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While nitrogen doping greatly broadens graphene applications, relatively little is known about the influence
of this heteroatom on the biological activity of graphene. A set of systematically modified nitrogen-doped
graphene (NG) materials was synthesized using the hydrothermal method in which the degree of N-doping
and N-bonding type is manipulated using two nitrogen precursors (urea and uric acid) and different ther-
mal annealing temperatures. The bioactivity of the NG samples was evaluated using the oxidation of the
intracellular antioxidant glutathione (GSH) and bacterial viability (of Escherichia coli K12), and oxidative stress
was identified as the predominant antibacterial mechanism. Two key energy-relevant electrochemical re-
actions, oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), were used to characterize
the influence of different N-types on the electronic properties of the NG materials. Electron-donating gra-
phitic-N and electron-withdrawing pyridinic-N were identified as effective promoters for ORR and OER, re-
spectively. The similar mechanisms between the GSH oxidation (indicative of oxidative stress) and ORR
mechanisms reveal the role of graphitic-N as the active site in oxidative stress related bioactivity, indepen-
dent of other consequential properties (e.g., defect density, surface area). This work advances a growing ra-
tional design paradigm for graphene family materials using chemical composition and further provides
valuable insight into the performance-hazard tradeoffs of NG applications in related fields.
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Environmental significance

The ability to safely realize wide-ranging applications of graphene is limited by the inability to link properties that govern performance and that govern ad-
verse impacts. Filling this gap will enable control of desired functional performance outcomes and adverse biological impacts through manipulations of
graphene. Building on an established body of knowledge in graphene electrochemistry, the introduction of different N-bonding motifs is used to manipu-
late the electronic and bioactivity of N-doped graphene (NG). Key findings include, (i) similar trends between NG-mediated antioxidant oxidation and bacte-
rial cytotoxicity suggesting a dominant oxidative stress mechanism and (ii) the correlation between the electrochemical oxygen reduction reaction and oxi-
dative stress-related bioactivity demonstrating the important role of electron-donating graphitic-N in mediating bioactivity.
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Introduction

One-atom-thick and high-aspect-ratio graphene gives rise to
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t Electronic supplementary information (ESI) available: Including the methodo-
logical details of material characterization techniques; the deconvoluted XPS
Nis spectra to determine the distribution of N-types (Fig. S1); the Raman spectra
including D, G peaks and 2D region (Fig. S2); the STEM-EDS elemental maps
showing the distribution of C and O on the graphene (Fig. S3); the plots of In
[GSH] versus time to calculate the kinetic rates of GSH oxidation (Fig. S4); the
electron transfer number 7 and the yield of H,0, determined by RRDE (Fig. S5);
the nitrogen adsorption-desorption isotherms to investigate the BET surface
area (Fig. $6); and the photographs comparing the dispersion behavior of urea
and uric acid samples (Fig. S7). See DOI: 10.1039/c9en00802k
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advantageous electronic, thermal, optical, and mechanical
properties that enable diverse applications in energy storage
and conversion, electronics, and biotechnology.'® Research
on biological interactions of graphene-based nanomaterials
and the ability to manipulate properties to influence interac-
tions at bio-interfaces are critical for not only understanding
potential risks that graphene poses to environmental and hu-
man health through increased use, but also for enabling their
biomedical and bioanalytical development.”'® In addition,
resolving the material properties that govern impacts of
graphene-based nanomaterials at bio-interfaces is critical to
developing rational design guidelines to meet desired
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functional performance outcomes in these applications while
minimizing the potential for unintended consequences."*

Chemical doping of graphene with heteroatoms, particu-
larly nitrogen, is an effective approach to tailor electronic
properties and chemical reactivity of graphene, which con-
tributed to the emergence of (bio)electronic, (bio)sensor,
electrocatalyst, and energy storage and conversion
applications.">™"” However, to date, very little is known about
the influence of nitrogen doping on the biological activity of
graphene. The similarity in the atomic size of nitrogen and
carbon, and the five available valance electrons enable rela-
tively facile replacement of carbon with nitrogen in the
graphene lattice by forming strong covalent bonds."* Differ-
ences in electronegativity and electron density introduce
charge redistribution between nitrogen dopants and adjacent
carbon atoms. The resulting changes in spin density and
charge distribution of these carbon atoms bring about more
active sites on the graphene, accelerating electron transfer
and improving the (electro)catalytic  activity  of
graphene.">'*'820 While pure graphene is a zero-bandgap
semimetal, nitrogen doping shifts the Fermi level and opens
up the bandgap, enabling the transformation of graphene to
a n- or p-type semiconductor depending on the particular ni-
trogen configurations.'®*'>* Nitrogen doping is a facile dop-
ing process that effectively modulates the structure and phys-
icochemical properties of graphene while maintaining high
electrical conductivity.>*

Our previous study on reduced graphene oxide (rGO) dem-
onstrates the positive correlation between electrochemical ac-
tivity and the propensity to induce biological oxidative
stress.” Decoupling these activities (e.g, by identifying
another structural or property feature that correlates indepen-
dently with biological oxidative stress) would elucidate
opportunities to design graphene family materials with
enhanced electrochemical performance while reducing the
potential for adverse biological impacts. Previous findings of
nitrogen-doped carbon nanomaterials (carbon nanotubes,
graphene, carbon dots) suggest the potential opportunity to
decouple the governing properties due to suggested biocom-
patibility.* > On the other hand, in our efforts to probe
underlying mechanisms of electrochemical and biological re-
actions of oxygen functionalized carbon nanomaterials,”® we
identified electron transfer properties common to both activi-
ties that are similarly tuned by different surface functional
groups. In this work, we investigate the potential for nitrogen
doping to (i) decouple function and biological reactivity of
graphene, and (ii) establish the foundation for a new para-
digm linking inherent electronic and biological activities of
carbon nanomaterials.

N-Doped graphene (NG) contains four primary nitrogen
configurations in the graphene lattice: pyridinic-N, pyrrolic-
N, graphitic-N, and N-oxide.'*?%3%3% The nitrogen bonding
configurations, not the total nitrogen content, have been
identified as the key factor for the performance of important
electrochemical reactions (e.g., oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER)), with pyridinic-N
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or/and graphitic-N configurations commonly considered as
active catalytic sites.'>'*?>73% To further resolve the role of N
in the biological activity of NG and the potential to decouple
from electrochemical activities, we systematically prepared a
set of NG materials with varying degrees of N-doping and dif-
ferent N-types using a hydrothermal method. The degree of
nitrogen doping and configurations of nitrogen in doped
graphene are tailored by using two different nitrogen precur-
sors (urea and uric acid) and thermal annealing under differ-
ent temperatures. The bioactivity of the prepared materials is
evaluated as the inactivation of a bacterial model organism,
Escherichia coli (E. coli) K12, and the propensity to oxidize
an intracellular antioxidant, glutathione (GSH). Two impor-
tant and well-studied electrochemical reactions, ORR and
OER, are used (i) as representative functional performance
metrics (relevant to energy-related electrochemical reactions),
and (ii) to characterize the inherent electronic behavior of
different NG materials as the potential mechanism underly-
ing different biological activities.

Materials and methods
Chemicals and materials

Single layer graphene oxide (GO) powder (~99% purity) pre-
pared using Hummer's method was purchased from ACS Ma-
terials LLC (Medford, MA, USA, product no. GNOP20A5), and
used as the starting material to synthesize N-doped graphene.
Uric acid (=99%), methylene blue, platinum (20% on carbon
black), iridium(v) oxide (IrO,, 99.99% metals basis), and
Nafion perfluorinated resin solution (5 wt% in mixture of
lower aliphatic alcohols and water) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Urea (=99%), reduced glutathi-
one (GSH), bicarbonate (NaHCO;), tris(hydroxymethyl)-
aminomethane (TRIS, 99.85%), hydrochloric acid (HCI, 36.5-
38%), Ellman's reagent (5,5-dithio-bis-(2-nitrobenzoic acid),
DTNB), dimethyl sulfoxide (DMSO, >99.9%), potassium hy-
droxide (KOH, 85.8%), isopropanol (molecular biology grade,
>99.9%), sodium chloride (NaCl, 99.6%), Bacto agar, and
Luria-Bertani (LB) Lennox broth (Lot 163 854) were obtained
from Fisher Scientific (Pittsburgh, PA, USA). Polypyrrole was
purchased from Toronto Research Chemicals (Toronto, ON,
Canada). Deionized (DI) water was produced by Millipore Syn-
ergy UV Water Purification System and used as solvent for all
chemicals, unless otherwise specified.

Synthesis of a systematic N-doped graphene material set

300 mg of GO was dispersed in 200 mL of deionized water by
bath sonication (VWR Aquasonic 150T) for 1 h, and then
mixed with urea in a 1:30 mass ratio and with uric acid in a
1:10 mass ratio, respectively. The mixture was stirred for 1 h
and then sealed in a 300 mL Teflon-lined autoclave and
remained at 175 °C for 12 h. After the autoclave was cooled
down to the room temperature, the solids were filtered and
washed and finally dried by lyophilization. The samples after
this one-pot hydrothermal process are named as NG-U and
NG-UA (i.e., N-doped reduced GO (NG) with urea and uric

This journal is © The Royal Society of Chemistry 2019
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acid as the nitrogen precursor), respectively. One rGO sample
was also prepared using the same experimental procedure
but without addition of the N precursor, which serves as the
control for NG-U and NG-UA samples.

Further, two annealed samples were prepared for each
N-precursor set. NG-U or NG-UA was transferred to a tube fur-
nace (Thermo Scientific Lindberg/Blue M TF55035A-1) and
heated to the target temperature at a heating rate of 5 °C
min~' and annealed for 30 min under a helium gas flow. The
samples after annealing NG-U at 650 °C and 950 °C are de-
noted by NG-U-650 and NG-U-950, respectively. The samples
after annealing NG-UA at 650 °C and 800 °C are denoted by
NG-UA-650 and NG-UA-800, respectively.

Material characterization

N-Doped graphene samples were characterized using X-ray
photoelectron spectroscopy (XPS, to determine the elemental
composition and distribution of N-types through peak
deconvolution of N1s spectra), Raman spectroscopy (to deter-
mine defect density and the shift between n- and p-doping),
transmission electron microscopy (TEM, to evaluate the mor-
phology and obtain the mapping of elemental distribution),
Brunauer-Emmett-Teller (BET) analysis (to measure the sur-
face area), and methylene blue adsorption (to evaluate the dis-
persed surface area in suspension). The methodological details
of these characterization techniques are described in the ESL}

Evaluation of biological activity

GSH oxidation by the NG samples. GSH oxidation by the
NG samples was evaluated following the same procedure de-
tailed in our previous publications.”**° Briefly, reduced GSH
(0.4 mM) was exposed to the NG samples (0.05 mg mL ™", buff-
ered at pH = 8.6) and monitored for 6 h in the dark at room
temperature under constant rotation. Measurements were
performed at different time points (0.25, 0.5, 1, 2.5, 4, and 6
h). At each time point, the suspension was passed through a
0.22 um syringe filter (MilliporeSigma) to remove the graphene
sample. 0.9 mL of the filtrate was then combined with 1.57
mL Tris-HCl buffer (pH = 8.3) and 30 pL of Ellman's reagent
(0.1 M). The absorbance at 412 nm was measured using a UV-
vis spectrophotometer and then used to determine the concen-
tration of non-oxidized GSH. The percent loss of GSH was cal-
culated compared to the control (no NG). Average and stan-
dard deviations were determined from three replicates.

Kinetic rates of GSH oxidation were calculated following
our previous studies.”*’ Rapid adsorption of reactant (i.e.,
GSH) and desorption of product (e.g. glutathione disulfide)
from the sample surface is assumed in the kinetic model.
The interaction between GSH and the NG samples is
expressed with the following first-order rate law:

_(d[GsH])

Fra— k[GSH||NG|— In[GSH] = —k[NG]t +C (1)

where k is the rate constant (mL mg™" h™"), [GSH] is the con-
centration of free GSH in solution, [NG] is the concentration

This journal is © The Royal Society of Chemistry 2019
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of the NG sample (0.05 mg mL™"), C is a constant of this inte-
gration equation and denotes the natural logarithm of the
initial GSH concentration.

Antibacterial activity of the NG samples in suspension. E.
coli K12 (CGSC #7740, Yale Coli Genetic Stock Center, New
Haven, CT, USA) was used as a model Gram-negative bacte-
rium to evaluate antimicrobial activities of the NG samples.
Cultures were grown overnight in LB Lennox broth at 37 °C
and harvested at mid-exponential phase. To remove residual
growth-medium constituents prior to exposure to the pre-
pared NG samples, cell cultures were (i) centrifuged at 10 000
rpm for 1 min to pellet cells, (ii) the supernatant was
decanted and replaced with saline solution (0.9% NaCl), and
(iii) the cells were re-suspended in saline solution. This wash-
ing step was repeated three times.

The NG samples (0.2 mg mL™) dispersed in saline solu-
tion were bath sonicated for 1 h before being exposed to the
bacteria. For the exposure, 3 mL of the sonicated NG sample
was mixed with 30 pL of bacteria solution (~10" colony
forming units (CFU) mL™") for 4 h at room temperature un-
der constant rotation. In addition to directly plating the sus-
pension after 4 h exposure, the bacteria suspension was bath
sonicated for 10 min after the 4 h reaction to release viable
bacteria that are wrapped by NG aggregates, as in previous
studies.**** After both the exposure period and the sonica-
tion step, bacteria inactivation was evaluated using a colony
counting method. Briefly, 100 pL of bacteria suspension was
immediately plated on LB agar plates and incubated for 17 h
at 37 °C for CFU enumeration. The percent inactivation was
calculated by comparing the exposure to the control (i.e., bac-
teria solution without the NG samples). All treatments were
prepared in triplicate and repeated in three independent ex-
periments. All materials and chemicals used for antimicro-
bial activity experiments were sterile.

GraphPad Prism version 8.1.0 (La Jolla, California, USA)
was used to assess the difference in the GSH oxidation and
the bacterial inactivation by rGO and NG samples. One-way
ANOVA with Tukey's multiple comparison test was used to
compare three or more treatments at each time point, and
two-tailed ¢-test was used when there were only two treat-
ments to compare. Moreover, linear regression model was ap-
plied for GSH oxidation results and the slopes of curves from
different treatments were compared via the extra sum-of-
squares F test. The significance level is 95%, i.e., P values
smaller than 0.05 are considered statistically significant.

Electrochemical measurements

For electrochemical characterization, the working electrodes
were prepared as follows: (i) 2 mg of sample was mixed with
600 pL deionized water, 390 pL isopropanol, and 10 pL of
Nafion (5 wt%) followed by 15 min probe sonication
(Branson S$-450 digital ultrasonic homogenizer) and 2 h bath
sonication to form a well-dispersed suspension, (ii) 10 pL of
the dispersed mixture was carefully deposited on the glassy
carbon disk electrode surface (0.1963 ¢cm?) and dried at room
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temperature for 2 h. The working electrodes were then tested
in a three-electrode cell with a platinum counter electrode
and an Ag/AgCl reference electrode. The values of potential
are referenced against Ag/AgCl unless otherwise specified.
Also, commercial noble metal catalysts Pt/C and IrO, were
used as reference materials for ORR and OER, respectively.
The ORR experiments by rotating ring-disk electrode
(RRDE) voltammetry were carried out using the same proce-
dures described in our previous research.” Briefly, 1 M KOH
electrolyte solution was used for all ORR experiments. Prior
to each measurement, the electrolyte was bubbled with N,
for 30 min and the working electrode was cleaned by cyclic
voltammetry for 25 cycles sweeping from 0.2 to -1 V. Next,
the electrolyte was saturated with O, for 30 min before
performing RRDE tests. RRDE voltammetry was conducted
from 0.2 to =1 V at a scan rate of 5 mV s™* with varying rotat-
ing speeds of 400, 625, 900, 1600, and 2500 rpm. The ring po-
tential was held at 0.5 V. The electron transfer number (n)
and the percentage of H,O, released during ORR were deter-
mined using the following equations:
4lp

n—=
Ip+%&

)

and
Iy

%H,0, = ZOOxﬁ, (3)

N

where I, is the measured disk current (mA), Iy is the mea-
sured ring current (mA), and N is the H,0, collection coeffi-
cient at the ring (25.6%, provided by PINE Research Instru-
ment). The onset potentials of ORR polarization curves were
determined from the intersection of the tangents between
the baseline and the rising reduction current.

The OER experiments using rotating disk electrode (RDE)
were performed in 1 M KOH electrolyte from 0 to 0.7 V with
a scan rate of 5 mV s™' and a rotating speed of 1600 rpm.
The electrolyte was saturated with O, before the experiments
and the O, flow was maintained over the electrolyte during
the measurements to ensure the O,/H,O equilibrium.

Results and discussion

Preparation and characterization of systematically modified
N-doped graphene (NG)

Changing nitrogen precursors and annealing temperatures
effectively tunes the N-doping states. The hydrothermal
method was used to synthesize NG samples because it is a
facile and eco-friendly method compared to other complex,
low-yield, and costly techniques such as chemical vapor depo-
sition and nitrogen plasma process.'****>%>%¢ The hydro-
thermal method has also been shown to attain a higher
level of nitrogen doping compared to other methods such as
thermal annealing, electrothermal reaction, and arc-
discharge."®'**® In the hydrothermal process, supercritical
water acts as an alternative green reducing agent to organic
solvents. Nitrogen precursors are mixed with GO in a hydro-
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thermal autoclave reactor, and nitrogen doping occurs con-
comitantly with the elimination of oxygen groups on the GO.
Given that nitrogen precursors affect the nature of N-types in
NG,*” urea and uric acid were used as nitrogen sources to in-
troduce distinct properties and further different performance
of samples between two precursor NG sets. A comparison of
two precursor NG sets is anticipated to identify the governing
material properties leading to more conclusive results.

There are four primary nitrogen configurations observed
in NG: pyridinic-N, pyrrolic-N, graphitic-N, and N-oxide
(Fig. 1)."*2%333% pyridinic-N and pyrrolic-N are located on
graphene edges, the pyridinic structure is sp> hybridized and
bonded to two carbon atoms while the pyrrolic structure is
sp’ hybridized and incorporated into a five-membered ring.
Graphitic valley and center nitrogen configurations refer to
the sp® N atoms within the six-membered carbons. N-Oxide
refers to the nitrogen bonded with two carbon atoms and
one oxygen atom. These nitrogen bonding types play pro-
foundly different roles in tuning the graphene electronic
properties, providing a p-type doping (electron-deficient,
higher tendency to withdraw electrons) by pyridinic- and
pyrrolic-N and a n-type doping (electron-rich, higher tendency
to donate electrons) by graphitic-N.">**** The type of nitro-
gen introduced into the carbon lattice of our samples was tai-
lored using thermal annealing at different temperatures (650,
800, 950 °C) after the hydrothermal reaction, leveraging dif-
ferent thermal stabilities of the N-types: graphitic-N >
pyridinic-N > pyrrolic-N."**®

XPS was used to quantify the amount and distribution of
N-types on our different samples (data compiled in Table 1).
The results confirm that nitrogen was successfully doped to
the graphene lattice and that a systematic distribution of the
four nitrogen configurations was achieved. A 9.17% and
6.86% total nitrogen is introduced into the graphene sheets
for NG-U and NG-UA, respectively. Upon annealing, the total
nitrogen content decreases to 5.70% for NG-U-950 and 3.84%
for NG-UA-800, suggesting the removal of thermally unstable
N species at these higher temperatures. The annealing treat-
ment enables a self-arrangement and temperature-favored
competition among different N-types (see details below on

Fig. 1 Schematic N-doping configurations in N-doped graphene, in-
cluding pyridinic-N (blue), pyrrolic-N (green), graphitic-N (red), and
N-oxide (purple).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Surface chemistry characterization data for N-doped graphene samples attained from XPS spectra, including the atomic percentage of C, O,
and N. The atomic percentage of four predominant nitrogen configurations (pyridinic-N, pyrrolic-N, graphitic-N, and N-oxide) are identified from peak
deconvolution of the N1s envelope. The values in the parentheses refer to the percentage distribution of four N-types

Annealing Pyridinic-N Pyrrolic-N Graphitic-N N-Oxide
Samples Temp. (°C) % C % O % N (% total N) (% total N) (% total N) (% total N)
rGO — 84.97 + 0.46 15.03 + 0.46 — — — — —
NG-U — 82.26 + 0.45 8.57 £ 0.08 9.17 £ 0.38 2.83 £ 0.06 4.66 = 0.11 0.93 £ 0.01 0.75 £ 0.04
(30.88%) (50.79%) (10.16%) (8.17%)
NG-U-650 650 88.10 + 0.10 4.88 + 0.06 7.01 £ 0.05 3.33 £ 0.04 2.06 + 0.04 1.10 £ 0.01 0.53 £ 0.01
(47.49%) (29.33%) (15.67%) (7.51%)
NG-U-950 900 90.58 + 0.41 3.72 £ 0.35 5.70 £ 0.26 2.69 + 0.08 1.02 £ 0.07 1.45 £ 0.02 0.54 + 0.05
(47.18%) (17.90%) (25.45%) (9.46%)
NG-UA — 81.12 + 0.83 12.02 + 0.35 6.86 + 0.48 1.01 £ 0.05 4.97 + 0.06 0.65 + 0.01 0.23 £ 0.03
(14.73%) (72.50%) (9.47%) (3.29%)
NG-UA-650 650 91.13 £ 0.42 4.63 + 0.44 4.24 + 0.05 2.18 + 0.03 1.04 £ 0.03 0.68 + 0.04 0.34 £ 0.02
(51.50%) (24.59%) (15.93%) (7.97%)
NG-UA-800 800 92.98 + 0.23 3.18 £ 0.15 3.84 £ 0.15 1.96 + 0.06 0.54 + 0.06 0.97 £ 0.07 0.37 £ 0.03
(51.10%) (14.11%) (25.20%) (9.58%)

(rGO = the reduced GO after one-step hydrothermal reduction without the addition of nitrogen precursors, serving as the control for NG-U and
NG-UA samples; NG-U = N-doped rGO after one-step hydrothermal reduction with urea as the N precursor; NG-UA = N-doped rGO after one-
step hydrothermal reduction with uric acid as the N precursor; NG-U-##0 or NG-UA-##0 = thermally annealed NG-U or NG-UA with the maxi-

mum temperature indicated by ##0)

the conversion between N-types). In addition, lower percent
oxygen (0%) is observed for NG-U and NG-UA than for the
rGO sample, suggesting that the N-doping process reduces
oxygen functional groups on GO as a result of competitive
doping between oxygen and nitrogen precursors.*®

To quantify the relative amount of each N-type, the Nis
spectra of NG samples were deconvoluted into four compo-
nents (Fig. S1t). The binding energies for three main peaks
including pyridinic-N, pyrrolic-N, and graphitic-N were
assigned by constraining the peak positions to 398.7 eV (de-
termined using a standard poly(3,5 pyridine)), 399.8 eV (de-
termined using a standard polypyrrole), and 401.7 ev*’
(based on a previous study on a nearly pure graphitic-N
doped graphene), respectively. The remaining small region
centered at 404 eV was assigned to N-oxide, which is in good
agreement with the literature.">?*3***%>° The N-bonding con-
figurations in the NG samples fabricated by the one-step hy-
drothermal method with either urea or uric acid (NG-U and
NG-UA) are composed mainly of pyrrolic-N. The subsequent
thermal treatment shifts the predominant N to pyridinic-N, for
all samples. A decrease in percent pyrrolic-N and pyridinic-N
and an increase in graphitic-N is observed after a further in-
crease in the annealing temperature. These shifts occur due to
different thermal stabilities of N-types, with graphitic-N being
the most stable.'**® This conversion from pyrrolic-N to
pyridinic-N or graphitic-N shifts the material propensity to-
ward both electrochemical and biological activities.

Raman spectra reveal the changes in defect density and
the shift between n- and p-type doping. Raman spectroscopy
is used to characterize the changes in defect density by com-
paring the intensity ratio of the D and G peaks (Ip/Ig). It can
also be used to differentiate the doping types (n- or p-type)
based on the shift of G peak position (Fig. 2).>*°"*> The
broad bump-like 2D region (2400-3250 cm™") is observed for
all samples (Fig. S2t), which is indicative of the high defect

This journal is © The Royal Society of Chemistry 2019

density regime.”*>** In this regime, an increase of Ip/I; indi-
cates a decrease in defect density as opposed to the low de-
fect density regime where the increase of I/I corresponds to
an increase in defect density.””**>* A higher I,/I; is noted for
all NG samples compared to rGO, suggesting that N-doping
reduces the defects by removing oxygen groups restoring the
conjugated graphene structure. NG-U has the highest defect
level (i.e., lowest Ip/I; ratio) among all doped samples. The
annealing process after one-step hydrothermal process de-
creases the defect level through the reduction of N and O
functionalities. The annealing at higher temperature does
not significantly change the content of defects between NG-
U-650 and NG-U-950, while NG-UA-800 exhibits a lower defect
level than NG-UA-650.
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Fig. 2 Comparison of the Ip/Ig ratios (black circles, left y-axis) and the
position of G peak (blue squares, right y-axis) for rGO and NG samples.
The error bars stand for the standard deviation of triplicate measure-
ments in different locations of each sample.
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The effects of doping and the resultant compressive and
tensile strain in graphene are possible origins for the shift of
Raman peaks.”® The shift of G peak position is a fingerprint
of the concentration of charge carriers and dopants.”> The
downshift of G peak position could be attributed to the incor-
poration of N atoms leading to n-type doping (graphitic-N)
while an upshift is observed for p-type doping (pyridinic-N,
pyrrolic-N).*®* An upshift in the G peak at 1600 cm™* is ob-
served for the rGO sample compared to the value (~1580
em™") reported for pure graphene without significant defects
(i.e., no D peak is observed).”" This is due to the presence of
residual oxygen functional groups causing a p-doping ef-
fect.”® Upon being doped with N, the downshift of G peak po-
sition in NG-U and NG-UA suggests that the incorporation of
N atoms reduces the effects of p-doping. A further downshift
of G peak position is noted for the annealed samples, indicat-
ing an overall enhanced n-doping resulting from a higher
content of graphitic-N, which agrees with XPS results.

No notable changes in graphene morphology are observed
upon N-doping. TEM images of synthesized samples (Fig. 3),
including undoped graphene (rGO), N-doped graphene (NG-U

50 nm

100 nm
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and NG-UA), and N-doped graphene with a further thermal
treatment (NG-U-950 and NG-UA-800), show randomly com-
pact and wrinkled multilayer graphene nanosheets. The
structure of graphene morphology is well maintained after N-
doping, and there is no apparent morphological difference
among the five samples, suggesting that N-doping with dif-
ferent nitrogen precursors by the hydrothermal method and
the subsequent thermal treatment do not influence the
graphene morphology. The distribution of elements in the
NG samples is shown by chemical mapping using STEM-
EDS. A uniform distribution of N is shown in Fig. 3f-i, and
that of C and O in Fig. S3.f

Identifying oxidative stress as the dominant mechanism of
biological activity

The predominant mechanisms that are proposed to contrib-
ute to adverse biological impacts of graphene-based nano-
materials include chemical and physical pathways. Chemical
mechanisms primarily refer to oxidative-stress induced by the
graphene material, including direct redox reaction at bio-

Fig. 3 TEM images of rGO (a), NG-U (b), NG-U-950 (c), NG-UA (d), NG-UA-800 (e), and STEM-EDS elemental maps of selected areas (f and h; red
dots for C, green dots for O, and cyan dots for N) indicating the distribution of N (g and i, cyan dots) in NG-U and NG-UA, respectively.

3530 | Environ. Sci.: Nano, 2019, 6, 3525-3538

This journal is © The Royal Society of Chemistry 2019



Environmental Science: Nano Paper

interfaces or indirect via the production of reaction oxygen  collected at 0.25 and 0.5 h. The magnitude of GSH oxidation
species  (ROS).*>***°  Physical mechanisms include is different for the differentially treated samples (Fig. 4a),
membrane-disruption imposed by the physical interaction  while the relative trend between the samples is maintained at
with the graphene edges®®*°®" and the wrapping or trapping  all measured timepoints. The kinetic rate constants (k, mL
of organisms given the unique thin 2D structure of graphene =~ mg ™" h™) determined from the slope of the linear curve fits
sheets.****° The relative contribution of each mechanism  (In[GSH] versus time, Fig. $4f) follow the order: NG-U-650
and the ability to manipulate their magnitude of impact re-  (2.30) < rGO (2.84) < NG-U-950 (7.33) < NG-U (7.97) < NG-
main unresolved. Herein, different NG samples were found  UA (13.14) < NG-UA-650 (94.40) < NG-UA-800 (208.27), with a
to exhibit different propensities for GSH oxidation and E. coli  strong fit to the first-order kinetic model (R> > 0.98). The ef-
K12 inactivation, with the oxidative stress identified to be the  fect of nitrogen precursors (urea and uric acid) on the oxida-
dominant mechanism. tive capacity of samples toward GSH is significant; the sam-

The oxidative potential of the NG sample set was assessed  ples with uric acid as the N-precursor (NG-UA, NG-UA-650
by the acellular oxidation of GSH. GSH is a cellular antioxi- and -800) oxidize GSH considerably faster than those pre-
dant and plays a major role in maintenance of a healthy re-  pared from urea (NG-U, NG-U-650 and -950). Annealing tem-
dox balance®®®* by oxidizing to its disulfide form (glutathi-  peratures are also found to influence the oxidative potential
one disulfide, GSSG)®* to protect against exogenous oxidative ~ of NG samples. As the annealing temperature increases from
agents, such as ROS.*>** The balance of GSH and GSSG serves 650 °C to 800 °C (for uric acid samples) and from 650 °C to
as a predictor of the ability to defend oxidative stress.”” Due to 950 °C (for urea samples), GSH oxidation increases from 83%
the close relevance of GSH to oxidative stress, GSH oxidation is  to 100% at 0.5 h and from 46% to 88% at 6 h for samples
commonly used to probe the level of oxidative stress imparted  synthesized from uric acid and urea, respectively. Interest-
by graphene-based nanomaterials.”*****® Further, given that  ingly, while the annealed samples within the uric acid sam-
oxidative stress has been shown to be a major mechanism for  ple set (NG-UA-650 and -800) induce a higher GSH loss than
bacterial cytotoxicity of graphene-based nanomaterials,”"*® the ~ the non-annealed sample (NG-UA), this trend does not hold
depletion of GSH can be correlated with antibacterial activity ~ for urea samples. NG-U causes similar GSH oxidation com-
wherein the effects of bacterial inactivation result from the  pared to NG-U-950, both of which are significantly higher
chemical pathway (i.e., by oxidative stress). than NG-U-650. The combined GSH oxidation results demon-

GSH was exposed to rGO and NG samples for 6 h and the  strate that the prepared samples, with different C:N compo-
measurement of the non-oxidized portion of GSH was  sitions and distributions of N-types, have different oxidative
conducted using Ellman's assay at 1, 2.5, 4, and 6 h. Due to  potentials suggesting induction of differential magnitudes of
the high activity of NG-UA-650 and -800, additional data was  oxidative stress to bacterial cells.
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Fig. 4 (a) Glutathione (GSH) oxidation by rGO and NG samples for a total 6 h of incubation compared to the control (no rGO/NG). The mass
loading of samples is 0.05 mg mL™ and the initial concentration of GSH is 0.4 mM. (b) Cytotoxicity of rGO and NG samples to E. coli K12 after 4 h
of reaction to 0.2 mg mL™ sample before and after 10 min bath sonication to release viable bacteria wrapped in aggerated graphene sheets. The
data were normalized to the control (saline solution without rGO/NG), the cell concentration of the control remained constant after the 4 h
incubation and after the 10 min sonication. Means suffixed with different letters (a-d) for each time point are significantly different from each
other at P < 0.05. Error bars denote the standard deviations of sample replicates.
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The antibacterial activity of the NG sample set to the
model bacterium E. coli K12 was evaluated. A similar trend is
observed among the samples for E. coli K12 inactivation
(Fig. 4b) and GSH oxidation (Fig. 4a). For example, increasing
the annealing temperature leads to a higher magnitude of cy-
totoxicity (NG-U-950 > NG-U-650 and NG-UA-800 > NG-UA-
650) and the two annealed uric acid samples (NG-UA-650 and -
800) demonstrate the highest GSH oxidation and highest bac-
terial inactivation. The similar trends suggest that while physi-
cal proximity of the graphene material to the bacteria cell is
necessary to induce a response, the dominant mechanism of
cytotoxicity is chemical in nature rather than physical punctur-
ing (see additional explanation below). The hydrothermal and
thermal annealing treatments do not significantly affect the
structure and morphology of the prepared NG samples (see
Fig. 3), suggesting that the physical disruption mechanism in-
duced by sharp edges of graphene (if it exists) is not likely ex-
planations for the observed differences in bacterial cytotoxic-
ity. Rather, the difference in the observed cytotoxic potentials
among our samples (e.g., a > 90% loss of cell viability for NG-
UA-650 and -800 versus a < 5% of that for rGO, NG-U-650, and
NG-UA) indicates that cell damage is induced through oxida-
tive stress mechanisms rather than physical disruption.

The potential influence of a physical wrapping mechanism
has been proposed and can confound conventional culturing
approaches to evaluating cytotoxicity by inhibiting bacterial
proliferation on agar plates. The effect of wrapping is typi-
cally investigated by releasing trapped cells through a mild
bath sonication prior to plating.**™** In agreement with previ-
ous studies,””**>** cell entrapment by the NG samples is not
observed as there is no statistically significant decrease (P >
0.05) in cell viability loss before and after sonication
(Fig. 4b). The combined results from the GSH oxidation and
the cell inactivation support the dominant role of oxidative
stress in the biological reactivity of our NG samples and their
diverse oxidative potential.

Evaluation of oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) validates different electron transfer
properties as a function of N-type

ORR and OER are electrochemical processes that underlie
clean energy technologies, including water splitting, fuel
cells, and metal-air batteries.>'>'” Graphene-based nano-
materials have been pursued as metal-free catalysts to replace
the noble-metal commercial catalysts (e.g., Pt, Ir, Ru) that are
scarce and high-cost.*'>'*'”  Further, nitrogen-doped
graphene has been extensively studied in the field of ORR
and OER.'>'3°37 Ag such, ORR and OER are used in this
work to represent the desired functional performance of NG
materials. Also, given the importance of oxygen and electron
transfer in the mechanisms of biological activities,”® the
evaluation of ORR and OER activities of NG will be useful for
a better understanding of the underlying mechanism of inter-
action at the bio-interface. Herein, the evaluation of func-
tional electrochemical activities, ORR and OER, of NG sam-
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ples validates different electron transfer properties as a
function of nitrogen type.

The enhanced ORR and OER activities are driven by prop-
erties of graphene-based materials, including the (i) electrical
conductivity for electron transport within the graphene
plane,®®®® (ii) defects (topological and edge defects) that
offer active sites,*””° (iii) electroactive surface area available
for accessing active sites,®® and (iv) presence of functionali-
ties (e.g., pyridinic-N, graphitic-N) that induce active sites for
accelerating the adsorption of targets (and the intermediates)
and favor electron transport for the reaction.>>*””" While the
ORR reduces O, to H,0O, OER can be considered the opposite
reaction in which H,O oxidizes to O,. Considering this inher-
ently different mechanisms between ORR and OER, the active
N moieties in NG to influence each activity will depend on
their ability to donate or withdraw electrons.

ORR and OER are commonly carried out in a hydrody-
namic condition. This enhances mass transfer by inducing
convection so that steady-state diffusion is achieved, enabling
elucidation of the kinetics and the mechanism of electrode
reactions with high precision measurements.”” RRDE and RDE
measurements were performed for ORR and OER, respec-
tively. Both experiments were conducted in alkaline media
due to the advantages in terms of a decreased overpotential
and a less corrosive environment compared to the process in
acidic media.”* Enhancement in ORR and OER activities is
typically represented by a more positive onset potential and a
higher absolute value of the current density on the potential-
current polarization curves.

Trends in ORR polarization curves for rGO and NG sam-
ples are displayed in Fig. 5a with the Pt/C curve shown for
comparison. While rGO and NG samples demonstrate a poor
ORR activity compared to Pt/C (as the reference), different
ORR activity is observed between samples, with the trend in
onset potential: NG-U-650 (-0.189 V) < rGO (-0.179 V) < NG-
UA (-0.169 V) ~ NG-UA-650 (-0.169 V) < NG-U-950 (-0.164 V)
< NG-U (-0.159 V) < NG-UA-800 (-0.149 V). After the one-
step hydrothermal synthesis, NG-U demonstrates a better
electrochemical activity than NG-UA, indicating there are dif-
ferent interactions between urea and uric acid with GO dur-
ing the hydrothermal synthesis. The subsequent annealing
process results in a more pronounced increase in the electro-
chemical reactivity of samples within the uric acid precursor
set than that within the urea precursor set.

The electron transfer number (n) and the H,O, yield
(H,0,%) were calculated by employing RRDE (Fig. S51). ORR
in alkaline media can occur by either a two-electron (O, +
H,0 + 2¢ — HO, + OH, HO, + H,0 + 2¢ — 30H) or a
four-electron (O, + 2H,O + 4e” — 40H') pathway thus, a
higher n represents a lower H,0, yield. The four-electron
pathway is advantageous for energy applications because the
H,0, intermediates produced in the two-electron pathway
will deteriorate the catalysts and lead to a decline in the O,
utilization rate.”* At the potential ranging from -0.4 to -1.0
V, the n calculated for all samples falls within a range of 3.5
(25% H,0,) to 3.9 (5% H,0,), suggesting a predominant

This journal is © The Royal Society of Chemistry 2019
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(a) ORR polarization curves of rGO, NG samples, and Pt/C on RRDE in O, saturated 1 M KOH with a rotation rate of 1600 rpm and a scan

rate of 5 mV s, (b) The correlation between the ORR performance of NG (represented by the onset potential) and the percent of graphitic-N (de-
termined by XPS). (c) OER polarization curves of annealed NG samples and IrO, on RDE in O, saturated 1 M KOH with a rotation rate of 1600 rpm
and a scan rate of 5 mV s™%. (d) The correlation between the OER performance of annealed NG samples (represented by the current density at a

potential of 0.6 V) and the percent of pyridinic-N (determined by XPS).

4-electron oxygen reduction pathway. In general, NG-UA and
NG-UA-650 show a lower n than rGO over this potential range
while other samples enhance n, which suggests that the C: N
compositions and distribution of N-types influence the reduc-
tion pathway.

The capacity of graphene materials to catalyze ORR de-
pends on the defect density because defect sites can enhance
the O, adsorption.”® The higher defect density in NG-U ex-
plains the favorable reactivity toward ORR. While annealing
decreases the defect density and subsequently suppresses the
ORR activity, we observe an increasing ORR trend between
NG-U-650 and NG-U-950 (having similar defect density), and
between NG-UA-650 and NG-UA-800 (the latter having a lower
defect density). This indicates that another property of these
materials is involved in the observed difference in ORR activ-
ity. The proportion of different N-types, rather than the nitro-

This journal is © The Royal Society of Chemistry 2019

gen content on the graphene, has been proposed to play an
important role in the facilitation of electrocatalytic activ-
ity.*”7"7>7% Graphitic-N possesses the electron-donating char-
acteristic'®**** and greater charge carrier transport over
other N-types.”"*?> Graphitic-N atoms can lower the O, ad-
sorption barrier by decreasing the repulsive interaction be-
tween graphene n electrons and lone pair electrons of 0,,”"”°
and can facilitate the donation of electrons to the adsorbed
0, to form OOH species,’””” both of which are key steps to
enhance the reduction of O, in alkaline solution. As a result,
the samples annealed at higher temperatures demonstrate
enhanced reactivity toward ORR due to the increase in the
content of graphitic-N (Fig. 5b).

The electrocatalytic activity of the annealed samples
within urea and uric acid precursor sets was investigated to-
ward OER to determine whether the predicted opposing

Environ. Sci.: Nano, 2019, 6, 3525-3538 | 3533
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trend is observed as predicted; samples with more pyridinic-
N would have a greater propensity toward OER. Indeed, the
opposite trend (Fig. 5¢ and d) is observed for OER compared
to that for ORR. The samples annealed at higher tempera-
tures (having 2.69% and 1.96% pyridinic-N for NG-U-950 and
NG-UA-800, respectively) demonstrate lower OER activity in
terms of the current density than that at lower temperatures
(having 3.33% and 2.18% pyridinic-N for NG-U-650 and NG-
UA-650). The carbon adjacent to electron-donating graphitic-
N atoms possesses a partial negative charge (6°) and there-
fore can serve as nucleophiles. This behavior is unfavorable
for the adsorption of intermediates necessary for water oxida-
tion in the alkaline media (e.g.,, OH, OOH").>””’> Carbon
atoms adjacent to electron-withdrawing pyridinic-N atoms
carry a partial positive charge (J), thus serving as electro-
philes facilitating the adsorption of intermediates necessary
for water oxidation (e.g., OH~, OOH ).>””® In addition, the po-
larized pyridinic-N (67) is not favorable for the reduction of
O, due to its high density of N lone pair electrons that cause
strong repulsive interaction with the O, approaching its adja-
cent carbon atoms.”" Consequently, the samples annealed at
higher temperatures demonstrate lower reactivity toward
OER owing to the decrease in the pyridinic-N content.

While samples annealed with uric acid (NG-UA-650 and -
800) contain lower percentage of graphitic-N and pyridinic-N
than those within urea sample set (NG-U-650 and -950), the
uric acid sample set presents an overall higher ORR and OER
(Fig. 5b and d). This observation suggests another property
in contributing to the sample activity and is attributed to the
higher surface area of the uric acid materials (Fig. S67). The
BET surface area for NG-UA-800 is 549.3 m> g™* and 428.2
m?> g™ for NG-U-950, enhancing access to the active sites
that facilitate the electrocatalytic activities. The observed
differences in BET surface area is maintained when the
respective materials are dispersed (see additional details
below).

Taken together, the characterization data indicate that
multiple physicochemical properties of NG influence the
electrochemical performance (here, ORR and OER activities).
While the consequential material properties that result from
N-doping (e.g., defect density, surface area) influence ORR
and OER synchronously, opposite trends observed for ORR
and OER highlight the significant role of N-types in mediat-
ing these two electrochemical activities. While electron-
donating graphitic-N and electron-withdrawing pyridinic-N
are effective promoters for ORR and OER, respectively, the
defect density and surface area that result from different
preparation methods (precursors and annealing tempera-
tures) further contribute to the material activity.

The similarity between glutathione (GSH) oxidation and
oxygen reduction reaction (ORR) reveals the role of graphitic-
N as the active site in oxidative stress related bioactivity

The evaluation of biological activity of our NG sample set
highlights the essential role of oxidative stress at bio-
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interfaces and affirms that the oxidation of GSH is a good
predictor of oxidative stress delivered by our NG samples.
Previous studies propose that graphene family nanomaterials
catalyze GSH oxidation through electron transfer with
dissolved oxygen at the defect sites.*>*® The dissolved oxygen
(0,) reacts with active defect sites on graphene forming
surface-bound oxygen intermediates (e.g., superoxide anion
0, , hydroperoxide OOH) that can oxidize GSH or be released
to the bulk solution to form ROS that react with GSH.”® The
rate-limiting step for the oxidation of GSH is the formation
of the surface oxide intermediates (O, , OOH), similar to
mechanism for ORR on the electrode surface in alkaline solu-
tion. Since O, has a high bond dissociation energy, it is not
uniformly favorable and requires the formation of intermedi-
ates (O,”, OOH) that have lower bond dissociation energy.”>”*
As such, the oxidation of GSH and ORR share a similar mech-
anism, both of which are dominated by O,-mediated catalytic
process to reduce O, that starts with O, adsorption on the ac-
tive sites of graphene materials.*®”* 1t is thus expected that
graphitic-N can influence the capacity of NG to oxidize GSH,
as it does for ORR.

Similar trends are observed for the oxidation of GSH and
the ORR activity within each N-precursor set (urea versus
uric acid in Fig. 6a). As with the ORR trends described
above, the important contribution of defects to the
oxidization of GSH is underlined by the higher defect den-
sity in NG-U than the two annealed samples (NG-U-650 and
-950, see Fig. 2). The samples annealed at higher tempera-
tures within each N-precursor show an increased oxidative
potential toward GSH, which is attributed to the increase in
the percent of graphitic-N. Yet similar to the ORR trend de-
scribed above, the samples prepared with the uric acid pre-
cursor have lower amounts of graphitic-N than those pre-
pared with urea while exhibiting higher oxidative potential,
which is believed to result from the increase in available
surface area. Since the GSH assay is performed in the aque-
ous media, the dispersed surface area of the samples was
evaluated by the adsorption of methylene blue (Fig. 6b).
This approach is regarded as a standard method for mea-
suring the surface area of graphitic materials in the aque-
ous phase.””® Overall, a higher surface area corresponds
with a better dispersion, which is observed for the uric acid
samples. A visual comparison of their dispersion in water is
shown in Fig. S7.f The increase in the thermal annealing
temperatures induces a reduction in the dispersed surface
area in both sample sets. This is caused by the removal of
surface functionalities, which promotes aggregation of the
samples in suspension, thus decreasing the available dis-
persed surface area.

Collectively, the data support multiple factors synergisti-
cally influencing the NG-mediated oxidation of GSH. In addi-
tion to the defect density and dispersed surface area,
uncovering the role of graphitic-N in both ORR and GSH oxi-
dation elucidates the underlying mechanisms of oxidative-
stress induced biological activity. The similarities in ORR and
GSH trends suggest the potential to employ electrochemical

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) The correlated trends between the rate constants for GSH
oxidation and the onset potentials for the ORR activity. (b) The
dispersed surface areas in suspension determined by the adsorption of
methylene blue.

tools to evaluate the relative bioactivity of graphene materials
via chemical pathways.

The opportunity to tailor functional performance and
inherent hazard outcomes

Sustainable design of nanomaterials defines a proactive ap-
proach to advance new applications while reducing the po-
tential to introduce hazards to human health and the envi-
ronment."®" Results from this study demonstrate that
governing N-types are distinct for electrochemical applica-
tions given their unique electronic properties. Specifically,
graphitic-N is responsible for the reduction of oxygen (ORR)
while pyridinic-N is responsible for water oxidation (OER).
This suggests the ability to tune performance based on chem-
ical composition, which we demonstrate is possible using dif-
ferent N-precursors and annealing temperatures. While the
goal of a sustainable design approach is to enhance func-
tional performance while reducing inherent bioactivity (GSH
oxidation, cytotoxicity), a possible outcome is that the same
material property modulates both outcomes. This was the re-
sult in our previous research on GO/rGO” ™ as well as in this
study for NG and ORR performance. Yet, in studying
N-doped graphene herein, we discovered that the ability to
decouple functional performance and bioactivity will depend
on the desired performance outcome (i.e., ORR versus OER).

This journal is © The Royal Society of Chemistry 2019
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For example, the functional performance of OER is facilitated
by pyridinic-N and the samples with high pyridinic-N have
lower oxidative potential, thus suggesting a path toward
enhanced performance without high bioactivity. While we
used two approaches to modulate N-types of NG, there are
many more options that enable further control of N doping
to obtain closer to pure graphitic or pyridinic C-N bonding
configuration®””* and advance the intended rational sustain-
able design for their applications.

Conclusions

The type of N that is incorporated in the graphene structure
depends on how the sample is prepared, including the nature
of N precursors and annealing temperatures. The different
amount of doped N and the relative abundance of N-types
differentially influence biological and electrochemical activi-
ties. Defect density and surface area are consequential prop-
erties that result from changes in N-content and work in con-
cert with chemical composition to modulate both activities.
While this work identifies these three properties to govern
the measured outcomes (i.e., GSH oxidation, bacterial inacti-
vation, ORR, and OER), the contribution of each property to
each outcome differs. For example, the trends in GSH oxida-
tion and bacterial inactivation for the uric acid and urea sam-
ple sets are similar, yet the magnitude of the difference be-
tween individual samples differs for these two measured
biological activities (Fig. 4a versus 4b). These findings eluci-
date the opportunity to tune (un)desired properties and mate-
rial activities by modifying graphene chemistry.

While both electrochemical and biological activities are
controlled by a balance between multiple properties, the type
of N has an overarching effect. Electron-donating graphitic-N
is responsible for ORR and O,-mediated oxidative stress in
bioactivity while electron-withdrawing pyridinic-N is responsi-
ble for enhancement in OER. Identification of N active sites
for biological activities is useful to guide the development of
N-doped graphene materials for their biomedical and bio-
analytical applications. From the perspective of rational de-
sign, N-types can be leveraged as a design handle to tailor
properties of graphene for specific applications while reduc-
ing or maintaining minimal adverse biological effects.

Finally, there is growing evidence of the correlation be-
tween electrochemical activity and biological reactivity of car-
bon nanomaterials including multi-walled carbon nano-
tubes,®® graphene oxide,” and N-doped graphene (in the
present work). Uncovering the underlying electronic nature of
graphene, including the ability to engage in electron ex-
change and transport, is critical to informing the ability to ra-
tionally design graphene materials for electrochemical appli-
cations while also advancing predictive toxicity capabilities.
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