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Abstract

Using the layer-by-layer (LbL) assembly technique to deposit mechanically reinforcing coatings
onto porous templates is a route for fabricating engineered bone scaffold materials with a
combination of high porosity, strength, and stiffness. LbL. assembly involves the sequential
deposition of nano- to micro-scale multilayer coatings from aqueous solutions. Here, a design of
experiments (DOE) approach was used to evaluate LbL assembly of polyethyleneimine (PEI),
polyacrylic acid (PAA), and nanoclay coatings onto open-cell polyurethane foam templates. The
thickness of the coatings, and the porosity, elastic modulus and collapse stress of coated foam
templates were most strongly affected by the pH of PAA solutions, salt concentration, and
interactions between these factors. The mechanical properties of coated foams correlated with the
thickness of the coatings, but were also ascribed to changes in the coating properties due to the
different assembly conditions. A DOE optimization aimed to balance the trade-off between higher
mechanical properties but lower porosity of foam templates with increasing coating thickness.
Micromechanical modelling predicted that deposition of 116 QLs would achieve mechanical
properties of cancellous bone (>0.05 GPa stiffness and >2 MPa strength) at a suitable porosity of
>70%. When capped with a final layer of PAA and cross-linked via thermal treatment, the
PEI/PAA/PElI/nanoclay coatings exhibited good indirect cytotoxicity with mesenchymal stem
cells. The ability of LbL assembly to deposit a wide range of functional constituents within
multilayer-structured coatings makes the general strategy of templated LbL assembly a powerful
route for fabricating engineered tissue scaffolds that can be applied onto various porous template

materials to achieve a wide range of properties, pore structures, and multifunctionality.
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1. Introduction

Bone tissue engineering aims to produce patient-specific bone substitutes in an attempt to bypass
the limitations of existing clinical treatments (i.e. shortage of donor organs, rejection, disease
transfer and cell morbidity *2). A functional engineered bone substitute should exhibit a high level
of interconnected porosity that supports tissue and cell in-growth, suitable mechanical properties
and structural integrity to temporarily support physiological loadings in vivo, and biocompatibility
to avoid adverse host responses upon implantation and to promote osteogenesis **. While there is
debate over whether matching the mechanical properties of scaffolds with the host bone tissue is
always necessary *, this is a widely accepted target that is particularly important for critical-sized
defects in large bones subjected to high levels of mechanical loading°. High porosity reduces the
amount of load-bearing material and hence the overall mechanical properties, making it difficult
to produce scaffold materials with a combination of high mechanical properties and high porosity
of greater than 60—70% for native cancellous bone ‘. This is a key challenge that is yet to be
overcome for degradable material systems used in fabricating functional scaffolds for tissue

engineered bone grafts.

Layer-by-layer (LbL) assembly is an aqueous-based, template-assisted coating technique that
produces conformal multilayer coatings of polymers, inorganic fillers and other constituents (e.g.
functional molecules) by the sequential deposition of individual layers with nano-scale precision
over thickness *». LbL assembly typically involves electrostatic attraction and adsorption of
oppositely charged electrolytes from aqueous solution onto the template surface. Using LbL

assembly to deposit layers of polyethyleneimine (PEI), polyacrylic acid (PAA), and cloisite



nanoclay has resulted in coatings with high mechanical stiffness of 15.7 GPa and rapid deposition
of ~1 um per PEI/PAA/PEl/nanoclay quadlayer (QL) . A similar PEI/PAA/PEIl/nanoclay material
system has been deposited onto open-cell foam templates, resulting in an increase of compressive
elastic modulus from 0.09 to 2.48 MPa with a small reduction in porosity from 98.8 to 96.6% ».
Coated foams with a range of compressive elastic moduli overlapping those of cancellous bone
(50 to 500 MPa °) were predicted for coatings with a range of achievable thicknesses and
stiffnesses, suggesting that such nanocomposite-coated foams can be tailored to match the stiffness
of native bone tissue and applied as engineered tissue scaffolds . PEI and PAA are weak
polyelectrolytes that exhibit pH-dependent electrostatic charge densities in aqueous solution *. The
thickness and mass of PEI/PAA and PEl/nanoclay coatings can be adjusted by changing the pH
and salt concentration of the solutions used for LbL assembly because changes in charge density
affect polymer chain conformation and diffusion in-and-out of previously deposited layers .
This in-and-out diffusion of weak polyelectrolytes is associated with more rapid exponential LbL.
assembly and can help overcome slow rates of deposition, which is a challenge for applications
requiring thick films 7. An increase in contact time with the aqueous solutions can also increase

the coating thickness and mass via greater diffusion ».

Whereas previous work investigated the effect of PEI/PAA/PEI/nanoclay coating thickness on
the pore structure and mechanical properties of coated foams », this work aimed to study the effects
of LbL assembly conditions, including pH, salt concentration, and contact time, on compressive
stiffness, strength, and pore structure of PEI/PAA/PEl/nanoclay coated foams. A design of
experiments (DOE) methodology was used to assess the significant factors affecting key scaffold
properties, and to select optimum assembly conditions for coated foams with targeted

combinations of porosity, stiffness, and strength. As an essential step for biomedical applications,



the indirect effect of coated foams on cellular response * was determined through in vitro

cytotoxicity analysis, and improved by engineering the surface of the multilayer coatings.

2. Materials & Methods

2.1. Materials

Aqueous solutions of 35 wt% PAA (MW 100 kDa), and 50 wt% PEI (MW 750 kDa) were
purchased from Sigma Aldrich, UK. Cloisite Na+ nanoclay was provided by BYK Additives Ltd.,
USA. Solutions of 1 wt% PEI and PAA were prepared by dilution in deionised (DI) water under
vigorous stirring for 12 h. The pH of PEI was either unchanged at approximately 10.5 or adjusted
to 8.75 or 7 by adding 0.1 M HCI. The pH of PAA was adjusted to 4, 6 or 8 by adding 0.1 M
NaOH. Salt concentrations of 0.5 M and 1 M were prepared by dissolving medical grade NaCl in
DI water before addition of the polymer solution. A solution of 0.5 wt% nanoclay was prepared
by vigorous stirring the nanoclay in DI water for 24 h, and with pH unchanged at approximately

10-10.5.

An open-cell polyurethane (PU) foam with 30 pores per inch (PPI) and a pore volume fraction
of approximately 98% was used as the template for LbL assembly (The Foam Shop Ltd, UK). This
foam template material was selected for its biocompatibility and consistent porous architecture
that is similar to cancellous bone, as evidenced by its use as a substrate for the evaluation of
orthopedic devices and cancellous core material in bone models »». Cylindrical specimens (12.7
mm in diameter and 10 mm in height) were cut from the foam using a punch stamp (Figure 1a and

Figure 1b). Glass coverslips (13 mm diameter) were purchased from Agar Scientific, UK.

2.2 LbL assembly of Coating



Specimens for physico-mechanical characterization

LbL assembly of conformal coatings onto PU foam templates was conducted in a deposition
chamber, through which the alternating flow of electrolyte solutions was controlled using a
computer-controlled system of solenoid valves. Before deposition, foam templates were cleaned
in 1 M NaOH solution for 10 min, repeatedly rinsed with DI water, and dried for 24 h. Foams were
placed in the deposition chamber, which was filled with alternating solutions of the polycationic
PEI, polyanionic PAA, PEI, and anionic nanoclay. Different levels of pH and salt concentrations
were used for PEI and PAA solutions, depending on the experimental run. The contact time of the
template in each solution was either 30 s, 65 s, or 100 s. The introduction of each solution was
punctuated by three rinses in DI water, each with a total contact time of 30 s. This sequence (shown
in Figure 1c¢) resulted in the deposition of one quadlayer (QL) of PEI/PAA/PEl/nanoclay coating.
The full PEI/PAA/PEl/nanoclay deposition cycle was repeated 5, 10, or 15 times, resulting in the
deposition of a 5, 10, or 15 QL coating after which coated foams were rinsed three times in DI
water and dried for 24 h under ambient conditions (approximately 23°C and 30% relative
humidity). This process was repeated to deposit additional layers up to a total of 60 QLs. To
investigate the effect of cyclical mechanical deformation on the coating deposition rate, specified
foam templates were subjected to a compressive strain amplitude of 5% at a frequency of 1 Hz
using a custom computer-controlled linear motor and plunger situated within the deposition

chamber.
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Figure 1. (a) PU foam template, (b) volumetric reconstruction of a 1 mm tall cross-section from a
PU foam template, (c) LbL assembly sequence for depositing a single PEI/PAA/PEI/nanoclay QL

onto a foam template, with schematics (top) depicting the coating multilayer structure.

Specimens for cytotoxicity testing

Foam templates were coated with 10 PEI/PAA/PEI/nanoclay QLs assembled using the
conditions identified as optimum by the DOE analysis in Section 3.2 (PEI pH 7.69, PAA pH 4, 30
s solution contact time and with 1 mm total deformation), and using the process parameters that
resulted in the thinnest coatings (PEI 10.5, PAA 8, and 30 s solution contact time). A final capping
layer of PAA was deposited by rinsing coated substrates in DI water, immersing them into a
solution of PAA, and repeating this three. Thermally treated PAA capping layers were placed in a
furnace (Elite Thermal Systems Ltd, UK) at 180°C for 60 min to induce thermal cross-linking of
PEI/PAA =». Before cell seeding, each foam template was sterilized in an Ultra-Lum UVA-10

Ultraviolet Light Box (wavenumber of 365 nm) at the maximum intensity for 2,000 min.

2.3 Experimental design

A two-level % fractional factorial DOE » was developed using Design-Expert V8 software (Stat-

Ease Inc, USA). The DOE included six variables (or factors), each at a lower and upper level



(Table 1). The selected PAA pH levels (factor A) represented values at which the polymer is
weakly charged (pH 4) and almost fully charged (pH 8). Similarly, the PEI pH levels (factor B)
correspond to a weakly charged (pH 10.5) and highly charged state (pH 7). Highly charged
polyelectrolytes have a flattened conformation that has been associated with thinner, denser films,
whereas weakly charged polymers have a coiled conformation leading to relatively thick films .
Drying steps (factor C) were included every five QLs based on previously reported conditions for
PEI/PAA/PEI/nanoclay coated foams “, and an upper level of 15 QLs was investigated as a means
to reduce the total processing time. Solution contact time with the templates (factor D) of 30 s and
greater were investigated due to the anticipated increase in coating thickness and corresponding
increase in foam mechanical properties. No salt (0 M NaCl) was used as the lower level of salt
concentration (factor E), and a relatively high concentration of 1 M NaCl was used as the upper
level to assess its influence on exponential growth and the deposition rate (expected at > 0.15 M

»#), and on the mechanical properties of the coatings (expected at approximately 1 M »).



Table 1. Two level design of experiment input factors for PEI/PAA/PEl/nanoclay LbL assembly.

Factor Parameter Units Lower level Upper level
A PAA pH - 7 10.5

B PEI pH - 4 8

C Frequency of drying QL 5 15

D Contact time S 30 100

E Salt concentration M 0 1

F Deformation - No Yes

The effect of cyclic mechanical deformation (applied during LbL assembly) on the physical and
mechanical properties of polymer-nanocomposite coatings was also investigated (factor F). Cyclic
loading has been reported to affect diffusion rates and enhance solute transport of large molecules
into hydrated gels * with similar structure and properties to exponentially grown LbL-assembled
material systems ”. Mechanical stretching has also been reported to reversibly open nanopores in
LbL-assembled PDADMA/PSS films that act as diffusion barriers ». Applying cyclic mechanical
loading during LbL assembly could therefore increase the rate of in-and-out diffusion of
polyelectrolytes and increase the thickness of the coatings, with the potential for localization of

thicker QL coatings in regions of higher mechanical loading.

The experimental design did not include replication runs, therefore six replication center points
were incorporated (PAA pH 6, PEI pH 8.5, drying frequency of 10 QL, contact time 65 s, salt
concentration 0.5 M, three specimens each with/without cyclic deformation). The replication
points allowed for an independent estimate of error and calculation of model curvature ». One

experimental run was conducted for each of the 38 conditions (2 + 6) ». The full set of



experimental conditions specified in the fractional factorial DOE are provided in Table S1. Each
experimental run was randomly assigned and performed in the assigned run order. The physico-
mechanical properties analyzed as outputs of the DOE were thickness per QL and mass per QL of
coatings, as well as porosity, compressive elastic modulus, and collapse stress of the coated foam
templates. The optimal process parameters were determined using goals of highest elastic
modulus, collapse stress, and porosity, and lowest thickness and mass per QL. The goals define a
desirability objective function that is maximized by a numerical optimization algorithm in the

Design-Expert software.

2.4 Physico-mechanical characterization

Coating thickness and porosity

Volumetric imaging was performed using a yCT40 X-ray micro-focus computed tomography
(microCT) system (Scanco Medical, Switzerland) at a nominal resolution of 16 um.
Microstructural analysis was performed on reconstructed image slices segmented at an intensity
of 20 after applying a Gaussian filter with a standard deviation of 0.8 over a window including
each neighboring pixel (support of 1). The strut thickness and porosity of uncoated foam templates
(n = 5) was characterized to obtain a baseline for comparison with the 60 QL coated foams. The
coating thickness was calculated as the difference between the mean trabecular thickness (Tb.Th)
of the coated foam and the mean Tb.Th averaged over the five uncoated foam templates. Tb.Th
was measured using a sphere-fitting method, where thickness was calculated as the maximum
sphere diameter that could be placed inside the strut ». The total coating thickness was divided by

the number of QLs (i.e. 60) to obtain thickness per QL.

Coating mass
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Each uncoated and coated foam template was weighed using an analytical balance (accurate to
1 mg) following drying (as specified by factor C) for a minimum of 8 h under ambient conditions
(approximately 23°C and 30% relative humidity). The coating mass was calculated as the
difference between the mass of the coated and uncoated PU foam templates. The total coating mass

was divided by the number of QLs (i.e. 60) to obtain mass per QL.

Compressive mechanical behavior

Quasi-static mechanical testing in compression was conducted using a Lloyds LRX materials
testing machine (Lloyds Instruments, USA) with a 50 N load cell following ASTM D1621-10 =
with non-standard specimen dimensions (12.7 mm diameter and 10 mm height). Specimens were
deformed at a rate of 2 mm/min starting from a preload of 0.03 N to a final displacement of 6 mm
(60% nominal strain). The compressive elastic modulus was calculated as the slope of the stress-
strain curve in the linear region. The collapse stress was determined as the maximum stress

following the elastic region.

Statistical analysis

Statistical analysis of the experimental data was conducted to assess the significance of the LbL.
assembly process parameters. Half-normal probability plots, analysis of variance (ANOVA) tables
and effect plots were used to identify the contributing parameters and interactions that significantly
affected the different physico-mechanical outputs (significance assessed as p value of < 0.05).
Factors or interactions of factors with a significant effect on an output response were ranked in
order of p value. An effect above 10% contribution to a specific output response was deemed
significant ». The experimental results for coating thickness and mass per QL, porosity and

compressive elastic modulus all exhibited a normal distribution. A square root distribution
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transformation was applied to collapse stress data, which was not normally distributed, to better

fit the data to the model.

2.5 Cytotoxicity characterization

Porcine bone marrow mesenchymal stem cells (pBM-MSCs) were isolated from the bone marrow
of adult pig femora (AFBI, UK). The pPBM-MSCs were cultured in Dulbecco’s modified essential
medium (DMEM) with Glutamax™ supplement, 10% fetal bovine serum (FBS) and 1% antibiotic
mixture (Gibco, UK). The pBM-MSCs were incubated at 37°C in an atmosphere of 5% CO. and a
humidified environment. The cell medium was changed twice weekly, and cells were dissociated
using 0.5% Trypsin-EDTA (Gibco, UK) at qualitative confluency and were used at passages 3-5.
Cell viability was assessed using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(MTS reagent, supplied by Promega, UK). pBM-MSCs were counted using a hemocytometer and

cell viability was assessed by a dye exclusion test *.

Uncoated and coated foam templates were submerged in 1 mL Opti-MEM reduced serum
medium (Gibco, UK) and incubated for 1, 3, 7 and 14 days in a humidified atmosphere with 5%
CO. at 37 °C. At each time point, 100 L of medium was extracted from each well and stored at
4°C until transfection. 10 x 100 pPBM-MSCs were seeded in a 96-well plate with 100 uL of fresh
DMEM reduced serum media and incubated under standard culture conditions for 24 h. The
DMEM medium was then replenished with 100 uL of Opti-MEM medium and incubated for a
further 2 h, followed by removal of the Opti-MEM medium and addition of 100 xL of the foam
extraction medium (removed after 1, 3,7 or 14 days). For the untreated control group, fresh Opti-
MEM medium was added instead of extraction medium. Cells were incubated with 5% CO., at

37°C for 24 h before 120 uL. of MTS solution was added per well and incubated for 2 h at 37°C to
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assess viability. Cytotoxicity tests were repeated three times (n = 3) for each material and for each

time point.

For each test, absorbance was recorded at 490 nm with a FLUOstar Omega plate reader (BMG
LABTECH®), and the number of living cells calculated as directly proportional to the quantity of
formazan product. Phase-contrast images of pBM-MSC cells in supernatant were captured using
an EVOS FL microscope (Life Technologies) after cell culture for 24 h in an extract medium that

was incubated for 14 days with coated and uncoated foam templates.

3. Results and Discussion

Unocated PU foam templates exhibited an average porosity of 97.4 + 0.1%, strut thickness of
84.7 + 1.90 ym, pore size of 973 + 6 um and connectivity density of 1.21 + 0.26 mm~. The
deposition of nanocomposite coatings onto the PU foam templates increased the strut thickness,
mass, compressive elastic modulus, and collapse stress, and decreased the porosity (Table S2). The
pH of the PAA solution (factor A) and salt concentration (factor E) were dominant factors for all
output responses, with combined contributions ranging from 45%—78% across all output responses
(Table 2). Any potential effect of the other factors was difficult to assess based on the low
contributions relative to factors A and E. Contact times (factor D) of 30 s and 2 min (similar to the
levels in this study) have been previously reported to almost double the thickness of similar
PEI/PAA/PEl/nanoclay material systems ", but any potential effect in this study was masked by
the more dominant factors A and E. These dominant factors also masked any potential effect of
cyclic mechanical deformation (factor F) as a possible parameter affecting LbL assembly, and thus
this study was inconclusive about the hypothesized effect on in-and-out diffusion and QL

thickness.
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Table 2. Parameters and significant interactions between the LbL assembly conditions that

contributed to changes in the characteristics of coated PU foam templates.

% Contribution

Factor/Interaction Parameter Elastic  Collapse

Thickness/QL  Mass/QL  Porosity modulus  stress

A PAA pH 18.64 1770 1513 1423 1294
PEI pH 2.02 228 0.01 0.30 2.11

C Freg?yeﬁg of 1.88 0.04 2.40 246 0.75

D Contact time 1.62 3.01 5.68 1.16 3.70

E Concesé‘tlrtaﬁon 13.96 2516 1655 4831 3003

F Deformation 1.46 0.02 0.87 1.32 0.83
AB 12.3 1002 924 127 10.72
AE 14.27 1523 1374 1546 1530

BE 10.16 7.00 7.65 0.03 707

ABE 11.73 1044 968 2.13 8.83
Slﬁgrgi tcl’g‘lesr 11.96 011 1905 1333 172
Total 100 100 100 100 100

3.1 Physico-mechanical properties

Coating thickness
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Before coating deposition, the average strut thickness of PU foam templates was 84.7 + 1.90 ym.
The increase in strut thickness per QL after deposition of a 60 QL coating ranged from 0.12 to
3.28 um/QL (Figure 2a). The pH of PAA solution exhibited the highest contribution to thickness
per QL (18.64% in Table 2). At weakly charged PEI (pH 10.5), changing from weakly to strongly
charged PAA (increasing pH from 4 to 8) resulted in a 79.9 % decrease in thickness per QL (Figure
2b). At strongly charged PEI (pH 7), this effect of PAA charge was reduced, and resulted in 50.3%
thinner coatings when PAA was weakly charged (pH 4). At 0 M NaCl, increasing the charge
density of PAA (pH 4 to 8) resulted in a 73.2% decrease in thickness per QL (Figure 2c), but
increasing salt concentration to 1 M NaCl reduced this effect and resulted in 67.8% thinner
coatings at PAA pH 4 (weak charge). With strongly charged PEI (pH 7), salt concentration had
little effect on thickness (Figure 2d), but with weakly charged PEI (pH 10.5) thickness per QL was
74.1% lower in the presence of 1 M NaCl. As shown on the cubic interaction plot between PAA
pH, PEI pH, and salt concentration (Figure 2e), the lowest thickness of 0.28 um per QL was
obtained for PEI pH 10.5, PAA pH 8, and no salt, which was similar to previous reports (i.e. 0.25

+ 0.09 ym per QL at PEI pH 10.5, PAA pH 8, and 0 NaCl) ».
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Figure 2. Response of coating thickness per QL. (a) Coating thickness per QL and porosity for

each experimental run. Interactions between (b) PAA pH and PEI pH (AB), (c) PAA pH and salt

concentration (AE), (d) PEI pH and salt concentration (BE), and (¢) PAA pH, PEI pH and salt

concentration (ABE) when other conditions (factors C, D, F) were constant.

The significant contributions of PAA pH, salt concentration, and interactions with PEI pH were

consistent with reports that pH and ionic strength affect the properties of LbL.-assembled PEI/PAA

films by changing polymer chain conformation and degree of physical entanglement *=. Relatively

thicker PEI/PAA films (0.16 um per bilayer) have been reported for weakly charged PEI and PAA

(pH 10 and 4, respectively), and relatively thinner films (0.003 xm per bilayer) for higher charge

densities (both at pH 7) v. Similarly, in this study the thickest coatings (2.57 ym per QL) were
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obtained with weakly charged PEI (pH 10.5) and PAA (pH 4), and highly charged PEI (pH 7) and
PAA (pH 8) produced thinner coatings (0.63 ym per QL), as in Figure 2e. This was consistent with
strongly charged polymers assuming flattened conformations due to self-repulsion, and weakly
charged polymers assuming coiled conformations~. In addition, weakly charged PEI and PAA can
enhance the in-and-out diffusion of free polyelectrolytes that is associated with rapid exponential
growth of nanocomposite coatings 7. Coatings assembled in the presence of salt exhibited similar
or lower thickness compared to coatings without salt, consistent with reports for polyallylamine
hydrochloride/PAA films *. Although salt promotes coiling by shielding self-repulsion it has been
reported to suppress the electrostatic attractions between polyelectrolytes leading to reduced film
deposition ». The effect of salt on coating thickness was relatively small when either solution had
a high charge density, suggesting that the flattened conformation of the highly charged polymer

was dominant over the tendency for salt counter-ions to promote polymer coiling ».

Coating mass

Prior to coating deposition, the average mass of the foam templates was 35.2 = 0.70 mg. The
increase in mass per QL of coatings ranged from 0.23 to 8.62 mg/QL (Figure 3a). As with
thickness, the coating mass was predominantly affected by the pH of PAA and salt concentration.
Changing PAA from weakly to highly charged (pH 4 to 8) when PEI was weakly charged (pH
10.5) reduced the coating mass by 80.1% (Figure 3b); similar to the 79.9% reduction in coating
thickness for the same assembly conditions (Figure 2b). When PAA was highly charged (pH 8),
the films did not exhibit a significant difference in coating mass irrespective of PEI pH (Figure
3b). A similarly large decrease in mass per QL occurred when increasing PAA charge density with
0 M NaCl (Figure 3c), but 1 M NaCl reduced the mass per QL and the effect of PAA pH. Mjahed,

et al. also observed that an NaCl concentration above 0.37 M decreased the coating thickness and
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mass of polyelectrolyte films ». Increasing the pH (and charge) of PAA decreased the mass per
QL, but this effect was suppressed with highly charged PEI (pH 7) and at a higher salt
concentration of 1 M (Figure 3d), which is analogous to the trends observed for coating thickness.
All coatings assembled in the presence of salt exhibited lower mass per QL. Interestingly, at PEI
pH 10.5 and PAA pH 8, the mass per QL decreased (from 0.83 to 0.62 mg) upon addition of salt,
whereas the thickness per QL increased (from 0.28 to 0.32 ym). This apparent decrease in density

could be the result of swelling due to salt ions »», resulting in a less dense coating upon drying.
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Porosity

Before coating deposition, the average porosity of foam templates was 974 + 0.1%, which
decreased to between 72.3-95.2% following deposition of 60 QL coatings (Figure 2a). Coating
deposition decreased porosity because pore space was occupied by the coating material. Similar
to coating thickness and mass, PAA pH and salt concentration were the dominant contributing
factors affecting porosity. Salt concentration and PAA pH had the opposite effect on porosity
compared to coating thickness and mass. Porosity was 4.3% higher for highly charged PAA (pH
8), and 4.5% higher in the presence of 1 M NaCl because thinner coatings occupied less pore space
(Figure 4a). High salt concentration suppressed the effect of PAA pH and strongly charged PAA
(pH 8) suppressed the effect of salt (Figure 4a). The high porosity and low strut thickness of foam
templates coated with highly charged PAA (pH 8) is shown in Figure 4b (porosity 93.8%). The
small effect of increasing salt concentration at PAA pH 8 is apparent in Figure 4c (porosity 95.7%).
However, with PAA at low charge density (pH 4), the porosity increased from 84.6% at 0 M salt
(Figure 4d) to 95.5% at 1 M salt (Figure 4e). For all experimental runs, the porosity remained
above the minimum requirement of 60% for cancellous bone substitutes, and so additional coating
layers could be deposited to achieve other targeted properties (e.g. mechanical behavior) without
exceeding this minimum porosity. The porosity could also be further reduced and adjusted to
match specific anatomical site requirements by adjusting the QL number deposited or varying the

pH of the PAA and PEI solutions.
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Figure 4. Response of the porosity of coated foams. (a) Interaction between PAA pH and salt
concentration (AE) when all other input variables were held constant. Volumetric reconstructions
of 60 QL coated foams illustrating the effect of (b) 0 M NaCl and (c) 1 M NaCl with highly charged
PAA (pH 8), and (d) 0 M NaCl and (e) 1 M NaCl with weakly charged PAA (pH 4); in all cases

PEI was weakly charged (pH 10.5) and other conditions (factors C, D, F) were constant.

Compressive elastic modulus

Prior to coating deposition, the foam templates exhibited an average compressive elastic
modulus of 0.08 +£0.01 MPa, which increased to between 0.32 and 16.64 MPa following deposition
of a 60 QL coating. The elastic modulus of coated foam templates is shown as a function of
porosity in Figure 5a. As with coating thickness, mass, and porosity, the modulus was affected

predominantly by PAA pH, salt concentration, and the interaction between these two parameters
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(Table 2). At 0 M NaCl, changing PAA charge density from low to high (pH 4 to 8) decreased the
elastic modulus by 57.0% (Figure 5b), which corresponded to a 73.2% drop in coating thickness
(Figure 2¢) and 78.7% reduction in coating mass (Figure 3c). When foam templates were coated
in the presence of 1 M NaCl, the elastic modulus did not change appreciably with an increase of
PAA pH, similar to the trends observed for coating thickness (Figure 2¢) and mass (Figure 3c).
For most assembly conditions, the elastic modulus followed the same trends as coating thickness,
mass and porosity. However, for highly charged PAA (pH 8), the elastic modulus of coated foams
decreased by 75.0% on addition of 1 M NaCl (Figure 5b), whereas there was no appreciable effect
on coating thickness and mass (Figures 2b and 3c). This decrease in elastic modulus was consistent
with changes in the mechanical properties of the coating, which can be attributed to the interference
of ionic cross-links between carboxyl group of PAA and amine group of PEI in the presence of
salt ». Increasing salt concentration from O to 1 M has been reported to reduce the adhesive force
between multilayers (from 2.9 to 1.9 nN), resulting in a softer polyelectrolyte multilayer coating
=, Changes in mechanical properties of the coating may also be due to possible differences in the
nanoclay content of coatings deposited under different process conditions, which was not

characterized in this study, but has been reported as 39-45 wt% in similar coating materials *.
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Figure 5. Response of the compressive elastic modulus of coated foams. (a) Elastic modulus of
coated foam templates as a function of porosity with predicted trends (dashed lines) assuming
elastic modulus of the coating, E. = 0.06 — 1.9 GPa. (b) Effect of interaction between PAA pH
and salt concentration (AE) on foam compressive elastic modulus with all other input variables

constant.

Micromechanical models for cellular materials predict the compressive elastic modulus of open-
cell foams as E* = CE, (t/1)*, where C = 1 is a constant related to the unit cell geometry, [ is the
edge length and ¢ is the strut thickness of an open unit cell, and E), is the effective modulus of the
strut in bending «. For a coated foam template, E, = [E ts + E.(t — t3)]/(td), where t,, is the
uncoated strut thickness, E,, is the elastic modulus of the uncoated strut material, t. is the thickness
of a coated strut, and E_ is the elastic modulus of the coating ». Thus, expressing the modulus of a

coated foam template as a function of porosity, ¢ = 1 — (t/1)?, yields:

E* = (1 - ¢0)2(E0 - Ec) + (1 - (pc)z(Ec)a Equation (1)

where the porosity of the uncoated (¢p,= 974 £ 0.1%, with t = 84.7 £ 1.90 um) and coated (¢.)
foam templates were measured by microCT, and the elastic modulus of the PU uncoated foam
strut material was taken as E,= 0.5 MPa«. The predicted trend lines in Figure 5a were plotted
assuming the elastic moduli of the coating ranged from E,= 0.06 to 1.90 GPa. These trend lines
delineate the coatings with higher apparent elastic moduli, which can be attributed to structural
changes in the coatings resulting from variations in the processing conditions. Such changes enable

a means of tailoring the mechanical properties of coated foam templates independent of porosity.

Collapse stress
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Prior to coating deposition, the foam templates exhibited an average collapse stress of 4.46 +
0.42 kPa, which increased to 64-3950 kPa following deposition of a 60 QL coating (Figure 6a). A
square root transformation resulted in the best fit based on Box-Cox and A value analysis, and so
the effect graphs are presented as the square root of the collapse stress (0%2). The collapse stress
was predominantly affected by the salt concentration, which contributed to 30% of the response
output, compared to 48.3% for the elastic modulus. The influence of PAA pH, salt concentration,
and interactions between these and PEI pH concur with previous trends. Changing the PAA charge
density from low to high (pH 4 to 8) and addition of 1 M NaCl reduced the collapse stress (Figure
6b and Figure 6¢). When coatings were assembled with highly charged PEI (pH 7) or 1 M NaCl
salt concentration, the collapse stress was lower and changing the charge density of PAA had a
smaller effect. For highly charged PAA (pH 8), the collapse stress changed little when the pH of
the PEI solution or the salt concentration were changed. Predicted trend lines in Figure 6a were
plotted based on micromechanical modelling of open-cell foams that predicts collapse stress (a,)
is proportional to elastic modulus, o, = 0.05E™, and using Equation 1 with coated elastic moduli
ranging from E, = 0.06 to 1.90 GPa. As with elastic modulus (Figure 5a), these trend lines
delineate coatings with higher apparent elastic moduli. These differences can be attributed to
structural changes in the coatings and could be exploited to tailor strength independent of porosity

by processing parameter adjustment.
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Figure 6. Response of the collapse stress of coated foams. (a) Collapse stress of coated foam
templates as a function of porosity with predicted trends (dashed lines) assuming values of elastic
modulus for the coating, E. =0.06 — 1.9 GPa. Effect of interactions between (b) PAA pH and PEI
pH (AB), and (c) PAA pH and salt concentration (AE) on collapse stress when all other input

variables were constant.

Process Optimization

The optimization of processing parameters aimed to balance the trade-off between high
mechanical properties, and high porosity (low coating thickness and mass) of 60 QL coatings. The
optimal conditions were determined as weakly charged PAA of pH 4, highly charged PEI pH of
7.69,0 M NaCl, drying steps every 10 QLs, 30 s solution contact time, and with cyclic mechanical
deformation applied. This optimization is consistent with the relatively higher mechanical
properties and intermediate porosity observed at PAA pH 4 and 0 M NaCl. The properties of the
coated foam templates assembled under optimized processing conditions were measured and
compared to the DOE predictions (Table 3). Measured values were within the 95% prediction
intervals (PI) for each prediction <. The measured coating thickness and mass were below the

average predicted values, indicating less coating was deposited than expected. The elastic modulus
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was also lower than the predicted value, which correlates with the lower coating thickness and

mass, however the porosity and collapse stress were close to DOE predictions.

Table 3. Predicted and measured (n = 6) values for coated foam templates processed under
optimized conditions for maximum mechanical properties and porosity, and minimum coating

thickness and mass.

Response Unit Aver‘age 95% Prediction Average obtained
predicted value intervals (PI) values = SD
Thickness per quadlayer um  1.16 0.45-1.87 081 £0.15
Mass per quadlayer mg 322 1.66-4.78 2.72+0.30
Porosity % 87.82 81.36-91.85 88.13 +1.26
Elastic modulus MPa 12.06 8.90-15.21 8.90 +2.21
Collapse stress MPa 0.81 0.35-1.46 0.73+£0.29

The coated foam templates fabricated under the optimized conditions did not reach the targeted
ranges for the cancellous bone (i.e. 0.05-0.5 GPa and 2-12 MPa for elastic modulus and collapse
stress °) after coating deposition of 60 QL. However, with porosity of 88.1 + 1.3%, there was
sufficient pore space available to accommodate further QL deposition. Based on trends predicted
by Equation 1 (with E. = 0.7 GPa, which predicts the elastic modulus of optimized coated foams
at 60 QLs), an optimized coating of 116 QL was predicted to result in a coated foam template with
the minimum required elastic modulus of 50 MPa, collapse stress of 2.51 MPa, and porosity of

73.1%.

The DOE optimization did not select process conditions that resulted in the stiffest coating

material (apparent elastic modulus of approximately 1.9 GPa in Figures 5a and 6a) because the
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mechanical properties of coated foam templates depend on both the thickness and the elastic
modulus of the coatings. In comparison, the processing conditions that resulted in the stiffest
coating are predicted to achieve coated foam templates with the targeted elastic modulus of
50 MPa at a higher porosity of 83.1%, but after more deposition of 151 QL coatings and therefore

longer processing times.

Cytotoxicity

Initial screening for cytotoxicity of PEI, PAA, and nanoclay indicated that PAA exhibited the
lowest cytotoxicity, while PEI was highly cytotoxic (Figure S3). The outermost layer of LbL
assembled coatings has been reported to dominate cell interactions and attachment #, and so further
cytotoxicity testing focused on mechanically reinforcing PEI/PAA/PEl/nanoclay coatings
terminated with final capping layers of PAA. Thermal treatment (180°C for 60 min) has been
reported to covalently cross-link PAA and PEI » and was therefore explored as a means of
improving PAA capping layer stability and coating cytotoxicity. pBM-MSC cells exposed to
extraction media from 10 QL DOE-optimized coated foam templates capped with PAA (10 QL
optimized + PAA) exhibited =50% reduction in indirect cell viability at Day-14, indicating a
cytotoxic effect » (Figure 7). The cytotoxicity of PEI (Figure S3) suggests that PEI chains may
have leached into the supernatant, thereby causing this indirect cytotoxicity "+. This finding is
consistent with reports that LbL-assembled films prepared with weak polyelectrolytes (e.g. PEI
and PAA) can swell in water and dissolve in salt solutions ». Without cross-linking, multilayer
based coatings containing PEI can exhibit a lack of structural stability under changing
physiological conditions due to the absence of chemical bonds between adjacent polyelectrolyte
layers ©, and are therefore susceptible to leaching and release without a stable barrier. At Day-14,

the viability of cells exposed to residual medium from optimized coated foam templates capped
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with thermally treated PAA (10 QL optimized + PAA thermal) was not significantly different (p
= 0.453) from uncoated counterparts, suggesting thermally cross-linked PAA capping layers were
an effective physio-chemical barrier to PEI. The thermal post-treatment is expected to result in
cross-linking of approximately 25% of amide groups between PAA and PEI and to enhance
resistance to ionic diffusion ». Although the mean cell viability was higher at Day-14 for thermally
treated (10 QL optimized + PAA thermal) specimens compared to specimens without thermal

treatment (10 QL optimized + PAA), the difference was not significantly different (p = 0.106).
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Figure 7. Viability of pBM-MSC after culture (24 h) in the supernatant conditioned with the
degradation by-products from uncoated and coated foam templates deposited under varied
assembly conditions (up to 14 days). Data is presented as the mean with error bars bounding one
standard deviation (n = 3). The dashed line delineates 70% viability, below which is deemed

cytotoxic, as designated by the ISO 10993-5 .

The residual product from foam templates coated under conditions associated with the thinnest
coatings (PEI pH 10.5, PAA pH 8, 0 NaCl), capped with PAA, and subjected to thermal treatment
(10 QL thin + PAA thermal) showed a good level of cytotoxicity with mean cell viability above

100%. Despite the higher mean viability at Day-14 for thermally treated thin coatings compared

27



with thermally treated optimized coatings, there was not a statistically significant difference (p =
0.288). The thinner coating is associated with less in and out diffusion during exponential LbL
assembly, and therefore lower polyelectrolyte mobility. Consequently, if leaching of PEI causes
reduced cell viability, then thinner coatings with lower polyelectrolyte mobility may lessen this

effect.

Cell morphology is a measure of adhesion », and was used as a further indication of cell viability
after the Day-14 incubation period (Figure 8). Following exposure to the supernatant from
uncoated foam templates, the cells remained viable, spread, adhered to the surface of the well plate
and exhibited a polar shape after 24 h (Figure 8a). The viability of cells exposed to the media from
10 QL optimized + PAA specimens (no thermal treatment) was relatively poor (Figure 8b). The
majority of cells displayed a rounded morphology suggesting non-adherence to the well plate and
apoptosis. The toxicity of media from 10 QL optimized + PAA thermal (Figure 8c) appeared lower
compared to 10 QL optimized + PAA (no thermal treatment) based on cell morphology. The
morphology and viability of cells exposed to media from 10 QL thin + PAA thermal specimens
(Figure 8d) were comparable to the uncoated foam templates, i.e. the cells demonstrated an
elongated structure and adjacent cells were joined. These observations of cell morphology were

consistent with the data in Figure 7.
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Figure 8. pPBM-MSC cells in supernatant after 24 h contact with Day-14 extract from (a) an
uncoated PU foam template, (b) 10 QL optimized + PAA (no thermal treatment), (c) 10 QL
optimized + PAA thermal, (d) 10 QL thin + PAA thermal specimens. Images are representative of

cell coverage over the entire substrate.

Deposition of multilayered coatings using LbL. assembly with precise control over thickness,
composition, and mechanical properties offers the opportunity for tailoring bulk properties of
engineered bone scaffold materials for specific applications. The ability to decouple the bulk
mechanical properties and porosity from cytotoxicity of the coating, demonstrated here, suggests
that further biomedically functional constituents can be independently incorporated in order to
extend achievable properties and biofunctionality. These additional functional constituents need
not be limited to the surface of the coating, but can be embedded within the multilayer structure,
such that multiple materials and functionalities can be usefully integrated but still separately

controlled. A wide range of materials suitable for biomedical applications are compatible with LbLL

assembly~. For example, degradable layers of polylactide-co-glycolide *, poly (B-amino ester) and

poly-L-lysine =, or others " could be integrated with mechanically reinforcing layers in order to
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control drug release and tune degradation of mechanical properties over time. Additional
functionalities that could be also incorporated include antibacterial activity and controlled cellular
adhesion and proliferation (via chemical, topographical, or mechanical cues), which have also been

reported using LbL assembly »=.

Conclusions

The influence of LbL assembly parameters on the properties of open-cell porous foam templates
coated with PEI/PAA/PEl/nanoclay composites has been systematically quantified using a DOE
approach. All of the response outputs investigated were predominantly affected by the pH of the
PAA solution, salt concentration and the interaction between these two factors. Although cyclic
mechanical deformation was not a dominant factor for the response outputs tested, it was specified
as part of the optimized conditions and therefore may affect LbL assembly as hypothesized —
confirmation of this requires further investigation. In most cases, the mechanical properties of
coated foams correlated directly with the factors affecting the thickness of the coatings, with
thicker coatings leading to higher mechanical properties. However, high levels of salt
concentration (1 M NaCl) were associated with lower mechanical properties at similar thicknesses,
which is consistent with lower elastic moduli of the coating materials. Cytotoxicity studies
indicated that sub-surface PEI layers did not induce a cytotoxic response after 14 days when
coatings were capped with PAA and thermally cross-linked, suggesting suitability for engineered
bone tissue scaffold applications. Scaffolds coated with 116 or more QLs were predicted to exhibit
mechanical strength (2.51 MPa) and stiffness (50 MPa) in the same range as cancellous bone and
with suitably high porosity (73.1% predicted under optimized conditions). Further work is
necessary to experimentally confirm these predictions, characterize mechanical performance under

more representative physiological conditions, confirm the cytotoxicity over extended periods and
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for thicker coatings >10 QL, investigate the mechanical effects of thermal crosslinking, and to

incorporate additional functional constituents.

Supporting Information

The supporting information includes individual assembly conditions, results of each of the
experimental run and the characterization of cytotoxicity of the individual layers of PEI, PAA and

nanoclay.
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