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Neuromodulation treatments are based on the functional interface between the brain and man-made electrodes.
Chronic inflammation around the implant, however, occurs as a result of mechanical mismatching between soft
brain tissue and the stiff metallic electrode. After water uptake, cellulose films should prevent encapsulation of
the electrode. In this work, we reinforced cellulose films with silk fibre networks, improving tear strength by a
factor of four to seven and maintaining flexibility, characterised by an elastic modulus between 100 and 200

MPa. Whereas sputtered gold on flat films exhibited restricted adhesion, micro-patterning guaranteed reasonable
adhesion of nanometre-thin gold to cellulose substrates. Micro-patterned cellulose films coated in 80 nm-thin
gold retained conductivity for strains as large as 30%, while sheet resistance increased by a factor of about 30.
Fabrication of the biocompatible electrodes is efficient and compatible with large-scale production.

1. Introduction

Substantial progress in neural interfaces have enabled the treatment
of severe neurological diseases and disorders, as well as the study of
neural network functionality through neuromodulation techniques [1].
Through neural interfaces, an electronic device can reconstruct
impaired connectivity and collect signals relating to neural activity
[1,2]. Non-invasive transcranial direct current stimulation has been
applied to diagnose progressive neurodegenerative diseases, including
Alzheimer’s and Parkinson’s, by employing local field potentials at low
frequencies [3-5]. Recording extracellular action potentials, i.e. single-
unit spikes, requires close proximity between electrodes and cells [6]. A
prominent example in this regard is the treatment of leg paralysis or
locomotor deficits caused by spinal cord injury [7].

Despite obvious progress, ensuring the efficiency of neural interfaces
is still a challenging undertaking, due to mechanical mismatching be-
tween implants and tissue [8]. The elastic modulus E of grey and white
matter has been reported at 1.9 and 1.4 kPa, respectively [9]. For pe-
ripheral nerves, (576 + 160) kPa has been found [10]. The much harder
neural probes cause local injuries, due to periodic micromovements
leading to encapsulation and result in collapsing signals. Furthermore,
corresponding stiffness makes the probes sensitive to buckling [11-13].
Future implants should therefore be compliant, in order to guarantee

glial scar-free neural-probe interfaces. Consequently, their long-term
functioning under physiological conditions has to be tested [6,14,15].
Since the bending stiffness of a planar device scales cubically with its
thickness and linearly with its elastic modulus [16], tailoring the de-
vice’s geometry and elasticity is straightforward and suggested via
twining electrodes [10], carbon-based fibre electrodes [17], mesh and
Kirigami-structured devices [18,19]. Nevertheless, miniaturisation in-
creases impedance and lowers signal quality, while pores in mesh
structures limit electrode density [20].

Soft polymer-based probes can be flexible [21]. The limited adhesion
of metals to polymers, as well as mechanical mismatching, however,
causes cracks at desired strains. The mechanics of gold films on silicone
leads to a network of cracks without a permanent loss of electrical
conductivity after the strain is released [22]. Such cracks generally limit
the lifetime of the devices. Nevertheless, conductive functionalised sil-
icone [23] and two-dimensional interlayers [24] can substantially
improve the adhesion of metal films to the polymer [25]. Moreover, it
has been shown that the formation of a metal-polymer interphase im-
proves bonding strength in thermoplastic applications [26,27]. Amor-
phous or hardly ordered polymers are better suited than crystalline ones
[28,29]. It has already been shown that soft multichannel electrodes can
be fabricated by depositing gold on thin bacterial cellulose [30].

Based on the state of the art, we fabricated a cellulose acetate
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Fig. 1. Fabrication of the silk-reinforced micro-patterned cellulose film. a.
Casting one layer of cellulose solution using a blade coater on top of an NIL-
micro-patterned PEEK substrate. b. Embedding woven silk after evaporating
the solvent, using droplets of acetone and a firm cylinder. ¢. Casting the second
layer of the cellulose solution after evaporating acetone. d. Peeling off the
reinforced film from the master PEEK substrate after solvent evaporation.
Electron micrographs of the films after gold coating can be found in the sup-
plementary material. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

butyrate film reinforced with woven fabrics and deposited gold without
an interlayer. These structures soften in a wet environment, thereby
enabling the identification of a compliant interface with tissues of in-
terest. We hypothesise that micro-patterning enhances gold adhesion to
the required level. Cyclic loading under physiologically relevant con-
ditions, i.e. in phosphate-buffered saline (PBS), should demonstrate the
reliability of the microstructured devices developed herein.

2. Materials and methods
2.1. Fabrication of micro-patterned reinforced cellulose films

2.1.1. Preparation of the CAB solution

Cellulose acetate butyrate (CAB) belongs to commercially available
non-toxic cellulose ester derivatives, known for their biocompatibility
[31]. A longer butyrate branch improves flexural strength and elastic
properties [32]. Thus, rather soft polymer films can be fabricated. In
total, 200 g of cellulose acetate butyrate (CAB 500-5, 3 wt% acetyls, and
51 wt% butyryl and 1 wt% hydroxyl) with a glass transition temperature
Tg of 96 °C (Eastman™ CAB, Eastman Chemical Company, USA) was
dissolved in 800 g ethyl acetate (EtOAc) (> 99.5%, Carl Roth GmbH,
Karlsruhe, Germany) and mixed for an hour. As a plasticiser, 100 g of bis
(2-ethylhexyl) terephthalate (> 96%, DOP, Sigma-Aldrich®, St. Louis,
USA) with a molecular weight of 390.56 g/mol and density of 0.986 g/
mL was added to the solution and mixed for another hour to obtain a
uniform solution. A 30-min ultrasonic treatment followed, in order to
prepare a bubble-free solution.
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2.1.2. Preparation of the micro-patterned cellulose film, using blade-coating

Micro-patterns 800 nm deep, 25 x 25 pmz grating blocks with
alternating orthogonal line patterns with a 4 pm pitch and periodic line
patterns with feature sizes of 2 to 20 pm were printed on 75 pm-thick
polyether ether ketone (PEEK) OPTIMA™ (Invibio® Biomaterial Solu-
tions, Lancashire, UK) using thermal nanoimprint lithography (NIL)
applying a precision hot press (HEX 03, Jenoptik AG, Jena, Germany)
[33]. Using the micro-patterned PEEK, the cellulose film was formed
while blade-coating the solution by employing a thickness of 0.5 mm
and a speed of 0.3 mm/s. A 100 pm-thick cellulose film remained after
solvent evaporation, as illustrated in Fig. 1(a).

2.1.3. Reinforcement of the carrier cellulose film and the deposition of gold

A piece of silk fabric (Fairy feather silk, SAIEI ORIMONO Co., LTD.
/Saiei Silk, Fukushima, Japan) with a (60 + 10) pm fibre diameter was
embedded on the first layer of the cast cellulose film, using acetone. The
second cellulose solution layer was coated on top of the silk, using a 0.5-
mm blade-coater after evaporating the solvent, after about 15 min (see
Fig. 1(b-d)). The 150 pm-thin micro-patterned film was peeled off after
approximately half an hour. In order to reinforce the cellulose film with
two layers of silk, the second layer of solution was coated by a 0.25 mm
blade-coater. The process was repeated with silk fabric rotated by 45°
with respect to the first layer. The final product with a total thickness of
200 pm was peeled off after the solvent evaporated.

In order to obtain a conductive film, gold (Au 99.99%, Sindlhauser
Materials GmbH, Germany) was sputtered on the 0.2 mm-thick micro-
patterned films at a current of 150 mA for a period of 40 s under an
argon atmosphere (Q300TD, Quorum Technologies, Laughton, Great
Britain).

2.2. Characterisation

The adhesion of the gold, with thicknesses ranging between 20 and
80 nm, to the cellulose was tested by a peel-off test using adhesive tape
(Scotch® Magic™ Tape, 19 mm in width).

A universal testing machine (BOSE, ElectroForce3300, BOSE Cor-
poration, New Castle, USA) served for mechanical analysis, see Fig. S1.
We applied 1000 and 10,000 tensile-compression loading cycles for
samples 0.1 mm thick and 25.6 mm long, using a sine wavefront of 1 Hz
frequency in PBS (Roti®-CELL PBS, CELLPURER® steril, Carl Roth GmbH,
Germany), see Fig. S2. The displacement ranged from 2% tensile strain
to a compression angle of 40°. The elastic modulus and tear strength
were measured by applying opposite forces to both sides of the sample
until they reached the fracture point for samples without and with
scissor’s pre-cut, respectively.

For electrical characterisation, four-point probe measurement was
employed for the samples after cyclic loading under increasing tensile
strain by means of a motorised translation stage (8MR200-100 STANDA
LTD, Vilnius, Lithuania). Four liquid metal drops (Cool laboratory,
Liquid Pro, Magdeburg, Germany) were placed on a strip of Au contact
electrodes with a spacing s of 5 mm. Four semi-spherical probe tips (SPA-
3 J, Everett Charles Technologies, Fontana, USA, by Distrelec AG,
Nanikon, Switzerland) were mounted on micro-positioners (Signatone,
APS Solution GmbH, Munich, Germany), and each was then lowered
into contacting liquid metal droplets. A current I of 10! to 10° pA was
applied to the outer probes and detected accordingly (Keithley 2401).
Using a multimeter (Agilent 34461A Truevolt), voltage drop V between
the inner probes was measured. Sheet resistance p of the gold film with a
thickness d was calculated by [34].

_vd
P= Is
The morphology of the gold after each test was visualised by electron
microscopy (EM-SOAXN, COXEM, Daejeon, Korea).
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Fig. 2. The reinforcement of cellulose films augmented
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3. Results

3.1. Mechanical analysis of the reinforced cellulose film

3.1.1. Tear strength measurements

Fig. 2 illustrates force-displacement relations for the bare and rein-
forced cellulose films embedded in PBS for one day. Silk reinforcement
gave rise to a substantial increase in tear strength: single-layer silk
enhanced tear strength by a factor of four to five, and double-layer silk
increased it by more than a factor of seven with respect to the bare
cellulose (see inset in Fig. 2a and Fig. S3).

3.1.2. Elastic modulus

The experimental stress-strain curves helped in determining the
elastic moduli E and further relevant mechanical parameters. Before
measurement, the films were placed in PBS for one day.

The bare cellulose films exhibited the behaviour of ductile plastic
materials (see Fig. 2 (b), blue line). The reversible elastic behaviour
could be related to E = (124 + 7) MPa. Further tensile strain led to

120

plastic deformation with a yield strength o, of (4.33 £ 0.35) MPa.
Breaking load was not reached because the machine was limited to a
120% strain.

The silk-reinforced cellulose films behaved like fabrics. Fracture
tensile strain ¢, reached about 40%, as illustrated in Table 1. Whereas
one layer of silk hardly affected the elastic modulus, the introduction of
a second layer increased its value by almost 50%, see Fig. S4.

The actual start of plastic deformation could not be determined.
Therefore, stress values o, were derived from the intersection of the
straight line through the origin with slope E at a 0.2% strain. Ultimate
tensile strength o, was given by stress at the elongation point [36].

Table 1 comparably lists the mechanical properties of the films.
Whereas ductile properties were suppressed by silk reinforcement, yield
strength and the elastic moduli of one-layer silk reinforced films barely
changed.

3.2. Adhesion of gold on cellulose films

It can be reasonably expected that both the gold film thickness as
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Table 1

Mechanical properties of bare and silk-reinforced cellulose films. The yield
strength o, elastic modulus E, ultimate strength ¢, and fracture strain (elon-
gation) ¢, were extracted from stress-strain curves. The yield strength and
fracture strain for the one-layer silk film were comparable to the two-layer silk-
reinforced film, while the elastic modulus was well comparable to the bare film.
The Young’s moduli of polymers for neural implants (PDMS - poly-
dimethylsiloxane, polyimide, parylene C — poly(p-xylylene), SU-8 - epoxy-based
negative photoresist, LCP — liquid crystal polymer, BCB - benzocyclobutene)
[37] are listed to highlight the softness of the cellulose films presented.

Cellulose film Mechanical property

E (MPa) &y (%) o, (MPa) oy (MPa)
Bare 124 £7 >120 > 10 4.33 £0.35
One-layer silk 131 +£8 38+2 12.27 £ 0.30 4.12 £ 0.43
Two-layer silk 183+ 6 39+2 15.10 £+ 0.30 4.57 £ 0.36
PDMS 0.4-0.9
Polyimide 2300-8500
Parylene C 2760
SU-8 2870-4400
LCP 10,600
BCB 3100

well as the micro-structuring of the cellulose films will affect gold
adhesion.

In a first series of experiments, a stripe pattern with periodicity
changing from 4 to 20 pm with 20 and 40 nm gold on top was prepared
and stored in air for few hours. After the peel-off test, electron micro-
graphs enabled us to determine those regions with and without gold on a
total area of (8400 + 200) pmz for each pattern restricted to the device’s
field of view, as shown in Fig. 3. The gold barely lifted from areas with
pitches 4 and 6 pm wide. For the 20 pm-wide pitches and 40 nm gold
thickness, coverage reduced to <60%, see Table 2.

A two-directional pattern with a minimum pitch size of 4 pm was
chosen for testing adhesion for preselected Au film thicknesses. As listed
in Table 3, for a nominal gold thickness of 20 nm, about 30% of gold was
removed, whereas for thicknesses of 40 and 80 nm, areas without gold
amounted to <1%. See Figs. S5 and S6 for further details.

3.3. Electrical properties of gold films on micro-structured cellulose films
under loading

3.3.1. Tension-compression testing

Gold films with a nominal thickness of 80 nm on micro-structured
cellulose were stored for one day and afterwards loaded in PBS - as
schematically displayed in Fig. 4b. Their sheet resistance p was studied
before loading and after 1000 and 10,000 loading cycles both in dry
states. As shown by the electron micrographs in Fig. 4d, the degree of
delamination depended on the selected micro-pattern. Surprisingly,
sheet resistance remained in the same order of magnitude for the gold-

:

J

b.
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coated flat and two-dimensionally micro-patterned cellulose films, as
illustrated in the bar diagram of Fig. 4e. Gold sputtered on the striped
micro-structure given in Field 1 of Fig. 4 exhibited sheet resistance six
orders of magnitude higher than the other ones. Gold on the two-
dimensional micro-pattern, shown in Fields 2 and 3, seemed to have
better interconnection and exhibited better adhesion than on the flat and
striped cellulose films.

Because of water uptake from PBS, the cellulose films exhibited an
increase in volume, for details see Table S1. The PBS-induced length
increase of the bare cellulose film corresponded to 8.0% =+ 0.6%, of the
one-layer silk-reinforced film to 6.0% =+ 0.6%, and of the two-layer silk-
reinforced film to 2.0% + 0.6%. Data acquired by electron microscopy,
presented in Figs. S8 and S9, shows moderate impact on the film
morphology. The micro-structure of Field 2 in Fig. 4 corresponds to the
one represented in Figs. S8a/S8b and S9. The water-induced swelling is
associated with softening. For example, comparing the Young’s moduli
of bare cellulose films kept for three days in air and water, respectively,
one finds changes from (134 + 8) to (104 + 10) MPa.

3.3.2. Application of tensile and bending strain

Tensile strain was applied to gold-coated flat and micro-patterned
bare cellulose films (cf. Field 2 in Fig. 4) in air environment as
measuring electrical conductivity in PBS is impossible. Fig. 5a shows the
sheet resistivity of the nominally 80 nm-thick gold film for eight pre-
defined strain values. Whereas gold on the flat substrate only remained
conductive up to 10% tensile strain, the gold film on the micro-patterned

Table 2

Gold coverage on one-dimensionally micro-patterned
cellulose films after peel-off test. The coverage is >90% for
8 pum pitch size and below for the Au film thickness of 40 nm.

Pitch size (um) Gold coverage (%)

4 96.5 + 3.1

6 98.5+ 1.1

8 949 + 2.4

10 88.4 + 2.1

20 54.6 + 3.8
Table 3

Gold coverage on two-dimensionally micro-patterned cel-
lulose films with 4 ym pitch size after peel-off test. The
coverage is >99% for 80 nm-thin gold films.

Au thickness (nm) Gold coverage (%)

20 71.0 £ 4.6

40 97.0 + 1.4

80 99.1 + 0.9
30 um

A

Fig. 3. To guarantee gold adhesion on micro-structured cellulose films, the pitch size has to be small enough. a and b. Electron micrographs after peel-off

tests for a nominal gold thickness of 20 and 40 nm, respectively.
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Fig. 4. Cycling tension-compression loading of gold-coated cellulose films resulted in micro-structure-dependent delamination but hardly impaired sheet
resistivity p. Schematics of the experimental steps: a. 80 nm gold on micro-structured cellulose films; b. Tension-compression loading with § = 41°, 2% strain at a
frequency of 1 Hz frequency (sine wavefront in PBS); c. Cleaning in distilled water, using ultrasound for a period of 5 min; d. Electron micrographs obtained after
10,000 loading cycles with characteristic delamination defects indicated by red- and yellow-coloured circles (yellow arrows show gold adhesion in the valleys); e.
Sheet resistivity p of films before (blue) and after 1000 (green) and 10,000 (orange) loading cycles.
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Fig. 5. Micro-structured electrodes remain conductive up to 30% tensile strain. a. Sheet resistivity for flat and micro-structured Au-coated cellulose films under
0 to 35% tensile strain. Inset: Schematic of four-probe measurements for the sample under tensile strain. Flat film (blue) remains conductive up to 10% of tensile
strain, and it experiences electrical failure at 15% strain while micro-structured electrodes (orange) withstand up to 30% strain. b. Electron micrograph of a micro-
patterned (grating blocks) electrode for Field 2 after tensile testing up to 30% of tensile strain ¢, with 240 times magnification.

cellulose withstood tensile strains as high as 30%. The electron micro-
graph obtained after applying 30% tensile strain is represented in
Fig. 5b. Connections between the elements of the pattern were retained
despite the formation of cracks. This information is in line with bending
experiments. At bending strains of up to 16%, gold film on the flat cel-
lulose substrate displayed numerous cracks and associated delamina-
tion, whereas micro-patterning suppressed the delamination and

debonding of the gold from the cellulose films (see Fig. S7).
4. Discussion
Soft, transparent and ductile cellulose films were prepared. Their

elastic modulus of (124 + 7) MPa was about half of the value reported in
the literature [38], while the fracture strain was higher than 120%.
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Fig. 6. Reaching the Tgof cellulose films during the sputtering of electrodes hypothesised as the parameter contributes to improving the adhesion of
metal-polymer films. a-c. Schematics of the temperature gradient on the surface of cellulose films during the sputtering of Au film with preselected thicknesses.

Their tear strength, however, at 2 kN/m was inadequately low. Rein-
forcement by one-layer or even double-layer silk improved the films’
resistivity against tearing by a number of factors while also keeping
elasticity almost constant. Importantly, the reinforced films fractured at
tensile strains beyond 38%, a value much higher than critical for neural
implant [39]. The stiffness of the silk-reinforced cellulose can be simply
tailored by adapting thickness.

The cellulose applied to realize films exhibits a Young’s modulus,
which is about one order of magnitude lower than most of the relevant
polymers for neural implants, see Table 1. Thus, the mechanical
mismatch between the physically soft human tissue and the electrode
material is substantially reduced. The mismatch becomes even smaller
by the water uptake of cellulose.

Polydimethylsiloxane (PDMS) is more than two orders of magnitude
softer than the cellulose applied in this study [37]. Its handling for
surgical procedures, however, is challenging and generally incompatible
with minimally invasive procedures. Consequently, the use of silk-
reinforced cellulose with a Young’s modulus between 100 and 200
MPa is a reasonable trade-off for applications in neural implants.

Micro-patterned PEEK as a flexible intermediate stamp for cellulose
allowed for not only thermal nanoimprint preparation, but also for facile
removal because of inherently low adhesion. Reusage of the PEEK
template also became possible.

Micro-patterning substantially improved the adhesion of the
nanometre-thin gold layer to the cellulose substrates. Two-dimensional
micro-patterns are superior to one-dimensional microstructures, a phe-
nomenon which can be explained via the increased contact area between
gold and cellulose. We hypothesise that this was not the only effect,
though, as the glass transition temperature of 96 °C is an important
feature [40]. Whilst sputtering, the polymer surface might have reached
this temperature, which could have been reduced by the plasticiser we
used. The smaller the pitch size and the longer the sputtering time, the
higher the probability of reaching the glass transition temperature (note
limited heat conductivity at the polymer edges). Beyond the glass
transition temperature, the metal clusters could be integrated into the
polymer and enhance adhesion (see Fig. 6).

Although cracks in the nanometre-thin gold film on the flat cellulose
substrate were formed at bending strengths of 4.5%, the film remained
conductive up to a 10% tensile strain, which is higher than the reported
fracture toughness of 5% for gold films and almost independent of its
thickness [41,42]. It should be noted that although a substantial part of

gold on flat films delaminated, some gold islands are connected, as
indicated by the micrograph in Fig. 4d, resulting in reasonable electrical
conductivity for the flat films, see bar diagram in Fig. 4e. Gold sputtered
on two-dimensionally micro-patterned cellulose substrates barely
formed cracks at the relevant strains. The layered structures remained
conductive up to a 30% strain associated with a rise of less than one
order of magnitude in sheet resistivity. The electron micrographs
showed severe damage after mechanical loading. Conductivity, how-
ever, was maintained as a result of gold filaments connecting the blocks
at the corners. This pattern could be employed as a mesh framework.
The 30% strain corresponds to a bending radius of about 66 pm when
considering a 100 pm-thin structure. The related curvature is 15 mm ™!
and therefore 30 times larger than needed for targeted anatomical fea-
tures in human brain [43]. Even conformable thin-film arrays can be
built applying micrometre-thin substrates of non-stretchable materials,
as their thickness is properly tailored to the curvature of the target
structure [44].

Contrary to the earlier study combining bioresorbable substrates of
silk fibroin with gold [19], the woven silk used in this study is not
dissolvable within the body. The present study used silk for reinforce-
ment of the cellulose films they have been embedded into.

It should be highlighted that surface topology modifications, for
example tailored via thermal imprinting of cellulose to generate dedi-
cated micro-pattern, can positively influence the morphology and
outgrowth of nerve and neuroglial cells [45].

5. Conclusion

As a result of water uptake, cellulose films soften and can alter the
curvature of anatomical features in the brain and spine. These films,
however, could be silk-reinforced to substantially improve their me-
chanical properties and retain flexibility. Two-directional micro-struc-
tures imprinted on the cellulose considerably improved the adhesion of
sputtered gold films, which remained conductive beyond a 30% strain.
Consequently, nanometre-thin gold layers on micro-structured, silk-
reinforced cellulose films are expected to become compliant electrodes
for next-generation neural implants in brain and peripheral nerves.
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