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Electrically conductive lignin
reinforced PAA/HA scaffolds with
enhanced biological activity via
polyelectrolyte multilayer coatings
for tissue engineering applications

Caitriona Winters?, Mario Culebras? & Maurice N. Collins3/#"

In this study, a layer-by-layer deposition of poly(L-lysine) and hyaluronic acid (HA) as a polyelectrolyte
multilayer (PEM) film on polyacrylic acid (PAA) /[HA/ lignin (LIG) disc shaped scaffolds is presented to
increase the biological activity of the scaffolds for tissue engineering applications. These scaffolds
are electrically conductive via the introduction poly(3,4-ethylene dioxythiophene):hyaluronic acid
(PEDOT:HA) nanoparticles (NPs), with a diameter of 10 mm and thickness of 3—-4 mm. The multilayer
film formation was confirmed through contact angle measurements, fluorescence microscopy and
scanning electron microscopy (SEM) imaging. It was found that the PEM layers had the unexpected
benefit of increased compression strength and decreased swelling as the layers tend to reinforce the
struts of the scaffolds whilst possibly interfering with diffusion pathways. Importantly, results show
statistically significant improved attachment and proliferation of L929 fibroblast cells on the surface
of the scaffolds. Furthermore, the effect of varied PEDOT:HA NP addition was assessed and it was
concluded that samples containing 1% (w/v) of nanoparticles exhibited a desirable balance between
good mechanical characteristics, high conductivity, high cell adhesion and cell proliferation. These
novel conductive PEM composite scaffolds offer future potential in biomedical applications such as
tissue engineering, wound healing and biosensors.
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Hyaluronic acid and acrylic acid are widely used in hydrogel synthesis, they are hydrophilic and biocompatible.
Hyaluronic acid (HA) is a natural linear polysaccharide that has multiple reactive groups present in its molecular
structure such as hydroxyl, carboxyl and acetamido, making it efficient for gel synthesis via various chemical,
physical and autocrosslinking'. HA based gels generally have good dimensional stability, mechanical properties,
biocompatibility and high swelling?”. Polyacrylic acid (PAA) is a synthetic polymer also commonly used in
the hydrogel synthesis, with PAA hydrogels possessing good biocompatibility, high water uptake capacity,
pH sensitivity and ease of manufacture®. However, PAA lacks adhesive ligands for cell adhesion’. While HA
does have specific cell binding sites, cell membranes may carry a negative surface charge which can repel or
poorly interact with other negatively charged molecules unless specific ligands, bridging molecules or positively
charged coatings are present'®!. In general, hydrogels are known to be highly tailorable materials that, through
chemical modifications and careful material selection, can be imbued with properties such as biodegradability,
biocompatibility, cellular attachment and improved mechanical characteristics'?~'°.

Recent studies have investigated various solutions to enhance cell attachment and proliferation on scaffolds
with poor bioactivity to improve their potential in tissue engineering applications. One solution that has yielded
successful results is the use of bioactive coatings on the surface of inert scaffolds. For example, Arredondo
et al. coated polyurethane meniscal scaffolds with fibronectin and found a significant improvement in the
attachment and proliferation of mesenchymal stem cells on the scaffold’s surface compared to uncoated samples,
which could have a significant influence in the orthopaedic surgery of meniscal implants'”. Similarly, Hum &
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Boccaccini found that coating a bioactive glass-based scaffold in collagen not only promoted cell viability and
attachment but also the compressive strength of the scaffolds increased fivefold'®. A layer-by-layer coating was
also used by Bellucci et al. in which gelatin and chondroitin sulphate coated bioceramic scaffolds, significantly
improving cell adhesion, proliferation and osteogenic activity, while also effecting the scaffolds microstructure
and porosity!®. Thus, the use of biocompatible coatings can significantly improve cell-scaffold interactions and
scaffold performance which could in turn open a wider range of potential applications for tissue engineering in
a clinical setting.

The use of polyelectrolyte multilayer (PEM) coatings is a method that has emerged as a versatile approach to
improve cell adhesion for biomedical applications. These coatings can alter surface properties of a material to
either promote or inhibit cell attachment, depending on the application?’. PEM films can be tailored to improve
cell integration on a scaffold, reduce bacterial infections and to reduce rejection of implants or scaffolds*!. For
instance, PEM coatings composed of poly(allylamine hydrochloride) and poly(4-vinylphenol) have shown
inhibition of Staphylococcus epidermidis growth, while PAA and poly(allylamine hydrochloride) coatings
reduced wear in orthopaedic devices?. The use of functional PEM coatings give the opportunity to combine the
advantages of hydrogels such a hydrophilicity and biocompatibility with substrate properties such as stiffness
and active binding sites to make them suitable for various medical applications®*. PEMs of HA and poly-1-
lysine (PLL) have been extensively studied for their potential in biomedical applications as cell-friendly coatings
on biomaterials and devices?’. Liu et al. used PEM coatings of (PLL) and HA on braided poly(l-lactide-co-
caprolactone) scaffolds and found they yielded good biocompatibility with mesenchymal stem cells (MSCs) and
had suitable mechanical properties for ligament tissue engineering®. PLL/HA films have also demonstrated
potential as carriers for controlled release of growth factors from platelet lysates, promoting wound healing
through enhanced granulation tissue formation, collagen deposition, and neovascularization®.

Additionally, the addition of conductivity into scaffold materials can benefit its interactions with human
tissues to encourage cell adhesion and proliferation as well as promoting its effectiveness in wound healing,
tissue regeneration and physiological electric signalling®?”?%. Conductive hydrogel scaffolds offer significant
advantages for cell functionality, as it enables the simulation of bioelectric signals found in tissues like cardiac,
neural, and neuronal systems as well as enhancing cell proliferation, differentiation, and alignment which is
crucial for creating functional regenerative tissue scaffolds?*?. Additionally, they provide opportunities for
non-invasive, real-time monitoring of cell behaviour by leveraging electrical signals to evaluate cell health and
differentiation®-*2. There is however, a trade-off between conductivity with the addition of higher nanoparticle
amounts and the stiffness and therefore the cell adhesion on scaffold materials and so an optimum configuration
is important in order to maintain high conductivity without sacrificing mechanical or biological characteristics®.

Previous work by the authors synthesised PAA/HA/LIG/PEDOT:HA NP scaffolds which were highly porous,
conductive and absorbent, with high mechanical characteristics as a result of lignin incorporation!. Before the
work completed by the current authors, only Wang et al. had incorporated PEDOT:HA NPs into a hydrogel
scaffold. In that work PEDOT:HA NPs were utilised in a chitosan/gelatin hydrogel and results showed that,
with the incorporation of the NPs, hydrogels had high cell adhesion (>71%), high mechanical characteristics
and electrical conductivity was significantly increased. The sample in the study by Wang et al. that was most
comparable to the work done by the current authors is the 2% PEDOT:HA sample, achieving a conductivity of
1.76x 107> (S/cm) compared to a conductivity of 5.79 x 10~ (S/cm) in the current author’s study with 1% (w/v)
of nanoparticles. The current materials of (PAA/HA/LIG), without nanoparticles, achieved a swelling degree
of 114% which was considerably higher than values reported in the CHI/GEL scaffold without nanoparticles
at around 32%. However, despite relatively high biocompatibility, swelling, conductivity and mechanical
characteristics in these samples, cell adhesion and proliferation were poor for PAA/HA/LIG/PEDOT:HA
scaffolds. Thus, this study aims to improve cell adhesion through the surface functionalisation of these scaffolds
using polyelectrolyte multilayers (PEM)s of PLL and HA. The successful coating of the scaffolds was confirmed,
and the samples were characterised mechanically, morphologically, biologically and via swelling tests to assess
cell adhesion. An optimum coating configuration is selected, and NP concentration is varied within these
samples to determine an optimum balance between electrical conductivity, mechanical characteristics and
biocompatibility. The conductive NPs utilised here are a novel PEDOT:HA NP developed by the authors for
enhanced biocompatibility™.

Experimental section

Synthesis of nanoparticles

Nanoparticles were synthesised as previously reported by the current authors®. Firstly, 0.28 g Hyaluronic acid
(HA; Shanghai Easier Development LTD, China) was dissolved in 40 mL 0.1 M hydrochloric acid solution
(Analab, Ireland) and then 0.2 mL 3,4 Ethylenedioxythiophene (EDOT, 97%; Analab, Ireland) was added and
stirred for 10 min. To avoid overheating, the solution was placed in an ice bath and ultrasonicated in a Branson
Sonifier 450 for 10 min, and this results in a miniemulsion. This solution was then further sonicated and inserted
in a reaction flask under stirring. Meanwhile, iron(III) p-toluenesulfonate hexahydrate (FeTos; Analab, Ireland)
was stirred in DI water for 10 min to dissolve and was then added dropwise to the reaction flask to initiate
polymerisation. After 1 h, 0.05 mL hydrogen peroxide (Analab, Ireland) was added and the solution was left
stirring overnight. Once fully polymerised, nanoparticles were purified using centrifugation for three runs,
redispersing in deionised (DI) water following each run. Then the nanoparticles were redispersed in 40 mL of
DI water, sonicated for 20 min and then stored in a sealed flask.

Synthesis of hydrogels
Hydrogels were synthesised by the current authors as per®. First, 0.1 g of HA was added to a beaker containing
20 mL of DI water and stirred at 400 rpm overnight until the HA was fully dissolved. For samples containing
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nanoparticles (NPs), 0.25 mL (1% w/v) of dispersed PEDOT:HA NPs were added to the solution, stirred and
sonicated until a well-dispersed distribution was achieved. Then, 0.2 g lignosulfonate, 3.6 mL of acrylic acid
(Analab, Ireland) and 0.03 g NN’-Bis(acryloyl)cystamine (BACA; Sigma Aldrich, Ireland) were added to the
solution and stirred until dissolved. Finally, 0.03 g of ammonium persulfate (Sigma Aldrich, Ireland) was added
and stirred until the sample was homogenous. The solution was then poured into a mould and placed in an oven
for 3 h at 80 °C. Samples were also prepared containing no NPs for comparison. Following curing, the hydrogels
were thoroughly washed and dried to remove any excess unreacted materials. Then they were frozen at -70 °C
and transferred to the freezedryer (Alpha 1-4 LSCplus, CHRIST, Germany) for primary drying for 48 h and
secondary drying until fully dried. Dry samples were cut into disc shaped scaffolds with a diameter of 10 mm
and thickness of about 3-4 mm and were stored in a desiccator until coating.

Preparation and multilayer deposition of polyelectrolyte solutions
Initially, a 0.15 M NaCl solution was prepared in DI water. HA and PLL (Mw=30,000-70,000 g/mol, Sigma
Aldrich, Ireland) were dissolved separately in 0.15 M NaCl solutions at a concentration of 1 mg/mL. The pH
was maintained at 6-6.5 for both solutions in order to keep HA negatively charged and PLL positively charged®.
Dipping was used for multilayer formation on the hydrogel surface. The hydrogels were initially swollen at
37 °C in PBS (Sigma Aldrich, Ireland) for 48 h to obtain a constant weight. The hydrogels were then placed into
the PLL solution for 7 min, then rinsed in PBS for 1 min and placed into the HA solution for 7 min and again
rinsed in PBS for 1 min. This process was repeated until the desired amount of layer pairs was achieved and then
finally dipped in PLL for a final time. The samples are labelled as (PLL/HA) -PLL, with n annotating the number
of layer pair coatings. (PLL/HA),-PLL and (PLL/HA),-PLL) coated samples were synthesised, with (PLL/HA),
denoting uncoated scaffolds. Synthesis steps can be seen in Fig. 1.

FTIR
FTIR spectra of the hydrogels with polyelectrolyte multilayer films were obtained using the Spectrum 100 FTIR
(PerkinElmer, USA) in the range 650-4000 cm™! for 4 scans.
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Fig. 1. Schematic of hydrogel preparation steps with LBL film assembly. In steps 1-3 the initial hydrogel
material containing AA, HA, Lignin and PEDOT:HA nanoparticles is synthesised. In steps 4-5 the hydrogel
is frozen and then lyophilised to form porous scaffolds. Finally, in step 6 the scaffold is dipped alternatively in
PLL and HA solutions, rinsing between each step, to form a multilayer film.
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Film growth analysis

To quantify the film growth process on the surface of the hydrogels PLLTC was employed to measure the
fluorescence intensity of each layer. Layers were built on the surface of the hydrogel by sequential deposition
of PLLFTC (instead of PLL for this experiment) and HA by dip coating as described in Section “Preparation
and multilayer deposition of polyelectrolyte solutions” The cross-section of the scaffold was imaged through
fluorescence microscopy using the ImageXpress Micro Spinning Disc Confocal High-Content Imaging System
(Molecular Devices). Image] software was used to calculate the thickness of each coated scaffold.

Swelling analysis

Initially, scaffolds were dried in a vacuum oven at 60 °C until fully dried (2 days). To get the dry weight (Wd)
of the samples, they are initially weighed prior to swelling and then placed in a vial containing 10 mL of PBS.
At specified intervals, the samples are removed from the PBS, dried of loose solvent and weighed to get the
wet weight (Ws) values of the samples. These values were measured up to 2 days and the swelling degree was
determined by the following:

Ws—Wd

——— x 100 1
wa * (1)

Contact angle

Following the deposition of each PLL and HA layer, water contact angles were measured using an in-house

contact angle measurement system. Contact angles were determined from each image using Image]J.

Morphological analysis

To obtain a visual image of morphology and film formation, SEM was employed using the Hitachi SU70 SEM
at 3 kV. Following synthesis and coating, the hydrogels were lyophilised, and gold sputtered to allow effective
imaging.

Mechanical analysis

Unconfined compression tests were carried out using an IMADA Force-Displacement Measurement unit to
observe the effect of multilayer formation on the mechanical characteristics of the scaffolds. Swollen Scaffolds
were cut into circular discs with a diameter of 10 mm and a height of 3 mm. A speed of 1 mm/min was used for
compression of the samples between two circular plates and at least three runs were carried out on each sample,
with the mean +standard deviation presented in the results. The equations used to determine the stress and
strain values of the samples from the data obtained were as follows:

F
- 2
Stress a1 (2)
Strain = ﬂ (3)
lo

F denotes the force (N), A is the cross-sectional area of the scaffold (m?), 1, is the original height of the scaffold
(mm) and Al is the change of height recorded in the scaffold (mm).

The compressive strength was calculated from the results and the Young’s moduli of the scaffolds were
calculated from the slope of the initial linear region of the stress and strain curve.

In vitro cytocompatibility assessment

1929 fibroblast cells (ATCC, USA) were cultured using DMEM complete medium with 1% streptomycin-
penicillin, 10% FBS and 1% L-glutamine (all from Sigma Aldrich, Ireland) in a humidified atmosphere, at 37 °C
with 5% CO,. Media was replaced twice a week until the cells reached 80% confluence before subculturing or
testing. To sterilise the hydrogels, they were exposed to UV radiation for 2 h and then they were allowed to
swell to equilibrium in cell culture media before cell experiments. Cells were seeded onto scaffolds at a density
of 50,000 cells per sample/ well and all wells were supplemented with 1 mL of DMEM and incubated overnight.
Controls were used in each case, consisting of wells containing just cells, without the presence of scaffolds.

Alamar Blue cytotoxicity assay (Fisher Scientific, Ireland) was used to analyse any cytotoxicity in the scaffolds.
Each day, a 10% volume of Alamar blue was added to each of the wells and incubated for 4 h before fluorescence
readings were taken in 96-well plates using the SynergyMx (BioTek, UK) at a wavelength of 540/590 nm.
Readings were taken at 24, 48 and 72 h post cell seeding.

LIVE/DEAD cell analysis was conducted on the scaffolds following the aforementioned cell culture
procedure, after 72 h after culturing. 1929 fibroblast cells were stained with Calcein AM and Propidium Iodide
(Sigma Aldrich) to stain live (green) and dead (red) cells respectively. Morphological analysis of the cells was
also conducted after 72 h of culture. Cells were fixed using 4% paraformaldehyde (PFA) and then stained with
NucBlue™ and ActinGreen 488 (Invitrogen). ImageXpress Confocal High Content Imaging System (Molecular
Devices) was used to image the stained cells and images were processed and analysed using Image] (FIJI)
software.

Conductivity analysis
Conductivity analysis was measured by first completing resistivity measurements with an Ohm meter using the
two-probe method. Then the conductivity was calculated using Pouillet’s law:
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(a)

U:m (4)

where o denotes the conductivity, | is the sample length, R is the resistivity measured, and A is the cross-sectional
area of the sample.

Effect of varied nanoparticle addition

Once the coating combination with preferred characteristics is determined, additional testing was carried out
on three hydrogels utilising this coating, with varied nanoparticle addition percentage. Hydrogels containing no
nanoparticles, 0.5% nanoparticles, 1% nanoparticles and 2% (w/v) nanoparticles were analysed with conductivity
testing, mechanical testing and biocompatibility testing.

Statistical analysis

Generally, experiments were completed in triplicate and data obtained throughout the results section is presented
as mean+SD (Standard Deviation). One-way analysis of variance (ANOVA) was used, with an additional
Turkey’s multiple comparisons test to determine statistical significance between results. A p value of <0.05 was
deemed statistically significant.

Results

Structural analysis

FTIR spectroscopy was utilised to analyse the PEM coatings on the HA/AA/LIG hydrogels with HA and PAA
and results are shown in Fig. 2. Uncoated hydrogels ((PLL/HA)) show the characteristic functional groups of
its primary composition of PAA, HA, Lignin and PEDOT:HA NPs. For example, a broad stretch can be seen
around 3100 cm™! and 3600 cm™! relating to O-H and N-H stretching. Distinct peaks can also be observed at
1700 cm™}, 1165 cm™ and 1045 cm™ relating to the C=0O stretching of PAA, C-O-C stretching of saccharides
and C-O stretching vibrations in HA. Changed peaks seen in the spectra of the coated hydrogels ((PLL/HA) -
PLL and (PLL/HA)4-PLL) correspond to functional groups mostly from the PLL as that is the final deposited
layer. Peaks seen at 1650 cm™' and 1540 cm™' correspond to the amide I and amide II peptides characteristic
to the backbone of PLL with the distinct new amide II peak confirming PLL deposition. The peak seen in the
uncoated sample at 1045 cm™! relating to the C-O stretching of HA disappears in the coated samples, as PLL
does not contribute to a peak at this wavelength, indicating that the surface is indeed coated with PLL. The
broad band seen between 3100 cm™ and 3600 cm™ sees an increase in intensity in the coated samples, likely
due to hydrogen bonding between the coatings and the hydrogels carboxyl and hydroxyl groups. Changes in
peaks at 1700 cm™!! and 1400 cm™! for the coated samples, relating to the C=0 stretching and symmetric COO~
stretching, likely indicates interactions with the PLL and HA coatings and the scaffold. Results indicate the
successful coating of PAA/HA/LIG/PEDOT:HA scaffolds with PLL and HA polyelectrolyte multilayers.

Morphological analysis

The effect of film coatings on the morphology of the scaffolds was examined through SEM imaging. Samples of
unmodified scaffolds (PLL/HA), and coated hydrogels ((PLL/HA),-PLL and (PLL/HA),-PLL) were lyophilised
and gold sputtered before visualisation. The properties of PEMs synthesised using weak polyelectrolytes such
as poly(I-lysine) and hyaluronic acid are highly dependent of the ionic strength and pH of the polyelectrolyte
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Fig. 2. (a) FTIR Spectra of (PLL/HA)y-PLL, (PLL/HA),-PLL and (PLL/HA)  scaffolds in the range 650 cm™!
to 4000 cm™'. (b) FTIR Spectra of the fingerprint region of (PLL/HA),-PLL, (PLL/HA),-PLL and (PLL/HA),
scaffolds in the range 900 cm™! to 1800 cm™.
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solutions®”. Thus, in order to effectively coat the scaffolds with stable multilayer films, the pH was maintained
at pH 6-6.5 in 0.15 M NaCl to maintain a positive charge in the PLL and a negative charge in the HA solutions.

Figure 3 shows the differences in the structure of the surface and cross-section of the hydrogels before and
after coating. Samples without any coating (PLL/HA) samples have a smooth surface and internal structure with
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Fig. 3. (a) SEM images of the surface and cross-section of hydrogels with (PLL/HA),-PLL films (left column),
(PLL/HA), films (middle column) and uncoated hydrogels (right column). (b) Effect of the PEM coatings on
the scaffold thickness. Initial thickness of swollen scaffold is 1.335 mm before coating. Inset shows fluorescence
images obtained of scaffolds following (PLL'T¢/HA) coatings.
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a clearly visible porous structure. The outside of both coated hydrogels shows a distinctive granular and flaky film
and the images also confirm the diffusion of polyelectrolytes into the bulk structure of the scaffolds. This likely
occurred when the hydrogel initially came into contact with the PLL solution and the negatively charged HA and
PAA hydrogel caused the polycationic PLL to diffuse into the bulk structure of the hydrogel. This may indicate
that the first layer formation occurred within the porous hydrogel structure and following this, the sequential
deposition steps were formed on the external surface of the scaffold, covering the pores, as confirmed by the
SEM images in Fig. 3. The electrostatic charge between PLL and HA occurs due to HA possessing one carboxylic
acid per disaccharide unit and PLL having one amino group per monomer repeat unit. This interaction caused
the formation of an anchorage layer after the adsorption of the initial PLL layer on the surface on the scaffold*®3°.
To further visualise the presence of films on the surface of the scaffolds, a fluorescently labelled PLL (PLLFIT¢)
was employed in lieu of the polycationic layer to analyse the effect on the thickness of the scaffolds. As seen in
Fig. 3b, due to a thin initial thickness and interlayer mixing of PLL'TC and HA, causing the diffusion of PLLFTC
across the scaffold, the entire scaffold was caused to fluoresce. An increase in thickness is seen with increased
coating layer pairs. The initial swollen scaffold film prior to coating had a thickness of 1.335 mm, meaning that
there was a 15.6 um increase in the (PLL/HA),-PLL coated scaffold and a 36.6 um increase in the (PLL/HA),-
PLL scaffold. This indicates the successful PEM coating of up to 8-layer pairs on the surface of the scaffolds.

Swelling analysis and wettability

Swelling analysis was conducted on coated and non-coated scaffolds to determine the effect of PEM coatings on
the absorption capacity of the materials and results are shown in Fig. 4a-b. The swelling tests were performed
in PBS for 48 h and samples were weighed at predetermined intervals. It was observed that the PEM coated
scaffolds exhibited a lower swelling than uncoated samples, likely due to polyelectrolyte diffusion inside the
pores, reducing the free space for water absorption. As mentioned in the SEM images of the scaffolds, the
polyelectrolytes interpenetrate the pores of the scaffolds, likely leading to their blockage, which would likely have
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Fig. 4. (a) Swelling degree of non-coated and coated samples over 2 days in PBS at 37 °C. (b) Overall swelling
of non-coated and coated samples at 2 days swelling in PBS at 37 °C (**p <0.01, n=3, mean+ SD). (c) Contact
angle measurements following each layer coating of PLL and HA on scaffolds.
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an impact on their swelling properties. There is a definite reduction in swelling in the coated samples with the
non-coated scaffold exhibiting a swelling degree of 4816+ 1038% and the (PLL/HA),-PLL and (PLL/HA)4-PLL
samples exhibiting 2387 +151% and 1712 +102% respectively. The presence of PEM coatings on the surface of
the scaffolds also likely provides a reinforcement to the structure of the hydrogel, resulting in hydrogel shrinking
and a more densely crosslinked network, thus reducing water mobility within the scaffold structure.

Contact angle measurements were also taken at each PLL and HA deposition step to observe the effect of
multilayer growth on the wettability of the samples (Fig. 4c) the static water contact angle of the uncoated
hydrogels was 35.2 +2.9°, which was increased to 41 +1° upon one coating of PLL. The contact angle remained
increased from its initial state upon sequential layer deposition, indicating that PEM layer deposition increased
the hydrophobicity of the scaffolds. The deposition of PLL and HA layers showed high and low contact angles
respectively, indicating that the PLL (polycationic) layers were more hydrophobic than the HA (polyanionic)
layers. Another possibility is that electrostatic interactions between PLL and HA could also lead to charge
neutralisation in the negatively charged scaffolds and thus an increased contact angle is observed upon deposition
of PLL. This decrease in wettability correlates with the decrease in swelling in the coated samples caused by the
increase in hydrophobicity resulting from the coating of the samples. This also correlated with studies done by
Hahn et al. and Yamanlar et al. in which PLL layers yield higher contact angles than HA when built on chitosan
and HA surfaces respectively*.

Mechanical analysis

Unconfined compression tests were performed on the samples to determine the effect of PEM coatings on
the mechanical characteristics of the hydrogel. The compressive strength and Young’s Moduli of the samples
were determined from the results obtained, and the values are presented in Fig. 5a—c. Both coated samples
demonstrated similar behaviour, however, the Young’s Modulus of these samples were significantly lower than
the uncoated samples with a Young’s Modulus of 22+ 6 kPa and 20 +4 kPa in the (PLL/HA), -PLL and (PLL/
HA), -PLL scaffolds, compared to a Young’s Modulus of 34+ 9 kPa in the uncoated sample. This may be due to
the HA and PLL coatings being softer and more elastic than the bulk PAA/HA/LIG hydrogel beneath, leading to a
reduced stiffness at lower deformations in the elastic range (as used for Young’s Modulus analysis). In contrast to
this, the coated samples had a significantly higher compressive strength than the uncoated samples, rising from
129 +£30 kPa in the (PLL/HA), samples to 523 +79 kPa and 560 + 55 kPa in the (PLL/HA), -PLL and (PLL/HA),
-PLL samples respectively. This indicates that the presence of coatings on these samples forms a reinforcement
on the surface of the scaffolds for improved stress handling for resistance to higher mechanical loads. The duality
of surface softness and resistance to higher mechanical loads could be advantageous for applications that require
surface compatibility with tissues while still maintaining durability under higher deformations. The increased
overall compressive strength in the coated samples also correlates with the decrease in swelling in the samples.
This is likely due to the PEM coatings creating a more densely crosslinked network within the hydrogel, leading
to hydrogel shrinking and causing decreased water mobility in the multilayered structure, thus a higher ultimate
compressive strength is observed.

Biocompatibility analysis

A very important characteristic needed for tissue engineering materials is the ability for cell adhesion and
proliferation on and/or within the structure of a scaffold and this highly depends on the surface characteristics
of a material. For cells to adhere to the surface of a material, the material must have adhesion sites for cells to
bond to. Despite the biocompatibility and hydrophilicity of hyaluronic acid and polyacrylic acid, both materials
have been known to have poor cell adhesion characteristics and need additional modification to improve cell
adhesion*!. PEM coatings were used to provide cell adhesion sites to the scaffolds, and they are characterised
in Fig. 6 below. An Alamar Blue proliferation assay was carried out to investigate the viability and proliferation
of cells in contact with the coated and un-coated scaffolds. L929 fibroblast cells were cultured with the scaffolds
and their fluorescence was measured over the course of 3 days to obtain the cell proliferation which was then
compared to a control group containing just cells without the presence of a scaffold. Results can be seen in Fig. 6a
in which all samples display a continued increase in fluorescence over the course of a 3-day period. There is no
statistical difference between samples at 24 h whereas at 48 h and 72 h a higher fluorescence is seen in the coated
hydrogels compared to the control and un-coated hydrogel. The (PLL/HA)4-PLL and (PLL/HA),-PLL samples
at 48 h have an Alamar Blue reduction of 30.1 £2.5% and 28.3 +6.9% respectively compared to about 22.4+1.6%
in the control sample and a much lower 15.3+1.8% in the uncoated sample. At 72 h the (PLL/HA),-PLL in
had a significantly higher proliferation than all other samples at 60.2+2.3% and the uncoated samples had a
significantly lower proliferation than all other samples at 41 +2.5%. This indicates that the PEM coatings on
the samples improve the cell viability, likely due to the ability of cells to adhere and proliferate on the surface of
the hydrogels, thus increasing the surface area available for the cells to grow. Two-way ANOVA was employed,
and it shows a significant increase in each group each day and any other statistical difference between groups is
indicated in Fig. 6a.

In order to determine if the presence of PLL/HA coatings has an influence on the cell attachment and
proliferation on the surface of the scaffolds, LIVE/DEAD staining was employed. Control wells containing no
scaffolds with just media in a 24-well plate were used for comparison. Images can be seen comparing coated, un-
coated and control samples in Fig. 7 with live cells stained in green and dead cells stained with red. Cell viability
was calculated from Image] and it was 84 + 10% for the uncoated cells and 88 +8% and 87+ 5% in the (PLL/HA) -
PLL and (PLL/HA),-PLL respectively, seen in Fig. 7. This demonstrates a slight decrease in cell death in coated
samples compared to non-coated samples. Compared with the viability of the control wells at 95+ 13%, a high
cell viability was achieved across the samples. Fibroblast cells display a spindle like or elongated morphology
when growing and attaching well to a substrate and thus high circularity indicates poor fibroblast attachment.
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Fig. 5. (a) Young’s Modulus of coated and uncoated samples (kPa), *p <0.05, n=3, mean + SD) is indicated
where statistical difference is observed. (b) Compressive strength of coated and uncoated samples (kPa),
**p<0.01, n=3, mean +SD). (c) Stress vs Strain graph of coated and uncoated samples.

In previous studies, cell attachment on these scaffolds was poor and fibroblast cells demonstrated a spherical
morphology with high circularity, thus the nuclear shape index was used to analyse fibroblast attachment and
growth>%. Notably, LIVE/DEAD images for coated scaffolds show improved cell morphology and adherence
with the addition of PLL and HA coatings. Uncoated samples display poor cell attachment, fewer cells can
be seen in these samples and they have a spherical morphology, with most cells remaining unattached to the
scaffolds. However, the coated (PLL/HA),-PLL and (PLL/HA),-PLL samples exhibit a significantly improved cell
attachment with cells displaying a more characteristic spindle-like morphology and a much higher percentage
of cells adhering and proliferating on the surface of the scaffolds. This indicates that the coating of scaffolds in
PLL and HA multilayers significantly improves the adherence and proliferation of cells on the surface of PAA/
HA/LIG/PEDOT:HA scaffolds.

DAPI/Actin staining was also employed to observe the cellular morphology and distribution on the scaffolds
following 72 h and is shown in Fig. 7. Overall, we saw a similar distribution and morphology to the cells imaged
with LIVE/DEAD analysis with a spindle like morphology seen in the control and coated samples and a sparse
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Fig. 6. (a) 3-day fluorescence (% reduction of AlamarBlue reagent) of L929 fibroblast cells in coated, un-
coated and control (no scaffolds) samples, (*p <0.05, n=9, mean +SD) is displayed where a statistical difference
is observed. (b) Quantification of LIVE/DEAD cell viability quantification, acquired from images in Fig. 7
using Image]. (c) Density of DAPI stained nuclei per mm? of the scaffold surface, calculated from DAPI images
in Fig. 7, (®*p<0.001, n=6, mean = SD). (d) Circularity of the cells (4*r*area/perimeter?) characterised from
Fig. 7 using in-build functions of FIJI Image]J software, with a nuclear shape index of 1 indicating a circle,
(*p<0.05), n=6, mean+SD).

distribution and rounded morphology observed in the non-coated samples. Quantification of cells using the
stained images observed significantly higher density in the coated scaffolds compared to the uncoated scaffolds
with 11135 cells observed in (PLL/HA), increasing to 866 + 32 and 482 +84 in the (PLL/HA),-PLL and (PLL/
HA),-PLL samples. Similarly, the circularity of the cells was higher in the (PLL/HA) sample at 0.74 compared to
0.62 and 0.64 in the coated (PLL/HA),-PLL and (PLL/HA),-PLL samples. Overall, the PEM coatings of PLL and
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Fig. 7. 1929 Fibroblast adhesion following 72 h in a control well (empty well plate with media), on the surface
of non-coated PAA/HA/LIG/PEDOT:HA ((PLL/HA),) and on PAA/HA/LIG/PEDOT:HA scaffolds coated in
PLL and HA PEMs ((PLL/HA),-PLL and (PLL/HA)S-PLL). From top to bottom images depict LIVE/DEAD
(green and red) staining, LIVE (green) staining, DEAD (red)staining, Actin/DAPI staining (green and blue),
Actin staining (green) and DAPI staining (blue). Scale bar: 200 um.
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HA had a significant improvement on the proliferation and morphology of the cells on the scaffolds compared to
previous work>>4. One-way ANOVA was used to confirm statistical differences between sample groups.

Analysis of NP variation on scaffold mechanical and conductivity characteristics

Additionally, the authors investigated the effect of varied nanoparticle addition on the mechanical, conductivity
and biocompatibility characteristics of coated scaffolds. Following the characterisation of (PLL/HA),-PLL and
(PLL/HA)4-PLL scaffolds, the (PLL/HA),-PLL PEM coated scaffold was chosen for further characterisation as it
had desirable biological and mechanical properties, with a lower coating thickness. Three different nanoparticle
(w/v) amounts were added to the (PLL/HA),-PLL scaffolds (0.5, 1 and 2% (w/v) to obtain three separate sample
sets.

The mechanical characteristics were obtained using unconfined compression tests and the Young’s Moduli
and compressive strengths of the samples are presented in Fig. 8. Previous analysis by the authors have observed
lower mechanical characteristics in samples with the addition of nanoparticles®. In Fig. 8 a reduction in Young’s
Modulus can be seen with a higher addition of PEDOT:HA nanoparticles, with a significant decrease seen in
the 2% (w/v) samples. A Young’s Modulus of only 7.6 +2.6 kPa is obtained in the 2%, rising to 22.3+2.4 kPa
and 27 +9.1 kPa in the 1% and 0.5% samples. An even more significant decrease is observed in the compressive
strength of the 2% sample (68.1 +12.9 kPa) which is substantially lower than the 522 + 8 kPa and 585 +28 kPa in
the 1% and 0.5% samples. This indicates that the mechanical characteristics of the scaffolds majorly suffer with
nanoparticle additions higher than 1%. Previous studies found that the PEDOT:HA nanoparticles were prone to
agglomerating and so this reduction is likely a result of high nanoparticle ratios agglomerating at higher ratios
and acting as barriers to reduce the cross-linking efficiency of the samples which leads to less densely cross-
linked samples®*. This was also observed in the difficulty to crosslink these particular samples during synthesis,
with a resulting soft scaffold, unable to maintain a stable structure.

The conductivity of the samples is also presented in Fig. 8 and results indicate that increased addition of
nanoparticles into the hydrogel system significantly effects the scaffolds conductivities. The conductivity
of the 2% and 1% scaffolds reached (7.5+0.4) x 10~ and (4.7 +£0.08) x 10~> S/cm, while there was not much
difference between the much lower values of the 0% and 0.5% samples at (3.5+0.7) x 107 and (8.2 +1.4) x 1076
S/cm. This indicates that percolation is not reached at 0.5% NP addition as it remains at a similar conductivity
to the control sample containing no PEDOT:HA nanoparticles. As the conductivity significantly increases at
1% (w/v) nanoparticles, this indicates that the percolation threshold has been met and electrical pathways are
formed within the scaffold. In this case, the 2% samples have a significantly higher conductivity to other samples,
however, it has poor mechanical and structural properties. Alternatively, there is not a significant difference
between the mechanical characteristics of the 0.5% samples and the 1% samples, with the 1% (w/v) samples
exhibiting much higher conductivity to the latter, suggesting that this sample may have an optimum balance
between conductivity and mechanical characteristics.

Analysis of NP variation on scaffold biological characteristics

Furthermore, the effect of varied nanoparticle addition on the biological characteristics of the coated scaffolds
was examined. Alamar blue metabolic assay, LIVE/DEAD staining and Actin/DAPI staining was performed
on (PLL/HA),-PLL scaffolds with 0.5, 1 or 2% nanoparticle additions and compared to samples containing no
cells. Results are displayed in Fig. 9. An Alamar Blue metabolic assay was carried out on the samples over 3 days,
with results in Fig. 9a. High proliferation was seen in the 0.5% and 1% samples, with the 1% sample showing a
higher proliferation to the control sample at day 2 and 3 with a 28.3+6.9 and 53 +3.5% reduction compared to
a22.3+1.6 and 50.5+ 1.8% reduction in the control. All samples increased in proliferation over the three days,
except from the 2% (w/v) samples that did not show a significant increase from day 1 to day 2 and day 3. This
indicates that this sample inhibits metabolic activity in the cells, possibly due to low stiffness and difficulty for
cells adhering to the scaffolds causing quiescence in the cells. Quiescent cells are cells that are healthy but not
actively proliferating and one drawback of metabolic assays is that they can only detect actively dividing cells and
thus quiescent cells do not contribute to the signal?>43.

LIVE/DEAD staining was utilised to observe the proliferation and cytotoxicity of the coated scaffolds with
varied NP additions. The number of live cells in each sample was obtained through Image] processing of images
and all samples had cell viability above 87%, similarly to the control. However, significant differences between
samples are observed in the overall number of cells and the circularity of the samples, processed using the
Actin/DAPI images in Fig. 9e. The 2% samples have a very low cell density of 108+ 10 cells per mm?, whereas
a significantly higher cell density is observed in the 1% and 0.5% samples at 866+ 32 and 555+ 101 cells/mm?
respectively. Similarly, the circularity of the cells in the 2% samples is around 0.8, compared to 0.62 and 0.58 in
the 1% and 0.5% samples. The roundness of the cells, low cell density and the obtained images suggests poor
proliferation and attachment of cells in the 2% scaffolds, likely due to poor overall stability and mechanical
characteristics in these samples. Alternatively, the 0.5% and 1% samples both demonstrated superior biological
characteristics to the 2% sample and would both make suitable scaffolds for biocompatible materials in
biomedical applications.

Conclusions

PAA/HA/LIG scaffolds with PEDOT:HA NPs were successfully coated in PEMs of PLL and HA and the effect
of multilayer growth on the characteristics of the scaffolds were investigated. SEM, contact angle measurements,
FTIR, and fluorescence microscopy were used to confirm the presence and build-up of polyelectrolyte
multilayers on the surface of the scaffolds. The swelling degree was reduced upon coating of the scaffolds (from
4816% reduced to 2387% and 1712%) which was likely due to the coatings acting as a reinforcing layer on
the surface on the scaffolds, reducing water mobility in the scaffold. This was also indicated by the significant
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Fig. 8. (a) Youngs Modulus (kPa) of (PLL/HA),-PLL scaffolds with varied NP addition (0.5, 1, 2% (w/v)),
(*p<0.05, n=6, mean +SD). (b) Compressive strength (kPa) of (PLL/HA),-PLL scaffolds with varied NP
addition (***p <0.001, n=6, mean+SD). (c) Conductivity (S/cm) comparison of (PLL/HA),-PLL scaffolds with
no nanoparticles (0%) and with 0.5/1/2% (w/v) addition (***p<0.001, n=6, mean+SD).

increase in compressive strength from 129 kPa in the uncoated sample to 524 kPa and 561 kPa in the (PLL/
HA), -PLL and (PLL/HA), -PLL coated samples. Long term swelling studies have been completed on uncoated
hydrogels in previous work and were found to be stable for at least 2 months in PBS®. The degradation rate
of PLL/HA films is dependent on factors such as pH, enzymatic activity, crosslinking and ionic strength of
its surroundings in vivo*%. Thus, future work for coated hydrogels could include long term swelling studies in
the environment of the desired application to observe any possible weight loss or degradation. The PEMs also
notably increased the biocompatibility of the scaffolds with a much-improved cell density and images display
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Fig. 9. (a) 3-day fluorescence (% reduction of AlamarBlue reagent) (PLL/HA), -PLL coated scaffolds with
0.5%/1%/ 2% NPs and control samples (no scaffolds), (ns>0.05, n=9, mean = SD) is displayed where no
statistical difference is observed. (b) quantification of LIVE/DEAD cell viability quantification, acquired from
images in (e) using Image]. (c) Density of DAPI stained nuclei per mm of the scaffold surface, calculated

from DAPI images in (e), (***p <0.001, **p <0.01) n=6, mean £ SD). (d) Circularity of the cells (4*r*area/
perimeter?) characterised from Fig. 8e using in-build functions of FIJI Image]J software, (*p<0.05), n=6,

mean +SD). (e) L929 Fibroblast adhesion following 72 h in a control well and on the surface of (PLL/HA),-PLL
coated scaffolds with 0.5%, 1% and 2% NP additives. LIVE/DEAD (green and red) staining can be seen in the
top row and Actin/DAPI staining (green and blue) is seen in the second row. Scale bar: 200 um.
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a significantly enhanced cell morphology and proliferation. PEDOT:HA NPs have the potential to affect the
coating process as they are negatively charged so they could potentially interfere with HA deposition or alter
surface charge distribution. In the contact angle measurements, a distinct increase in contact angle indicates
successful coating with the first layer of PAA and a positive surface charge for the initial PLL layer, due to the PLL
layer successfully coating the negatively charged scaffold and nanoparticles. The distinct reduction in swelling
and SEM images also indicates a complete coating of the scaffold, indicating that PEDOT:HA NPs likely did not
significantly disrupt the coating process. The (PLL/HA),-PLL coated sample exhibited desirable characteristics
and thus was chosen for further analysis to determine the most effective nanoparticle addition percentage for
an advantageous balance between mechanical, conductive and biological characteristics in this material. Three
different nanoparticle additions were considered (0.5, 1 and 2% (w/v)) and characterised. The addition of 2%
(w/v) nanoparticle addition had a positive effect on the conductivity of the samples, however, it negatively
affected the mechanical and biological characteristics of the scaffolds, leading to a very soft and unstable scaffold,
with poor cell adhesion and proliferation, despite PEM coating. Conversely, the 0.5% and 1% samples displayed
significantly higher mechanical characteristics reaching a compressive strength of 522 kPa and 585 kPa as well as
good biocompatibility and proliferation. With regards to conductivity, the 1% sample significantly outperformed
the 0.5% sample at 4.7x 10> S/cm compared to 8.2x 107® S/cm. In conclusion, the coating of PAA/HA/LIG/
PEDOT:HA scaffolds was effective in significantly improving the biocompatibility of these materials for use in
biomedical applications. The (PLL/HA),-PLL coated sample with 1% (w/v) NP additives in particular shows the
most desirable balance between mechanical, conductive and biological attributes.
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