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Mechanical properties of individual conductive
protein nanowires and their percolation behavior
in elastomer nanocomposites
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High-performance soft electronics require conductive fillers that balance functional electrical properties

with mechanical compliance. This study investigates conductive protein nanowires (CPNs) from

Geobacter sulfurreducens as a sustainable, mechanically compliant alternative filler in polydimethyl-

siloxane (PDMS)-based nanocomposites. The primary objective was to establish the fundamental mech-

anics of individual CPNs and characterize their integration into hydrophobic elastomers. Local nanome-

chanical characterization established the first experimental elastic modulus for individual CPNs at 1.3 ±

0.1 GPa, validating their potential as compliant components compared to significantly stiffer synthetic

alternatives. As incorporated into the archetype elastomer PDMS, nanocomposites were measured using

amplitude modulation–frequency modulation bimodal imaging as a function of filler loading (wt%),

revealing a rheological percolation threshold of 0.8 wt% and tunable stiffness in the low-MPa range.

Additional electrical transport measurements as a function of filler loading yielded an electrical percola-

tion threshold of 6.7 wt% for CPN/PDMS. Template fabrication of CPN/PDMS using anodic aluminum

oxide (AAO) successfully lowered the electrical threshold to 0.1 wt% and demonstrated enhanced con-

ductance in nanocomposites with nanochannel texturing. Overall, CPN/PDMS nanocomposites exhibit

tunable moduli, electrical conductivity, and percolation thresholds that are further reduced by nano-

structured geometric confinement templating to enable an effective soft electronics materials platform.

1 Introduction

High-performance soft electronics are critical for use in
bioelectronics,1,2 personalized healthcare monitoring,3–5 and
soft robotics applications.6,7 A primary challenge in this field
is balancing functional electrical properties with mechanical
compliance.8–11 Conventional approaches typically involve
infiltrating elastomeric matrices, such as polydimethylsiloxane
(PDMS), with conductive nanowires/nanotubes due to their
high conductivity and aspect ratios. Unfortunately, high load-
ings of these nanotubes (e.g. gold (Au),12,13 silver (Ag),14,15

copper (Cu)16 or carbon nanotube (CNT)17) have been shown
to reduce elasticity dramatically with increased loading. For

example, CNT composites have a narrow mechanical tuning
range (between 0.12–0.5 wt%), which causes the material to
experience an increase in storage modulus, and limits its pro-
cessability for highly compliant applications.9 While it is cer-
tainly possible to process CNTs at much higher mass loadings,
doing so induces severe embrittlement; thus, the rapid stiffen-
ing observed at very low loadings severely narrows the effective
mechanical tuning window for soft electronics applications.
Furthermore, silver nanowires (AgNWs) are prone to surface
oxidation which degrades interfacial adhesion.18,19 Liquid
metal alternatives, though flexible, also suffer from oxidation
issues and require complex fabrication processes.20–22

Conductive protein nanowires (CPNs), derived from the
naturally expressed electrically conductive type IV pili
(e-pili)7,11 of Geobacter sulfurreducens (G. sulfurreducens),
produce nanowires from peptide subunits.23 Harvesting “wild
type” e-pili usually requires maintaining challenging, anaero-
bic conditions. However recent progress demonstrated that
CPNs could be successfully isolated from a diverse array of
microorganisms under aerobic conditions,24–26 generating
higher quantities sufficient for exploration as a nanocomposite
filler. Consequently, the scope of CPN applications has
expanded to include the development of effective CPN-enabled
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electronic devices, such as memristors,27 ammonia sensors,28

and power generators.29

Despite the success realized in CPN-based electronics, the
mechanical properties of CPNs remain largely underexplored.
While molecular dynamics simulations suggest an elastic
modulus between 0.4 GPa 30 and 0.8 GPa 31, an absence of
experimental validation via force-based measurements of indi-
vidual CPNs limits the current understanding. Initial studies
demonstrated polymer nanocomposites comprising CPNs dis-
persed in polyvinyl alcohol (PVA) exhibited appreciable con-
ductivity (∼10−7 S cm−1, 0.2 wt%).32 However, no reports on
the effects of CPN integration into PVA on the resulting
modulus were made.

In this study, CPNs are introduced as a biologically derived,
intrinsically conductive nanofiller that provides moderate
mechanical reinforcement while bestowing an electrical
pathway, as incorporated into an elastomeric PDMS matrix.
Using scanning probe nanomechanics methods, the first
force-based experimental modulus value for individual CPNs
is established, bridging a critical gap for rational polymer
nanocomposite design. Despite advances in the aerobic pro-
duction of CPNs to yield higher quantities sufficient for fabri-
cating polymer nanocomposite test structures, the sample
volumes remain limited to nominally 10–20 μL, which poses
experimental challenges for measuring the functional pro-
perties of CPN/PDMS polymer nanocomposites, as convention-
al tensile testing or transport measurements will not provide
adequate sensitivity or resolution. Here, using a combination
of bimodal atomic force microscopy (AFM) imaging and elec-
trical transport measurements, as-fabricated CPN/PDMS
polymer nanocomposites of various filler loadings are shown
to exhibit percolation behavior, and the resulting rheological
and electrical percolation thresholds are analyzed and estab-
lished. Subsequently, whole cell infiltration and anodic alumi-
num oxide (AAO) templating are explored to further tune elec-
trical conduction and threshold behavior in the functional
nanocomposites. The study concludes with the demonstration
of a CPN/PDMS-based strain gauge, highlighting the potential
of these materials for advanced sensing applications. Overall,
the overarching motivation of this work is to introduce an
intrinsically conductive biomaterial filler that mitigates the
severe embrittlement typically caused by rigid synthetic nano-
materials, effectively balancing functional conductivity with
the necessary mechanical compliance for soft devices.

2 Materials and methods
2.1 Preparation of CPNs

Escherichia coli (E. coli) with the expression of G. sulfurreducens
gene cultures were routinely maintained aerobically at 30 °C in
Luria–Bertani (LB) medium. For CPN production, cells were
mass-cultured following the standard protocol:33,34 they were
incubated for 48 h at 30 °C on M9 agar plates supplemented
with 0.5% glycerol as the carbon source, 0.5 mM Isopropyl β-D-
1-thiogalactopyranoside (IPTG) to induce pilin expression, and

50 μg mL−1 kanamycin. After incubation, cells were scraped
from the agar, resuspended in M9 medium, and pelleted by
centrifugation. The cell pellets were then resuspended in
50 mL of 150 mM ethanolamine buffer (pH 10.5) for protein
nanowire isolation via ammonium sulfate precipitation.
Purified CPN preparations were dialyzed repeatedly against de-
ionized water, concentrated to 2 mL in deionized (DI) water,
and stored at 4 °C until use.

2.2 Transmission electron microscopy (TEM) for CPN
imaging

For TEM imaging, pili were drop-cast for 10 min on a plasma-
sterilized 400 mesh copper grid coated with an ultrathin
carbon film. Excess liquid was wicked off and the grid stained
with 3 μL of 2% uranyl acetate for 30 s before the liquid was
wicked off and grid air dried overnight. The sample was
imaged on a Tecnai T12 (FEI) at 120 kV, with a spot size of 3
and camera exposure of 200 ms.

2.3 Atomic force microscopy (AFM) for nanomechanics
assessment

2.3.1 Fast force mapping on a single CPN. The CPNs were
harvested from E. coli and initially stored in DI water accord-
ing to the previously published protocol mentioned.28 The
CPN solution was drop-cast on different silicon (Si), plati-
num-coated silicon (Pt-Si), and highly ordered pyrolytic
graphite (HOPG), with 50 μL of solution sitting for 10 min
and then wicked dry. Each substrate had six to eight CPNs
measured using AFM by fast force mapping (FFM) (Cypher
ES, Asylum Research, Oxford Instruments, Santa Barbara,
CA, USA). The medium-soft tip was utilized to perform
single CPN measurements (AC240TS-R3, Al-coated, spring
constant = 2 N m−1, resonance frequency = 70 kHz, tip
radius = 7 nm).

2.3.2 Amplitude-modulated, frequency-modulated (AM–

FM) AFM. For bimodal AM–FM, the same tip model was uti-
lized. To excite the cantilever precisely with superimposed
natural frequencies, photothermal excitation (blueDrive,
Cypher ES, Asylum Research, Oxford Instruments, Santa
Barbara, CA, USA) is utilized to drive the cantilever of AFM
probe rather than conventional piezoelectric excitation that
possess complicated coupling of mechanical responses for
signal processing.35

2.4 CPN/PDMS and E.coli/PDMS nanocomposites fabrication

The weight percentage (wt%) of CPNs was calculated by using
eqn (1):

wCPNs

wbase þ wcuring agent þ wCPNs
� 100% ð1Þ

where wCPNs is the weight of CPNs, wbase is the weight of PDMS
base, wcuring agent is the weight of PDMS curing agent. CPNs in
DI water were first evaporated under vacuum (0.01 torr, 70 °C).
The dried CPNs were resuspended in a 10 : 1 (base : curing
agent) PDMS solution (Sylgard 184, Dow), vortexed (model
SI-0246, MRC, 15 s), and ultrasonicated (model M2800H,
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Branson, 15 min). This mixing cycle was repeated three times
to disperse the CPNs.

The CPN/PDMS mixture was spin-coated (3000 rpm,
2 min) onto silicon wafers and cured at 60 °C for 16 h.
Samples with filler loadings of 1, 2, 5, and 10 wt% were pre-
pared. For dispersion verification, CPNs were tagged with flu-
orescein isothiocyanate (FITC) (1 mg mL−1), dialyzed to
remove excess dye, and imaged via fluorescence microscopy.
To verify the dispersion of CPNs in PDMS, the CPNs were
tagged with fluorescein isothiocyanate (FITC). The CPNs with
10 wt% in DI water were tagged with 10 μL of 1 mg mL−1

FITC and stored in the refrigerator overnight. The solution
was then dialyzed to remove the excess FITC and the fabrica-
tion steps were repeated to have 10 wt% FITC tagged-CPN/
PDMS. The fluorescence images were taken by Zeiss Axio
Imager A2M, with an excitation wavelength of 488 nm. The
E. coli/PDMS solution was also prepared using the same steps
with 5, 10, 15, and 20 wt% of E. coli to PDMS according to
previous work.28

2.5 Electrical conductivity measurements & analysis

The prepared CPN/PDMS solution was drop-cast on interdigi-
tated electrode with 0.5 mm gap length, before being baked in
the furnace with 60 °C for 16 h. This sample was used for con-
ductivity test with respect to CPN weight percentage to PDMS
solution. Duplicate samples of 6, 7, 8, 20, and 24 wt%, and
one sample of 10 and 16 wt% were fabricated to study the
effects of CPN loading on conductivity. CPN/PDMS solutions
(10 μL) were drop-cast on the interdigitated electrode and the
I–V curves were measured by Keithley 2401 using 2-points
probe method with 0.2 V bias applied. The conductivity, σ was
calculated using eqn (2):

σ ¼ I
V

L
ntw

ð2Þ

where the I and V are measured current and applied voltage,
respectively, that could be readily extracted from I–V curves, L
is the distance between electrodes, w is the width of a single
electrode, and n is the number of electrode pairs. The geome-
try of the interdigitated electrodes is L = 0.5 mm, w = 4 mm,
and n = 10 pairs. Also, t is the thickness of the film that is
approximately 0.25 mm.

2.6 Nanochannel-templated CPN/PDMS nanocomposites

To improve geometrical confinement, CPN solutions (0.5, 1,
and 3 wt%) were infiltrated into AAO templates (140 nm pore
diameter, DP450-140S-50000, Topmembranes Technology) via
ultrasonication and drying. The CPN-filled AAO templates were
placed on PDMS, vacuum infiltrated (0.1 torr, 8 h), and cured.
The composite was detached and sputtered with platinum for
electrical testing.36

2.7 Dog-bone fabrication for pilot study of strain gauge
application

A pilot study was conducted to evaluate the sensing potential
of CPN/PDMS nanocomposites using a 20 wt% CPN loading to

ensure sufficient conductivity. Dog-bone specimens were fabri-
cated following a miniaturized ASTM-D412 standard (scaled to
one-fifth of the standard length) with a thickness of 1 mm,
using the mixing and curing protocols described in Section
2.3. Electrical connections were established by interfacing
wires with silver paste, and resistance changes under load
were recorded using a Keithley 2401 source meter.

3 Results and discussion
3.1 Nanomechanics of individual CPN

Morphological analysis via transmission electron microscopy
(TEM) and AFM confirmed that harvested CPNs possess
lengths of several microns and diameters of approximately
3 nm. Fig. 1 shows the morphology of CPNs harvested from
E. coli. The morphology of CPNs was observed using both TEM
(Fig. 1a) and AFM (Fig. 1b), showing that the CPNs display
nominal lengths of several microns and diameters approxi-
mately 3 nm, which is consistent with previous studies.33,34

AFM leverages highly sensitive tip–sample interactions in
the z-dimension (approach/retract) to simultaneously image
topography and measure mechanical properties across a wide
dynamic range (100 Pa–100 GPa) with nanoscale spatial
resolution.37–39 FFM is capable of quickly producing high
resolution 256 × 256 pixel maps of force–distance curves. To
bridge the gap in mechanical data, FFM was utilized to
measure the transverse elastic modulus of individual nano-
wires. Force–distance curves were analyzed using the loading
slope40 (Fig. 2a, red). The unloading curve exhibited significant
hysteresis, indicative of viscoelastic behavior. Consequently,
the elastic modulus was derived from the loading curve using
the Sneddon model, assuming a Poisson’s ratio of 0.5 using
Eqn (3):40

dFN
dδ

¼ 16
3π

ECPNδ cot αð Þ�1 ð3Þ

where dFN is the loading slope, ECPN is the Young’s modulus
of CPNs, δ is the indentation depth, and α is the half-angle of
the AFM tip. A statistical analysis of measurements across mul-

Fig. 1 Micrographs of CPN morphology. (a) A TEM image of CPNs har-
vested from E. coli modified with G. sulfurreducens gene expression.
The nanowire lengths ranged from a few hundred nm to several
micrometers in length. (b) The AFM topography of a single CPN that
confirms a diameter of 3 nm.
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tiple substrates (Si, Pt-Si, HOPG) yielded an average Young’s
modulus of 1.3 ± 0.1 GPa (Fig. 2b). Representative height and
Young’s modulus profiles extracted along a single CPN are pro-
vided in Fig. S1. This represents the first direct force-based
measurement of CPN stiffness, agreeing well with previous
molecular dynamics predictions (0.8 GPa).31 Notably, this
modulus is orders of magnitude lower than CNTs (1 TPa)41 or
AgNWs (90 GPa),42 highlighting the potential of CPNs as
mechanically compliant fillers.

3.2 Rheological percolation of CPN/PDMS

To assess mechanical reinforcement, AM–FM bimodal imaging
was performed on CPN/PDMS composites. AM–FM bimodal
AFM is an effective technique for nanomechanical measure-
ments of small volume samples.44 The principle behind this
method is that driving the cantilever simultaneously at its first
and second resonance frequencies enables the extraction of
topographic and nanomechanical information within a single
scan. The AM operates in first eigenmode and FM operates in
second eigenmode are linearly convoluted by the means of
superposition, and the response from the materials’ surface
through photodetector is then deconvoluted into height and
loss tangent for AM portion, as well as Young’s modulus and
energy dissipation for FM portion accordingly.

Fabricating composites with hydrophilic CPNs and hydro-
phobic PDMS requires specific processing to manage phase
separation. Thus, fluorescence imaging was used to confirm

that FITC-tagged CPNs achieved decent dispersion within the
matrix without gross phase separation. Consistent with pre-
vious work, ultrasonication was employed to mechanically
disrupt aggregates; however, CPNs are expected to form
bundles rather than fully exfoliate in organic solvents due to
polarity differences.45 Fig. 3a shows pristine PDMS exhibiting
no fluorescence signal, confirming the absence of matrix back-
ground. Fig. 3b shows the 10 wt% CPN/PDMS nanocomposite,
in which a distributed FITC signal is observed throughout the
matrix without evidence of gross agglomeration, indicating
effective CPN dispersion. As filler loading increased from 0 to
10 wt%, the nanocomposite elastic modulus rose from 2 MPa
to 5 MPa (Fig. 4a). The AM-FM Young’s modulus maps as a
function of CPN loading are shown in Fig. S2. The resulting
curve was fitted with a power–law relationship to determine
the rheological percolation threshold, as defined by eqn (4):9

E ¼ E0ðw� wcr;EÞβE ð4Þ
where E is the Young’s modulus, E0 is the scaling constant for
the rheological percolation curve, w is the weight percentage of
infused CPNs, wcr,E is the weight percentage for the rheological
threshold, and βE is the exponent. The power law fit yielded a
rheological CPN loading threshold of 0.8 wt%. This indicates
that CPNs effectively interact with polymer chains to form a
stress-transferring network at relatively low concentrations.

3.3 Electrical percolation of CPN/PDMS

While pure PDMS is a well-known electrical insulator, incor-
poration of conductive nanofillers like CNT,14 graphene,46 and
AgNWs47 beyond a critical electrical percolation threshold con-
centration has been shown to establish a continuous conduc-
tive pathway for electron transport.9,10 To observe the electrical
percolation behavior in CPN/PDMS nanocomposites, samples
were deposited on interdigitated electrodes to measure the
current–voltage response and calculate the corresponding con-
ductivity values (see Sect. 2.4), which were then plotted as a
function of CPN filler loading (7, 8, 10, 16, 20, and 24 wt%,
Fig. 4b). Representative I–V curves above and below the electri-
cal percolation threshold are provided in Fig. S3. The electrical

Fig. 2 Experimental details of individual CPN nanomechanics measure-
ments via fast force mapping (FFM). (a) Schematic illustration of the
force–distance response collected from an individual CPN. The force–
distance curves are represented within each pixel in the image maps for
both height and Young’s modulus. (b) Shows the generalized extreme
value (GEV) distribution of CPN Young’s modulus on silicon (8 samples),
highly-ordered pyrolytic graphite (6 samples), and platinum-coated
silicon (6 samples) substrates and yield 1.3 ± 0.1 GPa. (c) Shows the
height of a single CPN, which is 3 nm.33,43 (d) Shows the corresponding
Young’s modulus retrieved from the force–distance curve. A curve is
depicted along the CPN (red curve) to show the measured height and
Young’s modulus along the CPN.

Fig. 3 Fluorescent micrographs of fluorescein isothiocyanate (FITC)-
tagged CPNs verify their dispersion in PDMS composites. (a) Control
PDMS-only gel lacks fluorescence, whereas the (b) 10 wt% CPN/PDMS
indicate that CPNs are well dispersed as visualized by the green fluor-
escence. Insets in a and b are images of the samples (5 mm × 5 mm)
used for fluorescence microscopy.
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percolation behavior is also described by a power–law relation-
ship provided in eqn (5):48

σ ¼ σ0ðw� wcr;σÞβσ ð5Þ

where σ is the conductivity, σ0 is the scaling constant for elec-
trical curve, w is the weight percentage of CPN fillers, wcr,σ is
the critical weight percentage that initiates electrical percola-
tion, and βσ is the exponent for electrical percolation. The fit
yielded a critical electrical percolation threshold for CPN/
PDMS of 6.7 wt% (Fig. 4b).

The observed percolation behavior is comparable to pre-
vious microbial-based CPN filler/PVA nanocomposites,32 as
well as other conventional polymer nanocomposite
systems.9,10 Below the rheological threshold, CPN interactions
with PDMS chains are insufficient to support appreciable
loads. As the CPN loading increases to the 0.8 wt% threshold,
the CPN–PDMS interactions are sufficient to convey forces.
The highly insulating PDMS matrix limits electron conduction
to only between CPNs; thus, the electrical threshold increases
sharply to 6.7 wt%. Classic percolation models predict that
electrical percolation typically requires a higher weight percen-
tage of nanofillers than the rheological percolation threshold,
as they must form a dense, interconnected conductive network
to facilitate electron transport (Fig. 4c). This ordering, where
the rheological threshold falls below the electrical threshold,

is consistent with established percolation theory for polymer
nanocomposites. A sparse filler network is sufficient to restrict
polymer chain mobility and trigger rheological percolation,
whereas electrical conductivity requires fillers to approach
within approximately 5 nm of one another to enable electron
tunneling or hopping. An average molecular weight for Sylgard
184 is difficult to establish due to its bimodal chain length dis-
tribution; the higher molecular weight fraction (67 000 g mol−1)
is therefore used here.49 Assuming a molecular weight of 67
000 g mol−1 for the higher molecular weight fraction of Sylgard
184,49 the radius of gyration was estimated using chain statistics
for an unperturbed coil and hydrodynamic scaling for a swollen
coil, as detailed in the SI. The unperturbed approximation
yields Rg ≈ 7.08 nm and the Flory–Fox equation yields 7.69 nm.
Both estimates exceed the ∼5 nm inter-particle spacing required
for electron transport, such that a higher filler concentration is
needed to reach the electrical percolation threshold than the
rheological one. In carbon nanotube/poly(methyl methacrylate)
(CNT/PMMA),9 the critical concentration for electrical percola-
tion is approximately three times higher than its rheological
percolation. However, in the CPN/PDMS system, this difference
is greater than eight times the rheological threshold.

The primary reason for the substantial difference in
threshold values is that unlike conventional nanofillers that
agglomerate in aqueous environments and disperse in organic
solvents, CPNs are hydrophilic and disperse in aqueous solu-
tions and can be manipulated to form various bundles in
organic media,45 thus apolar PDMS is expected to inhibit the
CPNs from extending to their maximum length, thereby redu-
cing their interaction with the polymer matrix. Fluorescence
imaging (Fig. 3b) qualitatively confirmed the relative dispersion
of CPNs in PDMS, however, the polarity mismatch between the
filler and the matrix likely hinders the filler from forming a
fully interconnected web. Beyond polarity differences, the rela-
tive flexibility of CPNs influences their interaction with the
matrix in a manner distinct from more rigid CNT and AgNWs.
While commercial fillers like CNT and AgNWs are stiff, rod-like
structures, the shorter calculated persistence lengths of CPNs
(Lp,CPNs = 1.25 μm, see SI) suggest they are more likely to bend
and curl. The calculation of persistence length is supported by
the observation of type IV pili in Pseudomonas aeruginosa, which
also has a persistence length of approximately 1 μm measured
by using AFM images.50 Additionally, electron propagation
along CPNs is considered to involve hopping via the aromatic
cores of the subunits;51 however, the mechanisms are not yet
fully understood.32 The experimental data shown above provides
converging, indirect evidence of workable dispersion for funda-
mental studies; however, more concerted efforts to fully develop
and apply quantitative dispersion protocols for CPNs in poly-
meric matrices will be critical for their design and optimization
as viable functional nanocomposite systems.

3.4 Enhancing CPN/PDMS conductivity via templating and
whole cells

Recent studies have demonstrated the direct integration of bac-
teria into an elastomer, yielding viable, functional nano-

Fig. 4 Plots of (a) Young’s modulus (MPa) and (b) electrical conductivity
(S cm−1) vs. filler loading (wt%). A power–law fit yields a rheological per-
colation threshold for CPN/PDMS of wcr,E = 0.8 wt% (R2 = 0.99) in (a),
while in (b) a power–law fit yields an electrical percolation threshold for
CPN/PDMS of wcr,σ = 6.7 wt% (R2 = 0.92). (c) Illustrations of the
threshold evolution describing CPN–PDMS interactions.
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composites with robust ammonia-sensing capabilities.28 To
achieve higher electrical conductivity with a lower threshold, a
similar “whole-cell” fabrication approach was employed, in
which CPN-expressing E. coli cells were directly mixed into
PDMS. This method simplified fabrication by eliminating puri-
fication steps (sonication, vortexing, drying, resuspension).
However, distinguishing the portion of the overall filler weight
percentage related to the CPNs versus that of the insulating
cells is rather complex, so here the entire cellular filler was
used instead to calculate the filler wt%. Whole-cell nano-
composites exhibited a lower percolation threshold (4.8 wt%)
than those containing purified, isolated CPNs, although
overall conductivity was reduced due to the insulating nature
of the E. coli cell bodies (Fig. 5d, purple),11 which simul-
taneously reduce the effective filler volume of conductive
CPNs, but also likely increases the relative presence of attached
CPNs and subsequent increase in CPN-to-CPN overlap frequency.

Previously, CNTs dispersed in poly(3-hexylthiophene-2,5-
diyl) (P3HT) and infiltrated within AAO nanochannels showed
filler alignment and enhanced electrical conductivity.36 This
precedent motivated the application of similar geometric con-
finement strategies via AAO nanochannels to the CPN/PDMS
system here, which likely impose non-trivial extension forces
on both the polymer chains and CPN nanofillers, thus promot-
ing some degree of elongation and texturization of the filler
relative to the randomly dispersed system. The IV curve of pris-
tine PDMS infiltrated within the AAO template confirms the
electrically insulating baseline of the unfilled template prior to
CPN infiltration (Fig. S4). Infiltrating 3 wt% of CPNs within
140 nm pores resulted in conductivity values (9.9 × 10−5 S
cm−1; Fig. 5d, pink), comparable to the conventional, drop-
cast 10 wt% CPN/PDMS system (11.1 × 10−5 S cm−1; Fig. 5d,
blue). Notably, a significant reduction in filler content to just
0.1 wt% yielded conductivity values beyond the electrical
threshold, as shown in Fig. 5c and d. These results support the
use of nanochannel arrays to potentially overcome polarity-
induced aggregation and enable efficient electron transport at
minimal filler loadings, facilitated by the likely formation of
dense, more oriented networks within confined geometries.

Preliminary strain sensing behavior was evaluated using
mm-scale, 20 wt% CPN/PDMS nanocomposite dog-bone test
structures extended to 50% strain (Fig. S5a). We note that CPN
synthesis at the quantities required for larger test structures is
not yet a facile process, and achieving controlled dispersion at
these sample volumes introduces additional complexity rela-
tive to the thin-film composites used for the percolation
studies above. These constraints informed the scope of this
pilot demonstration, which was designed to confirm that the
composite resistance responds measurably and linearly to
elongation, rather than to optimize device performance. The
results confirm (i) successful scaling of CPN dispersions to
675 μg μL−1 while retaining functionality, and (ii) a linear resis-
tive response across the full strain range (Fig. S5b). The gauge
factor of 0.47, while below commercial benchmarks (k ≥ 2), is
consistent with an unoptimized pilot system. Stability, repeat-
ability, and dynamic response time represent the primary

targets of subsequent sensor-focused work, which will build
on the structural and dispersion approaches established here
to engineer reductions in percolation threshold and improve
composite performance at scale.

4. Conclusions

In conclusion, CPNs were dispersed within PDMS to suc-
cessfully fabricate a polymer nanocomposite system that dis-

Fig. 5 (a, b and c) show the schematic diagrams of CPN/PDMS I–V
tests, E. coli/PDMS I–V tests, and anodic aluminum oxide template fabri-
cation for I–V tests, respectively. (d) Shows the electrical percolation of
CPN/PDMS (blue), E. coli/PDMS (violet) and AAO-CPN/PDMS (pink). The
E. coli/PDMS fit yields wcr,σ = 4.8 wt% (R2 = 0.83), trading a slight
reduction in threshold percentage for a two orders of magnitude
reduction in conductivity. The AAO-CPN/PDMS fit yields a wcr,σ =
0.1 wt% (R2 = 0.98), a drastic reduction in electrical threshold despite
similar conductivity as dispersed, isolated CPN/PDMS.
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plays classic rheological and electrical percolation threshold
behavior. Using scanning probe nanomechanics methods,
the first experimental elastic modulus of individual CPNs
(1.3 ± 0.1 GPa) was established, validating their potential as
compliant components for soft electronics. Additionally,
tunable mechanical (wcr,E = 0.8 wt%) and electrical (wcr,σ =
6.7 wt%) percolation behavior was observed in the CPN/
PDMS nanocomposites. While the polarity mismatch
between the CPNs and PDMS matrix presents challenges for
random dispersion, a demonstration of structural templat-
ing via AAO successfully reduced the electrical percolation
threshold by two orders of magnitude (wcr,σ = 0.1 wt%).
These findings, coupled with a facile “whole-cell” (wcr,σ =
4.8 wt%) fabrication route, expand the toolkit for designing
sustainable, bio-based electronic materials based on bulk
CPN/PDMS structures for advanced applications in soft
electronics.
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