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Abstract

BiocompaQnductive tough hydrogels represent a new class of advanced materials
combinin!the properties of tough hydrogels and biocompatible conductors. Here we report a
simple W achieve a self-assembled tough elastomeric composite structure that is

biocompa@ductive, and with high flexibility. The hydrogel comprises polyether-based
liner polyureth: (PU), poly (3.,4-ethylenedioxythiophene) (PEDOT) doped with poly(4-
stwen@PSS) and liquid crystal graphene oxide (LCGO). The polyurethane hybrid
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composite (PUHC) containing the PEDOT:PSS, LCGO, and PU has a higher electrical

conductivity (10%), tensile modulus (>1.6x) and yield strength (>1.56x) compared to

{

respective ¢ 1 samples. Furthermore, the PUHC is biocompatible and can support human

neural st C) growth and differentiation to neurons and supporting neuroglia.

]
Moreoverg the stimulation of PUHC enhances NSC differentiation with enhanced

neuritogengsis pared to unstimulated cultures. A model describing the synergistic effects

G

of the P omponents and their influence on the uniformity, biocompatibility and

S

electrome cal properties of the hydrogel is presented.

Keywords

U

conductiv el, neural stem cells, graphene, PEDOT:PSS, polyurethane

§

1. Intro n

d

Over t decades, conductive hydrogels have attracted much interest for both

acade rch and commercial application. Hydrogels are polymeric materials, with a

%

hydrophilic structure that renders them capable of holding large amounts of water or other

polar solvents in their 3D networks.!") Conductive hydrogels incorporate an additional

functionaabling the conduction of electricity. Such materials have great potential for
use in we nd implantable sensors for healthcare, mimicry of neural networks, soft
roboticH¥ o-stimulated drug release.”*™

{

Electricallmctive hydrogels have previously been produced by combining a hydrophilic

matrix with conductive fillers!® such as metallic particles, conductive polymers (CP), or

carbon 1@ illers.”* Composite materials of a polymeric matrix and randomly dispersed
metal particles are considered as heterogeneous disordered systems and have low
durability.”] Among all CPs, potentially PEDOT:PSS is the most promising because of its
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dispersibility (high stability in its p-doped form) in polar solvents and hence excellent
processability, and the high conductivity, attainable. Therefore, PEDOT: PSS has been
widely usedgas a conductive component in many hybrid systems to enhance electrical
conductiv @ iy this regard, the discovery of graphene and its derivatives has opened
N . . _ .
new pathgys for developing conductive composites. Graphene-based fillers have a high
surface aQe aspect ratio, and both excellent thermal and electrical conducting

properties n be imported to composites containing them.!'?! The antibacterial activity

of graph apd its derivatives make it appealing for biomedical application.!"*"*
Notwithstan31n5t, it is technically impractical to produce scaffolds solely from graphene!"’,

and so gra -based fillers are typically dispersed in processable polymers.'®!

Although graﬁ ene sheets exhibit high in-planar (intra-sheet) electrical conductivity, their

trans-plan.
insulat afrix. The efficiency of charge transfer between adjacent sheets is normally
limite insulating coating of the graphene sheets by the matrix material. While the

problem can be addressed by increasing the ratio of fillers to the matrix, this in turn

sheet) conductivity greatly diminishes for low loading of graphene in an

negatively%ts on the matrix flexibility and stretchability whereby the hydrogel

compositrittle, possess relatively low flexibility and are unable to undergo
elongatrnations.m]

In the W, endogenous electric fields generated from the membranes of cells serve
as impo s to direct cell migration during embryonic development and wound
healing.!"*"" Accqedingly, it has been well documented that externally applied electric fields
during ture can improve the growth of electro-responsive cells such as nerve and
muscle cells." Electrically stimulated tissue engineering is dependent on the identification

and development of novel electrode materials that are processable, electrochemically stable,
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soft, and biocompatible.”*** Studies have shown that hybrid hydrogels encapsulating

electrospun fibres coated with conducting polymer demonstrated improved mechanical and

conductive preperties and that these materials are suitable for axonal growth and neural tissue

pwever, the development of an easy to produce conductive and
blocompagle hydrogel with the ability to sustain large dimensional deformations without

any mech@ilure, while remaining stable in aqueous and dry ambient conditions has

proved cha ng. Consequently, progress in the field has been slow with the limited
develomeonductive hydrogel formulations that contain well-dispersed conducting
fillers. :

Here we he production of an electrical conducting tough polyurethane hybrid
composite ) hydrogel by a simple method that possesses excellent mechanical
performa iocompatibility. The PUHC is made from well-dispersed PEDOT:PSS,
liquid e graphene oxide (LCGO) and a hydrophilic polyurethane matrix (PU). The

optimi ulations used to prepare the PUHC are easy to process via solution casting to

M

produce films with high conductivity and stretchability. Biocompatibility is demonstrated

I

through c d differentiation of clinically-relevant human neural stem cells (hNSCs) to

neurons porting neuroglia on the films, with electrical stimulation enhancing

neuritogengsi

N

2.Expe

t

2.1 Materials

U

Expan aphite used as the precursor for synthesizing ultra-large GO sheets was
obtained from Asbury Carbon (3772). LCGO dispersions were prepared following the

process outlined previously.”””) Orgacon™ DRY re-dispersible PEDOT: PSS pellets were

This article is protected by copyright. All rights reserved.
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from Agfa. Ethanol and DMF were purchased from Sigma-Aldrich and used as supplied.
HydroMed D3 (AdvanSource, USA; referred to as PU-D3 hereafter) was used as the base

polyurethﬂl (PU-D3). Hypophosphorous acid (H3;PO,) that was used as a reduction

agent was om Sigma-Aldrich as a 50 wt. % solution in water and used as received.

All chemigals were analytical grades, and their solutions were prepared using Milli-Q water

(18.2 MQ@ure water, Barnstead).
2.2 CompMution preparation and film casting

For maki dispersions in ethanol (EtOH), 10 ml of the stock aqueous LCGO was
poured in ml centrifuge tube (Nalgene, Thermofisher, USA) to which 20 ml of the
EtOH wa%dded and then mixed vigorously by vortex shaking. After centrifugation, 30 ml of
the supe s extracted, replaced with 30 ml of the EtOH and then mixed vigorously by
vortex smhis process was repeated 10 times to replace the water with the EtOH.
PU/LCGO : PSS composite (PUHC) formulations were prepared as follows: various
amoun dispersion in EtOH were added to a 1:1 mixture of DMF and water.
PEDOT:PSS (10 mg ml™) was then added to this mixture. Separately, PU-D3 solution (5 %
w/w) was aghiexed by dissolving PU in a 95:5 mixture of EtOH: water. This PU-D3 solution
was addeD_CGO/PEDOT:PSS dispersion in DMF:water. With the final concentration
of PU ﬁ(‘mre was 92 % w/w. Subsequently, the mixtures were stirred by a vortex
mixer (WM h) in a round-bottom flask. Hydrogel films were prepared via solution
casting o rmulations in glass Petri dishes. Solvents were removed using a vacuum

oven (70 °C, -80gKpa, 12 h) to obtain uniform films. After evaporation of solvent mixture,

films w ‘Q ydrated by adding water on top of the films, allowing them to fully swell and

release from the Petri dish.

This article is protected by copyright. All rights reserved.
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The reduction of the PUHC films was carried out by immersing the hydrogel films into a 5%

aqueous solution of H3;PO; acid (50 °C for 12 h) in a round-bottom flask. Afterward, samples

were then t ghly rinsed with Milli-Q water to remove the remaining acid (wash cycle
was 10 ti iiagcach cycle).

2.3 Charwion

Raman sp@py was carried out on composite films using a Jobin Yvon Horiba HR800
Raman Me, utilizing a 632 nm laser line and a 300-line grating. X-ray diffraction
(XRD) a spof the composite films was conducted using GBC MMA diffraction
instrumenlJScientiﬁc Equipment Pty Ltd, Australia) equipped with Cu-Ka radiation.
The mech@nical properties of dry composite films and wet composite films were tested using
a Shimad nical tester (EZ-L). Samples for mechanical testing were prepared by laser
cutting the films” (Versa Laser VLS4.60) into strips of 5 mm wide and 15 mm long. The
tensile propEo’ f sample strips were measured at a constant strain rate of 0.01 mm min "',
and te formed on at least 6 samples cut from each cast film. The tensile strength,
elongatiorgt break and Young's modulus were reported as the average of all measurements.

Scanning ﬁl microscopy (SEM) images were taken with a field-emission SEM

instrumen JSM-7500FA). Samples were frozen in liquid nitrogen, fractured and
sputter—coEDWARDS Auto 306) with a thin layer of gold (12 nm thickness). LCGO
samplemuring average sheets size via SEM image were prepared by depositing
LCGO sh a silanized silicon wafer (300 rims SiO2 layer) to ensure good adhesion.

Silane solution was prepared by mixing (3-aminopropyl) trimethoxysilane (Sigma-Aldrich)

with ater (1:9 v/v) followed by addition of 30 pl hydrochloric acid (32%, Sigma-
Aldrich). After washing with water and EtOH and drying at room temperature, the silicon

wafer was silanized by immersing it in the silane solution for 30 min followed by washing

This article is protected by copyright. All rights reserved.
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with Milli-Q water and drying at room temperature. The wafer was dried at laboratory

temperature before SEM analysis. The bulk conductivity of the samples was measured by a

{

SCrip

two-point method using a multimeter (Fluke 287 True-RMS). The conductivity was

then calc the following equation:

(1)

2)

Where p i istivity (€2/0), R is the resistance (€2), A is the cross-sectional area of the

U

specimen s the length of the specimen (cm), and o is the conductivity (S cm™).

1

The water, was calculated as follows:

_ (Wo-w)

d

water con x 100% 3)

Where Wo a re the weight of the films before and after drying respectively.

2.4 Cell culture and differentiation

[

Working st f human neural stem cells (hNSCs, ReNcell CX, SCC007, Millipore) were
maintainea 5% CO2, seeding at a density of 2 — 3 x 10° cells in self-renewal medium
consist@urocmt NS-A (#5751, Stem Cell Technologies) with 2ug/ml Heparin
(SigmaWroblast growth factor (FGF2, 20ng/ml; Peprotech) and epidermal growth
factor (EGF, g/ml; Peprotech) on laminin (Life Technologies) coated 6-well plates
(Greiner Bi10-Opg). Cells were passaged every 5-7 days by digesting in Triple (Life
Techn for 3 min at 37°C. hNSCs were similarly cultured on G-film that was fixed to

the bottom of culture plate wells. Differentiation of hNSCs was performed in a differentiated

neural medium comprising 2 parts DMEM F-12: 1 part Neurobasal supplemented with 0.5%

This article is protected by copyright. All rights reserved.
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N2 (Gibco), 2% StemPro (Life Technologies) and 50 ng/mL brain-derived neurotrophic

factor (BDNF; Peprotech) for 7 days.

2.5 Electrmation

hNSCshvéfesseeded on PUHC within a 4-well culture chamber customized for concomitant
electrical %ion (Supplemental Figure 1). Cells were seeded at a density of 5x10*

cells/cm’ enewal medium, allowed to adhere for 24 h, and subsequently stimulated

for 8 h pem 37°C under CO, for 3 days. The stimulation paradigm was +0.25 mA/cm?

using a b:vvaveform of 100 ps pulses with 20 us interphase at 250Hz on a Digital

Stimulato 0 and A365 Isolator units (World Precision Instruments) interfaced with an
e-corder sgtem (eDAQ)!"). Stimulation was performed in self-renewal medium to determine

an effect iment of standard medium-directed differentiation on hNSC-neuritogenesis.

2.6 Im hemistry and analysis

Cell s were fixed with 3.7% paraformaldehyde solution in PBS for 10 min and then
blocked and permeabilized in 0.3% Triton X-100 containing 10% donkey serum for 1h at
37°C. Th ere incubated with primary antibodies against SOX2 (1:500, rabbit;
Millipore @ in (1:1000, chicken; Millipore), TUJ1 (1:1000, chicken; Millipore) or glial
fibrillary tein (GFAP, 1:1000, rabbit; Millipore) overnight at 4°C. After rinsing with
PBS coﬁj% Triton X-100, the samples were incubated with Alexa 647, 594 or 488
(1:1000; i n) secondary antibody for 1h at room temperature (RT). A further wash
was unde llowed by 5 min incubation at RT with 1 mg/mL DAPI in PBS. Imaging
was peﬂusing a Leica confocal microscope (Leica TSC SP5 II), and neurite studies
were completed Using MetaMorph software V 7.8 with the neurite analysis plugin. Vimentin
labeling was employed for neurite studies representative of early-stage neuritogenesis.

This article is protected by copyright. All rights reserved.
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3. Resu#ifd Discussion

Stable -diWS of PEDOT: PSS, LCGO, and PU were prepared by dissolving
PEDOT:Pwter and DMF (50:50), followed by addition of LCGO dispersion in ethanol
(EtOH) an@or more details see Experimental section). The difference in dispersibility
of PU, L d PEDOT: PSS in various organic solvents is expected to influence the
ability to mhomogeneous PUHC formulations for composite film formation purposes.
DMF and olvents provided the best dispersibility for both PU and PEDOT:PSS and
were thergfore used to compare the processability of the composite formulations. The use of
DMF and water in making PEDOT:PSS formulations resulted in dispersions that are stable
for one Md displayed a higher electrical conductivity than that of the equivalent
dispers epared in water. The addition of PEDOT:PSS and LCGO to PU dispersions
resultedg@®homogeneous PUHC formulations that were stable for at least six months after
preparation (Figure 1a). The x-ray diffraction (XRD) results in Error! Reference source not

found. reh XRD patterns of PUHC do not show any characteristic signals for LCGO.

This lack@ signal may be due to the high dispersion of graphene sheets within PU

-

Free sthed PUHC films were prepared by incorporating a range of filler (PEDOT:
PSS/LGOC a ratio) % w/w into the PU (in a solvent mixture of ethanol, water, and
DMF) followeddby casting the reduction as described in the experimental section. The

electri echanical properties of these films are presented in

Figure 2 and show that the electrical conductivity of the PUHC increases with increasing
filler ratio, indicating enhanced electrical conductivity of PUs. It can also be seen that the

This article is protected by copyright. All rights reserved.
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toughness of the PU is increased and reaches a maximum at an incorporation of 8 % w/w of
filler. Therefore 8 % w/w ratio of filler was chosen as optimal weight percent for further

PUHC foﬂvaluation. These PUHC films displayed flexibility and were stretchable

after solv |1 as is evident from the digital photographs and movies supplied as

N
supportminformatlon (Error! Reference source not found.).

C

3.1 Mechmaracterisation

Typical st in curves of the PUHC and control samples are presented in Figure 3a and
shows thﬁvemen‘[ in the tensile modulus, and yield strength but a decrease in
elongatiot!at break compared to the PU, PU-LCGO, and PU-PEDOT:PSS film. The data in
Table 1 s i#es that the average tensile modulus and yield strength rather than control

m same ratio of fillers) are greater than the control samples by a factor of

samples (

approxima times.

The elastomeric properties of PU and its composites are derived from the presence of the
hard and §0ft copolymer segments of the polymer chains (Figure 3b). The soft segments,

which are@ly linear chains in their rubbery state (glass transition temperature (7g)

lower than m temperature), are flexible and mobile. These flexible segments are

covale@ to the hard segments (7, above room temperature) via urethane linkages
(R—NHMen stress is applied to the PU composites, a portion of the soft segments
is stressed by uicoiling, and the hard segments become aligned in the stress direction.
Therefore, t segments provide high elongation while hard segments provide stiffness in
PUHC. work has shown that growth in hard segment content gives rise to an

increase in tensile modulus, ultimate strength and yield strength, and a decrease in elongation

This article is protected by copyright. All rights reserved.
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at break.” *°! After adding each of the components to the PU, an increase in tensile strength

was observed (Table 1) that agrees with other published results.**>*

Q.

3.2 Eleétriealigsiductivity
The electhnductivity of PUHC films was investigated (Figure 4). The onset of
conductiviy ocgiirred at ~ 3.8, 2.2 and 1.7 % w/w loadings of PEDOT:PSS, LCGO, and

PEDOT:PSS/ O (1:1) respectively, above these loadings the composite conductivity

3¢

increased onotonically with filler loading. PUHC (Figure 4c) showed an increase in
conductiv addition of 1.7 % w/w of a 1:1 blend of PEDOT:PSS and LCGO. This

correlates\o an individual filler content of 0.85 % w/w PEDOT:PSS and 0.85 % w/w LCGO.

)

These val ower than the individual amounts of 3.8 % w/w and 2.2 % w/w indicated

d

above for :PSS and LCGO respectively and indicates a synergistic effect when these

two filler combined that facilitates an increase in composite conductivity. The

M

condu: r optimal PUHC composite is compared to previous reports of conducting

PU compgsites in Table 2. The increase in conductivity may be due to the establishment of

r.

LC structurggdn PUHC (transfer isotropic to nematic structure).”” Percolation threshold

O

results co the electrical behavior of LCGO and PEDOT:PSS/LCGO composites

suggestedffhat lower amounts of filler are needed to create conducting paths in an isolating

g

matrix of RU. Atgratios below the percolation threshold, the composite conductivity is almost

{

the same olymer matrix, and therefore charge carrier transport cannot occur. By

U

increasing the fiyler loading, the average distance between conducting filler particles

decrea elow a certain threshold, charge carrier transport can occur via electrical field

A

assisted tunneling or hopping between neighboring fillers.”" At the percolation threshold, the

amount of filler is enough to begin the formation of a continuous conductive network

This article is protected by copyright. All rights reserved.
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throughout the polymer matrix. Furthermore, the combination of PEDOT:PSS and LCGO as

conductive fillers offers an attractive route to enhancing electrochemical performance based

1 modification or electronic interaction between PEDOT:PSS and LCGO. It

has been re 4a and 4b) that composites based on PEDOT:PSS and LCGO exhibit

electrical gproperties of each of the individual components with the conductivity of

PEDOT:P: 3ch greater than [LCGO. It follows that composite production using
PEDOT:P LCGO (Figure 4c) reduces the resistive barrier between the conducting
fillers an‘l )[] and maximizes the electron transport to improve the conductivity
performance.

As indicane PU polymer chains have hard and soft segments. (Figure 1b) The

urethane ent domains are physically cross-linked via hydrogen bonding between

the a lyether soft segment domains._The mechanism for PU hydrogel cross-

roposed previously in the literature.”" The latter polyether segments define

the amount of water that the PU can hold since they are hydrophilic and therefore able to
retain WatWe the water content of pure PU is close to 60%, this gradually decreases by
the additiq @ ner less hydrophilic components (Figure 5a). It is well documented that the
water content has a positive effect on elongation at break and negative effects on tensile
modul i strength, and yield strength.*') The data presented in Table 1 is in
agreemm the error range) of this phenomenon. Interactions between the filler and
PU were invest:';ted by forming free-standing films and observing their behavior in an
EtOH:wat 9% solvent. It was found that neither PU/LCGO or PUHC were soluble in
the solvent, While both pure PU and its composite with PEDOT:PSS were readily soluble

(Figure 5b). This observation indicates that the addition of LCGO prevents the PU chains

This article is protected by copyright. All rights reserved.
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from dissolving in its solvent. This effect is most likely due to the documented interaction

between LCGO and the hard segment of PU.!*°

{

The liqui (LC) nature of our materials (Figure 6) provides the ability to have the

fillers aligned and maintain an alignment between LCGO nanosheets within the composite
]

1

1261

that has b n to result in increased mechanica and electrical ' properties. The LC

[42]

phases may offerfa dynamic anisotropicity at molecular scale "'~ as it is pivotal to control the

©

[29]

orientatio atial ordering of graphene sheets in a precise manner in order to

S

translate indtvidtlal graphene sheet into high-performance macroscopic materials. The LCGO

dispersions in eth@nol exhibited a nematic liquid crystalline phase at concentrations above 1.5

el

% wiw. nd the minimum concentration of LCGO that is required to obtain LC

structure in solution to be approximately 4% w/w (Figure 6). This increase in LCGO

concentra

o)

ired to invoke LC structure may be due to the forces imposed on the
LCGO ¢ PU that prevents the spontaneous formation of LC domains at lower

conce . The data in Figure 6 suggests that once a critical concentration of LCGO 1is

\

incorporated these restrictive forces are overcome.

[

The SEM i shown in Figure 7a illustrates the uniformity of PUHC surface and layered
microstru composite across the cross section (Figure 7b). This highlights the aligned

structure @f LCGO nanosheets within the PUHC. The LC structure of graphene causes the

h

sheets le forming a sandwich structure in the polymer matrix (Figure 7b). The

{

PEDOT:P e is believed to be dispersed between these parallel nanosheets, which can

U

explain the syngggistic effect of LCGO and PEDOT:PSS on conductivity. This ordered

structu helps to explain the higher mechanical properties observed for composites

A

containing LCGO. The nematic orientation of fillers within the PU matrix provides a facile

pathway for electrons inside the isolated matrix compared to the isotropic orientation and

This article is protected by copyright. All rights reserved.
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explains why PUHC’s with self-assembly structure have a lower percolation threshold

compared to the control samples (Figure 4).

Q.

3.3 Reductiomoafill.CGO
GO can hced using a range of techniques, including chemical, thermal and
ical

electrocheOeans. Some of those techniques can produce highly reduced GO, with high

conductivm-\ is similar to pristine graphene.*!

Optimization of $he conductivity and the mechanical properties of the PUHC was achieved

using hypo orous acid as the reducing agent (Figure 2).**! The PUHC became
ing chemical reduction using 5% v/v hypophosphorous acid at 50°C

conductiv

(Figure S Figure S4 it appears that reduction times greater than 6 h are not necessary

uctivity is reached at this time. It has been reported that the partial removal

of PSS, due e treatment of composite containing PEDOT:PSS with acid, could be

considered as another reason for the increase in electrical conductivity of the PUHC.!”!

In the Ra*tra (Figure 8) bands at ~ 1590 cm™ are assigned to the symmetric stretch of
C=C. Co uo@ o LCGO, this peak for PUHC is shifted towards a higher frequency from
1588 to !, suggesting the m-m interaction between LCGO and PEDOT:PSS in
PUHC.:atio of the D band intensity (Ip) to the G-band intensity (Ig) which is called
the R val ), indicates the amount of structural order in graphene oxide. From Figure

8 the R-v. CGO (1.47) is reduced compared to that of PUHC (1.36) and indicates that

graphe@ithin the LCGO are more ordered and some of the sp> bonds have been
restored.**!

This article is protected by copyright. All rights reserved.
14



3.4 hNWultured and differentiated on PUHC

The bioco @ ity of PUHC with hNSCs was initially tested by evaluating cell viability
followin; “1 ture (Figure 9a, b). Live/dead cell analysis indicated robust cell survival
(>80%) sim standard plate-based controls (Figure 9b). Importantly, hNSCs expressed
neural ste@mitor cell markers SOX2 and Vimentin and exhibited small immature and
sparsely a neurites, typical of hNSC culture (Figure 9c). After two weeks culture
under diffefentmation conditions, cell morphology and immunophenotyping was consistent
with advamlronal cell induction (Figure 9d), with TUJ1 immuno-labelling revealing
neurons \Eensive networks of neurites, and GFAP labeling indicated supporting

neuroglia (Figure 9d). These data support PUHC biocompatibility and more specifically

hNSC survi liferation, and differentiation.

3.5 Electric itnulation via PUHC enhances neuritogenesis of hNSCs

Since electrical signals are implicated in a diversity of biological events, electrically

conductiv&erials are increasingly being used to modulate cell and tissue behavior for

research ¢ dmedical applications, including tissue engineering and implantable bio-

electrodes, 2 ing initially shown PUHC biocompatibility with hNSCs (Figure 9), we
next 1 he effect of electrical stimulation via the hydrogel on cells. Specifically,

consistent® with our own previous report of increased hNSC neuritogenesis following

electrical mtion using conductive polymer polypyrrole (PPy)P%, compared to
unstinu{ftfols (Figure 10a,c), electrical stimulation of hNSCs via PUHC enhanced
early neurito is (Figure 10b,c), manifest as greater total neurite length, mean neurite
length, and maximum neurite length per cell (Figure 10c). Data corroborates our initial

This article is protected by copyright. All rights reserved.
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PUHC cell-biocompatibility studies, substantiates the use of electroactive-substrates for

neural cell support > ! and verifies the application of electroactive-PUHC for tissue

{

rip

engineerin re electrical stimulation, mechanical softness and other properties of the

biomateri shown are deemed important.

4. Conclusion

As discus e, our experimental results and theoretical calculations provide evidence

S

for chemicald ction between the fillers (LCGO and PEDOT:PSS) due to the synergistic

behaviour

U

hanical and electrical properties of PUHC but also shows reasonable

response 0 the cell culture. This phenomenon in PUHC properties can be explained 1)

[

physical 1 of the LC structure in the composite solution, 2) chemical interaction

ol

between L nd PEDOT:PSS and these are as a filler with the PU’s hard segment to

create a filler impacts on PUHC composite and 3) post-treatment of PUHC by acid

M

agent. as demonstrated the production of PUHC with conductivity, stability, and

elastomeric and biocompatible features. It could, therefore, be considered for use as an

I

advanced material in wearable bionics and stretchable electronics for mimicry of neural

networks, @ onent of implantable electrochemical biosensors, soft robotics, and electro-

stimulate g rclease.

£
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Table 1 The effect of fillers on the mechanical properties of PU.

Tensile Ultimate Yield Elongation Filler % w/w*
Modulus Strength Strength at break %
(MPa) (MPa) (MPa)
Ph 1.02+0.3 7.32+1.2 0.42+£0.12 1084 +96 0
PU/PEDOT: PSS  231+£0.26 10.42+0.8 2.37+0.3 1127 £ 115 8.0*
PULEGD J  345+022  198+13  3.98+024 93676 8.0*
—
PUHC 5.64+£034 1621+1.02 6.23 +£0.53 891 £ 93 PEDOT: PSS 4.0
LCGO 4.0
*Note: T of the PEDOT:PSS and LCGO were chosen to be 8% in order to have the
same a ler in these samples as is in the PUHC sample.
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Figure 4 The electrical conductivity of PU composites containing a) PEDOT:PSS, b)
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Table 2 Conductive PU composites with a variety of conductive fillers (data from this

study and literature).

Filler Conductivity (S/cm) Ref.
Wss (8 % wiw) 12.5 This work

PAni (34:vt%) 8 x 107 (32]
PPy U 107102 [33)
PPy(30 wt%) 2.6 %107 [34]
MWCNTS (5 Wive) 1 %107 [35]
SWCNT + PPy (2.5wt%) 9.8x107 [36]
Graphenﬂ)) 1 ()-5, 10 [37,38]
Graphite (6.5 vol.%) 0.01 [39]

4.8 (40]
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Figure 7 M images of the PUHC. a) Surface SEM image b) Cross-section image of

S

PUHC. T lefbar is 10 pum.
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Figure 8 Raman characterization of PU, PEDOT:PSS, LCGO, and PUHC. The broken

line indicates the location of D and G-band in LCGO.

This article is protected by copyright. All rights reserved.
27



200 pm

- 804 |
s
=2
g 60
L
5
-
= 401
@O
o
20 4
T
PLIHC film Control

Figure 9 vival, maintenance and differentiation of hNSCs on PUHC. (a) Live
(Calcein dead (PI) cell staining following 24 h culture. (b) Quantitative analysis of
following 24 h culture. (¢) Immunocytochemistry of hNSC markers SOX2

and vimentin. Immunocytochemistry of GFAP (astrocyte maker) and TUJ1 (neuronal

marker) expression after differentiation of NSCs for 7 days.

This article is protected by copyright. All rights reserved.
28



C
- *
500 —
[ ] Unstimulated PUHC film
[ Stimulated PUHC film
. 400+
E
=
= 300 - +*
@D
Q
<
o 200 -
= .
-
100 4
0

Total Meurites Mean Neurite Maxium Neurite

A 4

Figure 1:! Neurite growth of hNSCs following culture for 3 days on PUHC with and
withoutmon. (a, b) Immunocytochemistry of vimentin-expressing cells. (c)

Assessme rite growth, including the sum total length of neurites, mean neurite length,
and maximum ngarite length per cell + SD (for stimulated and unstimulated groups, n=11 and

40 res ). <“** Indicates statistical significance of < 0.05

This article is protected by copyright. All rights reserved.
29



-~ -\
A
- N .-"'!
e ol l -
4 !
. < . LCGO
-
PEDOT
+
he
Polyether-hased liner polyurcthans ./

Polyuretharid composite (PUHC) can support human neural stem cell (NSC) and

enhances (€arly neuritogenesis. This conductive elastomer has potential applications for

g

mimicry o mnetworks where electrical stimulation may be beneficial.

This article is protected by copyright. All rights reserved.
30



