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ABSTRACT

The toxicity of paraquat is believed to involve a redox-cycling mechanism that can disrupt cellular redox homeostasis and, also, generate damaging free radicals. It
has been suggested that for cases of severe paraquat poisoning the administration of ascorbate (i.e., vitamin C) can confer benefit by quenching the paraquat free
radical (PQ*). Here, we used an electrochemical approach that abstracts-away many of the (bio)chemical complexities and isolates the redox-interactions between
paraquat and ascorbate. Specifically, we used a series of experiments that coupled electrochemical measurements of electron flow with optical measurements of
paraquat’s redox-state switching. Our results demonstrate that the reduced absorbate cannot quench the PQ*-radical because they are both reductants. However,
oxidation of ascorbate does allow PQ*"-radical scavenging. More broadly, we believe this study demonstrates the potential for developing electrochemical approaches

to complement existing experimental methods in redox biology.

Introduction

The underlying hypothesis of this work is that our understanding of
redox activities in biology could be enhanced by better experimental
methods. In general, redox activities involve electron transfer reactions
between donors (reductants) and acceptors (oxidants), and often in bi-
ology these redox reactions are nested within larger reaction networks.
In some cases, the coupling of redox activities is spatially-organized to
confer a clear function (e.g., energy transduction through the respira-
tory electron transfer chain), but in other cases the network organization
and function remain unclear (e.g., the set of antioxidants in the serum-
interactome that offers protection from reactive oxygen species) [1-10].
Importantly, the “flow” of electrons through such redox networks has
both molecular features (e.g., the network’s nodes) and electrical fea-
tures (e.g., the network’s electron-transfer links). Most experimental ap-
proaches to characterize coupled redox activities employ chemical mea-
surements (e.g., omics) that focus on the molecular features [11-17]. In
contrast, we are developing electrochemical methods that focus on the
electrical features of coupled redox activities [18-23].

Here, we report in vitro measurements of electrical activities to eval-
uate a proposed hypothesis for a clinical intervention for paraquat poi-
soning. Paraquat (PQ2*) is an agricultural chemical that is believed to
be toxic through the redox mechanisms illustrated in Scheme 1a. PQ%* is
believed to accept a single electron from biological reducing equivalents
to form a reactive PQ*" free radical that can subsequently donate this

electron to O, to generate reactive oxygen species (ROS) [24]. Thus,
PQ2*’s toxicity could include both a disruption in cellular redox state
as well as the generation of damaging ROS [25-28]. It has been hy-
pothesized that in some extreme poisoning cases, the administration of
ascorbate (i.e., vitamin C) could confer benefit by scavenging the PQ*
radical, and in fact, some benefits have been reported [25,29-32]. The
problem with this hypothesis is that ascorbate is reduced and should be
unable to accept electrons to quench the PQ* radical.

Our in vitro approach to study the PQ2+-ascorbate redox interactions
is illustrated in Scheme 1b. Here, an electrode is immersed into a so-
lution of the oxidized PQ3* and an oscillating potential is imposed in
the voltage range that brackets PQ2+’s redox potential (E°’= —0.64 V
vs Ag/AgCl). When the potential is cycled to reducing conditions, an
electron can be transferred from the electrode to PQ2* to generate a
measurable reducing current while converting the colorless PQ?* into
the blue-colored PQ* radical. When the potential is reversed and cycled
to oxidizing conditions, the reaction can be reversed with the genera-
tion of an oxidizing current and conversion of the colored PQ* radical
back to the non-radical PQ2*. Scheme 1b illustrates that if an electron-
accepting quencher is present, it can accept an electron from PQ* and
this interaction is expected to perturb the observable electrochemical ox-
idation and reduction currents. Such perturbations are illustrated in the
interaction graphs in Scheme 1c. In addition to electrical measurements
of activities, simultaneous optical measurements can observe the dy-
namic redox-state switching of PQ?+/PQ* and can detect perturbations
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Scheme 1. (a) Biological redox-cycling of paraquat: paraquat (PQ?*) can accept electrons from biological reductants and donate electrons to O, to generate reactive
oxygen species (ROS). (b) Electrochemical redox-cycling of paraquat: the electrode can donate electrons to reduce PQ?** to the PQ* radical which can be re-oxidized
by donating an electron to an electron-accepting quencher. (c) Interaction graph: paraquat can exchange electrons with the electrode with the direction controlled
by the imposed electrode potential (i.e., voltage), and the reduced PQ* radical can donate an electron to a suitable quencher.

associated with a quenching chemical reaction. Using such spectroelec-
trochemical measurements we provide evidence that while ascorbate is
unable to quench the PQ* radical, the oxidized dehydroascorbate can
quench PQ™.

Experimental section

Materials: Paraquat, ascorbate, and dehydroascrobate were pur-
chased from Sigma-Aldrich. All reagents were used as received without
further purification. All solutions were prepared using Millipore water
(>18 MQ). The solutions of mediators were prepared in 0.1 M phos-
phate buffer (pH 7.0) with air being excluded by purging N, before the
experimental.

Instrumentation: The spectroelectrochemical cell consisted of a hon-
eycomb gold (19 holes of 0.5 mm diameter from Pine Research) working
electrode, a Ag/AgCl reference electrode and a counter electrode made
of 0.3 mm platinum wire. A potentiostat (CHI 620, CH Instruments)
was used for all the electrochemical measurements. UV-Vis spectropho-
tometer (AvaSpec-ULS2048, Pine Research) was used for the spectral
measurements which were carried out simultaneously with the electro-
chemical measurements.

Results and discussion
Testing the hypothesis that ascorbate can quench the paraquat free radical

To experimentally test if ascorbate (Asc) can quench the PQ™ free
radical, we used a honeycomb gold electrode illustrated in Fig. 1a and
performed spectroelectrochemical measurements. As illustrated, the re-
duced PQ™" radical can be formed at the electrode and diffuse into the
optical window where it is detected by its optical absorbance at 395 nm
(or also at 600 nm). Experimentally, we prepared a buffered solution
(0.1 M phosphate; pH 7.0) containing PQ** (0.2 mM) and measured
cyclic voltammograms (CV) by cycling the imposed potential over a
narrow range (—0.15 to —0.7 V vs Ag/AgCl; scan rate of 10 mV/s) that
brackets the PQ’s redox potential (E°’= —0.64 V). The three-dimensional
plot in Fig. 1b shows the differential absorbance spectra (referenced
against the spectrum for the initial 0.2 mM PQ>* solution) for two CV cy-
cles. The cross-sectional panels shown in Fig. 1b illustrate that when the
input potential is cycled to reducing values (—0.70 V) large absorbance
peaks appear at 395 nm and 600 nm, while these absorbance peaks dis-
appear when the potential is cycled to oxidizing values (—0.15 V). The
two-dimensional plot in Fig. 1c summarizes this response (i.e., the ap-
pearance and disappearance of absorbance peaks) which is consistent

with the electrochemical generation of PQ* radical and its subsequent
electrochemical consumption.

To test the hypothesis that Asc can quench the PQ* radical, we pre-
pared buffered solutions (0.1 M phosphate; pH 7.0) containing either
PQ2* (0.2 mM) or Asc (0.5 mM), or an PQ%*-Asc mixture, and com-
pared the responses from multicycle CV measurements (potential range
—0.15 to —0.7 V vs Ag/AgCl; scan rate 10 mV/s). Fig. 2a shows the data
from these CV experiments represented as two-dimensional time series
plots of the imposed potential input and observed electrical and opti-
cal output responses. The first set of output curves in Fig. 2a shows the
electrical current. One observation is that the output current response
for the PQ2* solution and PQ?*-Asc mixture show comparatively large
reducing current peaks (compared to that for the Asc solution). The sec-
ond observation is that the reduction peaks are similar for the PQ%* so-
lution and the PQ2*-Asc mixture and this observation is not consistent
with the hypothesis that Asc can quench the PQ* radical. Specifically,
if the PQ™ radicals were being quenched, then paraquat would be ex-
pected to undergo redox-cycling such that the electrons transferred from
the electrode to generate the reduced PQ* radical would be transferred
to the quencher with the regenerated PQ2+ capable of again accepting
electrons from the electrode. Previously, such redox-cycling between
paraquat and a quencher has been observed to result amplifications of
reducing currents [33], but such amplification are not evident for the
PQ2*-Asc mixture.

The second set of output curves in Fig. 2a show the optical ab-
sorbance at 395 nm which is detecting the redox-state switching of PQ
between its oxidized PQ32* state and its reduced PQ* radical state. As
observed in Fig. 2a for the PQ?* solution, an absorbance peak appears
under reductive conditions and disappears under oxidative conditions,
while no absorbance change is observed for the Asc solution. The optical
absorbance responses for the PQ2+ solution and the PQ%*-Asc mixture
appear to be nearly identical which again is inconsistent with the hy-
pothesis that Asc can quench the PQ* radical.

A third output response in Fig. 2a is the time-derivative of the ab-
sorbance at 395 nm (the corresponding output absorbance response at
600 nm is summarized in Fig. S1 of Supporting Information). This output
response characterizes the dynamics of paraquat’s redox-state switch-
ing. Interestingly, previous studies have shown that the peaks in the
time derivative of the optical signal often align with the peaks in cur-
rent associated with the reaction responsible for redox-state switching
[34]. This time-derivative output response is nearly the same for the
PQ?* solution and the PQ?*-Asc mixture again suggesting that Asc does
not quench the PQ* radical.



Z. Zhao, E. Kim, W.E. Bentley et al.

Advances in Redox Research 8 (2023) 100068

(a) Spectroelectrochemical analysis

Input Electrical output
\ » i Electrode
¥~ 1 Counter’;
Reference Electrode: \

Electrode

\' \ 90
{ 0%

Working -.I '
Electrode !

Optical Output }
Solution !

(b) 3-dimensional optical response signal

0.15y \:0.7V
[ '* 0.2
0.2 4 ] g 0.15
' ] ' 1
01541 | ! : 0.1
® ! H | i
g Wi - | 0.05
0.054! i ; :
Y B 0
04 4 ’ T
N Ve ! -0.05
-0.054 o
9 -0.1
40v4
600 2 -0.15
0

Wavelength (nm) Time (min)

B

(c) Cross-sectional UV-VIS spectra

o —— 015V
025 1 | 07V
o 02 /
Q /
& 015 1 [ H
‘3 01 - /J L
Eosl /| A\
< 0.05 </\//. \ //// .
0 oSl =
005 : . : :
300 400 500 600 700

Wavelength (nm)

Fig. 1. Spectroelectrochemical analysis. (a) Spectroelectrochemistry allows the simultaneous measurement of electrical and optical signals associated with the redox-
state switching of paraquat (note: the oxidized PQ?** is colorless while the reduced PQ* radial is blue-colored). (b) Three-dimensional plot shows the optical
absorbance as a function of wavelength and time while a cyclically oscillating input potential was imposed to the underlying electrode: the differential spectra
show peaks at 395 nm and 600 nm due primarily to the PQ* radical. (c¢) Two-dimensional, cross-sectional plots of optical absorption spectra at two potential

slices.

In addition to representing data as input-output time series curves,
Fig. 2b shows the results can be represented as phase-plane plots that
show the output responses as a function of the input potential. The
upper plot in Fig. 2b is the standard cyclic voltammogram (CV) that
shows current vs potential. In the region where the imposed potential
is most reducing (—0.45 to —0.70 V), the current responses observed
for the PQ2* solution and PQ2*-Asc mixture are similar, while the cur-
rent response in this region for the Asc solution is considerably less.
In the region where the imposed potential is most oxidizing (—0.35
to —0.15 V), the observed currents are small and similar for all three
solutions. The two optical phase-plane plots (absorbance 395 nm and
its time-derivative) show similar responses for the PQ2* solution and
PQ2*-Asc mixture, while no optical response is observed for the Asc
solution.

As noted, previous studies have shown that when an optical measure-
ment can detect redox-state switching, then the output current respon-
sible for this redox-state switching is correlated to the time derivative

of the optical absorbance [34]. This correlation is illustrated by the
bottom phase-plane plots in Fig. 2c. Specifically, in the potential region
near PQ?*’s redox potential (E° —0.64 V) where PQ%*/ PQ* redox-state
switching is expected, this phase-plane plot shows the current and
first-derivative of absorbance at 395 nm are nearly superimposable for
the PQ?* solution and PQ?**-Asc mixture (Fig. S1 of the Supporting
Information shows the analogous absorbance response at 600 nm).

In summary, the similarity in the output responses between the PQ*+
solution and PQ2*-Asc mixture do not support the hypothesis that ascor-
bate can quench the PQ* radical.

Testing the hypothesis that dehydroascorbate can quench the paraquat free
radical

Ascorbate is a common physiological antioxidant and radical scav-
enger that can be oxidized by various reactive oxidants (e.g., reactive
oxygen species). A single electron oxidation leads to the ascorbate free
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Fig. 2. Interaction between paraquat and reduced ascorbate. (a) Interaction graph suggests no interaction between paraquat and the reduced ascorbate (Asc) because
either both the PQ* radical and Asc are reduced, or it is thermodynamically unfavorable for the reduced Asc to transfer an electron to the oxidized PQ?**. Time-series
electrical and optical output reponses to a narrow range of cyclically-imposed input potentials (—0.15 V ~ —0.7 V vs Ag/AgCl; solutions contained 0.2 mM paraquat
and/or 0.5 mM Asc). (b) Phase-plane plots showing the output responses as a function of the input potential. (c) Phase-plane plot showing that the electrical and
optical responses for the redox switching of paraquat are not affected by ascorbate.

radical while the loss of a second electron yields the non-radical dehy- Importantly, various physiological mechanisms are used to re-reduce
droascorbate (DHAsc): dummy the ascorbate radical and dehydroascorbate (DHAsc) back to its reduced
state [35-38].
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Fig. 3. Interaction between paraquat and oxidized dehydroascorbate. (a) Interaction graph suggests the reduced PQ* radical can be quenched by transferring an electron
to the oxidized dehydroascorbate (DHAsc). Time-series electrical and optical output reponses to a narrow range of cyclically-imposed input potentials (=0.15 V ~
—0.7 V vs Ag/AgCl; solutions contained 0.2 mM paraquat and/or 0.5 mM DHAsc). (b) Phase-plane plots showing the output responses as a function of the input
potential. (c) Phase-plane plot summarizing the amplified electrical response and attenuated optical response when paraquat was electrochemically reduced and

oxidized in the presence of DHAsc.

We next tested the hypothesis that the oxidized DHAsc could quench
the PQ* radical. Specifically, we used the same spectroelectrochemical
approach as described in Fig. 2 except we prepared a DHAsc solution
(0.5 mM) and an PQ?*-DHAsc mixture (0.2 mM PQ, 0.5 mM DHAsc).
The time series input-output curves in Fig. 3a illustrate that the re-
sponses of the PQ2*-DHAsc mixture (compared to the PQ2+ solution)
are markedly different from the responses observed for the PQ?*-Asc
mixture. Specifically, the responses for the PQ?+-DHAsc mixture show:
amplifications in reductive currents; and attenuations in both optical
absorbance at 395 nm and its time derivative. These responses are con-
sistent with the hypothesis that the PQ* radical is quenched by DHAsc.
[Note: despite the thermodynamic driving force, DHAsc does not appear
to undergo significant reduction at the electrode.]

The phase-plane plots in Fig. 3b further illustrate these changes.
These changes are summarized in the Fig. 3c which shows that in the

potential region near PQ2+’s E° value that the addition of DHAsc leads
to: an amplification in the reducing current associated with the genera-
tion of the PQ™’; but an attenuation in the first-derivative of absorbance
associated with PQ* radical.

In summary, the responses observed in Fig. 3 are consistent with the
hypothesis that the oxidized DHAsc can accept an electron to quench
the PQ* radical.

Modeling support for the hypothesis that dehydroascorbate can quench the
paraquat free radical

The above evidence that DHAsc (but not Asc) can quench the PQ*
radical is based on the experimental observations that DHAsc could
amplify the PQ*-generating reduction currents but attenuate the op-
tical signals associated with the accumulation of this radical [33]. To
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Fig. 4. Comparison of the simulated and experimental results. (a) Interaction graph for the potential-dependent exchange of electrons between the electrode and paraquat,
and comparison of simulated and experimental phase-plane plots for the electrical and optical output responses. (b) Interaction graph that includes electron transfer
from the reduced PQ*" to oxidized DHAsc, and comparison of simulated and experimental results for the electrical and optical responses. The agreement between
simulations and experiment supports the hypothesis that the oxidized dehydroascorbate can quench the PQ* radical.

provide a more detailed evaluation, we compared the response char-
acteristics with those predicted from simulations using a physically-
realistic quantitative framework based on a standard electrochemical
modeling package (electroanalysis interface of COMSOL; see Support-
ing Information for details) [20,34]. It is important to emphasize that
the purpose of this simulation is to reveal the intrinsic structure of
the data and not to create a digital replica. Specifically, this model-
ing approach accounts for three phenomena: the electrochemical ox-
idation/reduction of PQ2*; the diffusion of the oxidized PQ%*, the re-
duced PQ™ radical, and DHAsc; and the electron transfer chemical reac-
tion between PQ* and DHAsc. Although we performed some initial pa-
rameter optimizations (e.g., for diffusion coefficients and reaction rate
constants), this model is a minimal model that it neglects aspects that

are expected to be of secondary importance (e.g., the electrode shape
and size). Further, this model assumes a proportionality between the
simulated moles of the PQ* radical (nPQ*) and the observed opti-
cal absorbance, but we did not attempt to discern the proportionality
constant.

Fig. 4a shows the interaction graph and compares the simulated and
experimental results for a solution containing only PQ2+. The electrical
response-characteristics are shown in the upper phase-plane plot and
the shape of the i-E curves are similar between simulations and experi-
ment. The optical (or molecular) response-characteristics are shown in
the lower two phase-plane plots and the shapes of both the optical (or
nPQ*) and time-derivative curves are in good agreement between sim-
ulation and experiment.
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Fig. 5. Interaction between paraquat radical and electrochemically oxidized ascorbate. (a) Interaction graph suggests the reduced PQ* radical can be quenched by
transferring an electron to ascorbate if the ascorbate is electrochemically-oxidized. Time-series electrical and optical output responses to a broad range of cyclically-
imposed input potentials (+0.4 V ~ —0.7 V vs Ag/AgCl; solutions contained 0.2 mM paraquat and/or 0.5 mM Asc). (b) Phase-plane plots showing the output responses
as a function of the input potential. (c) Phase-plane plot summarizing the amplified electrical response and attenuated optical response of paraquat when it was

tested in the presence of Asc and with potential inputs sufficient to oxidize Asc.

Fig. 4b shows the interaction graph and compares the simulated and
experimental results for a PQ2+-DHAsc mixture. Again, the shapes for
the electrical and optical phase-plane plots are similar between the sim-
ulations and the experimental observations. This agreement indicates
that the simulations provide a theoretically-based framework that re-
veals the intrinsic structure of the response-characteristics as evaluated
from the phase-plane plots.

Importantly, the comparison of Fig. 4a and 4b illustrates that the
simulations predict several important features that were observed in
the experimental phase-plane plots. Most obvious is that the simulations
predict that DHAsc should amplify the electrical features associated with
PQ2*-reduction but attenuate the optical features associated with PQ™* -
accumulation (e.g., the absorbance and its time derivative). Less obvi-
ous is that simulations predict the DHAsc-induced perturbations to the
shapes of the phase-plane curves. For instance, comparison of the i-E
curves illustrates that while DHAsc amplifies the PQ2*-reduction cur-

rent, it attenuates the PQ*-oxidation current (i.e., DHAsc leads to a rec-
tification of the electrochemical currents). This rectification results in a
significant change in the shapes of the i-E curves between Fig. 4a and
4b. In contrast, DHAsc leads to an attenuation in the optical outputs but
less dramatic changes in the shapes of these optical phase-plane plots.

The agreement between simulations and experiment provides further
confidence in the conclusion that the oxidized dehydroascorbate (but
not the reduced ascorbate) can quench the PQ* radical.

Oxidation of ascorbate allows for quenching of the paraquat free radical

In a final experiment, we tested whether oxidation of ascorbate
would allow for quenching of the PQ* radical. In this experiment, we
used the same set of solutions as in Fig. 2 but performed CV mea-
surements over a broader potential range (+0.4 to —0.7 V vs Ag/AgCl;
10 mV/s) to include values that are more oxidative than the redox po-
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tential for ascorbate (E° —0.12 V vs Ag/AgCl). The network interac-
tion graph in Fig. 5a proposes that PQ?*/PQ* can be reversibly oxi-
dized/reduced at the electrode; electron transfer between paraquat and
ascorbate is unidirectional (the PQ*" radical can donate an electron to
the oxidized form of Asc); and ascorbate can be oxidized at the electrode
(but the oxidized ascorbate cannot be reduced at the electrode). [Note:
(i) the molecular structure of the electrochemically-generated oxidized
ascorbate species is unknown; and (ii) the proposed interaction graph is
based on experimental observations discussed below.]

The upper time series input-output curves in Fig. 5a show: significant
oxidation currents associated with Asc-oxidation; significant reduction
currents associated with PQ2+-reduction; and both the oxidation and re-
duction currents are amplified for the PQ2+-Asc mixture. The molecular-
level interpretation of this response is that when the potential is cycled
into the oxidative region Asc is oxidized at the electrode and this oxi-
dized Asc remains in the electrode vicinity as the potential is cycled into
the reducing region (the oxidized ascorbate cannot be re-reduced elec-
trochemically). When the potential is cycled to allow PQ%**-reduction,
the PQ* radical that is formed can be quenched by the oxidized Asc and
this leads to a redox-cycling of paraquat that results in an amplified re-
duction current. Interestingly, the amplified oxidation current suggests
that the PQ*"-Asc interaction re-reduces the oxidized Asc allowing it to
be re-oxidized at the electrode in the subsequent oxidation cycle. (Note:
Fig. S2 shows control CV results with paraquat and DHAsc using the
same broad input potential range).

The lower two time series input-out plots in Fig. 5a show attenu-
ation of the optical signals associated with the PQ* radical (both the
absorbance at 395 nm and its time-derivative). This optical attenuation
is consistent with a quenching of the PQ* radical by the oxidized Asc.

The upper phase-plane plot in Fig. 5b further shows: peak cur-
rents for Asc’s electrochemical oxidation (but no corresponding peak
for the electrochemical re-reduction of the oxidized Asc); peak cur-
rents for PQ%*-reduction; and amplified currents for the PQ2*-Asc mix-
ture. The bottom two phase-plane plots show that in the presence of
electrochemically-oxidized Asc, the optical signals associated with the
PQ* radical are attenuated. These summarized changes are shown in
Fig. 5¢, which indicate that electrochemically oxidized Asc can quench

PQ*.
Conclusions

Here, we used an electrochemical approach to test a specific redox-
based hypothesis suggested for the treatment of severe paraquat poi-
soning. Specifically, we examined whether the PQ* radical could be
quenched by the reduced and/or oxidized ascorbate. One function of
the electrode is to serve as the source of electrons for the formation of
the PQ* radical and a sink of electrons for its subsequent oxidation. By
comparing Scheme la and Scheme 1b, the electrode simplifies the ex-
perimental system by abstracting-away: the “upstream” PQ*'-generating
reactions (e.g., NADPH-mediated reduction reactions); and eliminates
the downstream generation of reactive species (Note: O, was excluded
from our experimental system). The second function of the electrode
is to quantitatively count the “flow” of electrons into/from the exper-
iment. We complemented these electrical measurements of redox ac-
tivities with optical measurements of the redox-state switching of the
PQ2*/PQ™* redox couple. The consistent conclusion from a series of ex-
periments, is that the PQ* radical can be quenched by the oxidized (but
not the reduced) ascorbate. If, as suggested from retrospective studies
[25,29-32], ascorbate does confer benefit, then this could occur either
if some of the administered ascorbate is oxidized or if the reduced ascor-
bate quenches downstream reactive species.

While this work tests a specific hypothesis, we believe it illustrates
the broader concept that electrochemistry offers several benefits for
studies in redox biology. Compared to adding chemical reagents to in-
duce oxidation and reduction reactions, the electrical inputs can be im-
posed precisely, repeatedly and in different sequences to enable rigor-
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ous hypothesis-testing. Further, compared to many alternative molec-
ular measurement methods, electrode-based activity measurements are
simple, rapid and sensitive, and they can be coupled to simultaneous
optical measurements to provide complementary molecular-level infor-
mation (i.e., of the redox-state switching of paraquat). Finally, electro-
chemical systems are inexpensive, miniaturizable and provide data in
an electronic format convenient for real time automated analysis. Thus,
we envision that electrochemistry could provide a valuable complement
to existing methods in redox biology.
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