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Abstract

Electrically conductive bio-scaffolds are explored in the field of tissue engineering (TE) as a solution to address the clinical
need of electroactive tissues, finding applications in nervous, cardiac, and spinal cord injury repair. In this work, we synthe-
sise polypyrrole nanoparticles (PPy NP) via the mini-emulsion method with further combination with a gelatin/hyaluronic
acid (HA) hydrogel to create electroconductive Gel:HA:PPy-NP TE scaffolds. Electroconductive Gel:HA:PPy-NP scaffolds
possess excellent mechanical properties at 1.08 +0.26 MPa, closely matching the reported mechanical performance of the
spinal cord. Scaffolds were designed with controlled porosity of 526.2 +74.6-403.9 +57.4 um, and conductivities of 4.3 x 10~
©+1.1x107° S.cm™! were reached. Rheological studies show that prior to lyophilisation, the Gel:HA:PPy-NP hydrogels
display a shear-thinning behaviour. These gels were subsequently 3D printed into predefined 2 layer lattice geometries and
displayed excellent post-printing shape fidelity. In vitro studies show that the Gel:HA:PPy-NP scaffolds are cytocompatible
with mesenchymal stem cells and neuronal stem cells and display encouraging cell attachment and proliferation profiles.
Based on these results, the incorporation of PPy NPs into Gel:HA biomaterial scaffolds enhances the conductive capabili-
ties of the material, while showcasing biocompatible behaviour with cell cultures. Hence, Gel:HA:PPy-NP scaffolds are a

promising TE option for stimulating regeneration following nervous tissue injury.
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1 Introduction

Tissue engineering (TE), and particularly TE scaffolds, are
under intensive research amongst the biomedical commu-
nity to combat worldwide shortages of available tissues and
organs for transplantation purposes [1]. Tissue engineering
scaffolds can be developed using a myriad of biomaterials,
although they can be summarised in two distinct categories:

P4 Jacob Koffler
ykoffler@ucsd.edu

< Maurice N. Collins
maurice.collins@ul.ie

School of Engineering, Bernal Institute, University
of Limerick, Limerick, Ireland

Materials Science Institute ICMUYV), Universitat
de Valéncia, c/Catedratico, José, Beltran 2,
Paterna, Valencia 46980, Spain

3 3B’s Research Group, I3Bs—Research
Institute on Biomaterials,Biodegradables
and BiomimeticsHeadquarters of the European Institute

natural and synthetic biomaterials. Synthetic polymers
include polylactic acid (PLA) [2] or polycaprolactone (PCL)
[3]. These materials offer mechanically robust scaffolds;
however, concerns such as long degradation times, residual
toxic monomers arising from incomplete polymerisations,
as well as structural and mechanical instability, can render
them unsuitable for applications such as neuronal TE [4, 5].

Natural materials such as hyaluronic acid or gelatin
offer the potential for biomimicry with the control of the
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immunomodulatory response of the host tissue. The inclusion
of collagen or gelatin provides cellular attachment sites by
means of arginine—glycine—aspartic acid (RGD) and GFOGER
peptide sequences similar to the extracellular matrix of tissues
[6, 7]. Hyaluronic acid (HA) has also been extensively used to
modulate the host tissue response, for example, by means of
CD44 and HA-mediated motility (RHAMM) receptors [8—10].
For example, in a spinal cord injury, axon regeneration is very
limited due to the hostile and inhibitory local environment
around the injury site [11, 12]. To overcome the limited tissue
healing ability in SCI, TE scaffolds, and conduits offer an envi-
ronment for homing cells and supporting regenerating neural
tissues [13, 14]. High molecular weight HA (HMWHA) has
been shown to decrease pro-inflammatory astrocyte reactivity
in traumas of the central nervous system, while low molecu-
lar weight HA (LMWHA) induces astrocyte proliferation and
increases pro-inflammatory responses [15, 16].

The development of TE scaffolds has also been widely
explored in 3D printing scenarios, primarily due to the
advantage in controlling the architecture of the scaffold to
a high degree when compared to traditional moulding tech-
niques [6, 17, 18]. The choice as to the printing material
is also greatly important, as the necessary parameters such
as shear thinning behaviour, as well as post-printing shape
fidelity maintenance, must be maintained for a successful
scaffold 3D print to be obtained [19-21]. The incorporation
of capacitors and piezoelectric elements into 3D printing
strategies has also been explored [22-24], though in terms
of TE strategies, a shift towards 3D printing conductive
biomaterial scaffolds has been observed to date. Cells are
known to be influenced by electrical stimulation [14, 25],
especially if they are of a conductive nature such as cardiac
[26], muscle [27], spinal or nerve cells [25, 28]. Raising
the conductivity of scaffolds can be achieved in various
ways, including through carbon-based additives such as
graphene oxide, carbon nanofibers and carbon nanotubes
[6], or by utilising conductive polymers such as polyaniline
and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) [29, 30]. Although the utilisation of these
additives has shown some promising results, the drawbacks
of low conductivity in neutral pH, insolubility in water,
potential toxicity issues due to PSS, poor bio-functionality
and/or biocompatibility have severely limited their success-
ful use in in vivo applications [31-33].

Polypyrrole (PPy) is another widely known electrically
conductive polymer utilized due to its biocompatibility and
minimal immune response, with the PPy often combined
with biomaterials via in situ polymerisation [34, 35]. How-
ever, several limitations of PPy must be addressed, namely,
instability and molecular damage in biological aqueous envi-
ronments due to the dissolved oxygen, low cellular adhesion,
poor water processability and insolubility, and post-synthesis
processing difficulties resulting in poor mechanical properties
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[36, 37]. These limitations have restricted the successful
incorporation of PPy in hydrogel systems and its application
in TE scaffolds.

In this study, PPy nanoparticles (NPs) were synthetised
to overcome the outlined limitations by utilising chemi-
cal oxidation polymerization. The mini-emulsion method
was used to ultrasonically mix the disperse and con-
tinuous phase, consisting of pyrrole as the monomer and
poly(diallyldimethylammonium) chloride (PDADMAC) as
a surfactant. The presence of the surfactant stabilises the
nanodroplets, which then act as nanoreactors with the addi-
tion of iron(II) p-toluenesulfonate hexahydrate. The study
of PPy NPs in combination with biomaterials has been lim-
ited to date [38, 39].

The PPy NPs offer a new route to increase the conduc-
tivity of a more varied range of biomaterial components
than the traditionally used PPy while maintaining cellu-
lar attachment and proliferation. The PPy NPs also offer
the possibility for further functionalisation of their surface
chemistry to allow, for example, drug incorporation by alter-
ing the surfactant used during the NP synthesis. The PPy
NPs were combined with gelatin and HMWHA to develop
Gel:HA:PPy-NP scaffolds. These biomaterials were cho-
sen as they provide strong cellular attachment and immu-
nomodulatory properties [7, 8, 15, 40]. The scaffolds were
fully characterised by means of mechanical, morphologi-
cal, chemical and biocompatibility responses. The materi-
als were also successfully 3D printed into predetermined
shapes, showing excellent shape fidelity characteristics. The
strategy of combining printable immunomodulatory bioma-
terials with conductive NP additives shows promise for a
wide range of electrically conductive tissue repair strategies
and geometries.

2 Materials and methods
2.1 Materials

For the synthesis of the PPy NPs, poly(diallyldimethylammonium
chloride) solution (PDADMAC) 20 wt% in H,0,, pyrrole,
Iron(III) p-toluenesulfonate hexahydrate (Fe-Tos) and H,O, (30
wt%) were all purchased from Sigma-Aldrich (Ireland).

For the development of the Gel:HA:PPy-NP scaffolds,
gelatin (300 Bloom, Type A), N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuc-
cinimide (NHS) and phosphate-buffered saline (PBS) were
all purchased from Sigma-Aldrich (Ireland). Hyaluronic acid
(1.8 MDa molecular weight) was purchased from Shanghai
Easier Industrial Development (China).

For cell culture experiments, the minimum essential
medium alpha (MEMua), foetal bovine serum GlutaMAX,
Penicillin—Streptomycin, DAPI and propidium iodine were
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all purchased from Sigma Aldrich (USA). Alamar Blue™,
Vybrant Dil Cell-Labelling Solution and Calcein AM
were all purchased from Invitrogen (Thermofisher, USA).
ENStem-A™ Neural Expansion Medium, L-Glutamine and
FGF-2 were all purchased from EDM Millipore (USA).

2.2 Synthesis of polypyrrole nanoparticles (PPy NPs)

The synthesis of the PPy NPs was conducted by chemical
oxidation polymerization in mini-emulsion, as shown in
Fig. S2a, modified from [41]. In summary, 0.037 M (200
uL) of pyrrole was added into an aqueous solution of PDAD-
MAC in water (40 mL). The solution was stirred at 800 RPM
for 5 min followed by tip ultrasonication (Soniprep 150 Plus,
MSE, UK) for 10 min over ice at an amplitude of 20 um to
obtain a mini-emulsion. 0.056 M of Fe-Tos solution in DI
water (10 mL) was added dropwise to the mini-emulsion
under constant stirring at 45 °C. 0.001 M of H,0, was then
added and the reaction was left to run overnight. The NP
purification was then conducted by means of centrifugation
at 8700 RPM for 20 min. The supernatant was discarded,
and the purification step repeated three times, with a final
redispersion in 40 mL of DI water.

2.3 Preparation of gelatin/hyaluronic acid/PEDOT
NPs lyophilised scaffolds

Gel:HA:PPy-NP hydrogel solution was prepared by adding
10% w/v of gelatin to the PPy NP solution at 50 °C. The
PPy NP solution was diluted into 1%, 0.5 x and 0.25 X con-
centrations before the addition of gelatin, as shown in
Table 1. The solution was stirred until fully dissolved,
followed by the addition of 1% w/v of HA and cast into
moulds, 13.5 mm in diameter and 4 mm high. The solution
was then slowly frozen at -20 °C for 2 h, followed by freez-
ing at— 80 °C overnight. Lyophilisation of the hydrogels
to create Gel:HA:PPy-NP scaffolds was conducted with
Eurotherm LS40/60 (Severn Science Ltd, Bristol, England)
with cooling for 8 h at—30 °C at 100 mbar, first drying
for 16 h at—10 °C under 0.1 mbar and secondary drying
for 2 h at 20 °C (under vacuum). The lyophilised scaffolds

Fig. 1 a SEM analysis of a)
synthetised PPy NPs. b DLS
measurement of PPy NPs in the
hydrodynamic state.

Table 1 Composition of the prepared Gel:HA:PPy-NP scaffolds

Sample name PPy Gelatin  Hyaluronic
concentration (% w/v)  acid (% w/v)
(mg/ml)

Gel:HA:PPy-NP 1 x 2.1 10 1

Gel:HA:PPy-NP 0.5 x 1.05 10 1

Gel:HA:PPy-NP 0.25x  0.525 10 1

Gel:HA Control 0 10 1

were then removed from the circular moulds and crosslinked
with EDC:NHS, 50 mM:10 mM respectively, in 1 XPBS
solution at 4 °C for 24 h before washing trice in DI water.
Control samples were synthesised in a similar manner, using
DI water instead of NP solution. The scaffold preparation
schematic is shown in Fig. S2.

2.4 Characterisation of Gel:HA:PPy-NP scaffolds

Scanning electron microscope (SEM) analysis of PPy NPs
was conducted by means of Hitachi SU70 SEM. The PPy
NPs solution was deposited onto a glass slide, and the water
was allowed to evaporate. The lyophilised Gel:HA:PPy-NP
scaffolds were sputtered with gold prior to SEM imaging.
An imaging voltage of 10 kV was used to visualise both the
NPs and the Gel:HA:PPy-NP scaffolds.

Dynamic light scattering (DLS) analysis of the PPy NPs
was also conducted using a particle size analyser (Zetasizer
Nano ZS, Malvern Instruments, Malvern, UK). The NPs
were diluted to a of low concentration in a 0.3 M KCI aque-
ous solution.

The compressive behaviour of the Gel: HA:PPy-NP scaf-
folds was tested using an in-house compression testing facil-
ity equipped with a 1 kN load cell and a compression rate
of 1 mm/s~! between parallel plates. The slope in the linear
region of a normalised stress vs. strain graph was used to
calculate Young’s Modulus.

The resistivity of the Gel:HA:PPy-NP scaffolds was
measured with an Ohm meter using the two-probe method.
The conductivity of the samples was then calculated by
means of Pouillet’s Law as shown in Eq. 1.
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where o is the conductivity, / is the sample length, A is the
cross-sectional area, and R is the resistance.

Fourier-transform infrared spectroscopy (FTIR) spectra
of Gel:HA:PPy-NP scaffolds in the range 500-4000 cm™!
for 10 scans was conducted with spectrum 100 FTIR
(PerkinElmer, USA).

The swelling profiles of the Gel:HA:PPy-NP scaffolds
were tested by firstly drying out the samples in a vacuum
oven overnight. Subsequently, the dry mass of the samples
was weighed prior to rehydration in PBS at 37 °C for a
period of 96 h. At specified time points, the wet mass of
samples was re-taken, and the swelling degree (SD) was
calculated using Eq. 2.

Ws — Wd

) « 100% 2)
where W is the hydrogel swollen mass, and Wd is the dried
mass.

The rheological behaviour of the Gel:HA:PPy-NP
hydrogel (before the lyophilisation step) was investigated
using a hybrid rheometer (TA Instruments, USA), with the
techniques described in [6]. In brief, disposable 25 mm
aluminum rheological plates with a measurement gap of
550 um were used during the analysis. The hydrogel sam-
ples were tested using the following testing parameters: (1)
frequency sweep from 0.1 to 100 rad/s at the determined
constant strain of 2% and (2) steady-state flow test with
shear rates ranging from 0.5 to 500 s~! and 3) recovery test
under shear rates of 0.1 s™! and 100 s™!. All the experiments
were conducted at 37 °C.

2.5 3D Printing of Gel:HA:PPy-NP

3D Printing capabilities of Gel:HA:PPy-NP hydrogels
were studied with an Allevi 2 Printer (Allevi, USA). 3D
lattice models were created using CAD software (Solid-
Works 2016) and spliced into a printable design via a splic-
ing software (Repetier-Host) prior to 3D printing. Printed
designs were constructed as 10 mm in width square lattices
with two layers printed. Gel:HA:PPy-NP hydrogel lattices
were printed using a printing speed of 6 mm.s~!. The pres-
sure and temperature parameters inside the printing cylinder
were kept between 4—6 PSI and at 31-33 °C, respectively.

2.6 In vitro cytocompatibility assessment
of Gel:HA:PPy-NP NP scaffolds

Gel:HA:PPy-NP scaffolds were initially tested for poten-

tial cytotoxicity by means of Alamar Blue™ Proliferation
Assay. The mesenchymal stem cells (MSCs) were seeded
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at a density of 0.2 x 10° cells/scaffold onto pre-conditioned
Gel:HA:PPy-NP scaffolds in a 24-well plate and supple-
mented with 1 mL of cell culture media with overnight
incubation. The Alamar Blue™ protocol was used follow-
ing the manufacturer’s protocol as described.

Biocompatibility of the Gel:HA:PPy-NP scaffolds was
assessed by means of LIVE/DEAD staining with Calcein
AM and propidium iodine. The MSCs were seeded at a
density of 0.2 x 10° cells/scaffold onto pre-conditioned
Gel:HA:PPy-NP scaffolds in a 24-well plate and cultured
for a period of 96 h. Cells were imaged by means of Carl
Zeiss Microscope (USA) for fluorescence imaging. Quan-
titative analysis of the cell viability was completed using
the ImageJ software.

Visualisation of the MSCs and tdTomato Neuronal
Stem Cells (NSCs) morphology and cell attachment
was also conducted. MSCs and NSCs previously stained
with Vybrant Dil (1:200) were seeded at a density of
0.1 x 10°-0.25 x 10% cells per scaffold onto pre-condi-
tioned Gel:HA:PPy-NP scaffolds in a 24-well plate. After
a period of 96 h, the cells were fixed with 4% paraformal-
dehyde (PFA), stained with DAPI (1:1000), and imaged.
Detailed outlines of the in vitro testing can be found in the
Supplementary Information. The schematic of in vitro bio-
compatibility testing of cells seeded on conductive scaf-
folds is shown in Fig. S1.

2.7 Statistical analysis

Experiments were conducted in triplicates, with the data
presented as mean + standard deviation. To determine
the statistical significance, one-way analysis of variance
(ANOVA) was employed with the p value of <0.05 con-
sidered as statistically significant (*p <0.05). A two-way
ANOVA was employed for the Alamar Blue™ cytocom-
patibility analysis, with the p value of <0.05 considered
as statistically significant (*p < 0.05).

3 Results and discussion

3.1 Morphological characterisation of PPy NPs
and Gel:HA:PPy-NP scaffolds

Polypyrrole nanoparticles were successfully synthesised
using the mini-emulsion method as shown in Fig. S2a.
Morphological analysis of the PPy NPs shows that the NPs
possess a rounded and uniform morphology, with an aver-
age diameter of 187 +24 nm, as indicated by ImagelJ anal-
ysis of the SEM image, with an example shown in Fig. 1a.
Nanoparticle analysis via a DLS technique shows that in
their hydrated state, the PPy NPs had a hydrodynamic size
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of 396 nm, as shown in Fig. 1b. The variability in the
reported NP sizes can be attributed to swelling and aggra-
dation factors present in hydrodynamic values.
Incorporation of the PPy NPs into the Gel:HA blended
solutions (Fig. S2b) created a black viscous solution,
with an increase in the viscosity observed in part due
to the high MW of the HA. After lyophilisation, the
Gel:HA:PPy-NP scaffolds were examined via SEM to
determine their internal architecture, as shown in Fig. 2a.
The Gel:HA:PPy-NP scaffolds show a well-defined inter-
nal porosity across all samples with the pore size ranging
from 526.2 +74.6-403.9 + 57.4 um. The pore size was
measured by image analysis using ImageJ as shown in
Fig. S2b. The Gel:HA control had an average pore size
of 153.04 +27.8 um, though no significant difference
between the PPy NPs scaffold groups was found. The
porosity of the scaffolds is attributed to the manufacturing

Fig.2 a SEM Analysis of the a)
porosity and PPy NP distribu-

tion within Gel:HA:PPy-NP

scaffolds. A Surface view of
Gel:HA:PPy-NPs scaffolds.

B Internal porosity of the A
Gel:HA:PPy-NPs scaffolds,

with average pore diameter.

C Magnification of PPy NPs

on the internal surfaces of the
Gel:HA:PPy-NPs scaffolds.

b Internal pore diameter of
Gel:HA:PPy-NP scaffolds.

(*p<0.05 (n=3, mean + SD) B
is indicated where statistical

difference is observed)

b)

protocol with slow freezing of the samples prior to lyoph-
ilisation. Slow freezing allows for larger ice crystals to
form within the scaffold, which are then removed during
lyophilisation, leaving a porous geometry throughout the
scaffolds [42]. The addition of the PPy NPs, which are
hydrophilic, contributes to increased pore size in the PPy
NPs scaffolds when compared to that of the Gel:HA con-
trol. The presence of the NPs in the material may lead to
slower heat dissipation and thus a slower freezing process
due to the formation of ice bulges within the hydrogel.
This in turn influences the morphological architecture and
porosity of the scaffold [43, 44]. Overall, porosity in the
range of 100—500 pum has been shown to support cellular
interactions by allowing adequate oxygen and nutrient dif-
fusion, particularly for MSCs [40, 45]. Additionally, the
pore size of the scaffolds can be easily tailored by the
processing conditions.
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Additionally, the distribution of the PPy NPs across all
samples was homogeneous with no aggregation of NPs
observed, as shown in Fig. 2(a-C). This is difficult to
achieve in viscous systems such as the Gel:HA:PPy-NP
hydrogels.

3.2 Mechanical characterisation
of Gel:HA:PPy-NP scaffolds

The mechanical properties of Gel:HA:PPy-NP scaffolds
were investigated using a compression testing facility,
with the results shown in Fig. 3a. Increasing the concentra-
tion of the PPy NPs increased the Young’s Modulus from
1.16 +0.07 MPa for the PPy 0.25 X scaffold to 1.2+0.3 MPa
for the PPy 1 x scaffold. All PPy NP scaffold samples had a
higher Young’s Modulus than the control at 1.09 +0.08 MPa,
though no significant difference was observed between the
samples. The mechanical properties of materials for TE
strategies are one of the important factors to consider when
designing a scaffold for specific purposes and should ide-
ally match the mechanical response of the native host tissue.

Taking spinal cord injury repair as an example, the human
spine is generally regarded to possess a Young’s Modulus
of 0.8-1.37 MPa, with the PPy NP scaffolds matching this
mechanical behaviour closely [15, 46, 47].

3.3 Conductive characterisation
of Gel:HA:PPy-NP scaffolds

The resistance of the scaffolds was measured using a 2 probe
method and was converted into conductivity using Pouille’s
law, with the results shown in Fig. 3b. The addition of the
NPs increased the conductivity almost two-fold when com-
pared to the Gel:HA control. The conductivity of the PPy
1 x sample was 4.3x 1079+ 1.1x107% S.cm™ when com-
pared to the Gel:HA control at 2.3 X 10°+4%x107 S.cm™!,
matching the values of other electroconductive scaffolds
which have shown to induce improved cellular function [48].
The differences in the conductivity between the PPy NP
scaffold concentrations were not significant due to the small
quantities of the added NPs when compared to the overall
scaffold formulation. It is hypothesised that the percolation

Fig.3 a Young’s Modulus a) b)
of Gel:HA:PPy-NPs scaf- » 1.5 ’E\ 8x10-¢ -
folds. b Conductivity of the = O
. . S —— ~
Gel:HA:PPy-NP scaffolds. S ) 6x10-6-
¢ Swelling profiles of the O w© 107 ;
Gel:HA:PPy-NP scaffolds. =0 £ 06l
d Swelling degree at 96 h w é 5
of observation. (*p <0.05, 8’ 0.5 S .
(n=3, mean + SD) is indicated 3 T 210
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threshold has not been reached with the specified NP con-
centrations, therefore the addition of higher concentrations
of PPy NPs would increase the conductivity once this thresh-
old is reached. It is inferred that the interactions between
the NPs and the ionic conductive component of the water
in the hydrated scaffold were the significant driving factors
for the increase in the conductivity with the specified NP
concentrations. It should be noted that conductivity in cel-
lular interactions is primarily driven by ionic exchange, and
not electron transfer. Therefore, the conductivity of an elec-
troconductive TE material should aim to incorporate both
electronic and ionic conductivity contributions to bridge the
gap between the electrical scaffold and host tissue conduc-
tive behaviours [49].

3.4 Swelling properties of Gel:HA:PPy-NP scaffolds

Determination of the swelling properties and crosslinking
effectiveness of the developed materials was conducted on
the Gel:HA:PPy-NP hydrogel scaffolds by means of swell-
ing studies, and the results are presented in Fig. 3c. The
swelling degree initially increased for all samples during
the first 24 h. Swelling profiles for PPy NP-loaded scaf-
folds were very similar over the 96 h observational period,
with the swelling degree increasing gradually over time.
Conversely, the swelling degree of the Gel:HA reached
equilibrium after 24 h. At the 96 h timepoint, shown in
Fig. 3d, the swelling degree of the PPy 1 X scaffolds was
significantly higher at 440 +37% than the Gel:HA control
at 279 +24%. It may be speculated that the addition of the
hydrophilic PPy NPs into the Gel:HA system improves the
water uptake of the scaffolds due to the positive surface
charges of the NP and the PDADMAC used in their syn-
thesis [50]. While PDADMAC is known to possess a high
affinity for water uptake [50, 51], this could increase the
overall hydrophilic character of the PPy NP scaffolds and
establish a higher swelling degree when compared to the
control, as the swelling degree of polyampholytic polymers
such as gelatin depends on charge distribution, amongst oth-
ers factors [52].

It is well established that EDC activates carboxyl groups
to crosslink with primary amino acids on adjacent gelatin
chains, while the addition of the NHS stabilises the reac-
tion and prevents molecular rearrangement [53, 54]. We
speculate that crosslinking efficiency is disrupted in part
due to the presence of the PPy NPs and the polyelectrolyte
PDADMAC [55]. The NPs act as a filler within the Gel:HA
polymer matrix, and therefore, their presence affects the

crosslinking efficiency between adjacent gelatin chains,
resulting in higher swelling degrees [53, 54].

3.5 Chemical analysis of Gel:HA:PPy-NP scaffolds

Figure 4a shows a wide band at 3300 cm™! associated with
O-H and N-H stretching attributed to the presence of gela-
tin and HA in the scaffold composition [6, 41, 56]. Bands at
3500-3200 cm™! and 3070 cm ™ are attributed to gelatin amide
A and B, respectively [56]. The peak at 1630 cm™! relates
to gelatin amide I band, which represents the C—O and C-N
stretching originating from the -NH group of the gelatin, while
the amide II and III bands can be attributed to C-N stretching
and N-H bending of the gelatin and these are attributed to the
1545 cm™" and 1235 cm™! peaks, respectively [6, 56].

Characteristic HA bands are observed at 2930 cm ™",
1630 cm™!, and 1030 cm™!, representing the C—H stretch-
ing vibration, amide carbonyl, and the presence of C-OH
stretching, respectively [41, 56].

Distinctive PPy NP peaks are not clearly observed in the
scaffold spectra due to the small volume of NPs added to
the scaffolds when compared to the overall scaffold com-
position. Typical FTIR spectra for PPy NPs are shown in
Fig. 4b. Bands at 1547 cm™' and 1468 cm™ relate to vibra-
tions of the polypyrrole ring C=C stretching and C-N
stretching, respectively. The peak at 1165 cm™" is due to the
C-N stretching vibrations, while the peaks at 1295 cm~!and
1035 cm™! are attributed C =C in-ring stretching and C-N
deformation [57, 58].

3.6 Rheological analysis of Gel:HA:PPy-NP hydrogel

Rheological assessment of the Gel:HA:PPy-NP hydrogels
are shown in Fig. 5a—d. The storage and loss moduli are
presented in Fig. 5a—b. The addition of PPy NPs acted as
a ‘filler’ to the overall hydrogel composition. Therefore,
increasing the NP concentration increased the storage and
loss modulus values, though all hydrogels are within their
solid-elastic response, as shown by higher values of the stor-
age modulus than loss modulus.

The hydrogels all display shear-thinning behavior, as
shown in Fig. 5c. The addition of PPy NPs increases vis-
cosity, for example, the viscosity of the Gel:HA sample
decreases from 15.9 Pa.s to 1.5 Pa.s when the shear rate is
increased from 2 to 50 s™!, while the PPy 1 x sample viscos-
ity decreases from 282.6 to 11.2 Pa.s over the same shear
rate range. Recovery profiles for the hydrogels are shown
in Fig. 5d. This analysis simulates 3D printing conditions,
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Fig.4 a FTIR spectra of Gel:HA:PPy-NPs scaffolds. b FTIR spectra of PPy NPs

with the initial low shear rate simulating the material in the
printing cartridge. Increasing the shear rate to 100 s~! simu-
lates a higher shear experienced during extrusion through a
narrow printing nozzle, with the shear rate decreasing drasti-
cally back down to a negligible 0.1 s~! after the material is
printed. The recovery of the material to higher viscosities
following the printing step is crucial in maintaining shape
fidelity post-printing. Once this is achieved, a post-print-
ing crosslinking regime can be introduced. All hydrogels
exhibited this recovery behaviour. For example, the PPy
1 x sample initially had a high viscosity of 12,453 Pa.s which
decreased to 29.7 Pa.s upon application of higher shear rates.
Interestingly, 5 s after removal of the high shear rate, the
viscosity recovered to 2020.14 Pa.s with a recovery rate of
16.2% of the initial viscosity. At the 10 s, 20 s, and 30 s
time points the recovery rates measured at 21.8%, 27.9%
and 31%, respectively. The re-organisation of the polymer
network chains is not instantaneous [6, 59], though as the
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majority of the PPy NP material recovery can be observed
in the initial 5-10 s window, this augers well for its deploy-
ment as a bioink.

3.7 3D Printing of Gel:HA:PPy-NP hydrogels

Gel:HA:PPy-NP hydrogels with varying PPy NP load-
ings were utilised for 3D printing trials of 10-mm square
lattices, comprising of 2 layers, with the results shown in
Fig. 6. All samples, along with the control, were success-
fully 3D printed. Samples exhibited a defined post-printing
shape fidelity, with good filament line spreading and height
maintenance observed [60]. At room temperature, the lat-
tices could be handled without the need for crosslinking.
This showcases that the Gel:HA:PPy-NP material can be
processed in a variety of methods to suit future scaffold
geometry and application requirements.
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3.8 Biocompatibility of Gel:HA:PPy-NP scaffolds

The possible cytotoxic effects of the Gel: HA:PPy-NP mate-
rials were initially investigated by means of Alamar Blue™
Proliferation Assay. Mesenchymal stem cells were seeded
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PPy 1x PPy 0.5x PPy 0.25x

Fig.6 3D printed lattices of Gel:HA:PPy-NP hydrogels before a
crosslinking regime is introduced
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onto Gel:HA:PPy-NP freeze-dried scaffolds and their pro-
liferation was recorded via fluorescence over a period of
96 h, with results shown in Fig. 7a. The proliferation rates
of MSC:s followed a similar trend across all samples over the
96 h observational period, with the cells maintaining similar
proliferation rates over the observation period. Decreasing
the PPy NP concentration did not significantly affect the
proliferation rates, for example at the 48 h timepoint the
proliferation rate of PPy 1xwas 49 +9% compared to PPy
0.25 x at 49 + 13%, though the proliferation rates were lower
than the scaffold control i.e. (Gel:HA) with no NPs, as well
as the cell control. The latter could be potentially explained
as a limitation of the experimental setup. When seeding
cells on a scaffold, it is much more difficult to dispense
the desired number of cells without any cells washing away
during the process when compared to a more precise cell
seeding onto a well plate. Therefore, the lower cell seeding
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Fig.7 MSCs cultured on Gel:HA:PPy-NP scaffolds shows high via-
bility and good cellular morphology when examined in vitro. a Cyto-
toxicity of MSCs measured by means of Alamar Blue™ Proliferation
Assay cultured for 96 h in the presence of Gel:HA:PPy-NP scaffolds.
b Quantification of cellular viability from LIVE/DEAD assay, gath-

density present on scaffolds may explain the apparently
lower proliferation rates than in the cell control. However,
the constant proliferation rates over a period of 96 h period
strongly indicate that these scaffolds do not illicit a cytotoxic
response for MSCs. A two-way ANOVA shows a statistical
difference in the proliferation rates of cells between the scaf-
fold groups and the cell control across the 96-h observation
period.
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Visualisation of MSCs cultured on Gel:HA:PPy-NP
scaffolds for 96 h was initially performed utilising a LIVE/
DEAD assay, with the results shown in Fig. 7c. Across all
groups, high levels of cell viability were detected. The mor-
phology of the cells was also typical of MSCs with spindle-
like projections observed [41, 61]. Quantification of the cell
viability by ImagelJ analysis is presented in Fig. 7b. Across
all groups, the percentage of live cells was higher than 84%,
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Fig.8 MSCs and NSCs
cultured on Gel:HA:PPy-NP
scaffolds shows good cellular
morphology and attachment
when examined in vitro. a Pre-
viously stained with Dil MCSs
(red) seeded on Gel:HA:PPy-
NP scaffolds of different PPy
NPs concentrations for 96 h,
fixed with PFA and stained
with DAPI (blue). A Dil/DAPI
scale bar—200 um. B Dil/DAPI
scale bar—100 um. C DAPI
scale bar—100 um. D Dil scale
bar—100 um. b Previously
stained with TdTomato NCSs
(red) seeded on Gel:HA:PPy-
NP scaffolds of different PPy
NPs concentrations for 96 h,
fixed with PFA and stained with
DAPI (blue). A tdTomato/DAPI
scale bar—200 um, B tdTo-
mato/DAPI scale bar—100 um,
C DAPI scale bar—100 um, and
D tdTomato scale bar—100 um
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with the PPy 1 x scaffolds viability at 87 +2%, which com-
pares favourably with the Gel:HA control at 88 +8%.

To analyse the cellular attachment of MSCs onto
Gel:HA:PPy-NP scaffolds, MSCs which were previously
stained with Dil were seeded onto the scaffolds and cul-
tured for a period of 96 h. The cells were then fixed and
stained with DAPI for nuclear identification, with the results
shown in Fig. 8a. Overall, MSC attachment onto the scaf-
folds was very prominent, with the cellular arrangement fol-
lowing patterns on the surface of the scaffold. Cells were
observed growing in clusters within the grooves and pores
of the scaffolds, as shown in the scaffold surface topogra-
phy in Fig. 2a-A. The morphology of the attached cells also
possessed spindle-like projections, in line with normal MSC
morphology.

The cellular attachment was also examined using NSCs
to investigate the possibility of utilising the scaffolds in neu-
ral TE strategies, with tdTomato NSCs seeded and cultured
for 96 h on top of Gel:HA:PPy-NP scaffolds and followed
by DAPI staining, as shown in Fig. 8b. The attachment of
NSCs onto the scaffold of various PPy NP concentrations
was successful with cellular projections visible. As in the
case of MSCs, the arrangement of NSCs into clusters on
top of the scaffolds was primarily determined by the surface
topography of the scaffolds.

Successful attachment of the cells onto the Gel:HA:PPy-
NP scaffolds was primarily driven by the biomaterial compo-
nent of gelatin, which possesses GFOGER and RGD peptide
sequences which provide cell adhesive ligands for cellular
attachment [6, 7, 40]. The successful cell attachment, prolif-
eration and high viability of cells seeded on Gel: HA:PPy-NP
scaffolds indicates that the addition of PPy NPs does not
elicit cytotoxic effects on cultured cells. Further, the scaf-
folds are biocompatible when examined in vitro, showcasing
their potential use in electroactive TE strategies such as neu-
ronal repair. Further in vitro and particularly in vivo studies
are required to elucidate the biological response fully in the
presence of these conductive scaffolds.

4 Conclusions

Polypyrrole nanoparticles were successfully synthetised
using a chemical oxidation polymerization in mini-emul-
sion technique, which allowed the synthesis of stable and
round nanoparticles of 187 +24 nm in diameter. These
polypyrrole nanoparticles circumvent the limitations asso-
ciated with polypyrrole polymer in terms of biocompat-
ibility issues. Polypyrrole nanoparticles can be evenly
distributed within a scaffold consisting of gelatin and
hyaluronic acid (Gel:HA:PPy-NP). The base components
of the scaffold were chosen to possess cell attachment
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sites and provide anti-inflammatory immunomodulatory
cues. Physico-chemical characterisation shows that the
Gel:HA:PPy-NP scaffolds possess excellent mechanical
properties of 1.08 0.26 MPa and optimal porosity levels.
The incorporation of the conductive polypyrrole nanopar-
ticles increased the conductivity of the scaffolds by almost
two-fold to 4.3x 107°+ 1.1 x 10 S.cm™!. Shear-thinning
behaviour, as well as excellent post-printing recovery,
highlight that these materials have the potential to be 3D
printed into a wide array of geometries and architectures.
Biocompatibility studies with mesenchymal stem cells and
neuronal stem cells indicate that the Gel:HA:PPy-NP scaf-
folds are biocompatible with good cell attachment and pro-
liferation profiles. The arrangement of mesenchymal stem
cells and neuronal stem cells followed the scaffold surface
topography. Taking the results overall, the Gel:HA:PPy-
NP materials may be processed both using conventional
and advanced manufacturing methods to produce scaffolds
that show great promise for the regeneration of electroac-
tive tissues in applications such as neuronal, spinal, and
cardiac repair.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42114-023-00665-w.
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