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Abstract

We present an optimized synthetic method for repurposing coffee waste to create controllable,
uniform porous carbon frameworks for biosensor applications to enhance neurotransmitter
detection with fast-scan cyclic voltammetry (FSCV). Harnessing porous carbon structures from
biowastes is a common practice for low-cost energy storage applications; however, repurposing
biowastes for biosensing applications has not been explored. Waste-coffee ground (WCG)-derived
porous carbon was synthesized by chemical activation to form multi-void, hierarchical porous
carbon, and this synthesis was specifically optimized for porous uniformity and electrochemical
detection. These materials, when modified on carbon-fiber microelectrodes, exhibited high surface
roughness and pore distribution which contributed to significant improvements in electrochemical
reversibility and oxidative current for dopamine (3.5 + 0.4 — fold) and other neurochemicals.
Capacitive current increases were small showing evidence of small increases in electroactive
surface area. Local trapping of dopamine within the pores led to improved electrochemical
reversibility and improved frequency independent behavior. Overall, we demonstrate an optimized
biowaste-derived porous carbon synthesis for neurotransmitter detection for the first time and
show material utility for viable neurotransmitter detection within a tissue matrix. This work
supports the notion that controlled surface nano-geometries play a key role in electrochemical
detection.
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Supporting Information

We provide additional surface characterization and experiments to support the claims within this manuscript. The surface
characterization included involves further SEM imaging of the tip of a porous carbon — modified CFME and Raman D/G analysis

of the four synthesized porous carbon materials. Analysis of the redox cycling ratio was included to show the extent to which local
trapping at these porous carbon geometries reduced dopamine-o-quinone desorption. Capacitive current analysis was included to show
minimal increases in non-faradaic current following modifications due to non-uniformity. A survey of other important neurochemicals
is shown. Lastly, frequency dependent analysis was provided to investigate the percentage of normalized current loss at a scan
repetition frequency of 100 Hz.
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Here, we synthesized coffee waste-derived porous carbon material as novel electrochemical
probes for real-time neurochemical detection with significantly improved sensitivity, redox
cycling capabilities, and temporal resolution. Porous carbon material popularity stems from
large surface areas and excellent catalytic properties suiting energy storage and reusability
applications.1=4 Routinely, porous carbon is synthesized to achieve carbon material pore
size distributions. Approaches include chemical activation to achieve nanoporosity,>-6
copolymerization methods for nano or micro-porous frameworks,’2 and, more recently,
using green chemistry in an environmentally friendly manner.1%11 Commonly, biowastes
in the form of wood, coal, bone, and even coffee are cost-effective materials used to

create porous carbon materials. Although these biowaste-derived porous materials consist of
several properties sought after for electrochemical biosensing,1? to date, they have not been
investigated for this purpose.

Neurochemical sensing in real-time is a popular application of new electrochemical probes,
most commonly using the technique fast-scan cyclic voltammetry (FSCV). Traditionally,
FSCV uses carbon-fiber microelectrodes (CFMEs) due to their biocompatibility, low
detection limits, and small size13; however, CFMEs lack controlled surface chemistry for
attractive neurotransmitter interfacial interactions. Prior reports have modified the surface of
CFMEs with new chemical functionalities,14 polymers,1® and carbon nanomaterials; 1316
however, modification of these surfaces with nanoporous carbon materials is limited.

The influence of surface geometries has been greatly examined, noting that porous
geometries promote greater degrees of surface roughness and can even exhibit thin-layer
cell characteristics for redox cycling amplification.1718 Novel nanoporous geometries

have recent applications in microelectrode frameworks in the form of carbon nanotube
(CNT) yarns!”:19 or CFME surface modifications with other carbon nanomaterials. 13:20-

22 CNT yarns possess fast electron transfer characteristics, ease of functionalization, and
high conductivity for ultrasensitive dopamine and serotonin detection.23-26 Porous carbon
nanofibers, nanospikes, nanohorns, and nanocavity pipettes have all been explored as surface
geometry modifications exhibiting enhanced electron transfer rates, surface defect site
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abundance, and, in some cases, redox cycling.13:20-22 Qur lab fabricated porous carbon
microfibers as a result of these materials with highly localized defect dense macropores
enhancing electrochemical reversibility with many of the aforementioned electrochemical
properties.2” Although these materials have excellent properties, pore controllability is
difficult and often involves rigorous synthesis procedures. Here, we optimized a porous
carbon synthetic route from coffee waste to fabricate porous carbon modified CFMEs for
ultrasensitive neurochemical detection providing a novel application of biowaste-derived
porous carbon materials.

The concept of biowaste reusability has inspired syntheses from various sources to create
honeycomb-like porous carbon nanostructures: most notably, waste coffee grounds (WCG).
Recently, several research groups have taken advantage of WCG-derived hierarchical multi-
void structures?® for controllable porosity for high-yield performance supercapacitor and
energy storage qualities. These hierarchical porous carbons have now made their way into
Li-Se batteries? embracing improved electron transfer rates and ion diffusion confinement
similar to the properties of nitrogen-doped porous carbon electrocatalysts in solar cell/
steam applications.6:22 WCGs have even branched into carbon quantum dot syntheses
forming nanoporous graphene membranes for water pollutant cleanup applications3? along
with aiding in dopamine detection,31:32 but biowaste materials have yet to be used as an
implantable biosensor.

Biowaste-derived porous materials have greatly advanced the field and performance of
cost-efficient energy storage and supercapacitor research, but here we have explored these
materials as biological probes. Simple chemical activation procedures produce desirable
porous geometries while maintaining reusability for the formation of a sensing medium.
Porous geometries have been extensively studied in electrochemistry, and this work has
shown that pores provide edge-plane enhancements known to increase neurotransmitter
adsorption sites across and electrode’s surface.33-35 This work not only provides a new
electrode material for neurotransmitter detection but also further supports the existing notion
that electrode geometry can greatly influence electrochemical behavior.

Experimental Methods

See supporting methods for information on chemical reagents and animal experiment
methods

Waste coffee ground — derived porous carbon synthesis

Porous carbon was derived synthetically from previously brewed Dunkin Donuts medium
roast coffee grounds dried in an oven (Fisher Sci 100L Ovn Grvty, Thermo Scientific,
Pittsburgh, PA) at 80°C for 24 hours. Brewed coffee grounds were then placed in a quartz
process tube (Quartz Scientific, Fairport Harbor, OH, USA) within a tube furnace (Lindberg
Blue M, Thermo Fisher Scientific, Asheville, NC, USA) and heated to 700°C in atmospheric
conditions for at least 2 hours and left to cool. The carbonized material’s mass was then
measured (XSR105 DualRange, Mettler Toledo, Columbus, OH, USA) and ground with
KOH for activation. KOH ratios to coffee grounds include 1:2 and 2:1 by weight. The
mixture was placed back within a process tube connected to a compressed nitrogen cylinder
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(Wright Brothers Inc., Cincinnati, OH, USA) and heated to at least 700°C for 2 hours for
pyrolysis and annealing.

Fabrication and modification of carbon fiber microelectrodes

T-650, 7 um carbon fibers were used to produce cylindrical CFMEs (Mitsubishi Rayon
Co, LTD, Tokyo, Japan). Microelectrodes were fabricated by vacuum (Welch, Monroe,
LA) aspirating carbon-fiber through a 1.2 mm x 0.68 mm x 4” glass capillary tube

(A-M Systems, Sequium, WA) and pulled vertically with an electrode puller (PE-22,
Narishige Scientific, Tokyo, Japan). Electrodes were cut to a length of 100-150 pm under
a microscope (Fisher Science Education). Before using, electrodes were suspended in
isopropy! alcohol for 10 minutes and backfilled with 1 M KCI.

When modifying CFMEs with waste coffee ground — derived porous carbon, three
modification techniques were explored for CFME surface coverage optimization.
Electrodeposition was performed using a common waveform scanning from -1.2 V to 1.5
V at 5 V/s and 1 Hz for 30 s. Drop casting was performed by dropping a 10 pL dispersion
of WCG-derived porous material onto the CFME tip and dried at 60 °C. Dip coating was
performed by suspending electrodes into the desired solution for 5-minutes and dried at
60°C. Solutions were prepared in Milli-Q water at 2 mg/mL and sonicated (QSonica, LLC
model Q55, Newtown, CT). After deposition, electrodes were dried at 100°C.

Surface characterization

Standard surface characterization techniques were used to analyze the chemical and physical
properties of WCG-derived porous carbon. Pore size analysis was performed in partnership
with Particle Technology Labs (Downers Grove, IL, USA). Gas physisorption isotherms
using nitrogen gas were performed for mesopore (2 — 50 nm) analysis. Mercury intrusion
porosimetry was used for macropore (0.004 — 200 pm) analysis. The material’s Raman
spectra were collected with a Renishaw InVia Raman microscope (Guocestershire, UK)
using an Ar-ion laser at 10% power excited at a wavelength of 633 nm. Qualitative
assessment and visualization of the pore structures was performed using a scanning electron
microscope (SEM) collected using an FEI XL30 SEM at an accelerating voltage of 5.00 kV.

Electrochemical characterization

Statistics

Electrochemical characterization was performed by collecting fast-scan cyclic
voltammograms using a WaveNeuro potentiostat with a 1 MQ headstage (Pine Instruments,
Durham, NC, USA), HDCV Software (UNC-Chapel Hill, Mark Wightman), and a National
Instruments PC1e-6363 computer interface board (Austin, TX, USA). Electrodes were
scanned from —0.4 to 1.3 V vs. a Ag/AgCl reference electrode and back at a scan rate of 400
V/s and a frequency of 10 Hz. Cyclic voltammograms (CVs) were background subtracted.
All electrodes were tested using flow injection analysis at a 1 mL/min flow rate using a
Fusion 100 Two-Channel Chemyx Syringe Pump (Stafford, TX, USA).

Statistics were performed using GraphPad Prism V. 9.0 (GraphPad Software Inc., La Jolla,
CA, USA) with statistically significant p-values found at a 95% confidence interval. Values
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are reported as mean =+ standard error of the mean (SEM), and electrode number (or slice
number) is denoted by 7.

Results and Discussion

Waste coffee ground — derived porous carbon synthesis

Waste coffee ground — derived porous carbon was synthesized following well-established
carbonization, chemical activation, annealing, and pyrolysis methods to create various
degrees of microporous frameworks with high surface roughness (Figure 1).6:8:10.11,28
Initial heating at 700°C in air enables carbonization of WCG’s by the expulsion

of non-carbonaceous material. After carbonization, WCG’s are mixed with KOH, a

known carbon activation agent, and heated to 700-900 °C under a N, atmosphere for
consumption of carbon by oxygen and alkali metal penetration and retraction® forming
activated microporous carbon. Following this procedure (Figure 1), WCG - derived

porous carbon was dip coated onto carbon-fiber microelectrodes (Figure S1) to enhance

the electrochemical detection of dopamine using fast-scan cyclic voltammetry (FSCV).
Changes in the porous carbon synthesis procedure impact the microporous uniformity
effecting the improvements in electrochemical detection. Therefore, we demonstrate a
comprehensive optimization of porous carbon synthesis for ideal electrochemical detection.
To our knowledge, this is the first instance of WCG/biowaste — derived porous carbon
synthesized material for implantable biosensor applications. Of note, the use of biomass

in this work presents an environmentally friendly route to synthesizing porous carbon;
although, the overall environmental impact of this work is low without the adoption of these
processes in other biosensor applications.

Surface characterization of synthesized porous carbon

Raman Spectroscopy.—Raman spectroscopy is used to characterize the sp? and sp3
hybridization of carbon to identify the presence of specific carbon structures.36-38 Here,
we used Raman spectroscopy to investigate four synthesized porous carbons in which
carbonization time, WCG:KOH activation ratio, and activation heating temperature were
varied. The following synthesis variations were used: initial carbonization times from 2 to
3 hours, WCG:KOH activation ratio from 1:2 to 2:1, and activation heating temperature
from 700°C to 900°C. Commonly, the D band (~1350 cm™1) provides insight into the degree
of defects and surface oxidation for carbonaceous materials and the G band (~1580 cm™1)
is a direct representation of graphitic carbon. We characterized the degree of defects on

the surface of the WCG — derived porous carbon by analyzing the ratio of the intensity

of the D and G bands (/p//5).3%40 Analysis (Figure S2A) shows high degree of defects

for all materials regardless of carbonization initial heating time, WCG:KOH, or activation
heating temperature (Figure S2, Table 1, One-way ANOVA with Bonferroni Post-test,

n =6). It is proposed that defect increases are generated during the KOH activation
process; however, we show that regardless of KOH composition or activation heating
temperature the defect degree is not significantly impacted. High defect degrees are evident
surface chemistry features for improving electrochemical detection, but adjusting synthetic
parameters can have not only an impact on surface chemistry but also surface geometry
across all synthesized porous carbon materials.
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Raman spectral bands are a result of inelastic scattering from chemical bond vibrations,

and the carbon spectral bands of interest are the superposition of multiple peaks; therefore,
peak-fitting analysis was used to critically assess the disorder of the porous surfaces.1:42
We report the presence of five bands in the 1000 — 1800 cm™~! range: D*, D, D”, D’, and

G (Figure S3). The presence of the D’ (~1615 — 1635 cm™1) and D” (~1500 — 1550 cm™1)
bands illustrate the oxygen content present in graphitic carbon. Shifting of the D” band to
lower wavenumbers correlates to decreased oxygen functionality.? With the appearance of
the D” band at ~1505 cm™1, we report low oxygen content in all synthesized WCG-derived
porous carbon materials hinting that oxygen functionality is sacrificed at the high synthesis
temperatures of porous geometries. This is likely due to the final heating procedure in

an inert No atmosphere not allowing for further oxidation during the annealing process.
Lastly, we analyzed the crystallinity levels of the four materials by calculating the ratio of
the intensity of the D” and G bands (/p~//5). We found all materials, regardless of initial
heating time, WCG:KOH, and activation heating temperature, to have a consistent /p~//,
inferring the crystallinity of these materials is consistent even with changes in carbonization
and activation procedures (Figure S2B). Although we do not report variability in the defect
degree, oxygen content, or crystallinity we conclude that neurotransmitter detection benefits
significantly from the pore sizes and uniformity of greater carbonization times, higher KOH
composition, and higher activation temperatures. Pyrolyzed WCG, when annealed with
KOH, is known to produce microporous frameworks. This process is Kinetically driven

and, when accelerated at higher temperatures, micropore destruction is common where
micropores merge into larger macropore sizes causing surface area decreases attributed to
the following activation reaction:10

4C + 6KOH — 6K + 3H2(g) + 2C0<g) + 2C02(g)

Macropore sizes are more sought after for local trapping overcoming diffusion kinetics of
neurotransmitters of interest.19 These results indicate further that geometry is an important
factor in electrochemical detection.

Scanning Electron Microscopy (SEM).—Morphological analysis was performed using
SEM to understand both pore size/ uniformity of the WCG - synthesized porous carbon
and the surface coverage of the material upon electrode modification. Investigating the
surface morphology of the four synthesized materials (Figure 2) shows roughened material
with a variety of pore structures. Extensive pore structures are more evident in synthesized
materials with longer carbonization times while more KOH for activation (Figure 2C-D)
produces pore geometries large enough for local trapping. Prior work estimates that pore
sizes on the magnitude of the diffusion layer are needed for local trapping with enhanced
electrochemical reversibility.*3 Here, we illustrate the presence of pores on the lower
macropore scale by carbonizing for 3-hours at 700°C, 1:2 WCG:KOH, and activation at
700°C (Figure 2C) compared to larger macropores achieved by increasing the activation
temperature to 900°C (Figure 2D).

Here, we investigated CFME modification techniques in which dip coating was determined
optimal for dispersing porous carbon material on the surface with high S/N. More in depth
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analysis on modification procedure analysis can be found in the following electrochemical
characterization section. Following dip coating, we observe all materials synthesized by a
3-hour carbonization time thinly dispersed onto the CFME (Figure 2, left), and modification
of the electrode tip is also evident (Figure S1). Surface coverage is relatively low with
modification procedures consisting of 700 °C activation heating and this can be attributed to
poor electrostatic and pi-pi interactions of the microporous carbon frameworks with CFMEs
as compared to previous carbon material modifications.*4~46 The reduced overall surface
area of macroporous frameworks compared to lower sized pores reduces pi-pi interactions
resulting in electrostatic attractions dominating the interfacial interactions between the
carbon fiber and WCG-derived porous carbon. The electrostatic interactions are likely a
product of oxide functionality. Micropores generated at lower Kinetic parameters play a vital
role in these weak interactions as microporous frameworks create greater repulsive surface
area interactions across the CFME surface. Meanwhile, modification surface coverage is
improved with the porous carbon material synthesized at 900 °C activation heating (Figure
2D) attributed to enhanced kinetic conditions producing macroporous frameworks with less
repulsive surface interactions. Although modification surface coverage is improved, there
are possible future routes to further address this to improve modification uniformity. Ways
to improve this could entail changing the solvent to enhance material solubility, improve
material adherence using ion exchange polymers, or dope the material to enhance surface
interactions. Of note, gold sputtering was used prior to SEM imaging of modified electrodes
due to glass capillary charging. This coating causes obstructed visibility of pores (Figure

2 and Figure S1). WCG-derived porous carbon alone depicts highly visible micro and
macroporous distributions.

Pore Size Analysis.—Quantitative pore size analysis of WCG-derived porous carbon was
performed using two key pore size/surface area determination techniques: gas physisorption
and mercury intrusion porosimetry (MIP). Analysis of mesopore distribution (2 — 150

nm) relied on a volumetric gas adsorption technique in which nitrogen (N,) adsorbs

to the WCG-derived porous carbon surface and the pressure is varied. The condensed

gas then fills the material’s accessible pores as the relative pressure increases toward
saturation allowing pore size distribution quantification correlated to adsorbed volume.
When analyzing WCG-derived porous carbon synthesized at 3-hour initial heating, 1:2
WCG:KOH, and 900°C final heating temperature (optimal porous carbon synthesis based on
electrochemical characterization), a Brunauer-Emmett-Teller (BET) surface area of 90.30
m? g~1 (normalized by sample mass) evident of a highly porous material. Mesopore
measurements (Figure 3), best for types Il or 1V isotherms (Figure 3A) from 2 — 100 nm,
used the Barrett, Joyner, and Halenda (BJH) theory to determine specific pore area/diameter
of cylindrical equivalent pore volumes. The resulting pore size distribution (Figure 3B)
generated by BJH adsorption/desorption gives insight into cumulative pore volumes and
average pore diameters. This illustrates a diverse pore diameter distribution with a large
population of pores in the size range of ~5— 7 nm and ~ 30.5 nm. This analysis shows a
much greater cumulative pore volume at low-nanometer pore dimensions with an average
pore diameter of 5.26 nm and volume of 0.03 cm3 g~1. Pores on this dimensional scale
facilitate kinetic improvements to neurotransmitter detection evident upon electrochemical
characterization.13
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MIP is common for macropore analysis where non-wetting mercury intrudes into sample
voids as pressure is increased filling larger pores first and smaller pores last to characterize
pores from 0.004 — 200 pm in diameter. Of note, MIP analyzes interparticle voids and
intraparticle pores, so it can be inferred (coupled with SEM images) that macropores on

the large diameter scale for the WCG-derived porous carbon material are interparticle voids
while macropores on the low diameter scale are inferred as intraparticle pores. MIP gives
information on sample pore area, median pore diameter, and pore diameter distribution.
Analysis of the WCG-derived porous carbon synthesized at 3-hour initial heating, 1:2
WCG:KOH, and 900°C final heating shows a total pore area of 17.36 m2 g~ with 70.9%
porosity. The pore diameter distribution (Figure 3C) shows a vast size distribution at low
macropore diameters encompassing high overall pore volume quantities. High diameter
macropores exhibit a clustered pore volume/diameter region (up to ~ 10 um) with increasing
pore volume as we approach larger pore diameters on the interparticle void regime. Overall,
the pore diameter distribution generates a volume based median pore diameter of 26.16 um
greatly impacted by the presence of interparticle voids. The average pore diameter tells a
different story, though, where the average pore diameter based on pore intrusion volume is
0.31 um illustrating a vast network of lower diameter macropores on the dimensional scale
possible for local neurotransmitter trapping. A value this low for an average pore diameter
implies the population of low-diameter macropores dominates this pore size analysis over
the interparticle voids.

Porous carbon modified — CFME electrochemical optimization

The technique to modify the surface of CFMEs is important because it impacts the coverage
uniformity, noise, and electrochemical detection. Here, we optimized the modification
technique to maximize detection sensitivity while providing minimal impacts to capacitive
current. Experiments to test the extent to which the electrode modification technique
impacted electrochemical detection of dopamine used WCG-derived porous carbon
synthesized at a 700 ° initial heating for 2-hours, 2:1 WCG:KOH mixing ratio, and 700

°C final heating for 2-hours (Figure 4A). Drop casting, dip coating, and electrodeposition
were tested as potential modification techniques and all solutions were prepared in 2 mg/mL
porous carbon/H,0 (Figure 4A). Electrodes were pretested using 1 uM dopamine at the
traditional FSCV waveform (See Methods).

Macroporous frameworks developed by WCGs have more attractive surface chemistry
consisting of higher defect degrees and edge plane character for improved dopamine
interfacial interactions while also permitting momentary trapping for short-term dopamine
cyclization. These porous carbon properties assist dopamine redox species’ adsorption

for improved FSCV detection. Dopamine’s peak oxidative current was analyzed prior to
modification (ipre) and compared to the post-modified electrode (ipost): the ratio of these
two currents were plotted as a function of electrode modification technique (Figure 4A).
AN ipost/ipre ratio above 1.0 indicates increased oxidative current denoting modification
improvements. Overall, we demonstrate significant improvements using dip coating with a
1.4 £ 0.2 - fold increase in oxidative current for dopamine (One-way ANOVA, Bonferroni
posttest, p = 0.05, n=15). Little to no improvements were observed for drop casting and
electrodeposition while decreasing S/N attributed to poor distribution of porous carbon
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across the CFME/s surface. Therefore, we chose dip coating as the optimal modification
technique. Although we observed a significant improvement in oxidative current, the overall
change was not large so separate experiments (described below) optimizing the material
synthesis were done to improve overall oxidative current increases.

Carbonization time, WCG:KOH ratio, and annealing temperature were separately optimized
and shown to significantly impact dopamine electrochemical detection. The initial synthetic
route, as described above, included heating at 700°C for 2 hours, a 2:1 WCG:KOH, and
annealing at 700°C for 2-hours. First, we compared the extent to which the initial heating
time impacts detection by comparing 3 hours to 2 hours while keeping the rest of the
synthetic route unchanged (Figure 4B). We show that by extending the initial heating time to
3-hours ipost/ipre €nhancements are improved from 1.4 + 0.2 to 2.3 + 0.1. We speculate that
the extended heating time ensures full expulsion of all contaminants from the carbonized
coffee grounds.

Second, we tested the extent to which the weight ratio of WCG and KOH impacts detection.
For this experiment, the synthetic route included the optimized 3 hour carbonization heating
and annealing at 700°C for 2 hours while the WCG;KOH was altered from 2:1 to 1:2. We
hypothesized that increasing KOH abundance would provide extended activation to increase
carbon lattice pore abundance and size While calculating oxidative current enhancements
while using 1:2 WCG:KOH, we note no statistical increase in the ipgst/ipre (2.6 £ 0.2,
unpaired t-test, p = 0.23, n=15). Although oxidative current improvements remained on par
with 2:1 WCG:KOH, 1:2 WCG:KOH synthesis increased pore quantity due to a higher KOH
composition allowing for a greater extent of activation. We speculate that this is due to larger
pore networks on the surface enabling local trapping.1722

Finally, the extent to which the annealing temperature impacts electrochemical detection was
investigated (Figure 4D). In these experiments, the optimal carbonization time (3-hours at
700°C) and WCG:KOH ratio (1:2) were used, while varying annealing temperature from
700 to 900 °C. Previous reports note that increasing the annealing temperature above 700°C
elicits additional activation mechanisms enabling sub-nanometer pore formation.>6:10 |n
theory, a higher annealing temperature should form extensive nanopore networks creating
higher-ordered nanopores. We observed a significant increase in the oxidative current
annealing at 900 °C (Figure 4D, 3.5 + 0.4, unpaired t-test, p = 0.03, n=15). Overall,

we provide evidence that pore uniformity and size significantly impact electrochemical
detection with negligible impacts to temporal resolution and electrode stability (Figure 4,
S4, S5,and Table 1).

The optimal synthetic route for making WCG porous carbon material includes an

initial heating time of 3 hours, a 2:1 ratio of WCG to KOH, and a final annealing
temperature of 900 °C. WCG porous carbon not only improved oxidative current, but

also significantly improves dopamine’s interfacial interactions. Further electrochemical
characterization reveals impacts to electrochemical reversibility. Figure 5 shows an example
cyclic voltammogram (CV) for 1 uM dopamine and the background charging current
before and after dip-coating. Electrochemical reversibility is calculated by taking the

ratio of the oxidation current to the reduction current (igy/ireq): @ ratio of 1.0 indicates
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perfect reversibility. Electrochemical reversibility was compared prior to and after electrode
modification. Overall, the WCG-modified CFMEs significantly enhanced electrochemical
reversibility from 2.2 + 0.1 (bare) to 1.9 + 0.1 (modified) (Figure S6, Table 2, paired t-test,
p = 0.05, n=15). Lower electrochemical reversibility is observed on bare CFMES because
it is known that dopamine adsorbs 10x more strongly than dopamine-o-quinone (DOQ,
Figure 5A and C black trace) resulting in diffusional loss of DOQ.#” CVs at modified
electrode surfaces show higher reduction currents indicating improved electrochemical
reversibility. This data supports prior work that suggests porous and roughened surfaces
promote enhanced dopamine interfacial interactions.13:16.17.20.22 Ag expected, we observe
small increases in non-faradaic capacitive current following dip coating from 1980 + 210
nA to 2260 + 210 nA (Figure 5D and Table 2, paired t-test, p = 0.027, n=15). This is likely
attributed to the larger surface area of the synthesized porous carbon and small increases in
noise caused by the non-uniformity of the surface modification (Figure 2D). We observed
similar results in prior work modifying the surface with porous carbon nanofibers.13

Sensitivity, Limit of Detection, and Frequency Dependence

CFME modifications with optimally synthesized WCG-derived porous carbon provides a
2-fold increase in dopamine detection sensitivity. For analysis, concentrations were tested
ranging from 500 nM to 300 uM on bare and WCG-derived porous carbon modified
CFMEs to determine sensitivity and LOD (Figure 6, n = 6). The traditional linear working
region extends to 10 uM and was therefore used for this analysis (Figure 6A). The
sensitivity increased from 9.8 + 0.5 nA/uM (R2 = 0.92) for bare to 20.6 + 1.6 nA/uM

(R2 = 0.80) for porous carbon modified CFMEs (Table 2, Figure 6A). We speculate the
2.1-fold increase in sensitivity is attributed to increased adsorption sites added to the
surface. We note a low linearity coefficient for porous carbon modified CFMEs attributed
to hindered modification reproducibility due to poor pi-pi interactions limiting surface
coverage following modification. The LOD was determined as three multiplied by the
standard deviation of the noise. We report an improvement in the LOD at porous carbon
modified CFMEs from 13.7 £ 5.0 nM to 5.3 £ 2.0 nM (Table 2, unpaired t-test, p = 0.15,
n = 6). Bare CFMEs begin to saturate at concentrations greater than 10 pM (Figure 6B,
black); whereas the current does not appear to saturate as dramatically in this same regime
for WCG-modified electrodes (Figure 6B, orange). We propose an increase in interaction
sites at the modified surfaces result in less surface saturation. These enhancements to the
electrode’s surface offer a direction to addressing low sensitivity of other neurochemicals
detected using FSCV.

Surveying different neurochemical structures/classes is important for understanding the
impact these novel materials have on sensing beyond dopamine by performing similar
analyses (ipost/ipre, Figure S7). At CFMEs, norepinephrine, despite its nearly identical
structure to dopamine, exhibits much lower detection sensitivity than dopamine, but WCG
modifications enhanced oxidation current 2.1 + 0.3 — fold (Figure S7 A) with slightly
slowed electron transfer rates. Similarly, the purines guanosine and adenosine (Figures S7
B-C) show primary oxidation current improvements of 2.3 + 0.3 and 1.2 £ 0.1 — fold
respectively illustrating the unique surface interactions of similar neurochemical structures
vastly differing in their detection enhancements. Adenosine has been shown to interact
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more poorly at edge plane-enhanced electrodes indicating that WCG-derived porous carbon
modifications could hinder adenosine detection improvements.*® Additional neurochemical
structures, ascorbic acid, serotonin, and histamine (Figure S7D-F), exhibited slowed electron
transfer rates with increases in oxidation currentof 2.4 +0.4,1.9+0.2,and 1.4 £ 0.1 -

fold respectively. Overall, WCG-modified CFMES present a viable electrode material for
enhanced FSCV detection utility for numerous other neurochemicals with slightly sluggish
electron transfer kinetics.

WCG-derived porous carbon material reduces the impact of increasing waveform
application frequency on measured oxidative current compared to traditional CFMEs.
Previous reports have demonstrated that porous electrode geometries result in frequency
independent behavior with FSCV.18.22 The traditional waveform application frequency
with FSCV is 10 Hz leading to a 100 millisecond time between scans. Increasing the
waveform application frequency, while maintaining other waveform parameters, results in a
decrease in preconcentration time between scans. Bare CFMES exhibit detrimental loss in
oxidative current as a function of increasing application frequency, but WCG-derived porous
carbon provides improved electrochemical reversibility which we hypothesize creates

less frequency dependent measurements. Here, we show WCG-derived porous material
significantly impacts the loss of oxidative current observed at high frequencies (Figure

7). The applied frequency was increased from 10 Hz up to 100 Hz (Figure 7) reducing
dopamine adsorption time from 91.5 ms to 1.5 ms. Oxidative current was normalized to

the current observed at 10 Hz to determine the relative loss in current as a function of
frequency. We observed small improvements in the calculated loss of oxidative current

for dopamine at 100 Hz improving from 83.20 + 0.04 % for bare CFME to 63.62 +

0.07% for the modified electrodes (Figure S9, unpaired t-test, p = 0.032, n=6, Table 2).
Although we did not achieve complete frequency independent behavior compared to prior
reports at carbon nanomaterials,18:22 we can attribute this to the lack of uniform coating

of the WCG-derived porous material on the surface. In the future, electrodes of entirely
WCG-derived porous material would provide the field of biosensing an environmentally
friendly approach to fabricating biosensors with significantly improved temporal resolution
capabilities. Although the use of biomass in this work is environmentally friendly, we
acknowledge the overall environmental impact of our work alone is low due to low amounts
of WCG used. Hopefully this work sparks biomass utility in other biosensor applications
where we begin to see large- scale applications.

Catecholamine detection validation in mesenteric lymph node with WCG-modified CFMEs

Mesenteric lymph nodes (MLN), located within the mesentery of the intestines, play a
crucial role in facilitating rapid immune response to gut infections. Sympathetic neurons
innervate MLNs and release norepinephrine (NE) to communicate with immune cells,
directing immune cell response.*® Understanding the dynamics of NE neuronal release

is a crucial area of importance for studying the gut-brain-immune axis.®0. Due to the
enhanced sensitivity of WCG-derived porous carbon modified CFMEs, they were tested
in MLN slices to validate neurotransmitter detection in a biological matrix to demonstrate
practical applicability. Electrodes were implanted 100 uM away from a glass capillary that
exogenously applied a picoliter drop of 25 uM DA (Figure 8A-C) or 25 uM NE (Figure
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8D-F). The higher concentration of analytes was necessary as the analytes need to diffuse
through the tissue before being detectable by the electrode similar to prior reports.>152 The
current versus time plot for DA (Figure 8A) and NE (Figure 8D) show rapid detection after
the analyte application at 15 seconds and then the drop off in current due to the analyte
diffusing away or cell reuptake. For both analytes, there is a peak shift to 0.7 V; this is
larger than what was observed in the flow cell for WCG-modified CFMEs. The peak shift is
likely a matrix effect and is clearly observed in the CV for DA (Figure 8C) and NE (Figure
8F). Minor changes are observed in DA versus NE peak shape, likely due to varying tissue
slices for each analyte. Other differences, such as current magnitude, could be due to the
distance between the glass capillary electrode and the WCG-modified CFMEs. Overall, this
demonstrates the practicality of using WCG-modified CFMEs in biological studies.

Conclusion

The carbonization of biowastes has long been used for battery and energy storage
applications, but we report an optimized method for re-purposing these eco-friendly
materials to enhance neurochemical detection using FSCV. Dip coating of WCG-derived
porous carbon onto CFMESs provides improvements in the quantity of adsorption sites
available for dopamine redox interactions. These improvements, with minimal capacitive
current increases, supply enhancements in dopamine detection sensitivity, limits of
detection, and electrochemical reversibility for decreased frequency dependence. We
hypothesize that these enhancements directly correlate to local trapping of dopamine
stemming from the hierarchical pore networks produced by carbonaceous biowaste
activation. These modified electrodes also show utility for enhanced detection of
neurochemicals other than dopamine while showing viability of detection in the mesenteric
lymph node for stimulated norepinephrine detection. Overall, dip coating of WCG-derived
porous carbon onto CFMEs highlights the first application of re-purposed coffee biowastes
for biological electrochemical sensing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Schematic of WCG-derived nanoporous carbon synthesis and application. The synthesis

involves drying and carbonizing WCG’s at high temperatures to remove contaminants
followed by mixing with KOH and a final heating step for chemical activation and
pyrolysis. Once the material is synthesized, it is used to modify CFMEs (Created with
BioRender.com).
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Figure 2:
Changing the carbonization time, ratio of WCG and KOH, and activation heating

temperature impacts pore abundance and surface coverage of CFME following dip-coating
modification (right). A) WCG initially heated at 700°C for 2 hours in air, 2:1 WCG:KOH,
and a final heating of 700°C for 2 hours in N,. (B) WCG initially heated at 700°C for 3
hours in air, 2:1 WCG:KOH, and a final heating of 700°C for 2 hours in N». (C) WCG
initially heated at 700°C for 3 hours in air, 1:2 WCG:KOH, and a final heating of 700°C for
2 hours in N,. (D) WCG initially heated at 700°C for 3 hours in air, 1:2 WCG:KOH, and a
final heating of 900°C for 2 hours in N. Scale bar shown on images.
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N> physisorption isotherm accompanied by mercury intrusion porosimetry illustrate a
mesopore (2 — 150 nm) and macropore (0.004 — 200um) WCG-derived porous carbon
framework with varying pore width distribution regimes. (A) N, physisorption isotherm
with (B) corresponding mesopore volume versus pore diameter. (C) Mercury intrusion
porosimetry analysis of macropores from 0.004 — 5.000 um (left) and 5 — 200 um (right).
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Figure 4:
The WCG-derived nanoporous carbon synthesis steps and method of electrode modification

directly impact the electrochemical detection of dopamine. A) The electrode modification
procedure was tested using the initial synthetic route (2 hr initial heating, 1:2 WCG: KOH,
and 700 °C annealing temperature). The procedures compared include drop casting, dip
coating, and electrodeposition. Dip coating produced the highest improvement in oxidative
current for 1 uM dopamine with FSCV and was used for all other optimization steps (One-
way ANOVA, Bonferroni posttest, p = 0.05, n = 15). (B) A 2- and 3-hour initial heating
temperature of WCG’s was compared and longer initial heating significantly improved
dopamine detection (Unpaired t-test, p = 0.003, n=15). (C) Changing the WCG: KOH
ratio from 2:1 and 1:2 did not significantly influence dopamine detection (Unpaired t-test,
p = 0.23, n = 15). (D) The annealing temperature significantly impacted the observed
improvement in dopamine detection (Unpaired t-test, p = 0.03, n = 15).
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Figure 5:

CFMEs modified with WCG-derived nanoporous carbon (3-hour initial heating, 1:2
WCG:KOH, and 900C final heating) show significant enhancements in faradaic current
and redox cycling for 1 uM DA with small changes in non-faradaic current. Example false
color plots of a (A) bare CFME and (B) WCG-derived nanoporous carbon modified CFME
after dip coating. Corresponding background-subtracted (C) and background (D) CVs for
bare (black) and modified (orange) CFME (n=15).
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Figure 6:
Waste coffee ground — derived porous carbon (3-hour initial heating, 1:2 WCG:KOH, and

900C final heating) provides enhanced detection sensitivity to dopamine (n = 6). (A) The
dynamic range (linear region, 500 nM to 10 pM) for dopamine was used to calculate the
sensitivity of measurement. The slope of the linear calibration curve changed from 9.8 +
0.5 nA/uM (bare CFME, R? = 0.92) to 20.6 + 1.6 nA/uM (WCG-modified CFME, R? =
0.80). (B) Concentrations from 500 nM to 300 uM were tested for bare and porous carbon
modified — CFMEs to demonstrate the differences in saturation point at the surface.
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Figure 7:
Significant improvement in observed percent loss of oxidative current for dopamine is

demonstrated at WCG-derived porous carbon-modified electrodes (3-hour initial heating,
1:2 WCG:KOH, and 900C final heating). Oxidative current for dopamine was normalized to
the current observed at 10 Hz for both the bare and modified electrodes. The waveform used
scanned from —0.4 to 1.3 V at 400 V/s. A significant improvement was observed at the 100
Hz waveform application frequency indicating that there is less loss in oxidative current at
WCG-derived porous materials (Unpaired t-test, p = 0.032, n = 6).
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Figure 8.
Fast-scan cyclic voltammetry detection using WCG-modified CFMEs exhibit enhanced

electrochemical reversibility in the mesenteric lymph node validating their utility making in-
tissue measurements of catecholamines. (A) Current vs time trace of dopamine detected at a
WCG-modified CFME after exogenous application of 25 pM dopamine. The corresponding
false color plot (B) and cyclic voltammogram (C) are shown. (D) Current vs time trace of
exogenous application of 25 UM norepinephrine detected at a WCG-modified CFME. The
corresponding false color plot (E) and cyclic voltammogram (F) are shown.
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Table summarizing synthetic parameters varied and their respective impacts on the degree of disorder and
oxidative current enhancements for dopamine with FSCV.

Initial Heating (hr) | WCG:KOH | Final Heating (°C) | Ip/lg ratio | Oxidation Current - Fold Increase
2 2:1 700 1.68+0.06 | 1.4+0.2

3 21 700 1.78+0.08 | @34 g 1%

3 12 700 1.85+0.05 | b6 +0.2ns

3 12 900 173£0.04 | o354 qax

aSignificant improvement in oxidation current with increasing the initial heating time (Unpaired t-test, p = 0.003, n=15).

bNo significant increase in oxidation current with changing WCG:KOH ratio (Unpaired t-test, p = 0.23, n = 15).

Significant improvement in oxidation current with increasing the final heating temperature (Unpaired t-test, p = 0.03, n = 15).
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Comparison of capacitive current, sensitivity, limit of detection, redox cycling, and frequency dependence for
bare and WCG-modified CFME

ic (NA) Sensitivity (NA uM™1) | LOD (nM) Electrochemical Reversibility (1,/ | Frequency Dependence
Lred)
Bare 1980 + 210 9.8+05 13.7+5.0 22+01 83.20 + 0.04% loss
WCG- @260 +210% | 206+16 b53+20ns | €1.9+0.1% %3.62 + 0.07% loss*
Modified

aSignificant difference in capacitive current for bare and WCG-derived porous carbon modified CFMEs (Figure S8, paired t-test, p = 0.027, n =

15).

bNo significant improvement in limit of detection due to added noise upon modification (unpaired t-test, p = 0.15, n=6).

DSignificant improvement in redox cycling following porous carbon modification of CFMEs (paired t-test, p = 0.05, n=15).

dSignificant improvement in frequency independence when modifying CFMEs with WCG-derived porous carbon (unpaired t-test, p = 0.032, n =

6).
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