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Additive manufacturing is an inherently low-waste ssicochemic I\ Eletrochemical
manufacturing technology and the development of printable =7 |characterization
materials in a sustainable way is vital for the method to thrive
and align with the United Nations Sustainable Development Goals.
This study advances the field of additive manufacturing electro-
chemistry by uniquely producing an electrically conductive
printable material, improving both sustainability and electro- v~ _
chemical performance. Through the innovative combination of )Pg""a'
microcrystalline cellulose, carbon black, biobased castor oil and ->T ‘w
recycled poly(lactic acid), a highly conductive, printable filament 0 (\
was produced. The incorporation of microcrystalline cellulose
reduces the plastic content of the filament by 10 wt % while demonstrating a reduced resistance, making this filament a promising
candidate for various applications that require conductivity. The additively manufactured electrodes with microcrystalline cellulose
were electrochemically benchmarked against other additively manufactured electrodes without microcrystalline cellulose. The
microcrystalline cellulose filament (20 wt % carbon black/10 wt % microcrystalline cellulose/10 wt % castor 0il/60 wt % recycled
poly(lactic acid)) produced a heterogeneous rate constant (k3,,) of 0.35 (+0.03) X 10~® cm s~ and a charge transfer resistance (R.,)
of 207 + 32 Q, compared to k3 of 0.27 (£0.03) X 107 cm s™" and R, = 579 + 32 Q for the filament with no microcrystalline
cellulose added. The microcrystalline cellulose filament was successfully used to create an eco-friendly electroanalytical sensing
platform to detect dopamine, obtaining good values of linearity, ranging from 0.01 to 1 uM, a sensitivity of 7.943 uA uM™', and a
limit of detection (LOD) and quantification (LOQ) of 3 and 10 nM, respectively, before successfully being applied within a spiked
human serum sample, obtaining recoveries of 102.4%. Overall, this work marks a significant advancement in the development of eco-
friendly materials for additive manufacturing, contributing both to improved technological performance and the sustainability of the
additive manufacturing industry.
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printability and simple processing. When combined with
conductive materials and suitable plasticizers, highly con-
ductive printable filaments can be produced. Although
inherently low-waste, FFF still utilizes mainly plastic sources.
Therefore, efforts to improve its environmental sustainability
are vital to ensure it remains aligned with the United Nations
Sustainable Development Goals, in particular Goal 12,
“Responsible Consumption and Production”.’

Additive manufacturing electrochemistry has gained popularity
as an emerging field due to its low entry costs, minimal waste
production, high level of customization, and global con-
nectivity. Fused Filament Fabrication (FFF), also known as
Fused Deposition Modeling (FDM), is the most widely used
technique in this field, mainly because of its cost-effectiveness
and the widespread availability of conductive filament. FFF
deposits thermoplastic material in thin, successive layers to
create a fully formed three-dimensional (3D) object. This March 27, 2025
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technique has already been utilized in various areas, such as May 22, 2025
sensors, energy storage, environmental analyses, and forensic May 23, 2025
analyses.l_5 June 4, 2025

Poly(lactic acid) (PLA), a biodegradable polymer under
industrial conditions, is widely used for FFF due to its excellent
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Researchers have recently shown that PLA can be
substituted for recycled PLA (rPLA), creating a unique circular
economy electrochemistry, whereby waste plastic from coffee
pods was recycled into sensors for the detection of caffeine
within coffee and tea samples.” Plasticizers are another crucial
component of producing conductive filaments with PLA. They
help to maintain the high mass of conductive material while
maintaining the flexibility of these filaments at low temper-
atures. In the literature, poly(ethylene glycol) (PEG) is one of
the most commonly used plasticizers for PLA. This compound
is utilized in battery and capacitor research primarily due to its
low melting and glass transition temperature.” " The search
for biobased plasticizers is important to improve sustainability,
decrease toxicity, and decrease the cost of the filament. Castor
oil (CO) is a nonedible oil obtained from the seeds of the
Ricinus communis (Euphorbiaceae family) plant."' The oil
extraction process can be done through mechanical pressing or
solvent extraction. Conductive filaments with CO have already
been employed in various research for the quantification of
bisphenol A (BPA) in bottled and tap water, trinitrotoluene
(TNT) in explosives, and the determination of f-estradiol
within environmental waters.”'""?

Cellulose is a significant macromolecule that plays an
essential role in the structural integrity of plants. It is the most
abundant natural polymer on Earth and is a linear
polysaccharide. It exists in two forms: crystalline, characterized
by a highly organized arrangement of molecules, and
amorphous, more irregular, and disordered. Predominantly
found in plant tissues, cellulose provides strength and support,
serving as the primary structural component of plant cell
walls."> Moreover, cellulose is a versatile and renewable
biopolymer composed of f-1,4-linked anhydro-p-glucose
units. This natural compound is abundant in various plants,
including cotton, bamboo, and wood, as a fundamental
structural component. Due to the unique structure of cellulose,
which is characterized by its extensive hydrogen bonding, it
can impart excellent mechanical strength and thermal stability.
In addition to this, its renewable nature, versatility and
functional properties have seen it gain significant interest
within additive manufacturing and sensor development. For
example, cellulose based hydrogels have been extensively
explored for the development of flexible and wearable sensors
for temperature, pressure and humidity.14 The use of cellulose
within electrochemical sensors for medical diagnostics,
environmental monitoring and wearable technology has also
been reported.”

Each year, approximately 1.5 trillion tons of biomass are
produced globally, with cellulose constituting a significant
portion of this total. This vast availability highlights cellulose’s
potential as an underutilized resource, positioning it as a key
player in sustainable practices and ecological applications.'®
Moon and colleagues classified cellulose into six distinct
groups based on their structure and morphology: cellulose
microfibre (MF), microcrystalline cellulose (MCC), cellulose
nanocrystalline (CNC), nanofibrillated cellulose (NFC),
bacterial cellulose particles (BC), and regenerated cellulose
(RC)."”"” MCC is composed of porous particles that vary in
size from 10 to 50 um. This material exhibits remarkable
crystallinity, achieved by eliminating the amorphous regions
through acid hydrolysis. The crystalline structure of MCC
emerges from the intricate interplay of van der Waals forces
and hydrogen bonds that connect adjacent cellulose chains.

1760

This unique arrangement contributes to the stability and
integrity of the material.

Furthermore, MCC boasts a significantly higher surface area
than other cellulose types, enhancing its reactivity and
versatility in various applications.'® Due to its unique
properties, MCC has become an important commercial
product, widely utilized across multiple industries, including
pharmaceuticals, cosmetics, and food production.'” Combining
PLA with a biopolymer such as cellulose is a practical approach
for enhancing the key properties of filament material. This can
lead to modifications in the thermal, mechanical, degradability,
and cost-related aspects of PLA filament.'"” However, the
challenge lies in achieving homogeneity in the manufactured
filaments when blending PLA with cellulose, primarily due to
the contrasting characteristics of the molecules involved. While
PLA is inherently hydrophobic, cellulose has abundant
hydrophilic functional groups (—OH) on its surface.'

PLA and MCC have been utilized to develop nonconductive
filaments for additive manufacturing, enhancing its final
characteristics. Including MCC in the PLA filament has
shown improvements in various physical properties. Specifi-
cally, when MCC is well-dispersed throughout the formulation,
it contributes to enhanced tensile modulus, thermal stability,
and crystallinity.'®'® It has been shown that the addition of as
low as 1 wt % MCC can improve the mobility of PLA chains,
while enhancing the elasticity and tensile strength of wood-
PLA composite filaments.”® Similarly, the addition of 12 wt %
MCC to PLA has been shown to increase the storage modulus
of the material at 35 °C by over 45%.”"

As such, in this study, we look to apply this concept t the
development of a novel conductive filament for the first time.
We uniquely combine microcrystalline cellulose and recycled
PLA, using carbon black as conductive filler, castor oil as
biobased plasticizer and without using organic solvents. This
work highlights how processes and materials can be made
more sustainable, while improving the final product’s perform-
ance.

All chemicals used throughout this work were used as received
without any further purification. All aqueous solutions were prepared
with deionized water of a measured resistivity of 18.2 M&Q:-cm,
sourced from a Milli-Q Integral 3 system from Millipore U.K.
(Watford, U.K.). Hexaammineruthenium(III) chloride ([Ru-
(NH;)4]Y, 98%), potassium ferricyanide ([Fe(CN)sI*~, 99%),
potassium ferrocyanide ([Fe(CN)4]*", 98.5—102%), sodium hydrox-
ide (>98%), potassium chloride (99.0—100.5%), poly(ethylene
glycol) (PEG3000), castor oil (CO), microcrystalline cellulose
(MCC-99%), acetaminophen (>99%), phenylephrine hydrochloride
(=99%), P-nicotinamide adenine dinucleotide (NADH, >97%),
sodium nitrite (>97%), dopamine hydrochloride (DPA, >99%),
Human Serum (Male AB, sterile-filtered) and phosphate-buffered
saline (PBS) tablets were purchased from Merck (Gillingham, UK.).
Carbon black (CB) was purchased from Pi-kem (Tamworth, U.K.).
Recycled poly(lactic acid) (rPLA) was purchased from Gianeco
(Italy). Commercial conductive PLA/carbon black filament (1.75
mm, ProtoPasta, Vancouver, Canada).

All rPLA was dried in an oven at 60 °C for 2.5 h to remove residual
moisture from the polymer. The polymer compositions were prepared
by combining appropriate amounts of rPLA, CB, CO/PEG3000, and
MCC in a 63 cm® mixing chamber. The materials were blended using
a Thermo Haake Polydrive dynameter equipped with a Thermo

https://doi.org/10.1021/acsaenm.5c00233
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Figure 1. (A) Schematic of filament production. (B) Photograph of the MCC/CO filament highlighting the excellent low-temperature flexibility.
(C) TGA analysis of the different filaments compared to the virgin rPLA and virgin MCC.

Haake Rheomix 600 (Thermo-Haake, Germany) at 190 °C with
Banbury rotors set to 70 rpm for 5 min. Once mixed, the polymer
composites were allowed to cool to room temperature before being
granulated to achieve a finer particle size using a Rapid Granulator
1528 (Rapid, Sweden). The resulting composites were then processed
through the hopper of an EX2 extrusion line (Filabot, VA). The EX2
was configured with a single screw and a set heat zone of 190 °C. The
molten polymer was extruded through a 1.75 mm die head, pulled
along an Airpath cooling line (Filabot, VA), and collected onto a
spool. The filament was then ready for use in additive manufacturing.

All computer designs and 3MF files in this manuscript were produced
using Fusion 360 (Autodesk, CA). These files were sliced and
converted to GCODE files in PrusaSlicer (Prusa Research, Prague,
Czech Republic). The additive-manufactured electrodes were
produced using fused filament fabrication (FFF) technology on a
Prusa i3MK3S+ (Prusa Research, Prague, Czech Republic). All
additive-manufactured electrodes were printed using identical printing
parameters: a 0.6 mm nozzle with a nozzle and bed temperature of
215 and 60 °C, respectively. The rectilinear infill was 100%, 0.15 mm

layer height, and print speed of 35 mm s™".

Thermogravimetric analysis (TGA) was performed using a Discovery
Series SDT 650 controlled by Trios Software (TA Instruments, DA).
Samples were mounted in alumina pans (90 L) and tested using a
ramp profile (10 °C min™") from 0—800 °C under N, (100 mL
min_l).
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X-ray Photoelectron Spectroscopy (XPS) data were acquired using
an AXIS Supra (Kratos, U.K.) equipped with a monochromatic Al X-
ray source (1486.6 €V) operating at 225 W and a hemispherical sector
analyzer. It was operated in fixed transmission mode with a pass
energy of 160 eV for survey scans and 20 eV for region scans with the
collimator operating in slot mode for an analysis area of approximately
700 X 300 um?, the fwhm of the Ag 3d5/2 peak using a pass energy of
20 eV was 0.613 eV. The binding energy scale was calibrated by
setting the graphitic sp> C 1s peak to 284.5 €V; this calibration is
considered flawed but was nonetheless used without reasonable
alternatives and because only limited information was inferred from
absolute peak positions.

Scanning Electron Microscopy (SEM) micrographs were obtained
using a Crossbeam 350 Focused Ion Beam — Scanning Electron
Microscope (FIB-SEM) (Carl Zeiss Ltd., Cambridge, UK.) fitted
with a field emission electron gun. Secondary electron imaging was
completed using a Secondary Electron Secondary Ion (SESI)
detector. Samples were mounted on the aluminum SEM pin stubs
(12 mm diameter, Agar Scientific, Essex, U.K.) using adhesive carbon
tabs (12 mm diameter, Agar Scientific, Essex, U.K.) and coated with a
S nm layer of Au/Pd metal using a Leica EM ACE200 coating system
before imaging.

All electrochemical experiments were conducted using an Autolab
PGSTAT 204 potentiostat controlled by NOVA 2.1.7 software
(Utrecht, The Netherlands). Identical additive-manufactured electro-
des, shaped like lollipops (@ S mm disc with an 8 mm connection
length, 2 mm width, and 1 mm thickness®*), were employed
consistently for all filaments, alongside an external commercial Agl

https://doi.org/10.1021/acsaenm.5c00233
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AgCIIKCI (3M) reference electrode and a nichrome wire counter
electrode. Before each electrochemical experiment, all solutions of
[Ru(NH;)4]** were thoroughly purged of O, using nitrogen.
Solutions of [Fe(CN)¢]*/3~ were prepared similarly without
requiring additional degassing.

Electrochemical impedance spectroscopy (EIS) was performed in
the frequency range of 0.1 Hz to 100 kHz, applying a signal amplitude
of 10 mV to perturb the system under quiescent conditions. NOVA
2.1.7 software fits the Nyquist plots obtained to an appropriate
equivalent circuit. Before all electrochemical experiments, the
additive-manufactured electrodes were activated electrochemically in
a 0.5 M NaOH solution, as outlined in the literature.”® Specifically,
the additive-manufactured electrodes were connected as the working
electrode (WE), along with a nichrome wire coil counter electrode
(CE) and a AglAgCl/KCl (3 M) reference electrode (RE), immersed
in a 0.5 M NaOH solution. Chronoamperometry was used for
activation by applying a voltage of +1.4 V for 200 s, followed by a
voltage of —1.0 V for another 200 s. The activated electrodes were
then thoroughly rinsed with deionized water and dried using
compressed air before further use.

The use of new sustainable filaments for electrochemical
devices has been growing in recent years.” While additive
manufacturing, particularly FFF, generates minimal waste, the
ongoing dependence on plastic presents environmental
challenges and hampers advancements in commercialization.
Research has highlighted the potential of cellulose as a valuable
additive manufacturing filament for several reasons, primarily
due to its favorable crystallinity and ability to enhance
filaments’ physical properties. Notably, a study by Amorim et
al. demonstrated improvements in the electrochemical proper-
ties of additive manufacturing filaments by incorporating
cellulose acetate as a modifier in an acrylonitrile-butadiene/
graphite composite.”” Their findings indicate an increase in the
electroactive area and a faster heterogeneous electron transfer
rate constant (k%) when cellulose acetate is included in the
filament. This research opens new avenues for understanding
the role of cellulose in additive manufacturing filaments and its
significance in the development of electrochemical sensors.

In this study, we focus on prepare filaments using MCC in a
composition of CB/Plasticizer (CO or PEG)/rPLA. MCC is
utilized as a replacement for a portion of the plastic (rPLA) in
the filament formulation. We compare the electrochemical and
physicochemical properties of MCC filaments with those of
similar filaments that do not contain cellulose but feature the
maximum content of rPLA. A key aspect of our research is the
variation of plasticizers, specifically CO and PEG, in the
filament composition. It is well-established that CO is a
biobased plasticizer, while PEG is a synthetic compound. The
combination of CO with MCC is vital for advancing
biodegradable filament development. The filaments were
produced as shown in Figure 1A. The compounds are mixed
at 190 °C for 5 min, then cooled, shredded, and passed
through a single-screw extruder to produce the filament. This
work produced four distinct filaments. The first two maintain a
composition of 20 wt % carbon black (CB), 10 wt %
microcrystalline cellulose (MCC), and 60 wt % recycled
polylactic acid (rPLA), varying only the plasticizer used, with
either 10 wt % castor oil (CO) or 10 wt % PEG referred in the
text as MCC/CO and MCC/PEG, respectively. The other two
filaments retain the same base composition of 10 wt % CB and
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70 wt % rPLA but incorporate either 10 wt % CO or 10 wt %
PEG without including MCC, referred to in the text simply as
CO and PEG, respectively.

Notably, there was no significant decrease in the flexibility of
rPLA, even with the inclusion of MCC, due to the high
crystallinity that MCC provides to the filament, as shown in
Figure 1B, where we show the exceptional flexibility of MCC/
CO filament. Furthermore, all produced filaments displayed
exceptional flexibility at low temperatures, as illustrated in
Figure SIA for PEG, S1B for CO, and S1C for MCC/PEG.
Note that a certain level of filament flexibility is beneficial for
achieving optimal printing results with these materials.”*

Thermogravimetric analyses of the custom filaments are
presented in Figure 1C. To compare the results, we evaluated
all filaments containing microcrystalline cellulose (MCC) and
those that do not, including both virgin rPLA and virgin MCC.
Analyzing the thermal properties of both virgin MCC and
virgin rPLA is essential for understanding the thermal behavior
of the filaments. Furthermore, this analysis can offer insights
into the impact of MCC on the stability of the polymer,
allowing for accurate determination of the mass of the
conductivity filler (CB) present in each filament. The average
onset temperature for each filament and the filler contents (wt
%) are summarized in Table 1. All filaments exhibit a filler level

Table 1. Evaluation of the Onset of Degradation
Temperature, and Filler Percentage for Each of the Bespoke
Cellulose/No Cellulose Filaments Produced

filament average onset of degradation (°C) filler content (wt %)
MCC/PEG 283 + 8 21 +1
MCC/CO 279 + 3 23+ 1
PEG 277 + 6 20+1
CO 285 + 4 20+ 1
virgin MCC 264 + 6 7x2
virgin rPLA 292 + 1 1+0.1

ranging from 20 to 23 wt %. We anticipated higher filler level
values for those filaments incorporating microcrystalline
cellulose (MCC/CO and MCC/PEG), mainly based on the
TGA results for virgin cellulose (which indicated a filler level of
7 + 2 wt %). However, this expectation was not met. The filler
content values observed in the composites containing MCC
can be attributed to both physical and chemical interactions
with the other components used in the filament’s manufacture,
such as carbon black (CB), recycled polylactic acid (rPLA),
and the chosen plasticizer. It is important to note that rPLA
constitutes the most significant portion of the filament,
accounting for 60 wt %. These values were calculated based
on the stabilization of the thermogravimetric analysis (TGA)
curve after the degradation of all rPLA, MCC, and plasticizers.
The mass of CB added during the thermomixing process was
consistently 20 wt % for each filament, indicating minimal loss
of material during filament preparation. The degradation
temperature of virgin rPLA was found to be 292 + 1 °C, which
is consistent with the literature.

Furthermore, virgin MCC demonstrates a significant weight
loss around 320 °C, indicative of substantial changes occurring
at that temperature.”* A slight weight loss of roughly S wt % is
observed at 100 °C. This initial loss is likely due to the
evaporation of water present in MCC.*>*° The bespoke
compositions containing MCC (20%CB/10%MCC/10%CO/
60%rPLA (MCC/CO)); 20%CB/10%MCC/10%PEG/60%

https://doi.org/10.1021/acsaenm.5c00233
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Figure 2. (A) XPS spectra for activated MCC/CO electrode showing the C 1s region and (B) as-printed MCC/CO electrode showing C 1s. (C,
D) SEM images for the electrodes at Sk magnification. (E, F) 25k magnification.

rPLA (MCC/PEG)) and those without MCC (20%CB/10%
CO/70%rPLA (CO)); 20%CB/10%PEG/70%rPLA (PEG)),
each incorporating different plasticizers, exhibited an average
onset degradation temperature of approximately 280 °C. As
indicated in Table 1, we conclude that while the thermal
stability of the filament had a slight decline—an expected
outcome, given that the onset temperature of virgin MCC is
approximately 264 °C—it does not significantly impact the
thermal stability of the composites. The onset temperatures
remain close for all composites (approximately 280 °C),
suggesting that even with removing 10 wt % of rPLA and
adding MCC, the composites still possess adequate thermal
stability. This thermal stability effect can be attributed to the
barrier properties that CB and MCC provide against gas
diffusion from the rPLA.
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Other physicochemical characterisations were performed
with the electrodes printed from the different filaments. At this
stage, it was decided to use only castor oil (CO) as a plasticizer
to facilitate the study as the filament performance and
printability matched the PEG variation, while also offering
the improved sustainability. Since the use of these filaments in
electrochemical sensors has been shown to improve after an
electrochemical activation step in NaOH medium, the
physicochemical characterizations were performed on both
as-printed and activated additive-manufactured electrodes.
Figure 2A presents the C 1s spectra for the activated electrode
obtained using X-ray photoelectron spectroscopy (XPS), while
Figure 2B shows the spectra for the as-printed electrode. To
achieve an accurate fit, four peaks were identified. The first
peak, which is asymmetric, is located at 284.5 eV and is

https://doi.org/10.1021/acsaenm.5c00233
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Figure 3. (A) Scan rate study (20—80 mV s™') of 0.1 M KCl with MCC/CO filament as WE, nickel/chrome as CE and Ag/AgCl/KCl (sat) as RE.
(B) Scan rate study (5—500 mV s™') of [Ru(NH,)4]* (1 mM in 0.1 M KCl) with MCC/CO filament as WE, nickel/chrome as CE and Ag/AgCl
(KClsat) as RE. (C) [Ru(NH,)4]** comparison (100 mV s™*) of CO, PEG, MCC/CO and MCC/PEG. (D) Scan rate study (5—500 mV s™") of
[Fe(CN)4]*3 (1 mM in 0.1 M KCl) with MCC/CO filament as WE, nickel/chrome as CE and Ag/AgCl//KCl (sat) as RE. (E) Ferricyanide/
Ferrocyanide comparison (100 mV s™') of CO, PEG, MCC/CO and MCC/PEG. (F) EIS Nyquist plots recorded in 1 mM [Fe(CN)]*”/3" and

0.1IM KCL

attributed to the X-ray photoemission of graphitic carbon.
Notably, the graphitic peak (284.5 eV) is nearly absent in the
XPS data for the as-printed filament. Instead, mainly sp*> C—C,
C=0, and O=C—-O bonds are detected, indicating that
before activation, the electrode’s surface predominantly
comprises PLA, CO, and MCC with CB particles located
below the depths probed by XPS. The presence of not only
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PLA on the surface is confirmed by the large C—C bonding
peak, as if only PLA was present the three symmetric peaks
would be expected to be of similar intensities. This scenario
changes upon activation with NaOH, where a large increase in
the asymmetric peak at 284.5 eV is observed, aligning with the

X-ray photoelectron emission from graphitic carbon. This

https://doi.org/10.1021/acsaenm.5c00233
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finding suggests the removal of material from the filament’s
surface, allowing for the introduction of CB.

SEM images of the activated MCC/CO composite (Figure
2C,2E) and the as-printed (Figure 2D,F) were analyzed. In the
SEM image of the activated electrode shown in Figure 2C,
small spherical particles can be observed on the electrode’s
surface, which are associated with the carbon black (CB). The
surface structure of the activated electrode is more clearly
depicted in the SEM image of Figure 2E at a different
magnification. Here, the small spheres are connected by fine
paths. In contrast, Figure 2F illustrates the mass present
between these small spheres, which consists of the rPLA
(recycled polylactic acid) that surrounds the CB and MCC.

In Figure S2(A—D), SEM images of the filament composed
of CO (without cellulose) at various magnifications are
presented. Notably, Figure S1C, which represents the activated
electrode, can be compared to Figure 2E to demonstrate
significantly more surface material removal. Chemical stabiliza-
tion of filaments, both with and without MCC, was conducted.
Figure S3 illustrates the weight increase of the filaments over §
days in a 0.1 M KCI solution. It is noteworthy that the mass
gain of the filament containing cellulose is greater. This
increase in mass is attributed to the chemical properties of
cellulose, particularly its structure, which includes polar groups
that enhance its interaction with water and the filament itself.
Consequently, it is essential to store the filament correctly
prior to carrying work out to ensure minimal uptake of
atmospheric water.

All bespoke filaments with and without MCC were subjected
to electrochemical characterization and compared with a
commercial CB/PLA filament. The testing utilized additive
manufactured electrodes designed in a simple lollipop shape
(see Figure S4). This design ensures a consistent connection
length, allowing for uniform electrochemical measurements
across each test. Figure 3A shows the study of different scan
rates of supporting electrolyte (0.1 M KCI) to determine the
material’s capacitance of MCC/CO. Capacitance is the
material’s potential to store electric charge in the interface of
the material and the solution. The capacitance values were
obtained for the two filaments with MCC and without MCC:
MCC/CO (75.2 + 3.0 nF) and CO (84.0 + 3.2 nF). This
value is calculated using the sensitivity of the curves obtained
from the relationship between current (#A) vs scan rate (from
20 to 80 mVs™') and is shown in Figure SS. An example of the
cyclic voltammograms obtained with the MCC/CO electrode
in the presence of [Ru(NH3):]** (1 mM in 0.1 M KCl) is
illustrated in Figure 3B. This particular probe was selected
because [Ru(NH,)s]*>" serves as a near-ideal outer sphere
redox probe, facilitating the accurate determination of the
heterogeneous electron transfer rate constant (kJ,,) and the
effective electrochemical surface area (A,).

In Table 2, we summarize the electrochemical character-
ization parameters, including cathodic peak current (If,) and
peak-to-peak separation (AE,), measured for [Ru(NH;)*]**

a concentration of 1 mM in 0.1 M KC], utilizing a scan rate of
100 mV s™'. We also present the calculated k3 and A,. A
detailed summary of the key data obtained from this study is
provided in Table 2, and the comparison between cyclic
voltammograms obtained at the same scan rate is illustrated in
Figure 3C. Notably, as shown in Table 2, all filaments
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Table 2. Comparison of the Cathodic Peak Currents (—I7),
Peak-to-Peak Separations (AE ), Heterogeneous Electron
Transfer Constant (k2,.), and Electrochemlcally Active Area
(A,) All Calculated from Cyclic Voltammograms Recorded
in [Ru(NHj;)4]** for MCC/PEG, MCC/CO, PEG, CO, and
Commercial CB/PLA Filaments

AE
(mvy*

K X 1073

Filament —I; (uA)” (cm s71)? A, (em?)?
MCC/PEG 166 + 14 210 + 4 1.01 + 0.04 0.69 + 0.07
MCC/CO 166 + 23 160 + 14 1.55 + 0.0 0.65 + 0.09
PEG 122 £ °§ 221 £ 11 0.90 + 0.08 0.50 + 0.01
CO 154 + 12 180 + 12 1.31 = 0.13 0.59 £ 0.035
commercial 73 £ 4 394 + 13 0.19 + 0.02 0.36 + 0.02

CB/PLA

“Extracted from 100 mV s™! cyclic voltammogram of [Ru(NH3)6]
(1 mM in 0.1 M KCl); “Calculated from the [Ru(NH,)s]*" scan rate
study (5—500 mV s7%).

produced with MCC demonstrated superior electrochemical
performance. This enhanced performance of the filament can
be attributed to the reduction in the mass of rPLA in the
formulation, along with the incorporation of MCC in the
filament. It is important to note that all of the bespoke
filaments significantly outperformed the commercially available
filament. Other works within the literature show an improve-
ment over commercial filament, however they all utilize a
larger amount of conductive material. The commercial filament
is quoted to contain ~21 wt % CB, whereas the bespoke
filaments produced herein use only 20 wt %. Therefore, we can
conclude that the inclusion of MCC is not only improving the
sustainability of the filament but also helping to improve the
electrochemical performance. There was also a significant
improvement shown by the filaments using the CO as a
plasticizer over the PEG, once more highlighting how choosing
a more sustainable approach can lead to improvements in
performance.

The trends observed with [Ru(NHj;)4]*>" were pronounced;
however, the majority of electroanalytical targets do not
resemble ideal outer-sphere probes. Consequently, it is crucial
to characterize electrode materials for inner-sphere probes. To
this end, we assessed electrodes from all five filaments using
the widely utilized 1 mM [Fe(CN)¢]*~/3~ probe in 0.1 M KCIL.
We measured key electrochemical parameters, including the
anodic peak current (I;) and peak-to-peak separation (AE,),
for 1 mM [Fe(CN) 1+ S in 0.1 M KCl using a scan rate of
100 mV s~'. We also provided the calculated values for k°, A,,
solution resistance (Rg), charge-transfer resistance (Rcr), and
filament resistance (Q2) shown in Table 3. Figure 3D presents a
scan rate study conducted with the MCC/CO electrode,
ranging from 5 to 500 mV s™'. The cyclic voltammetry plots at
a scan rate of 100 mV s™' are shown in Figure 3E for three
different filaments: MCC/CO, CO, and PEG. As indicated in
Figure 3E, the filament containing MCC exhibited a similar
trend to that of the [Ru(NH;)4]>" probe, achieving the best
values of I, (263 + 28), AE, (347 + 11), and, 2 summarized
in Table 3, ' the optimal k%, 0. 35 (+0.03) x 103 cm s ' and A,
(1.16 + 0.10 cm*) compared to the other filaments, 1nc1ud1ng
commercial filament (protopasta). It is important to emphasize
that the bespoke filaments used in this work do not include an
increased amount of CB than the commercial filament. The
performance of electrodes with MCC (MCC/CO) was further
evaluated against those without MCC (CO) through electro-
chemical impedance spectroscopy (EIS). By fitting the

https://doi.org/10.1021/acsaenm.5c00233
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Table 3. Summary of the Electrochemical Results Obtained for the Testing of Filaments, Including the Anodic Peak Current
(F) and Peak-to-Peak Separation (AE ), Heterogeneous Electron (Charge) Transfer Rate Constant (kl,),Electrochemically
Actlve Area(A,), solution resistance (Rs) and charge-transfer resistance (Rcr). All Calculated from Cyclic Voltammograms
Recorded in [Fe(CN)s]*/* (1 mM in 0.1 M KCI)*,54 8 The solution resistence (R;) and charge-transfer resistence(R¢r)
from EIS in [Fe(CN),]*/3>(1 mM in 0.1 M KCI)*%,

filament L (uA) AE, (mV)® Koo (X10° cm s71)° A, (cm?)¢ Rg (Q)° Rer (kQ)f R (kQ)®
MCC/PEG 261 + 52 514 + S2 0.18 + 0.06 1.15 + 0.13 - - 1.60 + 0.1
MCC/CO 263 + 28 347 + 11 0.35 + 0.03 1.16 + 0.10 263 + 11 207 + 32 1.16 + 0.1
PEG 216 + 20 523 + 13 0.14 + 0.0 0.98 + 0.11 - - 236 £ 03
CO 198 + 17 369 + 12 0.27 + 0.06 0.92 + 0.10 332 + 46 579 £ 1§ 125 + 0.1
commercial CB/PLA 93 + 12 837 + S0 0.01 + 0.01 0.48 + 0.06 2843 + 2000 7378 + 540 3.90 + 0.5

*PExtracted from 100 mV s™* cyclic voltammograms of Ferri/Ferro (1 mM in 0.1 M KCl). “Calculated from the Ferri/Ferro scan rate study (35—
500 mV s7"). *Extracted from Nyquist plots of EIS experiments in a solution of Ferri/Ferro (1 mM in 0.1 M KCI). 8Resistance measured with a
multimeter across 10 cm of filament.
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Figure 4. CV (50 mV s™') scans performed with a MCC/CO and CO additive-manufactured electrodes as the working electrode, nichrome wire
counter and AglAgCl reference electrode for the detection of S00 uM of (A) acetaminophen, (B) phenylephrine, (C) NADH, and (D) nitrite.

obtained Nyquist plots with the appropriate equivalent circuit, electrodes toward acetaminophen (500 uM, Figure 4A),
we calculated the solution resistance (Rg) and charge-transfer phenylephrine (500 uM, Figure 4B), NADH (500 uM, Figure
resistance (Rcr). Figure 3F illustrates the obtained Nyquist 4C), and nitrite (500 uM, Figure 4D).

plots, accompanied by an equivalent circuit, while the In each case, there is a clear improvement in the peak shape
calculated Rq and Rcp values are summarized in Table 3. obtained for every analyte in addition to a large increase in the
The values of Rg and Rery for the electrode containing MCC peak current. For acetaminophen, Figure 4A, the peak current
showed the minimum resistance compared to others. These increased from 30 + 2 uA with the CO electrode to 96 + 4 uA
findings are consistent with the filament resistances and align with the MCC/CO electrode. Similar trends were seen for
with the electrochemical characterization results for both phenylephrine, an increase from 16 & 2 to 41 + 4 uA, NADH,
filaments, with and without MCC. an increase from 11 + 2 to 42 + 2 uA, and nitrite, an increase

from 37 + S to 120 + 6 pA. This highlights how the inclusion
of MCC within the filament has significantly improved the

After assessing the physicochemical characteristics and electro- electroanalytical response to a wide range of analytes.

chemical properties of the MCC/CO additive-manufactured Following this initial study on the performance of the
electrodes, their response to different analytes was tested and electrodes, we selected MCC/CO for quantifying dopamine
compared to electrodes printed without MCC. Figure 4 shows (DPA) in human serum providing full proof-of-concept. DPA

the CV response at 50 mV s™' of the MCC/CO and CO is a crucial biomolecule that plays a significant role in human
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Figure 5. (A) Cyclic voltammograms of 1 mM of dopamine (DPA) in 0.1 M phosphate buffer (pH 7.2) in different electrodes: MCC/CO
activated (black), MCC/CO as-printed (red), CO activated (blue), and CO as-printed (green). Scan rate: 100 mV s™". (B) MCC/CO in PBS pH
7.2 in a concentration range of 0.01 to 1.0 uM. Inset: the calibration plot. DPV parameters: amplitude: 90 mV and step potential: 7 mV.

metabolism and is linked to various neurological disorders,
including Parkinson’s disease and schizophrenia.”” Further-
more, to explore the significance of MCC in the filament, we
also evaluated the two filaments with and without cellulose, in
both activated and as-printed states, for their potential in DPA
detection using the cyclic voltammetry technique. Figure SA
shows cyclic voltammograms obtained from two different
electrodes, with and without MCC, both activated with NaOH
and as-printed. The electrode containing MCC exhibited the
best response to dopamine when activated (black voltammo-
gram) with NaOH, with an oxidation peak at 0.35 V and a
reduction peak at 0.00 V. Similar peaks were observed in the
activated electrode made without cellulose; however, the
current peaks (I, and I;) were more intense in the MCC
activated electrode. Therefore, the activated MCC/CO
filament was used for DPA determination.

The quantification of DPA was then studied using
differential pulse voltammetry (DPV). First, DPV parameters
were optimized, as shown in Figures S6 and S7, with the best
results obtained using a step potential of 7 mV and an
amplitude of 90 mV. Then, optimized DPV was used to
produce the analytical curves for the detection of DPA using an
activated MCC electrode, shown in Figure $B, and an activated
electrode without MCC, in Figure S8.

A summary of the results obtained is presented in Table 4.
The oxidation peak current exhibited a linear increase with
DPA concentration in both cases, with a linear range of 0.01 to
1.0 uM. The MCC electrode exhibited a linear equation of I

Table 4. Comparison of Analytical Results for Dopamine
Using the Optimized DPV Method, Obtained from CO and
MCC/CO

Parameters CcO MCC/CO
linear range (uM) 0.01-1.0 0.01-1.0
slope (uA uM™") 2.539 7.943
intercept (uA) 0.012 0.002
R 0.955 0.996
LOD* (nM) 12 3.0
LOQ" (nM) 4 10

“LOD = 3 x (StDev/slope). bLOQ: 10 x (StDev/slope).
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(4A) = 7.9Cpp, (M) + 0.002 (R = 0.996), against I (uA) =
2.5Cppa (M) — 0.012 (R = 0.955) for the electrode without
MCC. The MCC/CO filament delivered enhanced electro-
analytical outcomes, achieving a sensitivity of 7.943 A uM™,
three times greater than the filament without MCC, and a limit
of detection (LOD) of 3.0 nM and a limit of quantification
(LOQ) of 0.01 uM. The increase in the LOD and LOQ values
are attributed to the increased capacitance seen in the baseline
for this electrode. These findings align well with other
electrochemical sensors for DPA detection reported in the
literature, as summarized in Table S1.

The DPA quantification was performed using a spiked
human serum sample, as illustrated in Figure 6, to mimic the
application of the electroanalytical sensing platform in real-
world scenario. In this test, a concentration of 10 uM of DPA
of stock solution was prepared in phosphate buffer pH 7.2.
Then, the human serum was then diluted 500-fold in the
supporting electrolyte. The standard addition method was
utilized for DPV measurements. A commendable recovery rate
of 102.4 + 6.1% was achieved, highlighting the effectiveness of
incorporating cellulose into the filament for the electro-
analytical sensing platform used to detect dopamine in human
serum.

This work describes the first production of conductive additive
manufacturing filaments by adding microcrystalline cellulose
(MCC) within a polymeric matrix containing recycled
poly(lactic acid) (rPLA), reducing the plastic content by 10
wt %. The addition of MCC did not have any adverse effect on
the low-temperature flexibility or printability of the filament.
After extensive physicochemical and electrochemical character-
ization, it was shown that the inclusion of MCC improved the
performance of the filament toward both inner and outer-
proofosphere redox probes. Significantly, all electrodes with
MCC showed an enhanced electrochemical performance when
compared to the commercially available conductive filament,
even though there was less conductive filler present. Dopamine
was chosen as a proof of concept for the electroanalytical
application, obtaining sensitivity values of 7.943 uA uM™', a
LOD of 3 nM, and a LOQ_of 10 nM. This work shows how
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Figure 6. (A) DPV measurements of spiked (A) in human serum (red line) diluted (500-fold) in Phosphate buffer pH 7.2 with subsequent
additions of dopamine standard solutions (0.4 to 1.6 uM) (blue lines), and (B) the respective calibration curve. DPV parameters: amplitude: 90
mV and step potential: 7 mV. Measurements were carried out using MCC/CO.

improving the sustainability of processes can, in some cases,
also enhance their performance for the desired applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.5c00233.

Photographs of the produced filament, SEM micro-
graphs of the electrode surfaces, ingress study, photo-
graphs of printed electrodes, electrochemical and
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