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ABSTRACT
We report a rapid, single-step aerosol jet co-printing method for flexible, conductive collagen–silver electrodes. By simultaneously depositing
collagen and silver nanoparticle inks, we achieve tunable conductivity and biocompatibility using short (<5 min) low-temperature (150 ○C)
curing. The resulting composites exhibit resistivity as low as ≈10−6 Ωm, maintain conductivity under mechanical flexure, and preserve partial
protein structure for up to 3 weeks in physiological media. Cell culture studies confirm reduced cytotoxicity at high collagen content, defining
a processing window that balances electrical and biological performance. These findings demonstrate that aerosol jet printing co-printing
offers a scalable and versatile fabrication strategy for next-generation flexible bioelectronic devices, with electrical and biological performance
that can be tuned through material composition and processing parameters.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0300123

I. INTRODUCTION

Implantable electronic devices play a central role in mod-
ern medicine, enabling therapies ranging from cardiac pacing1 and
neural stimulation to prosthetic control and biosensing.2–5 Such
devices rely on electrodes that must simultaneously deliver electrical
stimulation to biological tissue, making high electrical conduc-
tivity, mechanical flexibility, and biocompatibility critical material
requirements.6–9 Conventional implantable electrodes, such as
platinum,10,11 platinum–iridium alloys,11 or ceramic coatings12,13

like titanium nitride14,15 and iridium oxide,16,17 offer excellent
corrosion resistance and biochemical stability in physiological
environments18–20 but remain mechanically rigid and bioinert. Their
stiffness and poor tissue integration often trigger fibrous encap-
sulation by surrounding tissue, leading to increased stimulation
thresholds and reduced device longevity.6 Silver offers one of the
highest electrical conductivities among metals at low processing
temperatures, making it attractive for use in flexible bioelectronic

fabrication and optimization.6,21,22 However, the potential cytotoxi-
city from silver ions limits its use in chronic implants. This makes
it a promising candidate for early stage fabrication trials, where
the primary focus is on optimizing printing parameters rather than
long-term biocompatibility.

While significant progress has been made in improving the
performance of implantable electrode materials, less attention has
been given to fabrication methods that support rapid prototyping,
high-resolution patterning, and integration with flexible substrates.
Conventional microfabrication techniques, such as photolithogra-
phy, vacuum deposition, and electroplating, offer high precision
but require multistep, cleanroom-based processing, limiting their
adaptability to soft substrates and rapid prototyping. In contrast,
printing-based additive manufacturing techniques, such as screen
or inkjet printing, provide a low-cost alternative but often compro-
mise on resolution, uniformity, or ink compatibility (supplementary
material, Table 1).22–24 These constraints impede rapid prototyp-
ing and compatibility with soft, temperature-sensitive materials
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required for bioelectronic interfaces, with limitations further com-
pounded by the demand for mechanical flexibility, biocompatibility,
and long-term stability in physiological environments.25–27

Aerosol Jet Printing (AJP) has emerged as a powerful direct-
write technique capable of depositing a wide range of functional
inks with micrometer precision (≈10 μm) and viscosities spanning
1–1000 cP.28 Unlike pre-mixed approaches, AJP enables in situ
co-printing of multiple inks from independent atomizers (Fig. 1),
allowing materials to be mixed only at the nozzle and minimizing
issues such as nanoparticle aggregation or protein denaturation.29–31

Its compatibility with low-temperature curing allows direct printing

onto soft polymeric substrates without significant thermal damage,
including proteins such as collagen,32–34 while its ability to inte-
grate multiple functional materials in a single step streamlines the
fabrication process.30 This unique capability allows direct pattern-
ing of metallic nanoparticles and biological materials onto flexible,
thermally sensitive substrates. Moreover, its non-contact, maskless
operation supports rapid design iteration and scalable fabrication of
bioelectronic interfaces.

In this study, AJP is employed in a co-printing configuration
with a pneumatic atomizer for silver nanoparticle (AgNP) ink and
an ultrasonic atomizer for collagen ink. By co-depositing collagen

FIG. 1. (a) Schematic of the co-printing
process in aerosol jet printing. The AgNP
and collagen inks were placed in sepa-
rate containers and printed out together.
A Y-connector was used to mix two
gases together toward the deposition
head. (b) Schematic of the flow profile
at the exit of the print nozzle. The green
area displays the aerosol jet stream, and
the blue areas display the sheath gas.
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and silver nanoparticle (AgNP) inks, we establish how processing
parameters, particularly atomizer flow rates and curing conditions,
govern print morphology, conductivity, flexibility, and biocom-
patibility. We identify a short-duration, low-temperature curing
regime (150 ○C, 2 min) that achieves high conductivity while pre-
serving collagen integrity, and we show that electrode performance
can be modulated to balance mechanical compliance and cellular
compatibility. The resulting AgNP–collagen composites are finely
dispersed during printing, offering tunable conductivity, flexibility,
and biological performance without the need for post-processing
or complex assembly. In this study, we focus on developing short-
term, partially degradable, transient AgNP-collagen composite elec-
trodes, with the aim of enabling temporary biocompatible electrical
interfaces.

II. MATERIALS AND METHODS
A. Aerosol jet printing

All samples were co-printed by aerosol jet printing (Optomec)
on polyimide substrates (Kapton, 200 μm thickness) with a pneu-
matic atomizer (PA) for silver nanoparticle (AgNPs) inks (Nova-
Centrix, diluted 1:2 by volume with deionized water) and an ultra-
sonic atomizer (UA) for collagen inks, unless stated otherwise.
Collagen inks were prepared as a 0.5 wt. % suspension of Type
I bovine dermal collagen (Devro Medical) hydrated overnight in

0.05M acetic acid, then blended at 20 000 rpm for 2 min, rested for
1 min, and blended at 22 000 rpm for a further 2 min.

Co-printing was achieved using a Y-connector to merge the PA
and UA ink streams, enabling in situ mixing of AgNPs and collagen
to form a uniform aerosol dispersion. The AJP platen was set at room
temperature, and ultrasonic inks were chilled at 20 ○C to prevent
collagen denaturation. A sheath gas flow of 75 SCCM and a print
speed of 1 mm s−1 were used with a nozzle of 300 μm diameter to
print continuous lines as in Fig. 2(a).

1. Single-layer prints
An initial batch of pure collagen, pure silver, and collagen-silver

co-print samples was fabricated for use in general characterization
and the degradation study. Oven curing was carried out at 150 ○C
for 5 h. Further samples consisting of a single-layer co-print were
printed with the PA exhaust flow rate reduced to 575 SCCM. Sam-
ples were then subjected to one of three oven curing treatments:
70 ○C for 24 h, 150 ○C for 12 h, or 200 ○C for 2 h.

2. Multilayer curing
To further amplify the influence of silver atomization, a mul-

tilayer configuration was used, which allows control of Ag aerosol
on a consistent collagen-Ag underlayer on the substrates. This
design ensures that variations in resistivity arise primarily from the
printing itself instead of differences in substrates due to minor dif-
ferences. Three distinct multilayer electrode designs (Designs A–C)
were fabricated, as illustrated in Fig. 2(b). Designs A and B were

FIG. 2. Schematic illustration of the (a) electrode geometries and (b) three multilayer electrode designs (A–C) fabricated via aerosol jet printing. Designs A and B were
printed with the platen temperature set to 70 ○C. In Design A, the silver nanoparticle layer was deposited using a UA carrier gas flow rate of 2 SCCM. All co-printed layers
in Designs A and B used a UA carrier gas flow rate of 32 SCCM and a PA atomizer and exhaust flow rate of 600 SCCM. For Design C, the PA atomizer flow rate was
increased to 700 SCCM across all layers to assess the impact of enhanced atomization on print morphology and electrical performance.
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printed with the platen temperature set to 70 ○C. For Design A,
the silver nanoparticle layer was deposited using a UA carrier gas
flow rate of 2 SCCM. All co-printed layers in Designs A and B
were printed using a UA carrier gas flow rate of 32 SCCM,
with the PA atomizer and exhaust flow rates maintained at 600
SCCM. A multilayer configuration was selected because conductiv-
ity in AgNP–collagen composites requires sintering a base silver-
rich layer, whereas collagen-containing surface layers must remain
uncured to maintain their structural integrity. Single-layer films
cannot decouple these requirements, as curing conditions suffi-
cient to sinter AgNPs simultaneously denature collagen. The mul-
tilayer architecture, therefore, enables meaningful comparison of
nanoparticle percolation while preserving the biointerface. This
multilayer strategy was selected because it allows atomization con-
ditions to be varied while maintaining a controlled composite
composition across layers, which is not achievable in single-layer
films.

Design A was intended to examine the effect of reduced sil-
ver atomization (UA 2 SCCM) on film continuity, with a pure
Ag layer used intentionally to isolate the effect of severely reduced
Ag aerosolization (UA 2 SCCM) on nanoparticle percolation with-
out the additional variable of collagen distribution. Specifically, the
pure Ag base layer in Design A ensured that changes in resis-
tivity arose from atomization settings rather than compositional
differences. Design B maintained identical parameters to Design A
except for the full co-printing of both inks (UA 32 SCCM) to assess
interface quality. Design C increased PA flow (700 SCCM) to test
whether enhanced aerosolization improves AgNP dispersion and
conductivity.

3. Variable collagen/AgNP prints
To investigate the effect of variable collagen/AgNP ratios, elec-

trodes with three layers were printed for each electrode to ensure
continuity in the printed lines. Four replicates were printed for each
condition, as listed in Table I.

TABLE I. Gas flow pressures used in aerosol jet printing of samples, quoted in square
cubic centimeters per minute (SCCM).

Gas flow rate (SCCM)

Printing
condition

Ultrasonic
atomizer (UA)

Pneumatic
atomizer (PA)

Pneumatic
atomizer (PA)

exhaust

UA04 4 700 650
UA08 8 700 650
UA12 12 700 650
UA16 16 700 650
UA20 20 700 650
UA24 24 700 650
UA28 28 700 650
UA32 32 700 650
PA500 32 500 450
PA300 32 300 250
PA100 32 100 50

B. Print morphology and quantitative metrics
1. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out on single
layer prints using a Hitachi TM3030Plus desktop SEM in backscat-
tered electron mode for imaging with an electron acceleration volt-
age of 5 and 15 kV for optimized co-prints. SEM images were ana-
lyzed and processed using ImageJ. A Hitachi TM4000Plus desktop
SEM was used for energy dispersive x-ray (EDX) analysis of degra-
dation in single-layer print samples with an electron acceleration
voltage of 5 kV.

2. Line width quantification
SEM images (3 random fields per sample, n = 3 prints/

condition) were analyzed in ImageJ using threshold-based edge
detection. Linewidth was measured randomly along a 400 μm
segment.

C. Degradation study
As an analog for physiological conditions, single layer print

samples were placed in bijou tubes containing 30 ml phosphate-
buffered (PBS) solution (137 mM sodium chloride, 10 mM phos-
phate buffer, 2.7 mM potassium chloride, Fisher Bioreagents

TM
)

within an incubator at 37 ○C at 11 time points between 1 h
and 12 weeks. Ultraviolet–visible (UV–Vis) spectroscopy was per-
formed on the supernatant using a Perkin Elmer Lambda 25
spectrophotometer, in the range of 190–700 nm at intervals of 1 nm.

D. Electrical measurements
Sample resistances were measured in their as-printed state

and under concave and convex curvature using a Sciospec ISX-
3 impedance analyzer at 100 kHz in a two-point configuration.
Silver conductive paint (Electrolube SCP03B; ∼5 Ω per contact)
was applied to contact points to facilitate measurement, with con-
tact resistance considered negligible. By default, measurements were
taken across contacts 1 and 4 and in addition across contacts
2 and 3 [Fig. 2(a)].

To induce curvature, optimized three-layer co-printed elec-
trodes of varying collagen content were printed on Kapton sub-
strates and mounted onto hollow cylinders with inner diameters
ranging from 10 to 30 mm and outer diameters from 10 to 40 mm,
enabling both convex and concave configurations.

Cross-sectional areas were measured using profilometry (Dek-
tak, Veeco) using a stylus radius of 12.5 μm, a scan time of 30 s, a
scan length of 2000 μm, a stylus force of 5 mg, a measurement range
of 65 500 nm, and a resolution of 0.222 μm/sample.

Resistivity was calculated as

ρ = R
A
L

, (1)

where ρ is the resistivity, R is the resistance, A is the cross-sectional
area, and L is the length of the electrode. Resistivity values are quoted
as the mean ± the standard deviation across measured values.

E. Nanoindentation
Mechanical properties were assessed via nanoindentation using

an iNano system with a target load of 5 mN and a maximum
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indentation depth of 1000 nm. The surface approach distance was
set to 2000 nm, with a strain rate of 0.2 s−1 and a target dynamic
displacement of 2 nm. The data are represented as an average
of 20 indentation points per condition, measured in triplicate.
Young’s modulus was extracted from the unloading stiffness using
the Oliver–Pharr model35

Er = S
2β
√

πA
, (2)

with β = 1.034, and area function calibrated on fused silica. The sam-
ple modulus was obtained from 1

Er
= 1−ν2

s
Es
+ 1−ν2

i
Ei

with νs = 0.3. We
excluded pop-ins and outliers by median absolute deviation.

F. Cytotoxicity assessment
1. Sample fabrication

Optimized tri-layered co-prints of varying collagen content
were printed for cell culture (N = 6) on glass cover slips as detailed
previously, in addition to silver-only and collagen-only electrodes as
controls.

2. Cell culture and seeding
Human dermal fibroblast cells (Sigma-Aldrich) were cultured

in Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma-
Aldrich) and 1% (v/v) penicillin/streptomycin (Sigma-Aldrich) at
37 ○C, 5% CO2. Samples were placed in a 24-well plate and seeded
with 2.64 × 104 cells per well, followed by incubation over a 24-h
period for live dead staining and a 5-day period for cell morphology.

3. Live-dead staining
Samples were stained using Calcein AM (live) and propid-

ium iodide (dead) (Thermo Fisher) after 24 h and were diluted in
serum-free, phenol-red free DMEM according to the manufacturer’s
directions. The cell media was removed, and 300 μl of live/dead
reagents was added to each well for 30 min at room tempera-
ture, under aluminum foil, with gentle rocking. Samples were then
imaged on a Zeiss AXIO Observer Z1 fluorescence microscope fitted
with an Axiocam 530 camera at ×20 magnification.

4. Cell morphology
On day 5, the cells were fixed with 0.5 ml of 4% (w/w)

paraformaldehyde in PBS for 30 min, followed by 3 PBS washes.
Samples were stained following a procedure that included the addi-
tion of 1 ml of 0.5% (v/v) Triton X-100 in PBS solution for ten
minutes followed by a PBS wash. The samples were stained with 0.5
ml of the 1:1000 diluted phalloidin in PBS/0.1% Tween solutions and
0.5 ml of the 1:2000 diluted 4′6-diamidino-2-phenylindole (DAPI)
solution to stain the actin cytoskeleton and the nucleus, respectively.
The samples were then imaged using a Zeiss AXIO Observer Z1 flu-
orescence microscope fitted with an Axiocam 530 camera at ×20
magnification.

III. RESULTS AND DISCUSSION
A. Print morphology

Micrographs of the collagen (optical), silver, and co-print
(SEM) single-layer samples in Fig. 3(a), and full line widths in the

supplementary material, Fig. 2, illustrate that film morphology is
highly dependent on ink composition. Pure collagen films, imaged
optically due to low electron contrast from their polyimide sub-
strate, exhibited significant variation in line widths, with dendritic
regions forming at the center of thicker segments and contact pads.
These dendrites were also seen to persist after curing, as seen in
the supplementary material, Fig. 1. By contrast, pure silver sam-
ples displayed significant cracking and local spallation, which were
further aggravated by thermal curing. Co-printed samples showed
no such cracking was seen in the co-prints, indicating that collagen
incorporation mitigates stress-induced delamination and enhances
structural integrity.

SEM micrographs of printed tri-layer electrodes under vary-
ing collagen contents [Fig. 3(b)] reveal substantial differences in
print quality across and within conditions (supplementary material,
Fig. 3). At high collagen concentrations, such as UA32, overspray
was common, resulting in line widths nearly twice those of other
samples. Quantitative analysis of printed line widths reveals a clear,
non-linear dependence [Figs. 3(b) and 3(c)]. As the collagen flow
is increased from UA04 to UA28, the average linewidth initially
decreases from 420 to 240 μm, indicating improved jet focusing
and reduced overspray at moderate collagen content, specifically
at UA16-24. Beyond UA28, the linewidth increases sharply to
∼780 μm, which is consistent with excessive ink viscosity and spread-
ing during deposition. The narrow linewidth deviation from UA04
to UA24 also suggests enhanced print stability under intermediate
collagen loading.

Long-term immersion in phosphate-buffered saline (PBS,
37 ○C) revealed distinct degradation behaviors for different sam-
ple types [Fig. 4(a)]. Optical microscopy revealed that all three
single-layer sample types remained broadly intact after 12 weeks in
PBS [Fig. 4(a)] with preferential degradation evident in the den-
dritic regions corresponding to the thickest areas of the sample.
(supplementary material, Fig. 4). At higher magnification, the silver-
only samples showed minimal morphological change throughout
degradation (supplementary material, Fig. 5), although tarnishing
was visible at the electrode surfaces, suggesting a mild surface
reaction with the PBS medium.

Elemental EDX maps [Figs. 4(b)–4(d)] demonstrate the distri-
bution of silver, sodium, and chlorine before and after degradation.
The negligible chlorine content indicates minimal AgCl formation,
with the co-localization of chlorine and sodium signals suggesting
the deposition of NaCl crystals rather than the formation of silver
salts.

B. Optimizing curing conditions
Curing conditions were optimized to achieve silver nanoparti-

cle sintering while preserving collagen structure. Figure 5(a) shows
the resistivity of single-layer co-print samples fabricated at a PA
exhaust flow rate of 575 SCCM under different thermal treatments.
Samples cured at 70 ○C for 24 h remained non-conductive, while
those cured at 150 ○C (12 h) or 200 ○C (2 h) achieved conductivity.
For the 150 ○C cure, 5 out of 6 samples were conductive across all
contact pathways, whereas only 3 out of 6 samples cured at 200 ○C
exhibited similar behavior. Though the average resistivity was lower
for the 200 ○C samples, sample embrittlement was noted, suggesting
collagen denaturation at this temperature.
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FIG. 3. (a) Optical images of single-layer
collagen samples and SEM images of
single-layer silver and co-printed sam-
ples before and after curing. Pure sil-
ver samples displayed significant spal-
lation and cracking, unlike collagen-only
or co-printed samples. (b) Tri-layer co-
printed electrode lines as a function of
increasing collagen flow rates (scale bar:
500 μm). (c) Print linewidth of tri-layer
co-printed electrode lines.

Multilayer designs A–C [Fig. 2(b)] exhibited distinct elec-
trical responses. Design A remained non-conductive before and
after curing, consistent with its reduced silver aerosolization (UA
2 SCCM), which produced insufficient particle connectivity. Design
B, which employed balanced atomization (UA 32 SCCM and PA 600
SCCM), yielded continuous conductive films with a mean resistivity
of ± 2 μΩ m. Design C, printed with higher pneumatic atomiza-
tion (PA 700 SCCM), showed no conductivity prior to curing but
achieved conductivity in all two- and three-layer samples after cur-
ing, though with higher resistivity and greater variability. Resistivity

showed little dependence on layer number, although single-layer
samples exhibited larger deviations and outliers [Fig. 5(b)].

Design C samples showed no conductivity prior to curing,
but after curing, all two- and three-layer samples were shown to
achieve conductivity. Among monolayer samples, four out of six
also achieved conductivities upon curing, though two exhibited high
resistivity. Resistivity did not vary significantly with the number
of layers, but monolayers showed greater variability and outliers
[Fig. 5(b)]. This indicates that Design A, printed with minimal Ag
aerosolization, produced an insufficiently connected nanoparticle
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FIG. 4. (a) Optical micrographs of co-print sample degradation over a 12-week period of time in PBS. (b) EDX elemental maps of the distribution of silver and chlorine in
silver samples before and (c) after, as well as of silver, sodium, and chlorine in a co-print sample (d) after 12 weeks in PBS solution. Color scheme for EDX maps: (b) and
(c) Ag—red, Cl—green, and Na—blue; (d) Ag—green, Na—blue, and Cl—red.

network, while Design C, which used higher pneumatic atomization
flow, led to discontinuous percolation. In contrast, Design B yielded
continuous and conductive films. This comparison underscores the
importance of maintaining ∼650 SCCM as the optimal pneumatic
atomization pressure for reliable co-printing moving forward.

Tri-layer electrodes printed with UA at 20 SCCM and
PA/exhaust at 700/650 SCCM were evaluated for rapid curing under
four different thermal conditions. At 150 ○C for 5 min, electrodes
exhibited low resistance (4.0 ± 0.2 Ω), while a shorter curing time
of 2 min at the same temperature resulted in higher resistance
(90 ± 5 Ω). Lower temperatures (100–120 ○C), even with extended
times, failed to produce conductivity. Although prior studies, such
as those by Mo et al., have reported that AgNP-based electronics
could be rendered conductive at significantly lower sintering tem-
peratures, including 60 ○C for 10 min (13.10 μΩ cm) and 100 ○C for
10 min (7.40 μΩ cm),36 lower temperatures of 120 and 100 ○C, even
with extended curing times, failed to produce conductive samples

in this study. The discrepancy in conductivity across the two stud-
ies is likely attributed to the presence of collagen in the co-printed
samples, which is inherently less conductive than pure AgNP ink.

Although longer exposure (150 ○C/5 min) produced marginally
lower resistivity, it also caused visible discoloration and embrittle-
ment, consistent with partial collagen denaturation, reducing flex-
ibility and adhesion. Therefore, 150 ○C for 2 min was selected as
the optimal compromise for subsequent experiments. This curing
time is notably shorter than curing protocols reported in previous
literature, which typically involve temperatures above 200 ○C for
durations exceeding 30 min; as a result, efforts have been devoted
to seeking alternative sintering strategies.37 In a prior study by Efi-
mov et al., the authors reported a significant increase in resistivity
of aerosol jet printed (AJP) silver layers between 300 and 500 ○C,
identifying this range as the onset of high conductivity.38 At lower
temperatures (<150 ○C), solvent and surfactant removal from the
nanoparticle substrate predominates.38
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FIG. 5. (a) Resistivity of co-print samples after different heat treatments. Crosses represent non-conductive samples. (b) Resistivity for different numbers of layers in design
C multilayer samples. Crosses indicate outlying values. The inset shows the same data on a smaller scale, with outliers excluded.

Although single-layer resistivity measurements are conceptu-
ally simpler, they were not used here as reliable comparisons since
single-layer co-prints only become conductive at curing temper-
atures that begin to denature collagen. Multilayer designs were
therefore necessary to evaluate atomization behavior while retaining
an intact collagen-rich surface.

C. Resistivity of co-prints
To explore the effect of collagen-to-silver ratios, electrodes

were fabricated by varying the UA gas flow rate from 4 to 32
SCCM while maintaining a constant PA flow of 700/650 SCCM.
Resistance measurements [Fig. 6(a)] were normalized to account
for sample geometry, yielding intrinsic resistivity values [Fig. 6(b)]
with the measured cross-sectional areas and profiles provided in the
supplementary material, Table 1 and Fig. 6.

Although resistivity generally increased with collagen content,
the trend was not strictly linear. High conductivity was achieved in
electrodes printed with high silver content, corresponding to lower

ultrasonic atomizer gas flow rates. Among these, UA04 electrodes
exhibited the lowest resistivity of 0.3 ± 0.1 μΩ m, and PA500 sam-
ples (electrodes with higher collagen content) showed the highest
resistivity (378 ± 103 μΩ m). Although the literature values of
bulk silver resistivity at room temperature (1.59 × 10−2 μΩ m) or
optimized AJP prints of pure silver at (3.75 × 10−2 μΩ m) are two
orders of magnitude lower than the best values achieved here, the co-
prints compare favorably with previous studies, such as the atomic
layer deposition of platinum on collagen substrates, which yielded
a resistivity of ∼2.95 μΩ m.39 The enhanced conductivity in this
study is attributed to the increased incorporation of AgNPs during
the printing process.

The stability of these resistances for the single layer prints is
further demonstrated in the supplementary material, Fig. 7, which
shows the change in resistance per unit length for pure silver and
co-printed AgNP–collagen electrodes during immersion in PBS
at 37 ○C for up to 12 weeks. Silver electrodes maintained their
resistance within inter-sample variation, with no statistically signif-
icant drift over 1000 h, confirming long-term electrical stability in

FIG. 6. (a) The resistance of samples printed as a function of increasing collagen content. (b) The dimension-normalized resistivity of electrodes with different printing
parameters. The inner box presents the resistivity of PA500, plotted on a separate set of scales for clarity. The error bars represent the standard deviation of each
measurement.
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physiological media. In contrast, the co-printed electrodes displayed
marked temporal variation: resistance increased more than three-
fold within the first 10 h, then transiently decreased by ∼70% over
the next 100 h before rising again and eventually becoming non-
conductive after ∼3 weeks, which indicates partial degradation of the
protein matrix and progressive disruption of percolated AgNP path-
ways. These behaviors are consistent with the transient design intent
of composite electrodes, whereas the AgNP only controls remained
conductive throughout the 12-week test period. The observed short-
term resistivity fluctuations in co-printed composites arise from
hydration-driven swelling and partial rearrangement of the collagen
matrix, which temporarily alters percolation pathways.

The degradation behavior reported here was obtained from
single-layer specimens. Multilayer structures may exhibit different
degradation dynamics due to different thickness and composition
distribution, and systematic multilayer assessment will be carried
out in the future study. In addition, a broader optimization of atom-
ization settings (UA04–UA32 and PA100–PA500) has already been
performed, with intermediate collagen content generally showing
the most stable resistivity behavior in Fig. 6.

D. Resistivity under flexed loading
To evaluate the mechanical resilience of the co-printed elec-

trodes, samples were mounted onto cylindrical supports of different
radii (10–40 mm) to generate controlled concave and convex defor-
mation as shown in the supplementary material, Fig. 8. The resistiv-
ity was measured along two orthogonal directions, as illustrated in
Fig. 7. The horizontal configuration [Fig. 7(a)] corresponds to the
current path parallel to the printed track (contacts 1–4), while the
vertical configuration [Fig. 7(b)] corresponds to the perpendicular
direction across adjacent printed lines (contacts 2–3).

The results for the UA-series (UA04–UA32) and PA500 sam-
ples (Fig. 8) show that resistivity increased moderately with curva-
ture in both orientations. Broken-axis plots were used to accom-
modate the large difference between PA500 and the UA-series
samples.

The PA500 sample, with the highest collagen content, exhib-
ited a markedly higher resistivity compared to the UA-series
samples. The complete data of the changes in resistivity with
change in curvature is illustrated in the supplementary material,
Figs. 9(a)–9(r).

FIG. 7. Direction of electrode flexion test. (a) Measurement along the horizontal direction where current flows along the printed track between contacts 1 and 4. (b)
Measurement along the vertical direction, where current flows along the printed track between contacts 2 and 3.

FIG. 8. Broken-axis plots of resistivity (μΩ m) of the samples UA04–UA32 and PA500 before and after treatment in (a) horizontal and (b) vertical directions. The y-axis
break was introduced to improve the visualization of the UA-series samples while including PA500 for comparison.
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Resistivity in the horizontal direction was consistently
10%–20% higher than in the vertical direction, attributable to
greater strain along the current path. SEM images taken before and
after bending revealed no new cracks or delamination, confirming
structural integrity (supplementary material, Fig. 10). This may be
attributed to the mechanical constraint provided by the collagen
matrix surrounding the printed AgNPs, stabilizing the printed line.
An additional contributing factor might be the short curing dura-
tion, which limits the influence of capillary pressure during solvent
evaporation and, therefore, the likelihood of crack formation.

E. Nanoindentation
Nanoindentation with the Oliver–Pharr model was carried out

to obtain Young’s modulus of the co-printed electrodes [Fig. 9(a)].
With increasing collagen content, the modulus decreases from
1.70 GPa (UA04) to 0.39 GPa (UA16), aligning with the mechan-
ical properties of connective tissues such as human tendons

(1.0–1.5 GPa) and knee ligaments (3.75–4.3 GPa),40 or cardiac
implants (50–100 kPa). The lowest measured modulus (0.39 GPa)
remains significantly higher than the ideal range for neural implants
(102–105 Pa),41 indicating limited compatibility with soft neural tis-
sues. Beyond UA20, measured modulus values rose again and exhib-
ited higher scatter, likely reflecting inhomogeneous phase separation
and localized measurement variability rather than true stiffening.
Profilometry (supplementary material, Fig. 6) confirmed Gaussian
cross-sectional profiles for the first four conditions, with greater
separation and misalignment at higher collagen flows, consistent
with decreased uniformity. Despite this variability, all co-printed
electrodes were substantially softer than pure AgNP films cured
at 150 ○C for 30 min (∼8.25 GPa)42 and comparable in stiffness
to polymeric encapsulants such as polyimide, parylene C, and
PLLA [Fig. 9(b)]. This reduction in modulus enhances mechani-
cal compatibility with soft tissue, an essential factor for flexible or
implantable bioelectronics.

FIG. 9. (a) Elastic modulus of all elec-
trodes. The Young’s modulus gradually
decreased with increasing collagen con-
tent in UA04, UA08, UA12, and UA16,
while UA20, UA24, UA28, and UA32
did not show the expected results due
to phase separation and localized mea-
surements. (b) Strength ranges of differ-
ent materials and human tissues.
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FIG. 10. Live/dead fluorescence images
for samples with different silver content
after 24 h. Calcein AM (green) repre-
sents live cells, and propidium iodide
(red) indicates dead cells. Scale bar:
100 μm.

FIG. 11. Fluorescence microscopy
images of DAPI/phalloidin staining at
day 5 of culture. Phalloidin stained
F-actin (orange) and DAPI stained
nuclei of a fibroblast (blue). The orange
background in PA 500 and UA32 is
attributed to collagen autofluorescence.
Scale bar: 100 μm.

FIG. 12. Magnified view of cells dividing
in different samples on day 5. (a) A new
nucleus generated in the UA 20 sample,
(b) a cell dividing in the UA 12 sample,
(c) a pair of nuclei generated in the UA
28 sample, and (d) a cell dividing in the
UA 04 sample. Scale bar: 100 μm.
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Taken together, these results indicate that intermediate colla-
gen flow rates (UA08-UA16) provide the most favorable balance
between modulus and maintained conductivity under our tested
conditions.

F. Biocompatibility of co-prints
Live/dead fluorescence assays (Fig. 10) revealed that cell via-

bility was highly dependent on silver concentration. Fibroblasts
cultured on collagen-only samples exhibited dense networks of cells
with a plump and spindle-shaped morphology indicative of strong
adhesion, while silver-rich co-prints supported fewer, rounded cells.
No significant cell death occurred within 24 h, but cell den-
sity decreased with increasing silver content. Samples with higher
collagen fractions (e.g., PA500) showed partial recovery of elon-
gated morphology, suggesting reduced cytotoxicity at lower AgNP
loadings.

DAPI/phalloidin staining after 5 days (Fig. 11) confirmed
robust attachment and alignment on collagen-only films, while co-
printed samples exhibited sparse coverage. On both uncured and
cured collagen samples, fibroblast cells exhibited strong attachment,
forming a compact monolayer with noticeable alignment along the
printed lines. The cytotoxicity in silver containing samples, includ-
ing cells adhering to glass substrates adjacent to the collagen-silver
co-prints, was noted to be affected by the cytotoxicity in the solu-
tion environment. This may result from the silver ions released
in aerobic environments due to AgNPs oxidation. Analysis of the
supernatant using UV–Vis (supplementary material, Fig. 11) for
measurable release of AgNPs in the region of 400 nm that is typi-
cally observed in the literature43,44 was not observed for any of the
samples in this study. However, the peak at ∼230 nm seen for silver
samples may be indicative of Ag+ ions.45,46 This is consistent with
prior experiments by Xu et al., who demonstrated that the oxidative
dissolution of silver ions from AgNPs in aerobic environments com-
pared to anaerobic environments may lead to the antibacterial effect
of AgNPs, which in this study manifests as potential cytotoxicity in
mammalian cells.47

Although incremental increases in collagen content from
UA04 to UA32 were insufficient to fully restore viability, PA500
samples supported moderate cell proliferation, as evidenced by
dividing nuclei (Fig. 12). This suggests that a subset of cells
remained metabolically active and proliferative even on day 5 of
culture in the high collagen conditions. Yellow-marked regions in
Figs. 12(a)–12(d) indicate active mitosis across multiple samples
(UA04, UA12, UA20, and UA28). These findings suggest that while
AgNP content remains a dominant cytotoxic factor, co-printing at
higher collagen ratios can mitigate its effects, providing a tunable
balance between conductivity and biocompatibility. PA500, in par-
ticular, highlights a processing window where moderate cell viability
can be complemented alongside moderate conductivity.

IV. CONCLUSIONS
This study demonstrates the feasibility of fabricating electri-

cally conductive collagen–silver composite electrodes via co-mixed
aerosol jet printing. High conductivity was achieved with mini-
mal curing, enabling multilayer designs where only the base layer
is cured, preserving collagen integrity at tissue-contacting surfaces.
Optimized printing and curing conditions yielded resistivity values

as low as 0.3 ± 0.1 μΩ m, with electrodes maintaining conductivity
and flexibility under mechanical deformation. However, biocom-
patibility remains a challenge, as silver-containing samples showed
poor cell adhesion and viability, which was minimized at a spe-
cific processing window (PA500) to provide moderate electrical
conductivity (350 μΩ m) alongside viability. Based on nanoinden-
tation results, electrodes printed with intermediate collagen con-
tent (UA08–UA16) exhibit reduced modulus values (0.4–1.7 GPa)
while maintaining low resistivity, defining a practical processing
window for more favorable mechanical behavior as flexible bio-
electronic interfaces. Further optimizations of atomization rate and
Ag/collagen loading are required to minimize resistivity drift and
ensure reliable performance for implantable transient applications.
In short, aerosol jet printing has been shown to be a useful technique
in rapidly varying material composition and improving nanoparticle
distribution, with future avenues exploring alternative conductive
materials such as gold or platinum to enhance biological compat-
ibility for the assessment of electrically and biologically compati-
ble electrodes while maintaining flexible electrodes for biological
applications.

SUPPLEMENTARY MATERIAL

The supplementary material contains a comparison of tech-
niques for electrode fabrication (Table 1), optical (Fig. 1) and
scanning electron micrographs (Fig. 2) of printed single layers, line
widths of single prints (Fig. 3), optical micrographs of degrading
samples (Figs. 4 and 5), cross-sectional areas and profiles of elec-
trodes with variable collagen concentration (Fig. 6 and Table 2),
resistance of silver and co-print samples with degradation (Fig. 7),
a schematic of curvature resistance tests (Fig. 8), full figures of resis-
tivity variations with flexion (Fig. 9), SEM images after flexion tests
(Fig. 10), and UV–Vis data before and after degradation (Fig. 11).
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