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The growing clinical demand for electrical stimulation-based therapies requires the development of novel
conductive biomaterials that balance conductivity, biocompatibility, and mechanical performance. Traditional
conductive materials often induce scarring, due to their stiffness and poor biocompatibility, presenting chal-
lenges to their clinical translation. To address these issues, we report the development of an electroconductive

Graphene O . N e -t
Collagen pristine graphene-based (pG) composite material for central nervous system applications, consisting of type I
Neural interface collagen loaded with 60 wt% pG to yield conductivities (~1.5 S/m) necessary for efficient electrical stimulation.
Neurons Neurons and glial cells grown on composite films exhibited robust growth, and glial cells exhibited no change in

inflammatory markers. Electrical stimulation of primary neurons on the composite enhanced neurite outgrowth,
cellular viability and morphology compared to collagen controls. Finally, we demonstrated the versatility and
potential applications of the composite material for neuronal medical device applications by fabricating a range
of conductive, neural-interfacing structures, including porous scaffolds, microneedle arrays, and 3D-printed
circuits for bioelectronics. These results show that CpG composites form a versatile neurotrophic platform that
balances biocompatibility and physiologically relevant conductivity with robust mechanical properties that
allow for the production of a range of next-generation neuroprosthetic devices.

1. Introduction capable of interfacing safely and consistently with neural tissues, that

will enable the development of the next generation of neural medical

As our understanding of central nervous system (CNS) function has
rapidly evolved over the past 50 years, the neural interfaces used in
medical research and therapeutics to interrogate and/or influence CNS
electrical activity patterns have largely remained unchanged. As such,
there is an unmet demand for versatile electroconductive materials,

devices. The inclusion of charge-carrying nanomaterials presents the
possibility of imbuing a wide array of polymer materials with conduc-
tive properties, thus presenting an attractive alternative to existing
materials used as neural interfaces (e.g., metal electrodes). We present a
nanocomposite of pristine graphene (pG), a highly conductive
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nanomaterial, and type-I collagen, a naturally occurring organic poly-
mer, as a versatile, neurocompatible alternative to commonly used
electrode materials. We demonstrate its capacity to effectively enhance
the response of neurons to electrical stimulation, and its versatility for
application to different neural medical device designs.

With their advent in the early 1960’s, the fundamental component of
many neural interfacing devices is a conductive electrode, with stimu-
latory or sensing features and which allow for the connection of the
organic tissue to a functional electronic device such as a piezoelectric
nanotransducer [1], triboelectric nanogenerator [2,3], external power
supply, or sensing device, without disturbing normal tissue function.
Many neural interfaces employ metal-based electrodes, which have ideal
conductive properties, but the disparity in their physicochemical prop-
erties compared to the softer neural tissues often leads to glial
cell-induced scarring and long-term inflammation. This ‘foreign body
response’ is driven in its early stages largely by neuron-supportive as-
trocytes and immune-surveillant microglia, and leads to
post-implantation microhemorrhage and scarring, which can limit long
term performance [4,5]. To overcome this issue, recent electrode de-
signs look to incorporate softer conductive materials which more closely
mimic the physicochemical properties of neuronal tissue [4,6-9],
improving the neurocompatibility and subsequent implant lifespan.

Foremost among the candidates for these new softer electrodes are
composites with conductive nanomaterials [7,10-12], or conductive
polymers [12-16]. Carbon allotropes are particularly attractive due to
their unique mechanical, thermal, optical, and electrical properties [10,
17]. Among the various carbon allotropes, the graphene family, con-
sisting of pristine graphene (pG), graphene oxide (GO) [18], and
reduced graphene oxide (rGO) [19], have been identified as strong po-
tential candidates for application at the neural interface [6,20-22]. pG
in particular possesses excellent electrical conductivity [17,23],
strength, and processability [23], and thus, has been identified as a
strong potential candidate for application at the neural interface [6,20].
These properties result from its 2D molecular structure, comprising a
one atom thick layer of sp? hybridized carbon atoms, arranged in a
planar honeycomb structure [5]. However, its potential as a building
block for electroconductive devices has been marred by challenging
production processes [11,24], particularly when aiming to produce
biocompatible pG [25]. Graphene oxide (GO) consists of a graphene
basal plane with plentiful surface oxides, which have the benefit of
rendering the surface hydrophilic, but which also disrupt the basal plane
of the resultant nanosheets, resulting in a sharp decrease in the con-
ductivity compared to pristine graphene [26]. Reduced graphene oxide
(rGO) is synthesized by the reduction of graphene oxide to recover the
delocalized n-electron structure present in graphene. The conductivity is
improved compared to GO, however often still lower than pristine gra-
phene, due to defects and incomplete removal of functional groups on
the basal plane [27].

Despite the superior conductivity of pG [17,23] the difficulties in
producing consistent quantities of high quality, biocompatible pristine
graphene compared to GO or rGO has slowed research into its biological
application [25,28], and has led to inconsistent reports regarding its
neurocompatibility [29-32]. However, recent reports indicate that the
biocompatibility can be enhanced by controlling crystalline quality
[31], modifying surface chemistry [33,34], and non-covalent surface
functionalization, while retaining its favorable mechanical, thermal,
optical and electrical properties [29,35,36]. Previously, we have re-
ported enhanced bio-functionality of pG through complexation with
biomolecules, both in suspension and in a substrate, while retaining its
conductive properties [37-39]. By employing a high yield liquid-phase
exfoliation protocol, using the biopolymer gelatin as a stabilizer [39],
the use of toxic stabilizing reagents [25,40] is avoided, to produce
graphene flakes that are stable in water and easily incorporated with
other biopolymer-based matrices.

The lack of toxicity is crucial for the effective use of materials in any
biological context and several different approaches and cell types have
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been used to assess graphene biocompatibility [18,37,41-44]. Cells
exposed to graphene suspensions [30,37] or seeded directly on pure GO
or pG surfaces have been reported to induce cellular damage [45] and
apoptosis [30]. Neurons also show altered excitability when directly
exposed to pG [21]. However, biocompatibility is often increased if the
graphene surfaces are first functionalised by coating with a trophic
biological substrate [41,46-49], avoiding direct cellular contact and
allowing for more robust growth [36]. A similar strategy has also been
employed to enhance neuroprosthetic device compatibility in vivo, with
the electroconductive surfaces often coated or encased in a biological
substrate [44,50-52], but this often requires multistep fabrication pro-
cesses. Developing an innately biocompatible and electroconductive
composite that does not require further functionalisation steps, yet is
versatile enough to produce complex geometries, is an attractive
solution.

We hypothesized that a combination of collagen and pG (CpG) could
yield a nanobiocomposite with the requisite conductivities necessary to
interact with the central nervous system for neural interface applications
[53]. Type-I collagen is an abundant extracellular protein in the human
body and has been widely used for neuronal tissue engineering plat-
forms [54-56], due to its high levels of biocompatibility with nervous
system cells [50]. When pG is bound into collagen substrates it has been
reported to be non-inflammatory [37,57] and supports the growth of
directly seeded cardiomyocytes [38].

In this study the effect of pG loading on the properties of the resultant
CpG nanocomposites was investigated. The resulting materials exhibited
physiologically relevant conductivity and favorable mechanical prop-
erties, resulting in a soft, stable, and conductive material. Moreover, we
investigated the neurocompatibility of the substrate to support the
growth of several neuronal types, and the immuno-compatibility of the
CpG composites focusing on both astrocyte and microglial responses,
which are key regulators of the foreign body response in the CNS. All cell
types exhibited healthy morphologies and glial cells exhibited cytokine
release profiles indicative of non-inflammatory phenotypes - indicating
that CpG exhibits both excellent neurocompatibility and immuno-
compatibility. The ability of the CpG60% (60 wt% pG) nanocomposite
to deliver functional electrical stimulation [58,59] to mouse primary
cortical neurons (MPCNs) was next demonstrated. Cells stimulated for 7
days showed healthy morphologies, and enhanced neurite length and
density. Finally, we show the versatility and potential applications of the
composite material by fabricating a range of conductive,
neural-interfacing structures - specifically a lyophilized macroporous
bioscaffold, a microneedle array, and a conductive bioink. Together,
these data show that CpG nanocomposites are versatile materials with
enhanced neurocompatibility and conductivity, enabling effective de-
livery of electrical stimulation for a wide array of neural applications.

2. Results and discussion

2.1. Production and characterization of films of type I collagen and
pristine graphene

To assess the physical characteristics of the collagen/pristine gra-
phene (CpG), candidate composites were dry cast to produce homoge-
neous films. The effect of increasing pG concentration on the mechanical
properties of each candidate composite was assessed by performing
tensile tests on PBS-hydrated films, to reproduce the conditions found in
vivo. Young’s modulus (E) of the composite films initially decreased after
graphene addition (10-30 wt%) (Fig. 1A). This may be due to the effect
of pG disrupting the interaction between individual collagen fibrils at
high graphene loadings, leading to weakening of the material [39,60].
The maximum elastic modulus, ultimate tensile strength, and maximum
strain are available in the Supplementary Information (Sup. Fig. 1).
Maximum elastic modulus and ultimate tensile strength are both
significantly lower for the CpG composites than they are for collagen.
The maximum strain is significantly lower in the CpG60% composite,
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Fig. 1. Bulk physical property characterization of collagen/pristine graphene (CpG) composite films. (A) Assessment of the Young’s modulus of the hydrated films, as
a function of pG loading and obtained by stress-strain measurements, showing the robust mechanical properties of CpG. (B) Conductivity measurements in dry state,
showing the composite reaching the percolation threshold as a result of increasing pG loading. CpG 100% represents a vacuum-filtered, polymer free network of
graphene. (C) Degradation testing of the films with different pG loadings using the enzyme collagenase (at 37 °C) revealed that pG loading has no effect on
degradation rates compared to the collagen controls. (D) CpG film area mean roughness showed significant increase in surface roughness on CpG60% compared to
other tested films. (E) Contact angle measurements performed with deionized water droplets on the different composites showed a small but significant increase with
higher pG loadings. (F) SEM imaging of the film surfaces revealed an increase in irregular shaped surface profiles with higher pG loadings. Scalebars = 1 pm. (G) AFM
images derived from 10x10 um z-axis scans for increasing graphene loadings also showed an increase in surface irregularities with higher pG loadings. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

indicating a decrease in the ductility of the material. Nanomaterial
reinforcement at low loadings is explained using the Rule of Mixtures for
nanocomposites, while at the high loadings used in our study, the
deterioration in mechanical properties, and thus deviation from the Rule
of Mixtures is explained by increasing filler aggregation [39,60,61].

However, Young’s modulus of the 60 wt% composite was significantly
higher (E =17.8 MPa, p < 0.001) than the collagen controls (Fig. 1A). It
is unclear where this reinforcement arises from, since the mechanical
properties should deteriorate at high loadings, as detailed above. It may
arise due to the unusual fibrillar nature of collagen compared to other
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polymers, which may cause deviation from the expected mechanical
properties at higher graphene loadings [62]. Taken together, these data
show that the mechanical properties of all CpG composites are closer to
the stiffness of CNS tissues (1-100 kPa) [63] compared to that of
traditional CNS electrode materials (>100 GPa) [64], and on the same
order of magnitude as collagen, which has been used extensively in
neural tissue engineering [65]. The lower stiffness of the CpG films
compared to traditional electrode materials is an important material
property, as exemplified by recent work, which has shown that
matrix-based materials interact with glial cells in a stiffness-mediated
manner [66]. The flexural modulus and the electrical performance of
the material under repeated deformation may be relevant, since bio-
materials can be subject to specific tensile, compressive, and flexural
stresses depending on the location of the implant in the CNS (e.g. cortex
versus spinal cord). However, these parameters depend largely on the
design and location of the implant. The versatile processing capabilities
of the CpG60% material would allow the fabrication of devices with a
range of flexural moduli, to fit the desired application.

Preserving the electrical properties is a key parameter for any elec-
troconductive material [67] designed for biological applications, so we
next determined the conductivity of all CpG candidates in the dry state,
with the percolation threshold being reached at approximately 50 wt%
pG (Fig. 1B). The highest conductivity with physically stable films was
achieved at 60 wt% loading (~1.5 S/m), rendering the composite suf-
ficiently conductive for nervous tissue [53], and higher than reported
previously for graphene stimulatory composites [42]. It is likely that at
these higher loadings, conductivity trades off with strength, as
decreasing quantities of polymer binder in a composite will likely lead to
the strength of the composite relying on the relatively weak bonds be-
tween graphene flakes [39,60].

We next assessed the thermal and physiological degradation prop-
erties of the composites, to determine their stability in long-term phys-
iological conditions. Thermogravimetric analysis demonstrated a trend
towards higher thermal stability with increasing graphene loadings
(Sup. Fig. 1D), indicating higher thermal stability compared to collagen
alone, and confirming the ability of the composite to undergo dehy-
drothermal (DHT) treatment at 105 °C without compromising the
structural integrity of the material. To assess the stability and degra-
dation capacity of the composite films under accelerated physiological
conditions, each film was subjected to rapid enzymatic degradation
using collagenase (0.1 mg/mL) at 37 °C. Significant loss was seen in all
groups after one hour, and total loss registered after 3 h, with no dif-
ference between all groups, indicating that pG loading does not impact
the enzymatically induced breakdown kinetics of collagen in the films
(Fig. 1C). This finding indicates that the CpG composite material shares
a similar degradation profile to collagen controls.

Material surface properties are critical for appropriate material-cell
interaction [68]. The topography of film composites with the different
pG loadings were investigated using scanning electron microscopy
(SEM) (Fig. 1F). In all composites, pG flakes visibly protruded from the
surface, with flakes forming larger irregular 3D features on CpG60%
films. To corroborate these observations, atomic force microscopy
revealed similar surface topographical changes (Fig. 1G), with CpG60%
showing increased area and minimum line roughness (Fig. 1D and Sup.
Fig. 1G). Next, to determine the correlation between film hydropho-
bicity and topography, surface contact angles were assessed, revealing
that higher pG loadings lead to significantly higher contact angles (=~ 74°
c.f. 65° for collagen), denoting a decrease in surface hydrophilicity
(Fig. 1E). The associated changes in surface roughness and hydropho-
bicity are known to affect cell attachment and biocompatibility [69,70]
and may have a positive impact on the ability of the substrates to support
CNS cell growth [71].
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2.2. Characterization of neuronal and glial cell response to CpG-based
films

Next, to assess the biocompatibility of the different CpG composites,
human SH-SY5Y neurons were seeded directly onto the film surfaces for
3 days, and the change in metabolic activity, DNA content and cell
morphology assessed (Fig. 2A, C). Neurons examined at 1 and 3 days
after seeding grew robustly, with no difference in metabolic activity and
DNA content (Fig. 2B, C) between the film formulations, indicating the
formation of a stable population of neurons on the film. The cells
exhibited typical neuronal morphology, usually extending multiple long
neurites from the cell body (Fig. 2A). To verify the ability of the com-
posites to support the growth of different neuronal types, motor neurons
(NSC-34 line) were also cultured on the films and exhibited similar
robust growth, with no difference seen between the controls and com-
posite formulations (Sup. Fig. 2). To further investigate the long-term
impact of CpG substrates on human neuronal survival and growth,
induced pluripotent stem cell-derived (iPSC) neurons were cultured on
collagen and CpG60% films for 15 days. Growing neurons on both films
(Fig. 2D, E) extended multiple long neurites that formed dense mesh-
work of processes between the neurons, with the CpG composite
exhibiting no difference to collagen controls.

While several studies have assessed neuronal growth on graphene
substrates, many use secondary biomaterial coatings [46-49] to
improve surface biocompatibility, and may inadvertently shield the
neurons from direct interaction with the material. Where neurons have
been seeded directly onto graphene immobilised surfaces [18,36,72] the
material supports their growth but is a poorer substrate compared to
ECM-coated graphene [36]. In contrast, the ability of CpG60% to facil-
itate robust neural cell growth in both SHSY-5Y and NSC34 neurons and
young iPSC-derived neurons, and enhance primary neurite outgrowth
compared to collagen controls (see Fig. 5A-C), suggests that
graphene-ECM composites provide a better environment for neuronal
colonisation and growth, perhaps mediated through the irregular sur-
face profiles (see Fig. 1F) which are known to strongly influence cell
attachment and growth [73]. These data clearly demonstrate that the
CpG60% composite supports long term survival and growth of young
human-derived neurons.

The CNS is particularly sensitive to prosthetic implants and foreign
materials, and rapidly generates a foreign body response (FBR) [74] to
produce dense scar tissue around the implant [4,5,75]. This process is
driven by the reactions of both immunoresponsive microglial cells and
astrocytes, the major supportive glial cell type in the CNS [76], which
form reactive phenotypes that can reciprocally signal to each other
through cytokine release to start developing the dense glial scar layers
[77,78]. Therefore, to assess whether the composites may induce
‘injury-reactive’ pro-inflammatory phenotypes we next assessed if the
CpG composites impacted the growth of microglial cells (Fig. 3A-C) and
(Fig. 3D-F). Microglial cells seeded on all composite films exhibited a
robust >3-fold increase in DNA between 1 and 3 days after seeding
(Fig. 3B; T1 vs T3, p < 0.0001), with cells possessing circular mor-
phologies, typical of this cell type when grown on 2D surfaces [79].
Similarly, human-derived astrocytes seeded on the films exhibited the
same prolific (>3-fold) growth with significant increases in DNA content
in all groups between days 1 and 3 (p = 0.003) (Fig. 4C), with the
growing cells forming typical long dense parallel arrays of cells with
elongate morphology without evidence of toxicity [80]. A small number
of studies have focused on astrocyte responses to graphene in vitro [81,
82] and in vivo [21,80]. As was found in the present study, in general
graphene-containing substrates do not appear to adversely affect
astrocyte viability and proliferation [83]. However, astrocyte interac-
tion with pure forms of graphene such as uncoated flakes can lead to
cellular internalization [84] and induce changes in homeostatic function
[82,84,85]. In contrast, we found no evidence of cellular stress with cell
morphology, proliferation and metabolic activity similar to cells grown
on collagen films, indicating that the composites provide and stable
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Fig. 2. Characterization of neuro-compatibility of collagen/pristine graphene films. (A) Phalloidin (actin = green) and DAPI (nuclei = blue) staining reveals the full
morphology of SH-SY5Y neurons grown for 3 days on the collagen (control) and different CpG composites showed no difference in morphology, with all neurons
extending long neurites across the film surfaces. (B-C) Comparison of metabolic activity (B) and DNA content (C) at 1 and 3 days after seeding indicated that neurons
readily colonized all film surfaces, in particular at higher CpG loadings. (D-E) p-tubulin III immunostaining of iPSC neurons (counterstained with DAPI (blue))
cultured for 15 days on collagen (D) and CpG60% (E) films equally generated dense networks of neurons that extended multiple long neurites. Scalebar in A = 100

pm, in D, E = 25 pm. *p < 0.05.

trophic environment for astrocyte growth.

Since both cell types can reciprocally stimulate each other through
cytokine-mediated signaling pathways [86] in the diseased and injured
CNS [87], their cytokine expression profiles are robustly indicative of
pro-reparative (e.g. IL-10) or pro-inflammatory (e.g. IL-1§ and IL-6)

activation states [86,88,89]. Therefore, we next investigated the effect
of increasing graphene content on the release of key immunomodulatory
cytokines from both cell types. For microglia, the release of
pro-inflammatory IL-1p and pro-reparative IL-10 (Fig. 3C) from cells
grown on films was sequentially measured at 1, 2 and 3 days after
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Fig. 3. Characterization of glial cell compatibility of collagen/pristine graphene films. Microglia (A-C) and astrocytes (D-F) were grown for 3 days on CpG films to
assess the effect of CpG composites on their growth, morphology, and pro-/anti-inflammatory cytokine expression profiles. Microglia showed typical circular
morphologies when grown on the collagen and composite films (A) and exhibited metabolic activity and DNA content changes (B) indicative of rapid colonization
across the film surface. Similarly, astrocytes exhibited typical elongate morphologies with long processes (D) and changes in metabolic and DNA content indicative of
dividing cells (E). ELISA based analysis of the pro-inflammatory cytokines IL-1f and IL-6 released by microglia (C) and astrocytes (F), respectively, and the anti-
inflammatory cytokine IL-10 released by both cell types indicated no difference in proinflammatory cytokine release for either cell type, and a trend for
increased release of IL-10 from astrocytes, in particular cells grown on CpG60% films (F). Values shown are concentration levels (pg/mL) of test conditions
normalized to negative controls on tissue culture polystyrene plates. Scalebar = 100pm. *p < 0.05, **p < 0.01, ***p < 0.001.

seeding. For both cytokines there was no significant change in levels
between all groups, suggesting that all film types encouraged a
non-polarized ‘resting’ phenotype, and are similar to reports of primary
immune cell behaviour when exposed to different graphene-based
structures [42,90,91]. We then investigated the release of
pro-reparative IL-10 and pro-inflammatory IL-6 (Fig. 3F) from human
astrocytes grown on the films over the same 3-day period. In a similar

pattern to the cytokine expression seen in microglia, there was no
overall significant change in the levels of both cytokines, but there was a
trend for reduced levels of IL-6 and increased IL-10 release in CpG60%
films compared to other composites.

When taken together, these data show the ability of both glial cell
types to proliferate and colonize the film surfaces, which when coupled
with no change in inflammatory IL-1p and IL-6 cytokine release and a
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Fig. 4. CpG films support long term
primary neuron growth and enhance
neurite outgrowth with external elec-
trical stimulation. (A-B) DAPI-stained
and f-tubulin III immunostained mouse
primary cortical neurons grown directly
on the surface of collagen (A) and
CpG60% (B), seen at higher power in
(A’) and (B’), respectively, exhibited
robust neurite outgrowth on both sub-
strates. (C) Analysis of neurite
outgrowth and maximum neurite length
in unstimulated mouse primary cortical
neurons indicated no significant differ-
ence between collagen and CpG films.
(D) Stimulated neurons grown for 14
days on the collagen films showed a
greater fraction of neurons exhibiting
cell stress, seen as beading and poor
neuronal morphology (D’) whereas
neurons grown on CpG60% films (E)
showed robust neurite outgrowth (E’)
and morphologies typical of healthy
neurons. (F) Neurons grown and stimu-
lated on CpG60% films showed signifi-
cant increases in neurite outgrowth and
maximum neurite length compared to
collagen controls. Scalebars A-E’ = 100
um. *p < 0.05.

found for the cells grown on the CpG composites. Rather, the trend for
increased astrocyte release of IL-10, a strong modulator of inflammatory
cytokine production in microglial cells [93], suggests that higher gra-
phene content may encourage non-inflammatory astrocyte phenotypes.
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These data thus directly address a primary concern of many elec-
troactive materials, i.e. adverse glial cell responses, and indicate that
CpG60% in particular is a strong candidate for a bio-interfacing
conductive substrate. There are of course other factors specific to the
in vivo foreign body response that cannot be fully accounted for by in
vitro testing, such as the size, geometry, and electrochemical properties
of the implant [94-96]. Our use of 2D films to monitor CNS cell re-
sponses is a common approach taken by many other studies [36,41,48],
as it simplifies the assessment of cell responses to materials and mini-
mizes the ability of irregular surface features and geometries to influ-
ence cell growth [70]. The evidence from in vivo studies indicating some
tolerance of graphene flakes [32] and that collagen coated electrodes
induce minimal scar development [50,52], when coupled with the
rigorously demonstrated biocompatibility of the CpG composites using
four different types of neurons (two cell line, one iPSC, one primary,
Fig. 4A,B) and two CNS glial cell types (above), is strongly indicative of a
well-tolerated biocompatible material composite. In addition, the robust
growth of primary and iPSC-derived neurons in direct contact with the
composite over two weeks is also indicative of the potential of this
material for safe longer-term interaction with neuronal circuitry.

2.3. Assessment of the synergistic effect of electrical field stimulation and
conductive CpG films on neural cell morphology and function

With the CpG60% nanocomposite shown to be neurocompatible and
possess electroconductive properties potentially suitable for neuronal
stimulation, we next assessed its ability to support primary neuron iso-
lates and encourage neuronal process growth under electrostimulation.
Previous electrostimulation studies demonstrated the ability of laminin
coated graphene films to support neural stem cell-derived growth [47,
49]. Therefore, we reasoned that primary neuron isolates grown directly
on CpG60% films and subjected to electrostimulation should be capable
of supporting the neurons and enhancing neurite outgrowth. Mouse
primary cortical neurons (MPCNs), which have previously been used in
electrostimulatory studies [97], were isolated and seeded on collagen
(control) and CpG60% films and allowed to grow for 7 days. Thereafter,
the neurons were stimulated for a further 4 h/day over 5 days (12 Hz,
9.8 ms, 200 mV/mm). These parameters, at the lower end of the long
term neuronal electrostimulatory range [59] were chosen to avoid the
creation of deleterious electrochemical species and field-induced
cellular damage. While cells grew robustly on all films, the
morphology of growing MPCNs on CpG60% films in both the unstimu-
lated and the stimulated conditions (Fig. 4B, E) formed denser neuronal
networks, and possessed longer neurites compared to neurons grown on
collagen films (Figs. 4A, D, Sup. 4-6). In general, stimulated and
unstimulated MPCNs grown on collagen films contained a greater frac-
tion of stressed/degenerating neurons (assessed by beading on neurite
processes [98]) compared to those grown in CpG60% films, despite
collagen previously being shown to act as a suitable substrate for
neuronal culture and in vivo CNS implantation [65,99,100]. This finding
may be indicative of the beneficial effect of the rougher CpG60% film
surface to support neuronal growth compared to the control collagen
films. MPCNs grown without stimulation on both substrates extended
long neurites that often formed a complex meshwork of processes, with
no significant difference in length (Fig. 4C), although the neurons on
CpG60% exhibited a near significant (p = 0.0855) increase in neurite
length per cell. When subjected to electrical stimulation, however,
cortical neurons on CpG60% films exhibited significant increases in
average neurite outgrowth per cell and the average maximum neurite
length when compared to stimulated neurons on collagen substrates
(Fig. 4F). A similar increase was observed for the number of intact
neurites per cell (Sup. Fig. 5B,C). These results clearly illustrate that
CpG60% films support healthy growth of cortical neurons, and are
similar to findings from studies that utilised primary neurons grown on
ECM-coated graphene films [46,48] again indicative of strong composite
biocompatibility. More importantly, we demonstrate that CpG60% is
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capable of delivering functional electrical stimulation to support and
enhance neurite outgrowth., While the in vivo parameters for electro-
stimulation of different neuronal types have been well explored [59],
the effect of stimulation-induced neuronal growth on graphene-based
materials is not well documented, although stimulating neural stem
cells on ECM-coated graphene supports their differentiation and matu-
ration [47,49]. Therefore, this study advances these findings and dem-
onstrates the ability of the graphene composite to drive strong neurite
outgrowth from differentiated adult neurons seeded directly onto the
composite surface.

2.4. Application of CpG composites in the creation of neuronal medical
devices

With the innate stability, biocompatibility, and responsiveness to
electrostimulation of the CpG60% nanocomposite confirmed, we next
wanted to assess its versatility for the fabrication of distinct CNS-derived
medical device applications. Directionally aligned scaffold micro-
architectures are particularly well-suited for supporting anisotropic
axonal regrowth for peripheral [101] and central nervous system ap-
plications [66]. First, lyophilized nerve guidance scaffolds were pro-
duced using directional freeze drying [102] (Fig. 5A), with a highly
aligned porous internal architecture visible under SEM (Fig. 5B), and an
electrical conductivity of 2 x 107 + 5 x 1077 S/m. The aligned pore
structure is optimally designed to allow cell infiltration and drive lon-
gitudinal axonal growth along the neurotrophic conductive collagen
matrix, making it an excellent candidate for regenerative medical
devices.

Microelectrode arrays are frequently used to record and/or deliver
electrical stimulation to discrete neuronal populations, either to restore
function, or to connect to a brain-machine interface [103,104]. There-
fore, to demonstrate the ability of CpG60% to form fine micron-sized
structural features, a custom 5 x 5 microneedle array, with height
2.5 mm and tip diameter 40-80 pm, was successfully dry cast (Fig. 5C,
D), demonstrating the versatility of the composite. Finally, the rapidly
evolving field of bioelectronics relies on the fabrication of conductive
yet biocompatible circuitry, which can be difficult to achieve because of
cytotoxicity issues, the poor processability of conductive polymers or
difficulties in printing with traditional conductors [105]. To demon-
strate the potential of the CpG60% composite for 3D printing and ad-
ditive manufacturing applications, it was adapted into a printable
bioink, capable of producing repeatable complex electroconductive
features (Fig. 5E) with over 5-fold enhanced conductivity (Fig. 5F, ~8
S/m c.f. ~1.5 S/m for dry cast films) and low spreading ratio (Sup.
Fig. 7B). The increase in conductivity is likely due to the decreased
alignment of the graphene in the composite, due to the higher viscosity
of the printing slurries. Alignment in polymer nanocomposites can give
rise to nanosheet junctions with large amounts of polymer between
them, increasing the junction resistance, thus decreasing the conduc-
tivity [106]. These enhanced properties allow for the printing of func-
tional, high-resolution circuits for bioelectronics, such as the LED circuit
shown below, confirming the utility of the material (Fig. 5E, G).
Together, these results show that CpG composites are a versatile mate-
rial which can be readily adapted to a wide variety of relevant bioen-
gineering applications while exhibiting excellent biocompatibility and
conductivity. The results also demonstrate the promise of the material
for the electrical stimulation of other excitable tissues such as peripheral
nerve, muscle and cardiac tissue [14,15,107].

3. Concluding remarks

For next generation neural medical devices, there is an outstanding
demand for the development of electroconductive materials that seam-
lessly integrate with delicate neural tissues, while minimizing delete-
rious secondary effects such as scarring and reduced bioactivity. In this
study we outline the development and characterisation of novel and
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Fig. 5. Applications of conductive collagen/pristine graphene to produce
different types of neural interfacing structures. (A,B) CpG60% was used to
fabricate lyophilized porous conductive scaffolds (A) that when imaged using
SEM (B) show the porous internally aligned channels. Scalebars = 200 pm and
20 pm (inset). (C,D) Microneedle arrays were fabricated using the composite to
produce a 5x5 microneedle set (C). Each needle was 2.5 mm high and with a tip
diameter of 40-80 pm. (D) when imaged at higher power using SEM (D) the fine
bore and sharp tips can be clearly seen on the individual needles. Scalebars =
200 ym and 100 pm (inset). (E,F) The development of the CpG60% as a
printable bioink allowed for the control and fine printing of complex 3D ge-
ometries (E) with excellent conductivity (F). (G) To demonstrate the conductive
function of the CpG60% bioink, a simple circuit was printed to power an LED.
Video of circuit functioning available in supplementary material (Sup. Fig. 7A).
Scalebars represent 1 cm. ***p < 0.001.

versatile type-I collagen/pristine graphene (CpG) nanocomposites that
strike the essential balance between physiologically relevant electrical
conductivity and neurocompatibility. We identify one formulation,
CpG60%, as an ideal candidate capable of supporting and stimulating
neuronal growth. Equally significant is its immuno-compatibility, and
ability to support the growth and proliferation of CNS astrocytes and
microglia with morphologies and cytokine expression profiles typical of
non-inflammatory resting phenotypes. When combined with its ability
to trophically support iPSC- and primary neuron growth and success-
fully deliver functional electrical stimulation to enhance the number and
length of neurites, these data identify CpG60% as a pan-CNS cell
compatible nanocomposite. When coupled with its versatility to produce
a range of conductive, neural-interfacing structures, including porous
scaffolds, microneedle arrays, and 3D-printed circuits for bioelectronics,

Applied Materials Today 29 (2022) 101629

this identifies CpG60% as an excellent candidate nanocomposite for
future neuronal medical device applications.
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