolds under enzymatic and dynamic condi
tions, as well as their biocompatibility, cell attachment, proliferation, 
morphology, and cellular responses using MC3T3-E1 pre-osteoblasts.

2. Materials and methods

2.1. Scaffold materials and preparation

Nanocomposite LbL-coated scaffolds were fabricated using open-cell 
polyurethane foam-based scaffolds (10 mm diameter × 12 mm height, 
45 pores per inch (PPI); EasyFoam Ltd., UK). Polyelectrolyte solutions 
included 1 wt% poly-L-lysine (PLL, Mw: 182.65 g/mol), poly-L-glutamic 
acid (PGA, Mw 147.13 g/mol), poly(diallyldimethylammonium chlo
ride) (PDDA, Mw 400 kDa, 20 wt% in H2O; Sigma Aldrich, Ireland), and 
0.5 wt% montmorillonite (MTM, Cloisite Na+, D50 of <25 μm; BYK, UK). 
Solutions were prepared in deionised (DI) water (resistivity ≥18.2 
MΩ⋅cm), stirred for 24 h, and pH-adjusted as described previously [15]. 
The polymer-based scaffolds were cleaned by immersion in 1 M NaOH 
(10 min), rinsed with DI water, and desiccated for 24 h before LbL 
coating.

2.2. Layer-by-layer (LbL) assembly

Scaffolds were coated using a dynamic LbL assembly process in a 
custom chamber, combining perfusion (12 mL/min, 10 rpm) and cyclic 
compressive loading (5% strain, 1 Hz) [15]. Each quadlayer consisted of 
sequential immersion in PLL (+), PGA (− ), PDDA (+), and MTM (− ) 
solutions for 30 s each, with three 30 s DI water rinses between each 
layer [12,15]. This process was repeated to deposit 10 quadlayers. A 
minimum of 10 quadlayers was selected based on our previous study, 
which showed that this deposition level was sufficient to demonstrate an 
optimal improvement in LbL-coated scaffold properties [15]. After 
coating, scaffolds were rinsed three times with DI water and dried in a 
desiccator (10% RH, 24 h) before characterisation. The experimental 

conditions, including LbL coating parameters (coating method, deposi
tion time, and processing conditions) and material parameters (solution 
concentrations, pH, and scaffold pore size), were selected based on our 
recently published optimisation study using a design of experiments 
approach, which identified conditions yielding optimal performance in 
comparable systems [40].

2.3. Crosslinking

The LbL-coated scaffolds were immersed in a 1 wt% TA solution 
(Sigma-Aldrich, Ireland) for 12 h at 22 ◦C (unadjusted pH), based on 
previous studies demonstrating effective crosslinking of polyelectrolyte 
systems at this concentration [33,37,41]. After crosslinking, scaffolds 
were washed five times in DI water (3 min each) to remove unbound TA, 
then dried in a desiccator for 48 h before analysis.

2.4. Physico-chemical and mechanical characterisation

2.4.1. Scanning electron microscopy
Scaffold morphology and coating uniformity were analysed using a 

Zeiss EVO LS15 SEM (18 kV accelerating voltage). Samples (n = 3 per 
group) mounted on aluminium discs were sputter-coated with gold (60 
mA, 80 s; Edwards System). Pore size was quantified from SEM images 
using ImageJ (v1.8.0_172; NIH, USA) with measurements taken from 
scanning electron microscopy (SEM) images captured at ×1000 
magnification. Five images per sample were randomly selected and 
analysed for each group [15]. The coating thickness was determined 
from 10 measurements obtained from at least four SEM images captured 
from different regions of each scaffold [15].

2.4.2. Porosity
Gravimetric porosity was measured using a Sartorius LA 620P Top

loader scale balance (Sartorius Ltd., UK) with a YDL01 density deter
mination kit in ambient and hydrated conditions (n = 3). Scaffold 
density (ρs) was calculated from dimensions (vernier calliper) and mass, 
and determined as: 

ρs =
Mass of Scaffold (g)

Volume (m3)

Subsequently, the porosity was determined as: 

Porosity (%) =

[

1 −

(
ρs

ρm

)]

×100 

where ρs is the measure scaffold density and ρm = 1.20 g/cm3 (theo
retical density of the polyurethane) [42].

2.4.3. Mechanical testing
Uniaxial compression tests were performed using a CellScale Bio

Tester (Univert, Canada; 100 N load cell, n = 3) to 0.6 mm deformation 
at 2 mm/min with a 0.03 N preload. The compressive modulus was 

Fig. 1. Schematic representation of the layer-by-layer (LbL) assembly process and tannic acid (TA) crosslinking. The diagram illustrates sequential deposition of 
poly-L-lysine (PLL), poly-L-glutamic acid (PGA), poly(diallyldimethylammonium chloride) (PDDA), and montmorillonite (MTM) onto a porous polyurethane foam- 
based scaffold, followed by TA crosslinking. This process produces a multifunctional nanocomposite coating designed to enhance scaffold performance for bone tissue 
engineering applications.
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calculated from the linear region of the stress-strain curve. Mechanical 
testing was performed under dry and hydrated (phosphate-buffered 
saline (PBS), 37 ◦C) conditions.

2.4.4. Attenuated total reflectance-Fourier-transform infrared spectroscopy
Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR) 

spectra were acquired (PerkinElmer Spectrum 100, USA) for each group 
(n = 3), scanning 500–4000 cm− 1 (64 scans/sample). Spectra were 
normalised, and characteristic functional groups were identified.

2.4.5. X-ray diffraction
X-ray diffraction (XRD) (Bruker D8, Germany; 30 kV, 10 mA; 2θ =

20–80◦; Cu-Kα radiation) was used to confirm nanoclay incorporation 
(n = 5). Peaks were identified using the JCPDS database and X'Pert High 
Score Plus software (Netherlands).

2.4.6. Energy dispersive X-ray
Elemental composition was assessed by scanning electron micro

scopy with energy dispersive X-ray (SEM-EDX) analysis (Zeiss EVO 
LS15, Germany) at five locations per sample (n = 3).

2.4.7. Water contact angle
Hydrophobicity was assessed by sessile drop (5 μL DI water) using an 

FTÅ200 Dynamic Contact Angle Analyser (First Ten Angstroms, USA; n 
= 3). Contact angles were averaged from multiple positions (n = 5) on 
the surface of each sample.

2.5. In vitro degradation

Scaffolds (uncoated, LbL-coated, crosslinked LbL-coated; n = 3) were 
sterilised in 70% ethanol (10 min), rinsed in sterile PBS, and incubated 
at 37 ◦C, 60 RPM in PBS or PBS with lysozyme (13 mg/L, Fisher Sci
entific, Ireland) and lipase (110 U/L, Sigma-Aldrich, Ireland) to simulate 
physiological degradation [43]. Enzyme solutions were refreshed every 
48 h [44]. At each time point (Day 7, 14, 21, 28, 35, 42, 49, 56), scaffolds 
were weighed using an analytical balance (METTLER AT261, Mettler 
Toledo, Belgium), dried (24 h, desiccator), and mass loss calculated. 
Morphological changes were assessed by SEM-EDX. Water uptake and 
pH of the degradation medium were also recorded.

2.5.1. Weight loss
The weight loss (%) following degradation (n = 3) was calculated as: 

Weight Loss (%) :
W0 − Wd

W0
×100 

where W0 is the initial dry weight, and Wd is the dry weight after the 
degradation period [45].

2.5.2. Swelling ratio
The swelling ratio (%) was determined to infer the absorption ca

pacity of the scaffolds (n = 3): 

Swelling ratio(%) :
Ws − Wd

Wd
×100 

where Ws is the swollen weight (after blotting excess surface water), and 
Wd is the dry weight [33,45].

2.5.3. pH monitoring
Medium pH was measured at each time point during in vitro degra

dation using a calibrated pH meter (WTW inoLab pH 720, Germany) 
before solution changes.

2.6. In vitro biocompatibility assessment

2.6.1. Cell culture
Scaffolds (uncoated, LbL-coated, crosslinked LbL-coated; n = 5) were 

cut to ~10 × 6 mm, equilibrated in PBS (1 h), sterilised in 70% ethanol 
(15 min), and washed in sterile PBS [46]. MC3T3-E1 pre-osteoblasts 
(Merck Life Science, Ireland) were cultured in αMEM with 10% foetal 
bovine serum (FBS, Thermo Fisher, UK) and 1% PenStrep (Sigma- 
Aldrich, Ireland) at 37 ◦C, 5% CO₂. Cells were passaged with 0.25% 
trypsin and counted by trypan blue exclusion.

2.6.2. Cytotoxicity (MTT assay)
Cytotoxicity was assessed according to ISO 10993-5 using the MTT 

assay (Thermo Fisher Scientific, Ireland). Scaffolds were incubated in 
sterilised scaffolds in αMEM for 24 h to allow leachable substances to 
diffuse into the medium. MC3T3-E1 cells were seeded at 1 × 105 cells/ 
well in 24-well plates and exposed to these conditions. Stainless steel 
and natural rubber latex served as negative and positive controls, 
respectively. After 24 and 48 h exposure, MTT solution (0.5 mg/mL) was 
added for 4 h, formazan dissolved in DMSO, and absorbance was 
measured at 540 nm (Infinite 200 PRO, TECAN, Switzerland). The cell 
viability (%) was determined as 

Cell Viability (%) :
Sample Absorbance540nm

Mean Negative Control Absorbance540nm
× 100 

2.6.3. Scaffold seeding
Sterilised scaffolds were pre-incubated overnight in αMEM with 50% 

FBS at 37 ◦C and 5% CO₂. MC3T3-E1 cells were seeded (5 × 104 per 
scaffold) using a double-sided technique, allowed to attach for 1 h, and 
then cultured in 1.5 mL medium with media changes every 2–3 days.

2.6.4. Cell attachment
After overnight incubation, scaffolds (n = 3) were rinsed in PBS to 

remove non-adherent cells. The attached cells were quantified using the 
CyQUANT™ Cell Proliferation Assay (Invitrogen, C7026), comparing 
DNA content to a standard curve. The extent of cell attachment (%) was 
determined as: 

Cell Attachment (%) :
Number cells attached
Number of cells seeded

×100 

2.6.5. Cell proliferation
Cell proliferation was assessed at Days 1, 4, 7, and 14 using the 

alamarBlue assay. Seeded scaffolds were incubated with 10% ala
marBlue in DMEM for 4 h; absorbance was measured at 570 and 600 nm 
using an Infinite 200 PRO plate reader (Tecan Trading AG, Switzerland). 
Unseeded scaffolds served as the negative control group.

2.6.6. Cell morphology (SEM)
At Days 1, 7, and 14, scaffolds were fixed in 2.5% glutaraldehyde 

(overnight, 4 ◦C), dehydrated in graded ethanol, treated with hexame
thyldisilazane, dried, and imaged by SEM (as per §2.4.1) using an 
accelerating voltage of 5 kV.

2.6.7. Live/dead viability
Live/Dead staining was performed using the LIVE/DEAD™ 

Viability/Cytotoxicity Kit (Invitrogen, L3224). Scaffolds were incubated 
with 1 μM calcein-AM and 2 μM ethidium homodimer-1 for 30 min at 
37 ◦C. Between 3 and 6 images were captured using an EVOS FL system 
(Thermo Fisher Scientific, UK) at excitation/emission wavelengths of 
495/515 nm for calcein and 528/617 nm for ethidium homodimer-1.

2.6.8. Statistical analysis
All experiments were performed with a minimum of three replicates 

per group. Data are presented as mean ± standard deviation (SD). One- 
way ANOVA was used for comparisons involving multiple groups, and 
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independent sample t-tests were applied for pairwise comparisons where 
appropriate (GraphPad Prism v8.0.2). A p-value <0.05 was considered 
statistically significant. Significance levels are indicated as *p-value 
≤0.05, **p-value ≤0.01, ***p-value ≤0.001.

3. Results

3.1. Physico-chemical and mechanical characterisation

3.1.1. Scanning electron microscopy analysis
SEM imaging showed distinct differences in surface and internal 

morphology among the three scaffold groups: uncoated polyurethane 
foam, LbL-coated (uncrosslinked), and TA crosslinked LbL-coated scaf
folds. The TA crosslinked scaffolds exhibited a denser and more uniform 
multilayer coating compared to the uncrosslinked LbL group, with 
improved coating consistency and reduced pore size and porosity 
(Fig. 2). This densification, typical of crosslinked networks, is associated 
with enhanced mechanical stability [47]. Quantitative measurements of 
coating thickness, pore size range, and porosity for all groups are sum
marised in Table 1.

3.1.2. Mechanical properties
Mechanical testing under both ambient and hydrated conditions 

demonstrated significant differences between groups. The compressive 
modulus of uncoated polyurethane scaffolds was 85.1 ± 5.7 kPa, which 
increased to 562.3 ± 15.2 kPa after LbL coating with 10 quadlayers of 
PLL/PGA/PDDA/MTM (p-value ≤0.001), representing an improvement 
in mechanical performance [15]. However, under hydrated conditions 
(PBS, 37 ◦C), the compressive modulus of LbL-coated scaffolds 
decreased to 130.1 ± 12.4 kPa due to water-induced plasticisation. TA 
crosslinking mitigated this effect, resulting in a hydrated compressive 
modulus of 423 ± 18.9 kPa, with crosslinked scaffolds retaining 
approximately 75% of their dry-state mechanical properties (Fig. 3). No 
significant loss in mechanical integrity was observed after pre-hydration 
in PBS for up to 24 h, indicating stable crosslinking and suitability for in 
vivo applications.

3.1.3. Attenuated total reflectance-Fourier-transform infrared spectroscopy
ATR-FTIR spectra confirmed the chemical composition of all scaffold 

groups (Fig. 4). The crosslinked LbL-coated scaffolds displayed 
enhanced peak intensities for the amide and hydroxyl groups, indicating 
the formation of stable chemical bonds and increased coating integrity. 
Notable peaks included amide A (~3300 cm− 1, N–H stretching), amide 
I (~1635 cm- 1, C––O stretching), and amide II (~1550 cm− 1, N–H 
bending), consistent with successful crosslinking.

3.1.4. X-ray diffraction analysis
XRD analysis further confirmed the incorporation of TA into the LbL 

nanocomposite coating (Fig. 5). The crosslinked scaffolds exhibited five 
distinct peaks at approximately 20.85◦, 27.68◦, 35.72◦, 54.43◦, and 
62.53◦, indicative of a well-ordered, layered structure. These peaks were 
identified as Na–Si (JCPDS #96-153-4381) and SiO2 (JCPDS #00-033- 
1161) phases, consistent with the presence of nanoclay and tannate 
phases reported in previous studies [48,49].

3.1.5. Energy dispersive X-ray analysis
EDX analysis confirmed the elemental composition of the scaffolds. 

The presence of MTM in LbL-coated scaffolds was evidenced by char
acteristic elements such as aluminium (4.95%, sodium (2.42%), and 
silicon (10.66%). After TA crosslinking, an increase in carbon and ox
ygen content of 3% and 15%, was observed, consistent with the incor
poration of tannic acid (Fig. 6).

3.1.6. Contact angle analysis
Water contact angle measurements demonstrated changes in surface 

wettability following LbL coating and crosslinking. Uncoated poly
urethane scaffolds were highly hydrophobic (water contact angle =
138.8◦ ± 2.85), while LbL coating reduced the water contact angle to 
107.7◦ ± 3.67. TA crosslinking further decreased the water contact 
angle to 70.3◦ ± 3.10, indicating increased hydrophilicity (Fig. 7). The 
significant reduction in water contact angle following crosslinking (p ≤
0.001) supports improved surface compatibility for cell attachment.

Fig. 2. SEM images of the scaffold surface morphology and pore architecture: 
(a, b) uncoated, (c, d) LbL-coated (uncrosslinked), (e, f) TA-crosslinked LbL- 
coated, and (g, h) cross-sectional views of the TA-crosslinked LbL-coated scaf
fold, showing the multilayered coating, incorporation of nanoclay sheets and 
interfacial integration after crosslinking. The images show uniform deposition 
of 10 quadlayers while preserving the open-cell porous architecture.

Table 1 
Morphological characteristics of uncoated, LbL-coated (uncrosslinked), and TA- 
crosslinked LbL-coated scaffold types, including coating thickness, pore size 
range, and total porosity. Data are presented as mean ± standard deviation (n =
3).

Scaffold type Coating 
thickness

Porosity size 
range

Porosity

(μm) (μm) (%)

Uncoated scaffold – 119–581 97.40 ± 0.70
Uncrosslinked LbL-coated 

scaffold
1.80 ± 0.65 125–494 95.65 ± 0.55

TA-crosslinked LbL-coated 
scaffold

2.70 ± 0.80 110–442 94.85 ± 0.90
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3.2. In vitro degradation properties

The in vitro degradation of all scaffold groups was assessed over 56 
days at 37 ◦C, under agitation, in both PBS and PBS supplemented with 
lysozyme and lipase enzymes. The pH of the degradation medium 
remained stable (7.01–7.39 in PBS; 6.75–7.4 in enzyme-supplemented 
PBS), indicating minimal acidification or basicity changes during 
degradation (Fig. 8a and Fig. 9a). Water uptake after 8 weeks was 156% 
for uncoated, 127% for uncrosslinked LbL-coated, and 91% for cross
linked LbL-coated scaffolds, with enzyme exposure increasing swelling 
in all groups (Fig. 8b and Fig. 9b).

No appreciable degradation was observed in the PBS alone for any 

group (Fig. 8c). In contrast, enzymatic conditions significantly acceler
ated degradation rates (p-value ≤0.001). Mass loss after 56 days was 
19.2% for uncoated, 14.6% for uncrosslinked LbL-coated, and 10.5% for 
crosslinked LbL-coated scaffolds (Fig. 9c). The crosslinked scaffolds 
exhibited the slowest degradation rate, indicating enhanced stability. 
SEM imaging at 4 and 8 weeks showed that all scaffolds largely main
tained their interconnected porous structure, with minimal surface de
fects (Fig. 10).

Fig. 3. Compressive modulus of scaffolds measured under dry and hydrated conditions. Comparison between uncoated, LbL-coated (uncrosslinked), and TA- 
crosslinked LbL-coated scaffold types in physiological environments. Data are presented as mean ± standard deviation (n = 3). *** denotes a p-value <0.001.

Fig. 4. Attenuated Total Reflectance-Fourier-Transform Infrared spectra of uncoated, LbL-coated (uncrosslinked), and TA-crosslinked LbL-coated scaffold types. 
Characteristic absorption bands corresponding to each component and crosslinking are indicated. Spectra are normalised for comparison.
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3.3. In vitro biocompatibility assessment

3.3.1. Cytotoxicity
Cytotoxicity was evaluated using the ISO 10993-5 extraction method 

with MC3T3-E1 pre-osteoblasts. All scaffold extracts demonstrated cell 
viabilities ≥100% after 48 h, exceeding the ISO threshold of 70% [50]
(Fig. 11a). Crosslinked scaffolds showed the highest viability (114%), 
with no significant reduction observed in any group compared to the 
negative control, indicating the absence of cytotoxic leachates.

3.3.2. Cell attachment
Cell attachment efficiency, assessed 24 h post-seeding, exceeded 

80% for all groups. Crosslinked scaffolds supported the highest attach
ment (97.3% ± 2.2%), followed by uncoated (88.2% ± 4.2%) and 

uncrosslinked LbL-coated scaffolds (80.8% ± 3.1%) (Fig. 11b).

3.3.3. Cell proliferation
Cell proliferation, measured by alamarBlue reduction, increased over 

14 days in all groups. The crosslinked scaffolds exhibited a continuous 
increase in metabolic activity, with alamarBlue reduction rising from 
17.2% on Day 1 to 35.5% on Day 14 (p-value ≤0.001), indicating robust 
cell growth (Fig. 11c). In contrast, uncoated and uncrosslinked scaffolds 
showed lower proliferation rates.

3.3.4. Cell morphology and fluorescence staining
SEM analysis demonstrated that MC3T3-E1 cells attached and spread 

across all scaffold groups, with increasing cell density observed over 
time (Fig. 12). By Day 14, crosslinked scaffolds exhibited dense cell 
aggregates and extensive filopodia, indicating strong cell-cell and cell- 

Fig. 5. X-ray diffraction patterns of uncoated, LbL-coated (uncrosslinked), and 
TA-crosslinked LbL-coated scaffold types. Peaks corresponding to montmoril
lonite (peaks number 2 and 3) and changes in crystallinity after coating and 
crosslinking are highlighted.

Fig. 6. Scanning Electron Microscopy with Energy Dispersive X-Ray elemental mapping of uncoated, LbL-coated (uncrosslinked), and TA-crosslinked LbL-coated 
scaffold types. Distribution of key elements (C, N, O, Cl, Na, Si, Al) confirms uniform incorporation of polyelectrolytes and montmorillonite within the multi
layer coating.

Fig. 7. Water contact angle measurements for the uncoated, LbL-coated 
(uncrosslinked), and TA-crosslinked LbL-coated scaffold types. Data are pre
sented as mean ± standard deviation (n = 3). *** denotes a p-value <0.001.
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matrix interactions. Cells on crosslinked scaffolds formed a uniform 
layer within the interconnected pore network. Live/Dead fluorescence 

staining at Day 1 and Day 7 confirmed high cell viability on all scaffolds, 
with the crosslinked group displaying the highest proportion of live 

Fig. 8. In vitro non-enzymatic degradation behaviour of uncoated, LbL-coated (uncrosslinked), and TA-crosslinked LbL-coated scaffold types over 8 weeks. (a) pH 
variation of the incubation medium, monitored weekly, indicating changes in scaffold degradation by-products. (b) The swelling ratio of scaffolds, measured at each 
time point, reflects water uptake and hydration capacity throughout the study period. (c) Degradation rate (%), calculated as the percentage of initial scaffold mass 
lost over time. Data are presented as mean ± standard deviation (n = 3).

Fig. 9. In vitro enzymatic degradation behaviour of uncoated, LbL-coated (uncrosslinked), and TA-crosslinked LbL-coated scaffold types. (a) pH of the degradation 
medium was measured at each time point, indicating changes associated with scaffold degradation. (b) Swelling ratio (%), representing the percentage increase in 
scaffold mass due to water uptake during incubation. (c) Degradation rate (%), calculated as the percentage of initial scaffold mass lost over time. Data are presented 
as mean ± standard deviation (n = 3).
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Fig. 10. SEM images illustrating the biodegradation of the polyurethane scaffolds over time. Images depict changes in surface appearance and microstructure at Day 
28 (top row) and Day 56 (bottom row) for: (a, b) uncoated, (c, d) LbL-coated (uncrosslinked), and (e, f) TA-crosslinked LbL-coated scaffold types. Red lines highlight 
regions exhibiting visible degradation within the interconnected scaffold architecture.

Fig. 11. In vitro biological evaluation of uncoated, LbL-coated (uncrosslinked), and TA-crosslinked LbL-coated scaffold types: (a) MC3T3-E1 cells cultured with 
scaffold extracts for 48 h exhibited no cytotoxic response, with cell viability remaining at approximately 100% for all scaffold types. NC: negative control; PC: positive 
control. (b) Cell attachment to all scaffold types after 24 h ranged from 80% to 97%, with no statistically significant differences observed among scaffold types. (c) 
AlamarBlue reduction, used to assess cell proliferation over 14 days, showed a continuous increase in metabolic activity for the TA-crosslinked scaffold type. Data are 
presented as mean ± standard deviation (n = 4).
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(calcein-AM positive) cells and minimal necrosis (Fig. 13). The cross
linked scaffolds consistently supported greater cell survival and 
spreading compared to the other groups.

4. Discussion

The development of multiscale polymer-based scaffolds that 
combine suitable biological and mechanical properties with high 
interconnectivity is essential for clinical translation in bone tissue en
gineering [51]. LbL assembly offers a versatile method for modifying 
both the surface and bulk properties of scaffolds, enabling tailored 
tuning of their functional characteristics [9]. In this study, we used TA as 
a green crosslinker for LbL-assembled, highly porous polyurethane 
scaffolds, addressing the cytotoxicity concerns associated with 

conventional crosslinkers such as glutaraldehyde [52].
The LbL assembly of PLL, PGA, PDDA, and MTM onto open-cell 

polymer-based scaffolds resulted in a nanocomposite-based layered 
coating that enhanced the physical, mechanical, chemical, and biolog
ical properties of the scaffolds. TA crosslinking led to a more homoge
neous and robust nanocomposite coating, as confirmed by SEM, with 
improved structural uniformity compared to uncrosslinked LbL coat
ings. This stabilising effect is consistent with previous studies on the 
ability of TA to improve the morphology and mechanical strength of 
protein-based films [27]. Although crosslinking led to a slight reduction 
in porosity and pore size, the scaffolds retained high interconnectivity, 
which is critical for bone tissue engineering applications [15].

Mechanical testing demonstrated that LbL coating substantially 
increased the elastic modulus of the polymer-based scaffolds under 

Fig. 12. SEM images of dehydrated MC3T3-E1 cell-scaffold constructs at Days 1, 7, and 14, illustrating cell morphology, attachment and spatial distribution within 
(a) uncoated, (b) LbL-coated (uncrosslinked), and (c) TA-crosslinked LbL-coated scaffold types.
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ambient conditions, with a greater than 560% improvement following 
the deposition of 10 quadlayers. However, under hydrated conditions, a 
pronounced reduction in mechanical properties was observed, attrib
utable to the plasticising effect of water on the scaffolds [14]. As hy
drated environments more closely mimic in vivo conditions, various 
crosslinking strategies have been explored to maintain the mechanical 
properties of the LbL-coated porous scaffolds under hydrated conditions, 
enabling them to function under in vivo application. This phenomenon 
has been reported previously, with Acheson et al. showing that 
glutaraldehyde-crosslinked LbL coatings on open-cell polyurethane 
foams retained up to 56% of their mechanical properties under hydrated 
conditions [14]. In the present study, TA crosslinking enabled the 
scaffolds to retain approximately 75% of their dry-state modulus in PBS 
at 37 ◦C, highlighting the effectiveness of TA in mitigating water- 
induced softening [37]. The improved retention of mechanical proper
ties is likely due to the formation of both hydrogen and covalent bonds 
between the phenolic hydroxyl groups in the TA and amino acid residues 
in the LbL coating, as well as hydrophobic and metal-coordination in
teractions, which collectively increase crosslinking density and stability 
[37]. This is further supported by Picchio et al. (2018), their study 
demonstrated improved water resistance and reduced swelling in TA- 
crosslinked protein films [53].

ATR-FTIR spectra showed an increased intensity and broadening of 
the bands assigned to -OH, -NH, and methylene groups in the TA- 
crosslinked coatings, indicating a higher density of interacting func
tional groups. The spectral changes support the formation of hydrogen 
bonding between phenolic hydroxyl groups of TA and amine or carboxyl 
groups of PLL and PGA. In addition, shifts in amide-related bands sug
gest the formation of covalent linkages, consistent with reactions be
tween oxidised phenolic groups and amine functionalities.

XRD and EDX analyses confirmed the successful incorporation and 
homogeneous distribution of both MTM nanoclay and TA within the 
multilayer coatings, contributing to the improved mechanical and 

physicochemical properties of the LbL-coated scaffolds. The XRD results 
also suggested enhanced intermolecular packing and increased struc
tural organisation following TA crosslinking. The main diffraction peaks 
were identified as Na–Si and SiO₂-related phases, consistent with the 
presence of nanoclay and tannate-associated structures within the 
coating.

Together, these findings indicate that TA-mediated crosslinking 
strengthens the multilayer network through combined hydrogen 
bonding, electrostatic interactions, and covalent bonding, increasing 
crosslinking density, limiting polymer chain mobility, reducing water- 
induced plasticisation, and improving coating integrity and mechani
cal stability under hydrated conditions, enabling them to potentially 
function under in vivo application.

The contact angle measurements demonstrated a substantial increase 
in hydrophilicity following LbL coating and TA crosslinking, with the 
water contact angle decreasing from 138.80◦ (±2.85) for uncoated 
polyurethane scaffold to 70.28◦ (±3.10) for TA-crosslinked scaffolds. 
This increase in hydrophilicity is expected to benefit cell adhesion and 
proliferation [15].

The in vitro degradation study, conducted under dynamic conditions 
with enzymatic supplementation, provided insights into scaffold sta
bility and degradation kinetics under physiologically relevant condi
tions [54]. The use of lysozyme and lipase, present in human serum, 
allowed for a more accurate simulation of the in vivo enzymatic envi
ronment [54]. Across all scaffold groups, pH remained stable throughout 
the 56-day degradation period, indicating that scaffold degradation did 
not induce significant environmental changes. The swelling ratio was 
reduced in TA-crosslinked scaffolds compared to uncrosslinked and 
uncoated groups, consistent with the literature on crosslinked networks 
acting as barriers to water infiltration and reducing chain mobility [14]. 
The total mass loss after 56 days was lowest for the crosslinked LbL- 
coated scaffolds (10.50%), confirming that TA crosslinking effectively 
slowed enzymatic degradation and maintained scaffold integrity. These 
results align with previous studies reporting that crosslinking can pro
tect polyurethane matrices from rapid enzymatic breakdown, thereby 
extending their functional lifespan in tissue engineering applications 
[55].

The preservation of scaffold structure and interconnected porosity 
during degradation is crucial for nutrient transfer and cellular infiltra
tion, both of which are essential for successful bone regeneration [56]. 
The degradation behaviour of the TA-crosslinked LbL coating is gov
erned by the crosslinking density and the nature of intermolecular in
teractions within the multilayer network. Higher crosslink density 
reduces network permeability, limits water diffusion, and restricts 
enzymatic access, thereby slowing hydrolytic and enzymatic degrada
tion. In contrast, lower crosslink density increases swelling, enhances 
mass transport, and accelerates degradation rates [37]. The current 
findings are consistent with a growing body of literature demonstrating 
the long-term stability, biocompatibility, and safety of polyurethane 
open-cell foams in both in vitro and in vivo models (63–67). For example, 
Iyer et al. demonstrated that polyurethane foam-based scaffolds suc
cessfully integrated into auricular defects in a pig model, supporting 
their potential for cartilage tissue engineering [57]. Meskinfam et al. 
showed that polyurethane foam-based scaffolds were suitable for long- 
term implantation, exhibiting controlled biodegradation without pro
ducing cytotoxic by-products, as confirmed by in vitro and bio
mineralisation studies [58]. Graul et al. used imaging techniques to 
evaluate polyurethane foam-based scaffold degradation in porcine ar
teries, further confirming the biocompatibility and safety of these ma
terials [59]. Additional studies by Minnen et al. demonstrated the 
biocompatibility of polyurethane foam-based scaffolds following sub
cutaneous implantation in a rat model [60], while Vakil et al. reported 
that highly porous polyurethane foams exhibited favourable biocom
patibility in in vitro degradation studies, which included both hydrolysis 
and oxidation processes to better simulate in vivo conditions and accu
rately predict degradation rates before animal studies [61].

Fig. 13. Fluorescence microscopy images of MC3T3-E1 pre-osteoblasts 
cultured on (a) uncoated, (b) LbL-coated (uncrosslinked), and (c) TA- 
crosslinked LbL-coated scaffold types at Day 1 and Day 7. Cell viability was 
assessed using calcein-AM (green, live cells) and propidium iodide (red, dead 
cells) staining. Scale bar = 50 μm.
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The crosslinked network enhances structural integrity, improves 
surface wettability and enables gradual exposure of bioactive functional 
groups (–COOH and –NH₂), which promotes protein adsorption and 
strengthens cell–material interactions, ultimately supporting improved 
cell attachment and proliferation [38,52]. Biological assessment using 
MC3T3-E1 pre-osteoblasts demonstrated that all scaffold groups were 
non-cytotoxic, with cell viabilities exceeding 100% after 48 h of expo
sure to scaffold extracts, in accordance with ISO 10993-5 [50]. Cell 
attachment efficiencies were greater than 80% for all groups, with the 
highest attachment observed on TA-crosslinked scaffolds. The ala
marBlue assay indicated that metabolic activity and cell proliferation 
were greatest in the crosslinked group over 14 days, while uncoated and 
uncrosslinked scaffolds showed lower proliferation rates. These findings 
were corroborated by Live/Dead fluorescence imaging and SEM, which 
showed extensive cell spreading, filopodia formation, and uniform cell 
layers on the crosslinked scaffolds.

The improved cellular responses observed with TA-crosslinked 
scaffolds are consistent with previous studies demonstrating that TA 
can enhance cell viability, attachment, and osteogenic differentiation 
while avoiding the cytotoxicity associated with glutaraldehyde [36–38]. 
The combination of improved mechanical stability, reduced degrada
tion, increased hydrophilicity, and enhanced cellular responses un
derscores the potential of TA-crosslinked LbL-coated polyurethane 
scaffolds for bone tissue engineering applications [37,52].

The TA-crosslinked LbL nanocomposite scaffold system offers several 
advantages for tissue engineering applications. Combining LbL nano
composite coatings with TA crosslinking improves the mechanical sta
bility of highly porous scaffolds under hydrated conditions, which is 
important for maintaining structural integrity in vivo. The use of TA as a 
naturally derived crosslinker may also reduce cytotoxicity compared 
with conventional chemical crosslinkers, supporting improved 
biocompatibility. In addition, the ability to control surface and bulk 
chemistry, along with degradation behaviour, enables the design of 
scaffolds that better support cell attachment, proliferation, and tissue 
formation.

Taken together, this study demonstrated that TA crosslinking of LbL- 
assembled nanocomposite coatings on highly porous polyurethane 
foam-based scaffolds yielded scaffolds with enhanced mechanical, 
chemical, and biological performance under physiologically relevant 
conditions. These findings support the further development and in vivo 
evaluation of TA-crosslinked LbL scaffolds as promising candidates for 
bone tissue regeneration. Future work will include advanced in vitro 
studies, such as osteogenic differentiation assays, to further assess the 
osteogenic potential of the scaffolds and support progression toward in 
vivo bone tissue engineering applications.

5. Conclusions

This study demonstrated that TA crosslinking of LbL-assembled PLL/ 
PGA/PDDA/MTM nanocomposite coatings on highly porous poly
urethane foam-based scaffolds is an effective strategy for enhancing 
scaffold performance in bone tissue engineering. The crosslinked LbL- 
coated scaffolds exhibited improved mechanical stability under hy
drated conditions, reduced swelling, lower water contact angles, and 
slower degradation rates compared to uncoated and uncrosslinked 
controls. These modifications were achieved without compromising 
scaffold porosity or biocompatibility.

In vitro studies with MC3T3-E1 pre-osteoblasts confirmed that the 
crosslinked scaffolds supported high levels of cell viability, attachment, 
and proliferation, along with favourable cell morphology. These find
ings are consistent with and extend previous work on LbL-assembled and 
crosslinked biomaterial systems, highlighting the added value of TA as a 
biocompatible crosslinker that addresses the limitations of conventional 
agents such as glutaraldehyde.

This work provides new insight into the design of robust, multi
functional scaffolds with tuneable properties for bone tissue 

regeneration. The fabrication protocol developed herein enables the 
controlled deposition of functional nanocomposite coatings on open-cell 
polymer-based templates, addressing key challenges related to me
chanical integrity and biological response. These results position TA- 
crosslinked LbL-coated polyurethane foam-based scaffolds as prom
ising candidates for further preclinical evaluation in non-load-bearing 
bone tissue engineering applications.
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