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Abstract

The demand for low-cost, portable, and sensitive analytical devices has fueled the devel-
opment of 3D-printed biosensors. This study evaluates the effect of silk fibroin incorpora-
tion on the electrical properties of graphite-PLA electrodes manufactured via 3D printing.
Electrochemical Impedance Spectroscopy (EIS) method was utilized to assess capacitive—
resistive behavior under dry conditions, and with PBS bulffer, at fibroin concentrations of
0%, 0.04%, 0.4%, and 4%. Fibroin modulated impedance magnitude values without a clear
trend, indicating the presence of additional influencing factors. The results promote better
understanding of biofunctionalization effects in 3D-printed electrodes and support their
potential for biomedical, environmental, and industrial sensing applications.
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1. Introduction

The increasing demand for low-cost, portable, and sensitive analytical devices has
accelerated the development of biosensors for several applications, such as biomedical,
environmental, and industrial. These devices integrate biorecognition elements with
transducers to convert biochemical signals into measurable and quantifiable outputs [1].

3D printing (3DP) technologies, such as Fused Deposition Modelling (FDM), have
emerged as a low-cost, flexible alternative for fabrication of electrochemical sensors with
complex geometries. PLA based filaments, combined with conductive materials such as
graphite (G/PLA) are commonly used, due to their low cost, ease of processing, and com-
patibility with conventional FDM printers [2—4]. However, these printed electrodes often
require surface treatments to improve their electrochemical properties [5].

To enhance sensor performance, biomaterials such as silk fibroin have been investi-
gated for the functionalization of the electrodes. These materials offer high biocompati-
bility, stability, and ability to modulate interfacial properties, as they function as a dielec-
tric barrier and may support nanostructured surfaces [6-8]. Despite promising results, the
effects of fibroin concentration on electrochemical behavior remain underexplored.
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In this context, Electrochemical Impedance Spectroscopy (EIS) plays a central role as
a non-destructive, label free measuring technique for investigating interfacial phenomena
at the electrode—electrolyte interface. EIS allows for the quantification of important elec-
trical parameters, such as charge transfer resistance, double layer capacitance and diffu-
sive processes, making it applicable for evaluating surface modifications [9,10]. Due to its
sensitivity to subtle changes in electrochemical properties of the surface, this method is
ideal to investigate how variations in fibroin concentration affect sensor behavior.

In this study, we investigate the effect of silk fibroin incorporation at different con-
centrations on the impedance response of 3DP G/PLA. Using EIS as a characterization
method. The results aim to clarify the role of fibroin change in modulation of sensor per-
formance and contribute to the development of more robust and reproducible biosensing
platforms.

2. Material and Methods

The experimental procedure was structured to investigate the effects of the incorpo-
ration of silk fibroin on electrical response of 3DP G/PLA biosensors. This section details
the fabrication process, functionalization method, and electrochemical impedance meas-
urement to assess the impact of fibroin concentration under controlled conditions.

2.1. Sensor Fabrication

The sensors were fabricated using additive manufacturing, by FDM process, ena-
bling the production of geometries through extrusion of thermoplastic material. The de-
vices consisted of PLA base and conductive regions printed with graphite-filled PLA fila-
ment (G/PLA), selected for its electroactive properties.

The sensor structure consists of a circular base with a diameter of 17 mm, surrounded
by peripheral edges measuring 9 mm in height and 2 mm in thickness. Inside the base,
two towers of conductive G/PLA structures, measuring 7 mm in length, 5 mm in height,
and 3 mm in width, serve as electrodes. This configuration was useful for immersion of
electrolytic solutions for EIS measurements and can be seen in Figure 1.
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Figure 1. Views of the sensor by software: (a) side view (b) top view.

After modeling, the files were exported and processed using Bambu Studio software
for printing. The parameters are listed in Table 1.



Eng. Proc. 2025, x, x FOR PEER REVIEW 3 of 10

Table 1. 3D Printing Parameters.

Parameter Value
Method FDM
Layer Height 0.2 mm
Nozzle Diameter 0.4 mm
Nozzle Temperature 210 °C
Bed Temperature 60 °C
Print Speed 50-300 mm/s
Infill Density 100%

Sensors were printed using Bambu Lab P1S printer, equipped with heated bed and
direct-drive extruder. Filaments were provided by Voolt3D and included standard PLA
(1.75 mm + 0.02 mm) and graphite-loaded PLA (1.75 mm + 0.05 mm). After fabrication,
devices were visually inspected for structural integrity and stored in dry conditions for
testing.

2.2. Sensor Functionalization with Silk Fibroin

Silk fibroin was extracted from Bombyx mori insect cocoons, following a modified pro-
tocol. Casings with approximately 10 g were boiled for 15 min in 0.2% Na2COs for removal
of sericin, followed by rinse in distilled water. The fibers were then dried at 50 °C for 24 h
and dissolved in 9.3 M LiBr, in 1 g per 4 mL proportion, at 80 °C. The solution was then
dialyzed with hydrated cellulose membranes, in distilled water, to remove residual salts
and impurities, and centrifuged at 13,000 rpm for 30 min. The resultant solution was
stored at 5 °C and homogenized at 37 °C before use.

The fibroin was prepared in three concentrations: 0.04%, 0.4%, and 4%. Each solution
was applied onto the electrodes by drop-casting, forming a uniform and transparent con-
ductive region. The devices were dried at 50 °C for 24 h and stored in a dry environment
until use. The final sensors can be viewed in Figure 2.

Figure 2. Finalized 3DP fibroin-functionalized sensor.

2.3. Measurement System

This section outlines instrumentation for the impedance measurement and proce-
dures used to evaluate the electrical responses of the sensors under different conditions.

Electrochemical Impedance Spectroscopy was performed using the Diligent Analog
Discovery 2 with Impedance Analyzer module. This setup allows the application of sinus-
oidal AC signals across a frequency range while measuring the complex impedance re-
sponse. The measurements followed the voltage divider principle, using a known refer-
ence resistor (R,.s) in series with the load (sensor). From the voltage drop across the
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component, the system can measure the impedance magnitude (|1Z1) and phase angle (0).
With these parameters, we can calculate the real and imaginary components of the im-
pedance across measured frequencies, with Equations (1) and (2). The schematic of the
measurement setup can be seen in Figure 3.

Re(Z) = Zcos(0) 1)
Im(Z) = Zsen(0) (2)
SCOPE 1 SCOPE 2

REFERENCE
Lona RESISTOR I
—

GND

Figure 3. Schematic of load impedance measurement. Data from https://digilent.com/reference/add-

ons/impedance-analyzer/reference-manual.

Measurements were conducted using clips attached directly to the G/PLA electrodes,
from the impedance module. In low volume tests, with liquid drops, the clips were posi-
tioned to avoid direct contact with the electrolyte. In immersion tests, the clips were com-
pletely submerged. Data was recorded with WaveForms software and analyzed based on
no Nyquist and Bode plots. Table 2 presents specifications of the measuring system.

Table 2. Measuring System Parameters.

Parameter Value or Description
Frequency Range 1 Hz to 10 MHz
AC Amplitude Adjustable, up to 5 Vpp
Reference Resistors 10 Q to 1 MQ
Analog Channels 2 (14-bit, 100 MS/s)
Interface USB 2.0
Software WaveForms®

2.4. Experimental Conditions

This section describes the testing environments and procedures used to evaluate the
electrical response of the sensors, both under dry conditions and in contact with phos-
phate-buffered saline (PBS), simulating biological environments.

Dry-state tests were first conducted to establish baseline impedance profile of the
sensors. These included:

e  Unmodified G/PLA sensor (0% fibroin);
e  Functionalized sensors (0.04%, 0.4%, and 4%);
The aim of these tests was to assess whether the presence of fibroin was enough to

influence the electrical response of the devices, even in dry conditions, without the pres-
ence of any conductive liquid or material.
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PBS tests were then performed, to simulate biological liquid phase conditions. Each
G/PLA 3DP device, containing 0%, 0.04%, 0.4%, and 4% fibroin, were subjected to three
exposure methods:

e 0.1 mL PBS drop placed on active region;
e 0.2mL PBS drop placed on active region;
e  Full immersion in PBS solution.

For the 0.1 mL and 0.2 mL PBS drop tests, the cathode and anode clips were posi-
tioned out of contact with the liquid, to prevent interference. In the immersion test, both
clips and electrodes were submerged. After each measurement, the sensors were rinsed
with distilled water and dried before each test.

3. Results

This section presents the measurements of electrical impedance obtained under the
different experimental conditions. All impedance spectra were acquired using EIS over a
frequency range of 1 kHz to 1 MHz.

3.1. Dry-State Testing

The impedance spectra for the dry-state testing can be seen in Figure 4. The samples
exhibit a similar behavior of high impedance at low frequencies and decline with increas-
ing frequency, stabilizing at approximately 100 kHz. This behavior is seen in capacitive
systems.

AL
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—

10 10+ 10+ 0
Frequency [kHz]

Figure 4. Dry-state impedance by frequency curve of the sensors.

No significant differences were observed between the curves, regardless of the dif-
ferent fibroin concentrations. This suggests that the presence of fibroin does not signifi-
cantly affect the electrical properties of G/PLA electrodes, in dry conditions.

3.2. PBS Testing

Electrical response in the presence of PBS liquid was evaluated in three different ap-
proaches, with 0.1 mL drop, 0.2 mL drop, and full immersion. Impedance curves were
analyzed across all concentrations.

3.2.1.0.1 mL of PBS

The impedance spectra for application of a 0.1 mL drop of PBS are shown in Figure
5a. From the results, all samples maintained the same general trend observed in dry state,
but absolute values of |Z| varied. The 0% fibroin sensors had the lowest impedance val-
ues, with incremental increases for higher fibroin concentrations. Nyquist plots, such as
shown in Figure 5b revealed linear, diffusion dominated behavior, without semicircles,
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suggesting that fibroin primarily increases the overall magnitude of the impedance with-
out altering the electrochemical mechanism of the response.
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Figure 5. (a) Impedance variation with frequency for sensors with different fibroin concentrations

for 0.1 mL of PBS and (b) Corresponding Nyquist plots under the same conditions.

3.2.2.0.2 mL of PBS

Results for a 0.2 mL drop of PBS are shown in Figure 6a. While the general trend
persisted, the magnitude pattern differed from 0.1 mL case, as the 0.04% fibroin group
displayed highest values for |Z|, disrupting the linear relationship between fibroin con-
centration and impedance values. The Nyquist plots, seen in Figure 6b, remained predom-
inantly linear, indicating diffusion process dominance, but showed greater variability
among the samples.
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Figure 6. (a) Impedance variation with frequency for sensors with different fibroin concentrations

for 0.2 mL of PBS and (b) Corresponding Nyquist plots under the same conditions.

3.2.3. Immersion in PBS

Complete immersion results are seen in Figure 7a. The results showed consistent
qualitative behavior across the samples, with high |Z| at low frequencies, decreasing with
frequency increase. However, the lowest impedance was observed for the 0.4% fibroin
sensor, and the highest, for the 0.04%, again deviating from the linear trend seen in the 0.1
mL condition. Nyquist plots, in Figure 7b, maintained the diffusion linear form.
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Figure 7. (a) Impedance variation with frequency for sensors with different fibroin concentrations

for immersion in PBS and (b) Corresponding Nyquist plots under the same conditions.

The variations between the results suggest that factors such as fibroin film uni-
formity, interaction with PBS, or any other external factors, such as human measuring
mistakes may have affected the recorded values, leading to inconsistent trends across the
tests.

3.3. Statistical Analysis

To evaluate the overall differences in impedance magnitude variation, the percentage
change between the maximum and minimum |Z| values in each test was calculated. Re-
sults are presented in Table 3.

Table 3. Percent variation in impedance values by fibroin concentration and PBS volume.

Concentration Immersed 0.1 mL 0.2 mL
0.00% -46.56% -73.00% -85.14%
0.04% -59.43% -84.71% -77.86%
0.40% -75.07% -81.58% -88.87%
4.00% -68.33% -84.01% -86.17%

The data with standard deviations can be seen in Figure 8. A one-way statistical
ANOVA test yielded a p = 0.6159, indicating that there are no statistically significant dif-
ferences between the groups at 95% confidence level.

All sensors presented a similar percentage variation between maximum and mini-
mum impedance values, suggesting that, in general, electrochemical behavior remained
similar, for different values of fibroin concentration.
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ANOVA: p = 0.6159 - no significant difference
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Figure 8. Mean percentage variation of the electrical response for each fibroin concentration, with
standard deviation. Values represent the reduction between maximum and minimum across the
three experimental conditions. The “Overall” bar shows the combined mean. ANOVA indicated no

significant difference between concentrations (p = 0.6159).

4. Discussions

In dry-state tests, all biosensors with different fibroin concentrations showed over-
lapping impedance curves, with high |Z| at low frequencies with an accentuated value
drop as frequency increased, typical of resistive-capacitive systems without mobile ions
[11]. The results suggest that the protein does not significantly influence conductivity of
the materials, with G/PLA composition and electrode geometry remaining dominant [3].

The presence of PBS simulated a biological environment with double layer formation
between electrode and electrolyte [11]. The tests all produced similar curves, with high
values of |Z| atlow frequencies, steep decline and continuous decrease at higher frequen-
cies, as expected for conductive electrolytes [11]. No clear monotonic relationship between
fibroin concentrations and impedance magnitude values was established, possibly due to
factors such as ion adsorption, structural changes in the sensors, film heterogeneity or
human error and equipment limitations [12]. Fibroin and surface modifiers can alter dou-
ble-layer formation or ion diffusion, and may influence impedance nonlinearly [11,13].

Despite magnitude differences, the impedance by frequency curves remained con-
sistent across all conditions, in PBS testing, indicating that fibroin scales impedance with-
out changing interfacial processes or time constants. The similar percentage variation in
|Z1| also suggests stable sensor behavior, supporting the device’s reproducibility and ro-
bustness [11].

5. Conclusions

This study conducted impedance values test on 3DP G/PLA biosensors incorporating
different silk fibroin concentrations, at 0.04%, 0.40% and 4.00%, using EIS to assess the
influence of the protein on the electrical characteristics of the devices. Measurements were
tested at dry conditions and with phosphate-buffered saline (PBS) in varying volumes.

The results showed that fibroin did not significantly affect the electrical response in
dry state, which was dominated by intrinsic properties of G/PLA and electrode geometry.
In PBS testing, the protein altered the magnitude of the impedance values without modi-
fying the diffusion-controlled behavior. No monotonic relationship between fibroin
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concentration and impedance magnitude was established, likely due to surface heteroge-
neity, electrolyte interactions and experimental variability.

Regardless of variations, the preservation of curve profiles and similar percentual
variations across tests suggest stable electrochemical performance of the devices, high-
lighting the potential of this platform for robust and reproducible biosensing applications.
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