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Abstract

Previously, our group reported on the promising efficacy of poly(ethylene glycol)-hydrophilic
carbon clusters (PEG-HCCs) to work as broadly active and high capacity antioxidants in brain
ischemia and injury models including stroke and traumatic brain injury coupled with hemorrhagic
shock. PEG-HCCs are a carbon nanomaterial derived from harsh oxidation of single wall carbon
nanotubes and covalently modified with poly(ethylene glycol). They retain no tubular remnants
and are composed of a highly oxidized carbon core functionalized with peroxyl, quinone, ketone,
carboxylate, and hydroxyl groups. HCCs are the redox active carbon core of PEG-HCCs, which
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have a broad reduction potential range starting at +200 mV and extending to -2 V. Here we
describe a new property of these materials: the ability to catalytically transfer electrons between
key surrogates and proteins of the mitochondrial electron transport complex in a catalytic fashion
consistent with the concept of a nanozyme. The estimated reduction potential of PEG-HCCs

is similar to that of ubiquinone and they enabled the catalytic transfer of electrons from low
reduction potential species to higher reduction electron transport complex constituents. PEG-
HCCs accelerated the reduction of resazurin (a test indicator of mitochondrial viability) and
cytochrome ¢ by NADH and ascorbic acid in solution. Kinetic experiments suggested a transient
tertiary complex. Electron paramagnetic resonance demonstrated NADH increased the magnitude
of PEG-HCCs’ intrinsic radical, which then reduced upon subsequent addition of cytochrome ¢

or resazurin. Deconvolution microscopy identified PEG-HCCs in close proximity to mitochondria
after brief incubation with cultured SHSY-5Y human neuroblastoma cells. Compared to methylene
blue (MB), considered a prototypical small molecule electron transport shuttle, PEG-HCCs were
more protective against toxic effects of hydrogen peroxide /n vitro and did not demonstrate
impaired cell viability as did MB. PEG-HCCs were protective /n vitro when cells were exposed

to sodium cyanide, a mitochondrial Complex 1V poison. Because mitochondria are a major source
of free radicals in pathology, we suggest that this newly described nanozyme action helps explain
their /n vivo efficacy in a range of injury models. These findings may also extend their use to
mitochondrial disorders.
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Carbon nanomaterials; mitochondria; electron transport complex; redox chemistry; cyanide

Introduction

While some reactive oxygen species (ROS) serve as vital signaling molecules in cellular
homeostasis,! ROS dysregulation is pervasive in the pathologies such as stroke, sepsis and
traumatic brain injury (TBI).2 Electron leakage, a process whereby reduced mitochondrial
constituents are intercepted by unwanted oxidants not only reduces the efficiency of
mitochondria, but also generates free radicals that can cause further damage. Electron
leakage is a notable result of aging and pathologies such as TBI and focal ischemia
reperfusion injury, 4 which are caused by the return of dioxygen to electrochemically
reduced tissue.? The reduced electron transport complex constituents, flavin mononucleotide
(FMNHo>), nicotinamide adenine dinucleotide (phosphate) (NAD(P)H), ubiquinone (QH>)
and their enzymatic hosts, Complexes I, 11,6 and 111, are principally associated with
generating superoxide in mitochondria because they are chokepoints in the electron transport
complex that can non-specifically donate electrons to dioxygen, reducing electron transport
complex efficiency. Ideally, a drug that could bypass an inhibited mitochondrial Complex,
or transport electrons to higher reduction potential mitochondrial constituents could help to
alleviate electron leakage and the damaging ROS that result.

Previously, our group reported on the promising efficacy of poly(ethylene glycol)-
hydrophilic carbon clusters (PEG-HCCs) in both oxidative injury and delayed-treatment
reperfusion models, without any evidence of acute toxicity, or injury after 6 weeks, in
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normal mice.* 7-10 PEG-HCCs are a type of oxidized graphene nanoribbon composed of

a highly oxidized carbon core with peroxyl, quinone, ketone, carboxylate, and hydroxyl
functional groups.® 11 12 The redox chemistry of PEG-HCCs has been explored and it
showed that they catalytically dismutate superoxide (O5™) into hydrogen peroxide (H,0,)
and dioxygen (O,), and PEG-HCCs effectively quench hydroxyl radical (¢<OH).11 12 /n vivo
effects showed a restoration of oxidative balance between superoxide and nitric oxide, a
dramatic reduction in tissue death and maintenance of blood flow following ischemia by
cerebral impact complicated by hemorrhagic shock in rats.# 10

The versatility, functionality and lack of toxicity thus far of PEG-HCCs make them attractive
candidates for clinical translation. Their broad effectiveness suggests that their mechanism
of action may not solely be limited to superoxide and hydroxyl radical quenching, especially
given the disappointing results of other antioxidants.2! This hypothesis is supported by

our previous work demonstrating that PEG-HCCs protected bEnd.3 cells from toxicity
associated with antimycin A (AntA); while AntA instigates the generation of superoxide

in mitochondria, it is primarily an electron transport complex inhibitor.# Later, we
demonstrated that PEG-HCCs were capable of oxidizing ascorbic acid.” Consistent with
these prior findings, we sought to determine if PEG-HCCs could participate in other
biochemically relevant pathways specifically as catalytic electron transfer in conditions
relevant to disruption of mitochondrial oxidative phosphorylation. Our findings suggest

that indeed these materials are able to catalyze several reactions relevant to mitochondria
function, features consistent with the concept of a nanomaterial with enzymatic properties,
or nanozyme.13

Electron shuttles are crucial in cellular respiration (Fig. 1). Since components of the electron
transport complex are spatially separated in the inner membrane of mitochondria, small
carrier molecules are needed to facilitate the transfer of electrons. For instance, ubiquinone
has a standard reduction potential near 40-50 mV and transports electrons from Complex |
to Complex I1l. Ferricytochrome ¢ (CytCyy) has a standard reduction potential of +250 mV,
a value between the reduction potentials of cytochrome ¢ (+220 mV, Complex Il reductase
subunit) and cytochrome a (+290 mV, Complex IV oxidase subunit) (Fig. 1).

Analogously, there is a body of work regarding methylene blue (MB)) as a potential
electron transport shuttle (ETS). Atamna et a/. and Lee et al. showed that MB was

capable of functioning as an electron transport shuttle (ETS) by oxidizing low reduction
potential species and reducing high reduction potential species in the electron transport
complex.14 15 MB has shown other effects such as inhibition of xanthine oxidase which
secondarily reduces intracellular superoxide production.1® In this report, we describe our
work on characterizing the catalytic activity of PEG-HCCs with respect to NADH and
ascorbic acid as electron donors and resazurin and CytC as electron recipients using UV-vis
spectrophotometry.

We also wanted to determine if SOD mimicry by a graphene-like small molecule was
related to catalytic electron transfer so we compared the cell free system activity of the
aromatic small molecule, poly(ethylene glycol)-functionalized perylene diimide, which
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possess comparable superoxide dismutase mimetic activity,}” to PEG-HCCs in order to
assess whether SOD mimetic activity is separable from the shuttling effect we report herein.

Deconvolution microscopy was performed of cells cultured with PEG-HCCs to detect co-
localization between PEG-HCCs and mitochondria. Comparison of PEG-HCCs to MB both
as a function of their reaction kinetics and in a H,O, protection assay was performed. Lastly,
we tested /n vitro their potential therapeutic application as an antidote for the mitochondrial
poison cyanide.

Cyclic Voltammetry of PEG-HCCs

Cyclic voltammograms of PEG-HCCs adsorbed to glassy carbon electrodes in phosphate
buffered saline (PBS) demonstrated that PEG-HCCs have a broad pattern with reduction
maxima at 2 negative potentials (Fig. 2). The cyclic voltammogram of the glassy carbon
electrodes is shown in Supplemental Fig. 1 and shows no response up to —1800 mV.

The first reduction occurs at approximately =750 mV and the second reduction occurs at
approximately —1750 mV. The first reduction extends from +200 mV to —1250 mV and
suggests that PEG-HCCs could be reduced by species with reduction potentials less than 0
V. Due to the solubility of PEG-HCCs in PBS, and the small amount of adsorbed material
it was not possible to reliably obtain multiple scans in the sample to find electrochemical
reversibility. At voltages above +200 mV the particles appear to begin to oxidize, however at
voltages greater than +500 mV we are unable to distinguish sample oxidation current from
background capacitive current from buffer oxidation.

Catalytic Reduction of Resazurin and CytC by PEG-HCCs

Using resazurin as an electron acceptor and indicator of reaction progression, reaction rates
were collected for the reduction of resazurin by NADH in the presence of PEG-HCCs using
a spectrophotometric plate reader with samples prepared in triplicate (Fig. 3). By increasing
the concentration of PEG-HCCs, the reaction rate increased linearly as the concentration
was varied from 0 mg/L to 32 mg/L. Solutions containing PEG-HCCs formed resorufin
faster than without (1.8x10710 M/s), consistent with PEG-HCCs acting as a catalyst towards
the reduction of resazurin by NADH (Fig. 3A). Varying the concentration of NADH while
fixing the concentration of PEG-HCCs (4 mg/L) and resazurin (40 uM) resulted in the
reaction rate increasing linearly within a range of NADH from 0 mM to 0.5 mM. Because
the reaction rate was 1.8x10710 M/s when NADH was not present in the solution and was
linearly dependent upon the concentration of NADH, we conclude that NADH was the
source of the electrons and not the result of resazurin-induced oxidation of the PEG-HCCs.

The concentration of resazurin was varied from 3.75 uM to 125 pM at three different
concentrations of NADH, 2 mM, 1 mM and 0.5 mM. The resulting curves (Fig. 3C)
resembled saturation curves like those found in enzymes and suggested that PEG-HCCs
were saturable catalysts with respect to the reduction of resazurin, making the use of
Michaelis-Menten reaction kinetics a reasonable choice to characterize the particles. The
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kinetic parameters Vimax, Knm and Kegt Were calculated for the reaction between NADH,
PEG-HCCs and resazurin as shown in Table 1.

Next, the reaction kinetics curves were transformed using a Lineweaver-Burk double
reciprocal (Fig. 3D) and generated three intersecting lines where the slope of the lines
decreased as the concentration of NADH increased, consistent with a ternary complex (a
transient state consisting of both substrates adsorbed to the catalyst'8) during the reaction
between NADH, PEG-HCCs and resazurin.

The reaction kinetics between NADH, PEG-HCCs and CytC,yx were studied due to the
important role that CytCgy plays in the electron transport complex and to determine if it
were chemically feasible for PEG-HCCs to serve as an electron shuttle in the mitochondrial
electron transport complex between NADH and CytC,y. Using the same methodology as
was done with resazurin, the concentration of NADH was varied between 0.5 and 2 mM
and the concentration of CytC,, was varied from 3.75 pM to 125 pM. The resulting curves
were sigmoidal which suggested a cooperative effect in the interaction of CytCgyy with
PEG-HCCs in this reaction (Fig. 3E).19 The rate of reduction without PEG-HCCs is shown
in Supplemental Fig. 2 indicating that without PEG-HCCs, the reaction between NADH and
CytCoyx is much slower. Because the curves were not hyperbolic but were sigmoidal, we
chose to use the Allosteric Sigmoidal curve fitting model in Prism Graphpad 8 to obtain the
kinetic parameters, Vmax, h, and Kps.2% 2! The kinetics parameters for the reaction between
NADH, PEG-HCCs, and CytC are shown in Table 2. The results show that the reduction

of CytCox by NADH is catalyzed by PEG-HCCs and that the Hill coefficient, a measure of
cooperativity (h),19 is greater than 2, indicating a positively cooperative effect with respect
to CytCoy concentration.20

Additionally, the reaction may be saturable above a certain concentration of NADH as the
Vmax for the highest concentration of NADH tested, 2 mM, is not double the Vy,qx for 1
mM, or four times the rate for 0.5 mM NADH.

The reactivity of PEG-HCCs with resazurin and ascorbic acid (Asc) was investigated. Asc
is a vital antioxidant and is used by mitochondria to protect against oxidative stress caused
by aerobic respiration.22 We have previously shown that ascorbic acid can be oxidized

by 20 mg/L PEG-HCCs.” Because PEG-HCCs can oxidize Asc, we hypothesized that

Asc could be an electron source for the electron transport capabilities of PEG-HCCs. To
test the potential role of ascorbate as an electron source for PEG-HCCs, the reduction
kinetics experiments were repeated with Asc as the reductant instead of NADH (Fig. 4A). A
concentration range from 250 pM to 62.5 pM Asc was used instead of the 2 mM — 0.5 mM
range with NADH because the reaction with Asc was too fast to accurately measure without
increasing the sampling rate and thus the amount of light the sample was exposed to.

The reaction rates were fit to hyperbolic Michaelis-Menten saturation curves the Viax, Km
and k¢,t parameters were obtained for the three different concentrations of Asc (Table 3).
The Vmax for the highest concentration of Asc tested, 250 uM, was nearly 3-fold higher than
the Vnax for the highest concentration of NADH, 2 mM, 5.8x10~9 M/s vs 1.9x1078 M/s for
NADH and Asc respectively. The Ky, for both NADH and Asc were within the same order
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of magnitude, however the k¢,; parameters were one order of magnitude apart. PEG-HCCs
have a higher kg in the presence of Asc than they do NADH, 0.75 vs 0.06 s~1, respectively.

Transforming the Michaelis-Menten plots of Asc with PEG-HCCs and resazurin showed that
the resulting lines intersected suggesting again that a ternary complex formed in this reaction
(Fig. 4B).18

Electron Paramagnetic Resonance of PEG-HCCs with NADH and Resazurin and CytC

To help understand the reaction mechanism between PEG-HCCs, NADH, resazurin, and,
ferricytochrome ¢ (CytCyy), the effects of NADH, resazurin, and cytochrome CytCg,y on
PEG-HCCs were studied using electron paramagnetic resonance (EPR). PEG-HCCs have an
intrinsic radical, as we reported in Samuel er a/,,23 that is sensitive to changes in electron
density and radical state.2* To understand the role of PEG-HCCs in this reaction, EPR
studies were performed with NADH, and the oxidizer (CytCqy or resazurin), and with

only the oxidizer. In the first experiment, a solution of PEG-HCCs (400 mg/L, 2.5 uM)

and NADH (300 puM) was prepared and the intrinsic radical measured. It was found that
the intensity of the PEG-HCCs’ intrinsic radical increased in the presence of NADH by
30-40% after 10 min (Fig. 5A). The addition of CytC,y (150 uM) or resazurin (150 uM)

to the solution of PEG-HCCs and NADH resulted in a reduction in the intrinsic radical
signal intensity to slightly below the baseline intensity (Fig. 5B) within 10 s. The increase
in the intrinsic radical intensity of PEG-HCCs by NADH is time-dependent and gives

an approximately 30-40% increase in signal intensity after 5 min (Fig. 5C, 5D). When
PEG-HCCs were treated with resazurin, no effect on the intrinsic radical was observed.
However, a slight increase was observed after the addition of CytC,y (Supplemental Figure
3).

Stoichiometry of PEG-HCC catalyzed reduction of CytCqy by NADH

UV-vis spectroscopy of solutions containing PEG-HCCs, CytCyy and NADH were
performed to determine the molar ratio of NADH to CytC,, consumed in this catalyzed
reaction. This was performed by measuring the absorbance of the 340 nm peak (associated
with NADH) and the absorbance of the 550 nm peak (associated with CytC,eq) at 0

and 30 min, finding the difference and dividing the difference in absorbance by the
respective extinction coefficients (6.22 mM~1 cm~1 for NADH, and 21.84 mM~1 cm~1 for
CytCreq).2> 26 After adjusting for molar extinction coefficients, it was found that CytCyeq
was formed at a rate nearly two-fold faster than NADH was oxidized.

Effect of Ethylenediamine-functionalization on PEG-HCCs

Ethylenediamine-functionalized PEG-HCCs (EN-PEG-HCCs) were synthesized by reacting
PEG-HCCs with ethylenediamine at room temperature in order to convert quinone residues
to imines so as to functionally eliminate their contribution.2” Cyclic voltammetry showed
that the reduction maxima at =750 mV had disappeared in the EN-PEG-HCCs (Fig. 6A). A
weak shoulder appeared at approximately —1500 mV in the EN-PEG-HCCs. The reaction
rates of 4 mg/L PEG-HCCs were compared to 4 mg/L EN-PEG-HCCs and it was found that
within the resazurin concentration range tested the EN-PEG-HCCs did not exhibit saturation
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kinetics and that the reaction rates were approximately 50% of the PEG-HCCs at the highest
concentration of resazurin tested (64 uM). (Fig. 6B).

In a single experiment, to determine if quinones contributed to the protective effects of
PEG-HCCs, we performed a hydrogen peroxide treatment assay in which PEG-HCCs are
protective (see Figure 9 and Fabian et a/10). bEnd.3 cells were treated with 100 pM H,0,
followed immediately by EN-PEG-HCCs and incubated overnight. The following morning,
the remaining live cells were counted. It was observed that 100 uM H,0O5 reduced the
number of live cells to 57% of the untreated control and no protection was afforded by
addition of EN-PEG-HCCs (57% of control), while the EN-PEG-HCCs did not reduce
viability (109% of control).

Comparison of Resazurin Reduction by PEG-HCCs and PEG-PDIs

PEG-PDIs are poly(ethylene glycol)-functionalized perylene diimides consisting of a highly
conjugated perylene core with two PEG chains bound to the N-terminals of the perylene
diimide group.1” While they show excellent SOD-mimetic activity,1 their CV reduction
potential differs from the PEG-HCCs in that the reduction peak is narrow and centered at
-460 mV vs. SCE (216 mV vs. SHE).28 The reaction rates of PEG-HCCs and PEG-PDIs
within a concentration range of 4-32 mg/L in 0.5 mM NADH and 1.1 uM resazurin were
compared and it was found that PEG-PDIs did not catalyze the reaction with resazurin and
the reaction rate for all concentrations was essentially zero (Fig. 7).

Colocalization of PEG-HCCs with Mitochondria in Cultured Cells

We previously showed by transmission electron microscopy that PEG-HCCs were

detected in the mitochondria after incubation with T-lymphocytes.2® Here we employed
deconvolution microscopy to better visualize the distribution within the cell. Deconvolution
microscopy images of SHSY-5Y cells expressing green fluorescent protein (GFP, green)
with a CytC oxidase subunit IV targeting sequence.30 In the Z-projection shown in Fig.

8A, AlexaFluor-647 signal is localized inside and around the cell indicating the presence of
PEG-HCCs. The upper and lower frames of the Z-stack were excluded because of optical
defocusing. To determine if the PEG-HCCs were colocalized with the GFP signal, the GFP
and AlexaFluor 647 signals on each layer within the Z-stack were binarized using ImageJ
and a binary AND operation of the GFP and AlexaFluor 647 channels was performed (Fig.
8B) at each layer. Overlap of the GFP and AlexaFluor 647 signals was observed within each
layer (yellow). The Z-projection of the binary AND of those overlapping areas shown in Fig.
8B shows a considerable number of overlapping signals. The location of those overlaps with
respect to the labeled mitochondria are shown in Fig. 8C (Yellow on green).

The PEG-HCCs appeared to be closely associated with the membrane envelope of the cells
(Fig. 8A), a behavior consistent with the amphiphilic characteristics of PEG-HCCs.3! The
PEG chains provide excellent water solubility, but the oxidized aromatic carbon core may
be lipophilic and interact with the lipid rafts of the plasma membrane and mitochondrial
outer membranes.32 This localization in the membrane could also potentially contribute to
cell protection against membrane lipid peroxidation, an important consequence of oxidative
injury.33. 34
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Comparison of PEG-HCC Reaction Kinetics with MB

MB is a prototypical electron shuttle with demonstrated clinical efficacy in treating
methemoglobinemia by oxidizing NAD(P)H in erythrocytes to reduce methemoglobin

to hemoglobin.3® PEG-HCCs and MB are electrochemically similar with respect to
midpoint potentials, or the E;/» of the oxidation-reduction cycle, of +11 mV and ~0 mV
respectively, although PEG-HCCs have a much broader range.12 14 Based on the findings
in this report, PEG-HCCs may have similar effects on the electron transport complex

as described for MB.36: 37 To make a more direct comparison of MB to PEG-HCCs,
Michaelis-Menten parameters for MB were collected with respect to NADH and CytCy
using a fixed concentration of MB (4 mg/L, 12.5 uM) and NADH (500 pM). Because the
size distribution of PEG-HCCs is not well-defined, we chose to directly compare identical
mass concentrations of PEG-HCCs to MB.8 Kinetics parameters Vay, h, and Ky were
calculated for the reaction between NADH, MB and CytC (Table 4).

Compared to the previously collected data (Fig. 3E) with 500 uM NADH, the reaction

with 4 mg/L MB had a V5% 7.7-fold higher than the reaction with 4 mg/L PEG-HCCs
(20.22x1079 M/s vs. 2.4x1079 M/s, Fig. 9A). The hill coefficient (h) is greater than

2 for both MB (2.39) and PEG-HCCs (2.02) indicating a cooperative effect as CytC
concentration is increased.29 The K4, or concentration of half-maximum velocity for MB
is comparable to PEG-HCCs (5.21x1076 M vs 4.8x1076 M). Finally, the k¢, for PEG-HCCs
was calculated to be 9.3x1072, roughly one order of magnitude higher than the kg, for
methylene blue (1.62x1073)

To examine differential protective effects of these two agents, MB and PEG-HCCs

were tested in a H,O, challenge assay in cultured cells. H,O, exerts toxic effects on
endothelial cells through at least four routes: hydroxyl and superoxide radical formation by
reacting with reduced species,38 nitric oxide synthase (NOS) and NADPH oxidase (NOX)
stimulation and uncoupling,3® modulation of mitochondrial permeability,? and the Fenton
reaction.*! Our model employs administering the test agent after the H,0, since efficacy
under post-injury conditions would be critical for clinical translation for treatment following
an injury, as we have discussed previously.23

PEG-HCCs and MB were compared in two standard H,O, challenge assays (Fig. 9B-D).
bENnd.3 murine cerebrovascular endothelial cells were treated with PEG-HCCs, and 100 pM
H»0, both with and without 8 mg/L PEG-HCCs. The PEG-HCC concentration was derived
from prior experiments that also approximate the blood levels we estimate in our rodent
models.* 7+ 10 Cells treated with PEG-HCCs alone resulted in 95% survival (p = 0.511), with
100 pM H»0,, 62% of the cells survived (p < 0.0001), cotreatment with 8 mg/L PEG-HCCs
resulted in 94% survival (p = 0.105) (Fig. 9B).

To study the toxicity of MB in bEnd.3 cells, cultured cells were treated with 0, 5, 10, and 20
UM MB in PBS cultured overnight, the live cell count indicated a dose-dependent reduction
in viability with all concentrations of MB tested having cytotoxic effects on the bEnd.3 cells
(Fig. 9C). The concentration of MB was selected based on previous work by May et al. on
MB reduction in erythrocytes where the authors used a concentration range up to 20 pM
MB in packed erythrocytes.*2 These concentrations are also within the mass concentration
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(mg/L) range, 4-8 mg/L of PEG-HCCs used in these experiments. A similar assay was
performed with MB at 0, 5, 10 and 20 uM given alone or 15 min after initial exposure to 100
UM H,0, (Fig. 9D). In this second challenge assay there was a dose-dependent reduction in
cell survival with respect to MB concentration (0-20 pM).

Protection of bEnd.3 Cells from Cyanide Poisoning by PEG-HCCs

If indeed PEG-HCCs are able to influence mitochondria electron transfer, we would predict
they would have protective properties against mitochondrial complex poisons, as previously
demonstrated with AntA.* The effect of PEG-HCCs was tested following acute cyanide
poisoning in cultured cells. bEnd.3 cells were treated with 5 mM sodium cyanide (NaCN),
a concentration higher than the human LDs reported by Hebert as 2.9 mg/kg (0.874
mM).*3 After treating the cells with NaCN, the cells were then treated with PEG-HCCs

at 0, 15, and 30-min after initial poisoning. PEG-HCCs protected the bEnd.3 cells when
given immediately following exposure to 5 mM NaCN (83% of PBS-treated bEnd.3 cells
vs. 56% in 5 mM NaCN-treated cells, p = 0.0031; Fig. 10A). A second experiment was
performed to survey the protective effects of PEG-HCCs at 1 mM and 10 mM NaCN.
Because of off-gassing, it is likely that the final cyanide concentration is less than the
starting concentration.** Likewise, the apparent higher cell viability in the 10 mM NaCN
T=0 time point also likely due to off-gassing which contributes to experimental variation.
Note that increasing concentrations of sodium cyanide reduced cell viability when PEG-
HCCs were not added. No reduction in viability occurred when the cells were treated with 1
mM NaCN-treated cells. A time-dependent reduction of protection by PEG-HCCs was noted
when cells were treated at 15 and 30 min following initial NaCN exposure for 5 and 10 mM
NaCN-treated cells (Fig. 10B). Simultaneous treatment after 10 mM sodium cyanide was
protective, but without any further rescue at 15 min (Fig. 10B).

Discussion

In this study we demonstrate that PEG-HCCs catalytically oxidize NADH and ascorbic

acid to reduce resazurin and CytC. Our prior work characterizing SOD-mimetic-like
activity,23 and the present findings of additional activity related to mitochondrial-relevant
constituents are both consistent with the concept that PEG-HCCs are acting as nanozymes, 13
with therapeutic potential for a range of conditions involving both oxidative stress and
mitochondrial electron leakage.

The effects described here are consistent with the broad electrochemical reductions of
PEG-HCCs (Fig. 2). In relation to a standard hydrogen electrode the maxima of the
PEG-HCC reductions are —1750 and —750 mV, encompassing the reduction potential

of NADH of approximately —380 mV. The single electron reduction of semiascorbate

to ascorbate at pH 7 is approximately =320 mV versus a standard hydrogen electrode
making it comparable to NADH.#> A principal limitation in the methodology of the cyclic
voltammetry measurements was an inability to collect multiple scans due to the solubility of
the particles in the PBS buffer used, hence their absence from the figure.

The reduction potential of PEG-HCCs is thought to be an important contributor to the
activity of the particles in our reaction conditions. Following the electrochemical gradient,
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with NADH having the highest negative reduction potential (—320 mV vs. SHE) and
resazurin having the highest positive reduction potential (+380 mV vs. SHE) a material
with a reduction potential between the two should act as an intermediate electron acceptor/
donor. Indeed, the reduction potential for PEG-HCCs has an onset near 0 V vs. Ag/AgCl,

or +280 mV vs. SHE with the peak of the reduction at =750 mV vs. Ag/AgCl, or —460 vs.
SHE. On the other hand, as reported by Shirman et a/., PEG-PDIs have a reduction potential
of =460 mV vs. SCE, or —216 mV vs. SHE.28 Despite both compounds having reduction
potentials between the reduction potential of NADH and resazurin, only PEG-HCCs show
any significant catalytic action towards resazurin (Fig. 7). The width of the reduction

of PEG-PDIs is smaller than the width of the reduction of PEG-HCCs suggesting that
PEG-HCCs may be able to accept electrons from a wider range of potentials compared to
PEG-PDIs.28 Furthermore, there is a notable difference in the physical size of the PEG-PDlIs
compared to PEG-HCCs. As we reported previously, PEG-HCCs have a core molecular
weight of approximately 156,000 Da while the core of PEG-PDIs is only 390 Da.17: 23. 28
PEG-HCCs may have many more active sites than a PDI molecule so even though there

are approximately 400-fold fewer PEG-HCCs than PEG-PDIs in solution at the same mass
concentration there may be substantially more reactive sites on the particle. Of principal
interest are the availability of quinone residues which are known to be electrochemically
active towards NADH.8 46 PEG-PDlIs are devoid of quinones whereas PEG-HCCs have
many quinone sites per particle.8 17. 28

Because both NADH and the resazurin appear to form a ternary complex with the PEG-
HCCs, and there likely needs to be sufficient space for the two cofactors to bind. The core
of PEG-PDIs are small (approximately 11 x 4 A in area) and are likely sterically hindered
by their large PEG chains limiting the likelihood that the donor-acceptor molecules, NADH
and resazurin, respectively will be able to arrive on the surface of the PEG-PDI. PEG-HCCs,
despite having much more PEG are also much larger so access to the particle surface may be
relatively easier.

In total, despite PEG-PDIs having a suitable reduction potential it may not be wide enough,
and the PEG-PDIs may not physically be large enough to accommodate the chemical species
studied in these experiments. Additionally, PEG-PDIs may lack essential functional groups
that are necessary for the observed reactivity. Notably, PDIs are less effective against the
toxic effects of H,O, at comparable carbon concentrations (data not shown), although it is
not established that the above differences from the PEG-HCCs explain this difference in
efficacy.

In order to better understand the reaction mechanism of PEG-HCCs with NADH we
conducted steady-state EPR studies to determine if the PEG-HCCs were undergoing a
chemical change. We observed that the steady-state intrinsic radical of the PEG-HCCs

is increased by 30-40% (Fig. 5A) when NADH is added and then returns to a baseline
intensity when treated with CytCgyy or resazurin (Fig. 5B). The initial reduction occurs in a
time-dependent fashion when the particles are treated with NADH (Fig. 5C, D). However,
the oxidation by CytC,y or resazurin appears to occur very quickly. We surmise that the rate
limiting step is the reduction of the particle by NADH as opposed to the oxidation. These
findings indicate that the particles are being reduced by NADH and since no additional EPR
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resonances are observed suggests that the reduction potential of the reduced PEG-HCCs

has changed from its untreated state. NADH is likely donating a hydride to the PEG-HCC

as opposed to a single electron reduction as no new peaks are observed as would be the

case with an NADH"* radical.#” The results from this study are counter to the results we
previously reported with superoxide, whereupon superoxide is shown to reduce the radical
intensity in PEG-HCCs.12 This difference may be accounted for due to differences in solvent
(DMSO vs. KPi buffer), differences in mechanism (hydride transfer vs. electron transfer),
and differences in the donor and acceptor species. Further studies are needed to resolve these
issues, but in all, this study suggests that PEG-HCCs are not only capable of being reduced
by superoxide, but that they can also be reduced by hydride anion as well.

Another detail from these experiments shows that the stoichiometry of NADH to CytCoy
in this reaction is 1:2, with NADH appearing to give up two electrons to PEG-HCCs in
order to reduce two separate molecules of CytC,x. The two-electron donation is supported
by Carlson et al. who showed that NADH can reduce quinones via a hydride transfer.48
This shows that PEG-HCCs can not only undergo single electron reductions as in the

case of superoxide, but also two-electron reductions as shown here with NADH while still
performing single electron reductions of an oxidizer. It also suggests that the electrons
derived from NADH are being transferred to CytC,y in a quantitative fashion as opposed
to a partial reaction where some electrons from NADH are shunted to dioxygen to form
superoxide.

We hypothesized that quinone residues may be responsible for, or modulate the reactivity
of PEG-HCCs towards NADH and CytC,y and resazurin. NADH is readily oxidized by
various quinones as described by Carlson et al. In order to better understand the role of
quinones on PEG-HCCs we reacted PEG-HCCs with ethylenediamine.2’ This approach

to empirical determination of site function has been demonstrated previously by other
authors.*? The resulting particles, EN-PEG-HCCs, provide evidence that quinone residues
are an influencing factor in the reaction between NADH, resazurin, and the PEG-HCCs.
Treatment with ethylenediamine effectively eliminating the electrochemical reduction of the
particles as indicated by cyclic voltammetry (Figure 6A). Additional studies are needed to
address these mechanisms in more detail. It is possible that the quinone sites on their own
are not responsible for the reactivity towards NADH itself, but may modulate the activity of
nearby sites. One possible mechanism of action is that a hydride is donated to a PEG-HCC
by NADH at one carbonyl of a quinone, the resulting adjacent enolate-adjacent carbonyl
abstracts a proton from hydronium ion in solution.*8

In the exploration of the catalytic activity of the PEG-HCCs, we found that the Ky,
parameter for resazurin in the NADH and Asc oxidation reactions (Tables 2, 3 and 4)

were within one order of magnitude of the Ky, for the dismutation of superoxide (7.50x10~4
M).23 Because of the closeness of the Ky, parameters, we suspect that a common host active
site is responsible for the reaction, and as stated earlier, quinone groups are candidates.

The kg, Or turnover numbers, for PEG-HCCs are unsurprisingly low considering the Vax
for the tested concentrations for both NADH and ascorbate-driven reactions. The low Kgat
parameters may be advantageous in the context of PEG-HCCs influencing electron transfer
in mitochondria. Under normal physiological conditions the inclusion of a material that

Nanoscale. Author manuscript; available in PMC 2024 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Derry et al.

Page 12

oxidizes NADH with comparable rates to Complex | would potentially be toxic as it may
inhibit the transport of protons into the intermembrane space given that we have no evidence
that these materials are also transporting protons, although that needs to be investigated.
However, under pathological conditions, it is possible that the kinetics of electron transfer
seen here may be sufficient to be protective.

A schematic of potential reaction pathways in mitochondria that our results suggest PEG-
HCCs may participate in are shown in Fig. 11. We propose that these actions may include
both the quenching of reactive oxygen species, support of electron leakage, and, depending
on the electron acceptor, restoration of the mitochondrial membrane potential and reduction
of dioxygen to water.

Looking further into the mechanism, the Lineweaver-Burk plots in Fig. 3 show sets of

three intersecting lines. The appearance of intersecting lines, while varying the concentration
of both reagents, NADH and resazurin, or Asc and resazurin suggest the formation of

a ternary complex, or transient complex of all three reagents, as part of the reaction
mechanism.>0 The order of the arrival of either reactive species is likely random; however,
in order for the reaction to occur, the NADH must first be oxidized by the particle in

order to reduce the resazurin or the CytC. Because the substrates are different species, they
also likely have different affinities for the particles thus giving a fractional proportion of
either species bound to the particle at any given time. Because the reaction rate varied
linearly with respect to NADH (Fig. 3B) but non-linearly with respect to resazurin (Fig.
3C), we expect that the affinity for PEG-HCC:s is greater for resazurin than for NADH
because increasing the concentration of resazurin will saturate the particles over a shorter
concentration range (micromolar vs. millimolar increments). In the reaction with Asc and
resazurin with PEG-HCCs as the catalyst, the Vax is much faster per mole of ascorbate
than NADH at all concentrations tested (Table 2 and Table 4). The faster kinetics at the
same temperature imply that the reaction mechanism requires a lower activation energy.
Again, the Lineweaver-Burk transformation of the saturation curves shown in Fig. 5A show
intersecting lines with decreasing slope that depends on the concentration of Asc, indicating
a ternary complex likely participates in the catalytic reaction. The reduction of CytC,y by
Asc was too fast to properly measure and was thus not included in this study. The reaction
between Asc and the PEG-HCCs may be distinct from the reaction between PEG-HCCs
and NADH, but we do not yet have a granular understanding of either reaction mechanism
and can only speculate. Based on EPR results showing a slow increase in the magnitude of
the intrinsic radical after NADH and a rapid decrease after subsequent addition of CytC or
resazurin, the oxidation of NADH appears to be the rate limiting step and thus the oxidation
of ascorbic acid is likely also rate limiting but much faster. Further details of the mechanism
are being pursued.

In the reaction with NADH and CytC,y, we see the appearance of a sigmoidal relationship
of reaction rate (Fig. 3E) with respect to CytC,y concentration. The sigmoidal shape of the
curve suggests a cooperative effect, >0 and the Hill coefficient for the reaction of NADH
and CytC,y (Table 3) is greater than 1, supporting a positive cooperative effect.>0 There
are at least two scenarios one could imagine for how this process works: protein coronas,
or the association of proteins with suspended nanoparticles. Either can show a sigmoidal
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relationship for protein association vs concentration.?! One possible explanation in this case
is that as CytC,y molecules bind to the surface of the PEG-HCCs, forming contact sites
which another incoming molecule of CytCg,, would have a higher affinity for as opposed to
a bare, particle surface. A second possibility is that at low concentrations of CytC,y the rate
that NADH molecules react with PEG-HCCs carrying CytC,y is relatively low, but as the
concentration of CytCgy increases, the likelihood of the reaction occurring increases as well
until the reaction rate reaches a maximum velocity related to the oxidation of NADH by the
PEG-HCCs.

The sigmoidal relationship of reaction rate to CytC,y also appears in the MB- catalyzed
reaction shown in Fig. 9A. We cannot attribute the sigmoidal reaction rate curve to binding
to the surface of a particle. In this case it may be that MB binds to CytC,y and undergoes
reduction when NADH reduces the MB to leukomethylene blue (LMB).

While there are similarities in reactivity between MB and PEG-HCCs, there are also

key differences. MB has been previously demonstrated to have a positive effect on
restoring mitochondrial respiration in models of mitochondrial impairment and oxidative
stress.14 15,36 Our standard Jn vitro assay of oxidative stress reduction is to co-incubate
bEnd.3 cells overnight with 100 pM H,0, and PEG-HCCs.10 When we performed a H,0,
rescue assay with PEG-HCCs and MB we saw two divergent sets of results. PEG-HCCs
unequivocally prevented cytotoxicity following H,O, exposure in bEnd.3 cells (Fig. 9B).
However, treatment with MB was inherently cytotoxic at all concentrations (Fig. 9C).
Treatment of 100 pM H,0O,-exposed cells with MB resulted in a higher cell death fraction
than with only 100 uM H,0, exposure (Fig. 9D). One possible cause of this cytotoxicity
is the formation of H,O, following the reduction of MB by NADPH or glutathione to
LMB and its subsequent reaction with dioxygen in the cell.>2 The MB effect might be
concentration dependent, and lower concentrations may be less toxic and/or protective, but
at molar equivalents, the results favor the PEG-HCCs.

The Kys for PEG-HCC:s in this reaction are within the same order of magnitude as the
Kwm of PEG-HCCs acting as catalysts in the dismutation of superoxide, 160-87 uM for
NADH and resazurin vs. 750 uM for superoxide as reported in our previous work.23 The
keat parameter is considerably smaller, 0.02-0.06 vs. 20,000 s~ reported for PEG-HCCs
with superoxide.23 This result could suggest that while PEG-HCCs are quite capable

of competing with pathological effects of superoxide in-vivo, they would be less able

to compete with the targets of NAD(P)H oxidation, such as Complex | under normal
conditions. The reported NADPH oxidation turnover number of bovine Complex I, for
instance, is > 5000 s71,53 5 orders of magnitude greater than the overall turnover number
of PEG-HCCs with NADH and resazurin. Under physiological conditions it would likely
be detrimental for the particles to have a high turnover number since they would be
extracting and shuttling electrons from the endogenous reductant pool in the mitochondria
at the expense of reduced proton pumping efficiency and reduced mitochondrial membrane
potential. Under a pathological condition, such as a chronic impairment of Complex | or
111, PEG-HCCs may be able to provide support to get electrons out of the reductant pool
and transport them to higher potential acceptors and either maintain the mitochondrial
membrane potential or provide electrons to the oxygen reduction site of Complex IV.
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While this mechanism is speculative, it is tentatively supported by ability to protect against
mitochondrial complex poisons without evidence of toxicity.4

Deconvolution microscopy suggests co-localization of the PEG-HCCs with mitochondria
through the visualization of the covalently bound PEG moiety. While it is difficult to say
with certainty that the anti-PEG signal was coming from within the mitochondria due to
refraction limits, electron microscopy obtained by Huq et a/. suggest PEG-HCCs internalize
in mitochondria.2? Thus, the internalization of PEG-HCCs in mitochondria does not seem
unreasonable. Furthermore, work by Zhang et al. showed that Glycyrrhetinic Acid-modified
poly(ethylene glycol)-functionalized graphene oxide was capable of colocalizing with
mitochondria.>* The internalization mechanism is not known, however PEGylated graphene
and graphene oxides are known to anchor to membranes due to the amphiphilic nature of
the particle and PEG.32 Limitations of fluorescence microscopy at this length scale make

it difficult to ascertain the precise location of the PEG-HCCs, but the colocalized signal
suggests that an association does exist. The mechanism by which PEG-HCCs localize to
membranes is not known, but other work suggests that pegylated graphene oxide, while not
an identical material, has an affinity for membranes.32 55 The association with mitochondria
also seems reasonable from the perspective of charge-charge interactions. The mitochondrial
intermembrane space has an overall positive charge,®® and PEG-HCCs have a slight negative
charge so it may be a possible mechanism for access to the mitochondrial inner membrane.8

We tested the ability for PEG-HCCs to protect bEnd.3 cells from NaCN, a potent Complex
IV inhibitor that binds indiscriminately to heme iron. In the electron transport complex,
cyanide binds to oxidized heme a3 with high affinity leading to an interruption of

electron transfer and consequently oxidative phosphorylation by preventing the reduction
of dioxygen to water. We previously showed that PEG-HCCs protected bEnd.3 cells from
AntA,” a Complex 11 inhibitor and conjectured that it may be possible for PEG-HCCs

to likewise protect against NaCN poisoning presumably through an electron shuttling
mechanism. PEG-HCCs protected the cells when given immediately following exposure to 5
mM NaCN in media (Fig. 10A) and limited protection at later time points. Furthermore,
protection from 10 mM NaCN was also achievable when treated with PEG-HCCs
immediately following exposure (Fig. 10B). Further direct studies of mitochondria are
underway to this mechanism /n vivo.

MB has been experimentally utilized as an antidote for cyanide poisoning based on

its potential as an ETS.57-59 Cyanide exposure can come from a variety of sources
including intentional poisoning or exposure to polyurethane combustion byproducts.
Existing antidotes for cyanide exposure include thiosulfates (thiocyanate-generator) nitrites
(methemoglobinemia inducer), and hydroxocobalamin (high-affinity cyanide trap). Early
large animal /n vivo experiments by Eddy showed that NaCN reduced respiration rate and
salivary gland secretions in 15 kg dogs given at 5 pmol/kg (6.0 x 10> M in blood assuming
a blood to mass ratio of 85 mL/kg)5 NaCN.57 Pre-treatment with 1 mL/kg of 1% MB (3.6
x 107 M in blood) 10 min prior to the initial exposure to NaCN reduced the depressive
effect of NaCN on respiration and salivary gland excretions. A lethal dose of NaCN in
dogs was found to be 3 mg/kg (7.2 x 107 M in blood) but could be protected against

with 10 mg/kg (3.7 x 10~ M in blood) MB given either 10 min prior to exposure or 2
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min following initial exposure.5” The concentration of sodium cyanide used by Eddy is
nearly the minimum concentration used in our studies and protection by PEG-HCCs is still
observed at a concentration over 5-fold higher.

Based on these experiments and the literature, three activity pathways are suggested

that provide protection against cyanide poisoning. First, PEG-HCCs may protect the
mitochondria by shifting the redox state of CytC to favor more CytC,qq than normal

through an electron shuttling mechanism by capturing electrons from reductants in the
intermembrane space, or ubiquinol and transferring them to CytC,y. This would in turn

lead to an increase in the amount of reduced cytochrome a3 as Complex IV is reduced

by CytC,eq. Cyanide has a lower affinity for Fe(ll) than it does for Fe(l11) and thereby
shifting the reduction state of mitochondria to favor more CytCeq,® or reduced Cyt,3

may explain some of the protection afforded the cells. This mechanism is opposite of how
sodium nitrite functions as an antidote which works by oxidizing hemoglobin in the blood

to methemoglobin. Our proposed mechanism forcibly shifts the reduction state of the iron in
Cyt,3 to favor more ferrous heme than ferric heme thus lowering the affinity of cyanide for
Cyta3.29 Second, PEG-HCCs may keep the Cyt,s site in a reduced state, by oxidizing NADH
and reducing Cyt,3 directly, again facilitating electron transfer and reducing the affinity

for cyanide on the oxygen reduction portion of the electron transport complex. The third
effect is that PEG-HCCs still can function as superoxide dismutase mimetics, thus they may
dismutate superoxide generated by Complexes I, 1I, and Il saving the cell from oxidative
death but not maintaining the electron transport complex. These pathways do not necessarily
need to stand alone and may run in parallel. Further experiments are needed to determine the
mechanism of action.

Conclusions

We have provided evidence that PEG-HCCs are able to interact with key mitochondrial
constituents in a manner consistent with support of electron transport and acting as
nanozymes. If confirmed to occur by the mechanism of catalytic electron transfer in-vivo,
this ability, in conjunction with their already established broad antioxidant capacity, suggests
new opportunities to address mitochondrial disorders. Features critical to this activity, such
as the functional groups and broad redox activity, are under examination and might enable
optimization of these materials for treatment of disorders of electron transport.

Experimental Methods

Materials

L-ascorbic acid (Asc, A0278), ferricytochrome ¢ (CytCqy, 105%, C2037), methylene

blue hydrate (MB, 28514), nicotinamide adenine dinucleotide (NADH, 43420), phosphate
buffered saline (PBS, P5368), resazurin sodium salt (R7017-1G), sodium cyanide (NaCN,
97%, 380970) were purchased and used without further purification from Sigma Aldrich

(St. Louis, MO). LIVE/DEAD Viability/Cytotoxicity Kit for Mammalian Cells (L3224)

was purchased from Thermo-Fisher (Waltham, MA). Poly(ethylene glycol)-functionalized
hydrophilic carbon clusters and poly(ethylene glycol)-functionalized perylene diimides were
prepared as detailed prevously.8: 17
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Cyclic Voltammetry

Cyclic voltammograms were obtained on a CHI1202 Electro-Chemical Analyzer (CH
Instruments) of a 10 mL sample of PBS buffer solution, pH 7.4 using a three electrode

cell. The PEG-HCCs were deposited onto a glassy carbon electrode that was used as the
working electrode, while a platinum wire served as a counter electrode and Ag/AgCl served
as the reference electrode. CVs were recorded at a scan rate of 200 mV/s, with an initial
starting E of 0 mV, high E of +500 mV and low E of -2500 mV.

Electron Paramagnetic Resonance (EPR) Detection of Radicals

EPR measurements of PEG-HCCs containing samples were recorded in a Bruker EMX
spectrometer using the following parameters: center field, 3,310 G; sweep width, 100
G; microwave frequency, 9.3 GHz; microwave power, 1 mW; receiver gain, 1.0 x 10°;
modulation frequency, 100 kHz; modulation amplitude, 1 G; signal channel conversion,
163.8 ms; time constant, 327.7 ms; and sweep time, 167.8 s; temperature 118K. .

Steady-State reaction with NADH

PEG-HCCs samples, 400 or 300 mg/L in KPi buffer, were first premixed with 150 pM

of CytCoy (or 150 uM resazurin) in 2 ml Eppendorf tubes at room temperature (23 °C).

The reaction was started with addition of 300 uM NADH for ~10 s. During this period the
sample was transferred to 5-mm EPR tube and quickly frozen in ethanol/dry ice and then
transferred to liquid N to stop the reaction and preserve the intrinsic radical of PEG-HCCs.
After the first recording of EPR spectra at 118K, the sample was warmed up in water bath
(23 °C) for 1-2 min, frozen in ethanol/dry ice, transferred to liquid N, and EPR spectra
re-measured. This process was repeated 7 times within 10 min time-frame as indicated in
Fig.5 panels C and D.

Spectroscopic Measurement of Catalytic Reduction of Resazurin or Cytochrome c by
NADH and Ascorbic Acid and PEG-HCCs

An 8 mM solution of NADH was prepared by dissolving 283 mg of Na,NADH into 50 mL
of PBS. A solution of 8 mM ascorbic acid was prepared by dissolving 146 mg ascorbic
acid into 25 mL PBS and titrating the solution with 0.1 M NaOH to pH 7. A stock solution
of 2 mM sodium resazurin was prepared by dissolving 25 mg into 50 mL PBS. A stock
solution of 500 pM CytC,y was prepared by dissolving 60 mg into 10 mL PBS. Serial
dilutions were performed in 1:1 steps from the resazurin and CytCgy stock solutions to make
8-step concentration gradients from 500 uM to 3.9 uM. To a 96-well plate, 25 pL of either
resazurin or CytC,y solution was added in triplicate for each concentration gradient step
followed by 25 pL of PBS, 25 pL of 16 mg/L PEG-HCCs. The plate was then placed into
a plate reader (CLARIOstar, BMG) equipped with an autoinjector. To each well, 25 pL of
NADH of 8 mM, 4 mM, or 2 mM was injected automatically. In the case of samples run
with ascorbic acid, 1 mM, 0.5 mM, or 0.25 mM was used instead. Following injection,

the plate was shaken for 2 s to mix. Each well was read every 4 min for 16 min resulting

in a total of five measurements per well using either 570 nm and 600 nm, in the case of
resazurin, or 550 nm in the case of CytC,y as the measured wavelength.

To calculate the concentration of resorufin in each well, the following formula was used:
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(Ruf] = (34798* Asy) — (47619% Agyo)
uf1= (104395734798) = (4761975494

To calculate the concentration of ferrocytochrome C (CytC,q) in the solution, the
absorbance at 550 nm was divided by the extinction coefficient of CytC,.q at 550 nm,
21.84 mM~1 cm~1. Reaction rates were calculated in MARS using linear regressions
of concentration vs. time. Michaelis-Menten Kinetics parameters and Lineweaver-Burk
transformations were calculated by using Prism Graphpad 8.

Stoichiometry of NADH reduction of Cytochrome C

UV-vis measurements were collected using a Hewlett-Packard 8453 UV-vis
spectrophotometer of 2.8 mg/L PEG-HCCs with 1 mM NADH and 0.1 mM CytCgyy in

50 mM KPi buffer every 10 s. Reaction rates were calculated by subtracting the beginning
absorption from the final absorption for 340 nm and 550 nm corresponding to NADH and
CytCreq respectively. Next, the difference was divided by the extinction coefficients of the
two compounds, 6.22 mM~1cm™1 for NADH, and 21.84 mM~tcm™1for CytC,eq to give the
molar reaction rates for each reagent.

Synthesis of ethylenediamine-blocked PEG-HCCs (EN-PEG-HCCs)

The method was taken from Qi et a/2” An aqueous solution of PEG-HCCs (5.0 mL, 1.2
mg/mL, 6 mg) was added to ethylenediamine (5.0 mL, 4.5 g, 75 mmol). Water was removed
via the rotovap, leading to precipitation of the PEG-HCCs in ethylenediamine. MeOH (6
mL) was added, to disperse the PEG-HCCs, along with molecular sieves. The reaction was
allowed to stir at room temperature for 5 d before dilution in DI H,O and filtration by a 0.22
pum polyethersulfone (PES) membrane. The material was purified via crossflow filtration
(Spectrum Labs Krosffo, Research 11/ TFF System) with a 50 kDa mPES dialysis column
(~1 atm transmembrane pressure) to yield 15 mL of EN-PEG-HCC with a carbon core
concentration of 400 mg/L.

Protection of bEnd.3 Cells from H,0, by MB and PEG-HCCs

Murine brain endothelioma cells (bEnd.3) suspended in DMEM with 10% FBS and 1%
Penicillin-Streptomycin were seeded into 16 wells of one 24-well plate, and two 6-well
plates at a density of 40,000 cells/well. Three days later the cells in the 24-well plate were
treated in duplicate with either PBS, 5 uM, 10 pM, or 20 pM MB. Another group of cells
were treated with 100 uM H,05 alone, or with 5 uM, 10 uM, or 20 uM methylene blue
added 15 minutes after initial treatment with 100 uM H,0O». In the two six-well plates, two
wells were treated with PBS, two with 100 uM H,0,, two with 8 mg/L PEG-HCCs, and two
with 100 uM H»05 and 8 mg/L PEG-HCCs added immediately after initial exposure. The
following morning the cells were detached with trypsin and labeled with calcein-AM and
ethidium homodimer and a LIVE/DEAD count was performed.

Immunofluorescence and Imaging

SHSY-5Y cells transfected with mito-PAGFP expressing GFP with a cytochrome ¢ oxidase
subunit IV targeting sequence were plated on poly-L-lysine coated glass coverslips and left
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overnight to attach.30 The following morning, the cells were treated with 8 mg/L PEG-HCCs
for 30 min. Cells were fixed in 4% paraformaldehyde for 20 min on ice, quenched with
0.1M ammonium chloride for 15 min and permeabilized with 0.1% Triton-X100 for 20

min at room temperature. After 1 hour of blocking in 5% milk/TBST, cells were incubated
overnight at 4 °C with anti-polyethylene glycol [PEG-B-47] rabbit monoclonal antibody
(Abcam, ab51257, USA). The cells were washed with blocking buffer (5% milk/TBST),
incubated with AlexaFluor647-conjugated anti-rabbit antibody (1/1000, ThermoFisher, OR,
USA) in blocking buffer for 1 hour at room temperature, and counterstained with DAPI

(1 pg/ml). The samples were imaged using a DeltaVision (GE Healthcare, USA) image
restoration deconvolution microscope with an Olympus 100X U PlanS-Apo/1.4 NA oil
immersion lens. Z-stacks were obtained with an interplane distance of 0.25 pm.

Colocalization of PEG-HCCs in bEnd.3 Cells

The Z-stacks obtained from deconvolution microscopy were processed using the FIJI (FLJI is
Just ImageJ) distribution of ImageJ.3” Briefly, the channels in each Z-stack were separated
and the AlexaFluor 647 and GFP channels were binarized using the Otsu thresholding
algorithm. Next, a coincidence layer was constructed from the binary AND mask of

the AlexaFluor 647 and GFP channels at each layer within the Z-stack. Finally, the

DAPI, AlexaFluor 647, and the binary coincidence AlexaFluor 647 - GFP channels were
composited and a Z-projection was performed.

Treatment of bEnd3 Cells from Sodium Cyanide

DANGER: Sodium cyanide is poisonous at olfactorily detectable concentrations! Immediate
symptoms include shortness of breath, blue coloration of fingernails and lightheadedness.

If these symptoms appear, immediately alert others in the area, isolate the area, relocate

to fresh air and contact emergency services. Murine cortical endothelioma cells (bEnd.3)
suspended in DMEM with 10% FBS and 1% PCN-STM were seeded into a 24-well cell
culture tray at a concentration of 50,000 cells/well and left to incubate for two days at 37 °C
under 5% CO,. Following incubation, 10 mL of a 50 mM solution of sodium cyanide was
prepared by dissolving 24.5 mg into 10 mL PBS in a chemical fume hood. Solutions of 1,

5, and 10 mM NaCN in media were prepared by diluting 150 pL, 1500 pL, or 3000 pL of
NaCN-containing PBS to 14.85 mL, 13.5 mL, and 12.0 mL of complete media respectively.
Afterwards, and PEG-HCCs were given at a concentration of 8 mg/L at 0, 15, and 30 min

to each set. A separate negative control (PBS) and positive control (cyanide, no PEG-HCCs)
were included. The cells were then returned to the incubator for 24 h.

Viability Assays of CN™-treated bEnd.3 Cells

The following day, the media in each well was removed and the cells were rinsed twice
with 1 mL of PBS. The cells were detached using 1 mL of trypsin and vigorous pipetting.
The contents of each well were transferred to 1.7 mL Eppendorf tubes and 500 pL of
complete DMEM media and the cell suspensions were centrifuged at 1300 RPM for 10
min. Following centrifugation, the media was removed by vacuum, replaced with 1 mL

of complete media, and the cells were resuspended by pipette and brief vortex mixing. A
LIVE/DEAD (Calcein-AM/Ethidium homodimer, Invitrogen) assay was performed by first

Nanoscale. Author manuscript; available in PMC 2024 February 13.
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diluting 8 pL of Calcein-AM and 2 pL of Ethidium homodimer stock solutions into 8 mL of
complete media.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Reduction potentials of electron transport complex showing the favorable energetics leading
to the reduction of dioxygen to water. Each member is reduced in series following the
oxidation of NAD(P)H by the flavin moiety in Complex | (=320 mV). The energetics of the
electron transport complex are favorable to maintain the proton gradient, the electron carrier
(ubiquinone) between Complexes I/11 and 111, that are spatially separated from the carrier
(CytC) between Complexes 111 and 1V. Each reduction/oxidation reaction in Complexes

I, 111, and IV is used to transport protons from the matrix to the intermembrane space.
Proton translocation cross the membrane is coupled with the catalysis of ATP formation

by Complex V. Complex Il is absent for clarity but reduces ubiquinone at the expense of
succinate.
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Figure 2.
Cyclic voltammogram of PEG-HCCs in PBS. PEG-HCCs have characteristically broad

reduction maxima near =750 mV and —1750 mV as part of a wave beginning at +200 mV
and extending to —2 V. Scanning here began from 0 V to —2500 mV.
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Figure 3.
PEG-HCCs catalytically reduce both resazurin and ferricytochrome c (CytCgy) with NADH

to resorufin and ferrocytochrome ¢ (CytCieq), respectively. A) The reduction rate of
resazurin in the presence of NADH is linearly related to the concentration of PEG-HCCs. B)
The reduction rate of resazurin while holding the concentration of resazurin and PEG-HCCs
constant varies linearly with the concentration of NADH. C) The reaction rates of NADH
with resazurin and PEG-HCC:s is not linearly related to the concentration of resazurin

and no saturation point is observed within the detection limits of our instrumentation. D)
Lineweaver-Burk plot of C showing intersecting lines suggesting the role of a ternary
complex in the reduction of resazurin. E) NADH-linked reduction of CytCgy to CytCyeq
showing a saturation point at all three concentrations of NADH and full sigmoidal curve.

Nanoscale. Author manuscript; available in PMC 2024 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Derry et al.

>

[Resorufin] * s™' (M*s™)

9
8x10°7 o 250 M AA

= 125 uM
4 62.5 uM

4%10-9

[Resorufin]'1 *s (M'1 *8)

- I 1
0 4x10-° 8x10-°
[Resazurin] (M)

Figure 4.

Page 25

B
2x1010_
- 250 UM AA
= 125 M k
625uM
/
1x1010_

1 1
1106 2x10°

[Resazurin] (M)

Reaction rates of ascorbic acid with resazurin and PEG-HCCs at various concentrations of
ascorbic acid and resazurin. A) Reduction rates of resazurin by ascorbic acid catalyzed by
PEG-HCCs (4 mg/L) fit to Michaelis-Menten saturation curves. B) Lineweaver-Burk plots
of the reaction between resazurin, Asc and PEG-HCCs showing intersecting lines suggesting

a ternary complex.
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Electron paramagnetic resonance spectrometry (EPR) of PEG-HCCs in the presence of
NADH and ferricytochrome c or resazurin. A) PEG-HCCs exposed to NADH (solid line) for
10 min compared to PEG-HCCs without NADH (black dotted line). B) PEG-HCCs exposed
to NADH for 10 min (black dotted line) followed by the addition of ferricytochrome ¢
(CytC, blue line) or resazurin (Res, red line) and flash frozen 10 s later. The resulting EPR
signals are slightly lower than the baseline intensity shown in (A). C) Time course plot

of PEG-HCC reduction with NADH and its oxidation with Res. The difference in signal
intensity between PEG-HCCs treated with only NADH and PEG-HCCs treated with NADH
and Res is shown in black. D) Time course plot of PEG-HCC reduction with NADH and

its oxidation with CytC. The difference in signal intensity between PEG-HCCs treated with
only NADH and PEG-HCCs treated with NADH and CytC is shown in black.
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Figure 6.

Cyclic voltammogram and reaction rates of PEG-HCCs and EN-PEG-HCCs. A) Cyclic
voltammogram showing PEG-HCCs and EN-PEG-HCCs. EN-PEG-HCCs are absent the
strong reduction at =750 mV and -1750 mV but have a new shoulder at approximately
-1500 mV. B) Resazurin reduction kinetics. EN-PEG-HCCs reduce resazurin markedly
slower than PEG-HCCs at the same concentration of catalyst (4 mg/L).
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Reaction rates of PEG-HCCs and PEG-PDIs (4 mg/L — 32 mg/L) with 0.5 mM NADH and

64 UM resazurin. The reaction rate of PEG-PDIs is effectively zero M/s while the reaction
rate with PEG-HCCs increases linearly with catalyst concentration.
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Figure 8.
Deconvolution microscopy images of a bEnd.3 cell treated with PEG-HCCs for 5 min.

Nucleus is labeled with DAPI (blue), mitochondria were labeled with GFP containing

a CytC oxidase subunit 1V targeting sequence (green), and PEG-HCCs were labeled

with rabbit-AntiPEG with a secondary AlexaFluor 647-labeled anti-rabbit IgG (red). A)
Z-projection of SHSY-5Y cell with mitochondria, nucleus, and PEG-HCCs labeled. B) Z-
projection of ANDed binarized Z-stacks of GFP and AlexaFluor 647 signals. C) Composite
Z-projection of AlexaFluor 647-GFP and DAPI. Scale bars are all 10 pm.
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Figure 9.
Comparison of PEG-HCCs and MB at 4 mg/L concentration on reduction of CytCgyy by

NADH (500 pM). A) On a mass concentration basis, MB has a higher V5« than PEG-HCCs
by nearly one order of magnitude. Without NADH, neither PEG-HCCs nor MB reduce
CytC. PEG-HCCs rescue bEnd.3 cells from H,04toxicity while MB is intrinsically toxic. B)
bENd.3 cells were treated with 100 pM H,0, (54%, p < 0.0001) and 8 mg/L PEG-HCCs
were added at 15 minutes following the initial insult. Live cell counts (n = 32) were
performed and no toxicity of the PEG-HCCs (94%, p = 0.511) is observed, and 8 mg/L
PEG-HCCs protection of bEnd.3 cells against H,O5 (90%, p = 0.105). C) MB given at 5, 10,
and 20 uM causes dose-dependent cytotoxicity in bEnd.3 cells (p < 0.0001 at all levels). D)
No protection is afforded when given immediately following treatment with 100 pM H,0,
(p < 0.0001 at all levels except 5 uM, p = 0.409).
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Figure 10.

Effect of cyanide concentration and PEG-HCC administration time on LIVE cell count

of bEnd3 cells. A) Triplicate experiments with 5 mM NaCN show that PEG-HCCs can
significantly (** p = 0.003) reduce death in bEnd.3 cells when given immediately and trends
with time to less effectiveness. Averages generated by counting live cells in duplicate wells
16 times. Significance calculated with a Dunnett-corrected one-way ANOVA. B) A survey
experiment with 1, 5 and 10 mM NaCN showed that PEG-HCCs appear to protect bEnd.3
cells from 1 mM NaCN at 0, 15, and 30 min and afforded partial protection from 5 mM
NaCN at 0 and 15 min. Partial protection was also provided by PEG-HCCs when given at
0 min against 10 mM NaCN. All results are relative to untreated negative controls. Positive
controls were treated with sodium cyanide at 1, 5, and 10 mM but not PEG-HCCs. The
results show an inverse time-dependent and dose-dependent effect. As administration delay
increases, the rescue effect is reduced. Error bars show standard deviation of 32 cell counts.
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Figure 11. Proposed electron transfer pathways for PEG-HCCs.
PEG-HCCs are reduced by NAD(P)H and Asc and can donate electrons to superoxide,

CytC, or potentially the oxygen reduction site Cyt,3 on Complex IV. Transferring electrons
to CytC from NADH would bypass inhibited Complexes | and I11. Transferring electrons
from NAD(P)H to Cyt,3 would bypass impairment of Complexes I, 111, and 1V while
providing electrons to reduce dioxygen to water. Red dashed arrows: example of electron
leakage sites. Green dashed arrow: potential bypassing effects of cyanide. Green solid
arrows: potential electron transfer pathways.
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Table 1.

Kinetic Parameters for the reduction of resazurin by NADH in the presence of PEG-HCCs. The particle
concentration used in these experiments was 4 mg/L (25.6 nM).

NADH Concentration

2mM 1mM 0.5mM

Viax M*s7h) | 1.6x107° | 9.1x10%0 [ 4.8x10710

Km (M) 1.2x1074 | 1.1x107% | 8.7x1075
Keat (572) 0.06 0.04 0.02
Kea! Kpg (M~1s71) 500 340 230

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nanoscale. Author manuscript; available in PMC 2024 February 13.



Derry et al. Page 34

Table 2.

Kinetics parameters of PEG-HCCs with NADH and CytC,y. The particle concentration used in these
experiments was 4 mg/L (25.6 nM).
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NADH Concentration
2mM 1 mM 0.5mM
Vinax (M * s71) 7.5x107° | 5.0x107° | 3.2x107°
h 23 2.4 2.8
Kpai (M) 1.2x107% | 7.7x107% | 4.8x107°
Keat (579 (Vinax/Kra) | 0-23 0.15 0.09
Keat!Knaif M1 *s71) | 1.9x10% | 1.9x10* | 1.94x10*
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Kinetic parameters for the reduction of resazurin by ascorbic acid in the presence of PEG-HCCs.

Table 3.

Asc Concentration

250puM | 125uM 63 uM

Vmax (M * S_l)

1.93x1078 | 9.52x107° | 3.35x107°

Kwm (M) 1.2x10™4 | 7.6x1075 | 3.8x10°5
Keat (579 0.75 0.37 0.13
Keat/ K 6,250 4,870 3,240

Vimaxl[Asc] (s7)

7.7x107° 7.6x107° 5.3x107°
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Kinetic parameters for the reduction of CytCy, by NADH in the presence of MB.

Catalyst
4mg/L MB | 4 mg/L PEG-HCCs

Vinax (M x s71) 20.22x107° 2.4x107°

H 2.39 2.8

Kpair (M) 5.21x107 4.8x107

Keat 68 (VimaxdKnair) | 1.62x1073 9.30x1072

Keat/ Kt (M1 x s71) 310 19,400

Vina/ [NADH] (s71) 4.0x1075 4.8x107°
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