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ABSTRACT: This is the first report of an atomic-scale direct
oxidation mechanism of the thiol group in glutathione (GSH) by
epoxides on graphene oxide (GO) at room temperature. The
proposed reaction mechanism is determined using a coupled
experimental and computational approach; active sites for the
reaction are determined through examination of GO surface
chemistry changes before and after exposure to GSH, and density
functional theory (DFT) calculations determine the reaction
barriers for the possible GO—GSH reaction schemes. The findings
build on the previously established catalytic mechanism of GSH
oxidation by graphenic nanocarbon surfaces and importantly
identify the direct reaction mechanism which becomes important

Energy

in low-oxygen environments. Experimental results suggest epoxides as the active sites for the reaction with GSH, which we confirm
using DFT calculations of reaction barriers and further identify a synergism between the adjacent epoxide and hydroxyl groups on
the GO surface. The direct oxidation mechanism at specific oxygen sites offers insight into controlling GO chemical reactivity
through surface chemistry manipulations. This insight is critical for furthering our understanding of GO oxidative stress pathways in
cytotoxicity as well as for providing rational material design for GO applications that can leverage this reaction.

KEYWORDS: graphene oxide, epoxide, hydroxyl, thiol, disulfide, density functional theory (DFT)

B INTRODUCTION

Graphene-based nanomaterials have attracted great interest in
areas of drug delivery, biosensing, tissue engineering,l_4 and
more recently, to enhance agricultural crop production and to
enable novel sensing capabilities to reduce stress-related
loss.”™” Critical atomic-scale interactions between the material
surface and the surrounding environment drive larger scale
bio—interface interactions that enable all of these applications
and potentially introduce adverse unintended consequences.
Decades of research efforts have been devoted to uncovering
mechanistic-level insights into cytotoxic effects® ' and
critically to provide a rational, safe material design
paradigm.''~"® Yet, uncovering refined mechanisms for
fundamental nano—bio interface interactions is fraught with
challenges.

The inherent structure of graphene—composed of 2D and
hexagonally arranged sp>-bonded carbon atoms—induces
attractive thermal and electrical conductivity, mechanical
strength, and high surface area.'” Graphene oxide (GO) is a
graphene derivative containing various oxygen functional
groups, including epoxide (C—O—C) and hydroxyl (OH)
groups on the basal planes and carbonyl (C=O) and
carboxylic acid (COOH) groups at the edges.””~'” These
hydrophilic oxygen groups enhance GO’s aqueous phase
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dispersion and stability compared to hydrophobic graphene,
which facilitates biophysicochemical interactions with the
surrounding environment and at the nano—bio interface. The 49
nature of these critical interactions and the resulting impact so
depend on the particular system of interest, which can range s1
from whole cells'®™*" to single biomolecules.””*** Further- s2
more, they reveal insights that are necessary to advance s3
promising applications that rely on these interactions as well as s4
information about safe material design to preclude unintended ss
consequences.” 56

Studying the impact of GO on whole cells provides s7
information about potential adverse consequences that will sg
result from exposure. Yet, the complexity of these systems— s9
the organism itself and the surrounding media—makes 6o
elucidation of the mechanism challenging. Studying specific 61
biomolecule interactions using model systems, as pursued 62
herein, allows explicit examination of atomic-scale features and 63
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their impact on reaction mechanisms. Computational
approaches, such as Kohn—Sham density functional theory
(KS-DFT) or molecular dynamics (MD) simulations, can be
used to provide insights into molecular interactions and
validate mechanistic hypotheses.”* Interfacial systems can be
modeled as periodic systems™ or with molecular clusters.”®
Several DFT studies have explored the importance of oxygen
functional groups on the GO surface using periodic
calculations. Notably, Boukhvalov et al. used the oxidation of
benzyl alcohol to benzaldehyde as a model reaction and
identified diol formation from epoxide ring opening.”” Chen et
al. showed that in a sodium hydroxide solution, the Na* cation
and the water molecule assist the epoxide ring-opening
reaction,”® and Cen et al. studied the oxidation of SO, and
NO by epoxide groups on GO via the ring-opening reaction.””
These studies demonstrated the importance and unique
reactivity of epoxide groups, particularly, to the ring opening
reaction. There is also evidence that hydroxyl groups, in
conjunction with epoxides, decrease the activation barriers”>>’
by creating hydrogen bonds that stabilize the transition state
structures.”” Even though GO reactions with many different
chemical compounds have been studied, GO reactions with
biomolecules (ie., relatively bigger molecules) have been
largely unexplored.

This study tests glutathione (GSH), a thiol-rich tripeptide
that is critical to the healthy function of eukaryotic and
mammalian cells.”*™*> GSH serves as a predominant
antioxidant enzyme to maintain the redox environment of
cells and protect against the cellular oxidative stress by
scavenging the free radicals that damage other important
cellular components (e.g, DNA, protein, and so forth).**~37
GSH will oxidize to form glutathione disulfide (GSSG) and the
balance of GSH and GSSG acts as the predictor of the cell
redox state and the cell capability to defend against oxidative
stress.””*® The measured levels of GSH have been connected
with several cancers, Parkinson’s disease, Alzheimer’s, and
HIV.*>*® Because of the close relevance of GSH to oxidative
stress, acellular GSH oxidation is commonly used to probe the
level of oxidative stress imparted by graphene family
nanomaterials and further to evaluate their relative adverse
biological impacts.'>****~*

The mechanism(s) underlying the interaction between GO
and GSH remain unresolved. Liu et al proposed an O,-
mediated, two-step catalytic mechanism for GSH oxidation on
graphenic nanocarbon surfaces in which (i) O, selectively
adsorbs at carbon active sites (edge or defect sites) to form the
surface oxides, followed by (ii) direct oxidation of GSH by the
surface oxides or liberation of reactive oxygen species that
subsequently oxidize GSH.* Yet, the role of surface oxygen
groups already on carbon surfaces—as is the case for GO—in
GSH oxidation remains unknown. Our previous research
demonstrates varying oxidative potential toward GSH depend-
ing on the abundance and the specific type of oxygen groups
on both carbon nanotubes®"** and GO."> GSH has been used
as a “green” reducing agent to produce reduced GO or
graphene, though the reduction mechanism has not been
proposed.” The interaction between GO and GSH is known
to result in the reduction of surface oxygen groups, which
suggests that GO could promote GSH oxidation via both a (i)
catalytic mechanism, whereby the carbon surface is restored
after the reaction, as proposed by Liu, et al.** and (ii) direct
oxidation in which GO oxidizes GSH resulting in a change in
the surface chemistry.

We now interrogate these mechanisms with experiment and
computational theory to resolve the influence of highly reactive
and abundant epoxide groups on GSH oxidation. Specifically,
we uncover the relative energetics of elementary reactions
involving the different oxygen surface groups (i.e, C—O-C,
C—OH, C=O0, and COOH). As the amount and type of
surface oxygen groups can be manipulated in a semicontrolled
manner, knowing the role of each functional group in this
mechanism provides a rational design paradigm. The active
oxygen groups involved in the direct oxidation of GSH were
determined by examining the GO surface chemistry before and
after the reaction with GSH using X-ray photoelectron
spectroscopy (XPS). GO samples with different atomic percent
oxygen and oxygen compositions (i.e., relative abundance of
different surface groups and the presence and absence of
epoxide groups, specifically) were reacted with GSH. These
empirical results were combined with DFT calculations to
propose the mechanism of interaction. Refined modeling of
chemical reactions requires full exploration of accessible
regions of phase space using MD simulations,™ but these
can be prohibitively costly to run, especially when used for
investigating larger scale systems such as GSH oxidation. As a
first step toward identifying essential elementary mechanisms,
we used a static DFT calculation scheme with explicit solvent
molecules to quantify reaction barriers for different possible
GO—GSH reaction schemes in order to identify the preferred
reactions between specific oxygen groups and GSH. To our
knowledge, this is the first molecular-scale study of GO—GSH
reaction mechanisms. This work also opens the door for other
detailed mechanism analyses of a plethora of other biologically
important thiol-containing biomolecules (e.g, cysteine) and
drugs (e.g, captopril), as well as other important nano—bio
interface mechanisms (e.g, membrane lipid peroxidation, the
initial point of nanomaterial—cell contact).

B RESULTS AND DISCUSSION

GSH Oxidation Mediated by GO Proceeds via Parallel
Catalytic and Direct Oxidation Routes. GSH oxidation to
GSSG (Figure S1) is a critical intracellular biochemical
reaction that proceeds to reduce oxidative species that would
otherwise induce cellular oxidative stress.”” This reaction was
previously proposed to occur via a catalytic mechanism
involving dissolved oxygen (DO),"” which we confirm (Figure
1) for our system (as-received GO (ARGO), synthesized by
modified Hummer’s method) under ambient DO conditions
(~0.26 mM). The oxidative potential of ARGO toward GSH
after five successive cycles is repeatable, exhibiting a typical
catalytic behavior. These experiments also identified near
complete GSH removal at an incubation time of 12 h under
ambient DO conditions for [GSH], = 0.33 mM.

To investigate the potential direct reaction between GSH
and surface oxygen groups of GO, a low DO condition
(~0.008 mM) was used (see details in the Materials and
Methods section). GSH (0.33 mM) exposed to 0.0S mg mL™"
of ARGO under ambient DO conditions for 6 h produced 0.09
mM of GSSG (Figure 2a) corresponding to a 54% loss of GSH
(Figure 2b), consistent with our findings presented in Figure 1.
When this experiment was repeated under low DO conditions,
the percent loss of GSH decreased to 20% (Figure 2b), which
suggests that the oxidation of GSH by GO is predominantly
driven by the DO-mediated catalytic mechanism. We
anticipate that the catalytic mechanism likely persists under
low DO conditions, though to a significantly reduced degree.
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Figure 1. GSH oxidation repeated for five cycles under ambient DO
conditions. Fresh GSH stock was added to the same reaction vial after
each 12 h cycle. C is the initial concentration of GSH and C is the
concentration after “t” h of incubation. The depletion of GSH was
measured using Ellman’s assay. The concentration of ARGO was 0.05
mg mL™" and the initial GSH concentration for each cycle was 0.33
mM. Sampling was conducted at multiple time points (0, 0.5, 1, 2.5, 4,
6, and 12 h) for the first cycle while only at the beginning and end of
subsequent cycles. Samples were run in triplicate (n = 3) and the error
bars represent the standard deviation of measurements.

189 Still, the 20% loss of GSH under low DO conditions suggests
190 that a second, direct oxidation mechanism may be at play.

191 The lack of significant difference (two-sample t-test, p >
192 0.05) in total glutathione (GSH + GSSG) between the ARGO
193 and control (no ARGO added) samples indicates that GSSG is
194 the dominant oxidation product (Figure 2a). GSH can be
195 oxidized to minor higher oxidation byproducts, such as sulfinic
19 (R—SO(OH)) and sulfonic (R—S(=0),—OH) acids.***’
197 However, unlike GSSG, these higher oxidation byproducts
198 cannot be reduced to GSH through the addition of glutathione
199 reductase.*®* If these higher oxidation byproducts are formed,
200 the amount of total glutathione (GSH + GSSG) in the reaction
201 mediated by ARGO would be lower than that of the control,
202 which we do not observe in our data (Figure 2a).

203 Quantifying Changes in GO Surface Chemistry
204 before and after Exposure to GSH Indicates a Possible
205 Direct Reaction with Epoxide Groups. The potential for a

direct reaction (noncatalytic) between GSH and oxygen 206
functional groups on the surface of GO was pursued by 207
quantifying changes in the GO surface chemistry before and 208
after exposure under low DO conditions. A range of GSH 209
concentrations (3.3—33.3 mM) and incubation times (0—36 210
h) were investigated to account for potential concentration and 211
time influence on the direct interaction between oxygen groups 212
on the GO surface and GSH. The higher concentrations and 213
longer exposure times ensured measurable changes of GO 214
surface chemistry. 215

As expected, increased GSH concentrations and exposure 216
times both result in higher absolute loss of GSH via ARGO- 217
mediated oxidation (Figure 3, circles). At the end of each 2186
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Figure 3. Absolute loss of GSH with different initial concentrations of
GSH (3.3, 16.5, and 33.3 mM) by ARGO (green, blue, and red
circles, respectively) and TGOG600 (red squares) under low DO
conditions for a total incubation time of 36 h. The loss of GSH was
measured using Ellman’s assay, and the concentration of GO was 0.05
mg mL™". Samples were run in triplicate (# = 3) and the error bars
denote the standard deviation of measurements.

experiment, samples were isolated, extensively washed 219
(referred to as post-ARGO or P-ARGO), and characterized 220
by XPS (results summarized in Figure 4). The XPS data of the 221 &4
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Figure 2. (a) Total glutathione (GSH + GSSG) and GSSG measurements using the GSSG/GSH quantification kit assay after incubation with
ARGO for 6 h under ambient DO conditions (~0.26 mM). The amount of GSSG was quantified by adding glutathione reductase to the
experimental system at 6 h to reduce GSSG to GSH (unreacted, free GSH was protected prior to the addition of glutathione reductase). (b)
Percent loss of GSH under ambient and low DO conditions (~0.008 mM) for a 6 h incubation with ARGO measured using Ellman’s assay. The
concentrations of ARGO and initial GSH for (a) and (b) were 0.05 mg mL ™" and 0.33 mM, respectively. Samples were run in triplicate (n = 3) and
the error bars represent the standard deviation of measurements. Means suffixed with different letters (a, b) are significantly different from each

other by the two-sample t-test (95% CI, p < 0.0S).
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Figure 4. XPS C Is spectra of (a) P-ARGO and (b) P-TGO600
samples exposed to different initial concentrations of GSH (3.3, 16.5,
and 33.3 mM) under low DO conditions for a total incubation time of
36 h. The sample exposed to 0 mM GSH serves as the control. The
table shows changes in the atomic percent of the elemental
composition and the oxygen-to-carbon atom ratio (O:C) on GO
samples determined from the XPS data of samples postexposure.

222 C 1s region indicate that exposure to GSH results in a change
223 in the C 1s spectral profile that is consistent with the decrease
224 in the oxygen content of P-ARGO. In addition, the oxygen-to-
225 carbon (O:C) ratio before and after exposure is in agreement
226 with the change of the spectral profile (i.e., loss of oxygen) as
227 the O:C ratio decreases from 0.488 for the control P-ARGO
228 sample (no GSH added) to 0.424 for the P-ARGO sample
229 with a 33.3 mM initial concentration of GSH. Given the
230 reactive nature of epoxides, the diminishment of the C—O
231 component at ~287 eV could indicate an epoxide ring opening
232 leading to elimination of the epoxide group.’® Importantly,
233 there is no significant increase of N and S observed in the P-
23¢ ARGO sample, confirming that no GSH is adsorbed to the
235 surface and that GO—GSH conjugates (i.c., other non-GSSG
236 intermediate products, see above) are not appreciably formed
237 in the direct reaction mechanism.

238 To investigate the potential of epoxide groups to play a role
239 in the oxidation of GSH under low DO conditions, we
240 prepared a reduced GO sample by thermally annealing ARGO
241 up to 600 °C (TGO600). Annealing exploits the thermal
242 stabilities of oxygen groups and was used to selectively reduce
243 surface oxygens. Epoxides are the least thermally stable®' and
244 are expected to be fully reduced at 600 °C; carboxylic acid
245 groups will also be removed due to thermal decarboxylation at
246 this temperature.”’ ~>® XPS data of TGO600 indicate that
247 thermal annealing led to extensive depletion of C—O-bound
248 oxygen in the sample, as observed in both the decrease in the
249 atomic concentration of oxygen (32% oxygen to 14.1%
250 oxygen) and the corresponding loss of the C—O feature at ~
251 287 €V in the C 1s region (Figure 4b). The loss of oxygen and
252 diminishment of C—O character in the C 1s region after
253 thermal annealing at elevated temperatures are consistent with

—

previous observations of GO transformations after thermal 254
annealing and has been previously attributed to the loss of 2ss
epoxide groups.'* Furthermore, the slight shoulder persisting 256
at ~287 eV for TGO600 is expected, as it suggests the 257
existence of trace residual oxygen-containing groups attributed 258
to hydroxyl and carbonyl groups, which have higher thermal 259
stability.”' —>® Attenuated total reflectance-Fourier transform 260
infrared spectroscopy (ATR-FTIR) was performed to obtain 261
further insights regarding the transformation of GO and 262
confirms that after annealing at 600 °C, epoxide groups were 263
absent on the GO surface. This is indicated by the absence of 264
the peak at ~1000 cm™ in the TGOG600 sample, which 265
represents epoxide groups (C—O—C) (Figure $2).">°% 266

The GSH oxidation assay was repeated under low DO 267
conditions at the highest initial GSH concentration (33.3 mM) 268
with TGO600, and no significant loss of GSH is observed with 269
increasing exposure time (Figure 3, squares). Furthermore, 270
there are no significant changes in the surface chemistry (i.e., 271
the C 1s spectrum) for the postreaction TGO600 sample (P- 272
TGO600) (Figures 4 and S2). Thus, we propose that the 273
removal of reactive epoxide groups on the GO surface limits 274
the direct oxidation reaction with GSH and suggest that the 275
contribution of residual oxygen-containing groups on TGO600 276
(e.g, C=O0) to this reaction is insignificant. 277

The loss of oxygen on the surface of ARGO, as determined 278
by XPS (Figure 4), can be used to estimate the contribution of 279
the direct reaction mechanism to the loss of GSH under low 280
DO conditions. For the 3.3 mM GSH concentration condition 281
(Figure 3), the percent contribution of the catalytic mechanism 282
is approximately 10 times that of the direct mechanism. While 283
our system is not ideal (i.e., some DO remains) and the relative 284
contribution of the direct mechanism will depend on the 285
system conditions (e.g, initial GSH concentration), this 2s6
estimate provides a rough baseline comparison. 287

The combined results corroborate our previous findings'™ 283
that surface oxygen influences the propensity for GO to oxidize 289
GSH under ambient DO conditions (combined catalytic and 290
direct oxidation mechanisms). In the ambient DO system with 291
0.33 mM GSH, 53 and 20% loss of GSH are observed after 6 h 292
of exposure for ARGO (Figure 2b) and TGO600 (Figure S3), 293
respectively. The primary differences between ARGO and 204
TGOG600 include the amount of surface oxygen, exclusion of 295
surface epoxide groups, and the changes in consequential 296
physiochemical properties (e.g, aggregation, electrical con- 297
ductivity, and so forth) resulting from thermal reduction of 298
oxygen groups, which are known to drive the catalytic 299
mechanism.™ 300

Determining Elementary Reaction Steps of the GO- 301
GSH Reaction Using DFT Calculations. There are three 302
primary components to the model evaluated in this work: 303
graphene, surface oxygen groups, and GSH. A graphene 304
nanoflake model was used consisting of 52 carbon atoms 30s
(forming 18 aromatic rings) with 18 capping hydrogen atoms 306
to ensure that the model had a physically relevant spin state of 307
S = 0. Preliminary calculations using a 31-carbon atom cluster 308
forming 10 aromatic rings were found to be unstable due to 309
inadequate stabilization provided by the smaller cluster. Given 310
the reasonable structure of the moderate-sized cluster model 311
with adsorbates relative to the smaller cluster model, we 312
expected that an even larger cluster model would not 313
significantly impact the calculation results. Nevertheless, we 314
tested the viability of a larger graphene nanoflake model. 315
Unfortunately, electronic energy optimizations for these cases 316
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were slow and could not be converged in a timely manner, so
for practical reasons we did not do further tests on the large
cluster models. Four primary oxygen groups were considered:
epoxide (C—O—C) and hydroxyl (OH) groups on the basal
plane, and carbonyl (C=0) and carboxylic acid (COOH)
edge groups."”™"” The GSH molecule (C;oH;;N;048) is a
carbon chain decorated with two carbonyl, one thiol group
(—SH), one amino group (—NH,), and two carboxylic acid
groups at either end. Molecular GSH is more stable in solution
as a zwitterion (by 6.7 kcal/mol), but the zwitterion state is
higher in energy in the gas phase (by 7.6 kcal/mol). Thus,
solvation clearly plays an important role in stabilizing the
zwitterion form of the GSH molecule. However, as solvation
energies are physically expected to be less on a surface (due to
the decrease in the solvent-accessible surface area upon
adsorption), and because we doubt the physical validity of
using a continuum solvation model with this carbon nanoflake
cluster model (vide infra), we modeled all species as a
molecular cluster using GSH based on a non-zwitterion form.
All calculations were performed by modeling each reactant and
product as a single cluster to maximize error cancellation.
Figure 5 shows representative cluster models used in this work.

(@)

Figure S. Representative molecular cluster models used in computa-
tional studies. (a) Reactant state with two oxygen functional groups
(C—0—-C and C—OH) and two GSH molecules hydrogen-bonded to
the surface oxygen groups. (b) Product state with one oxygen
functional group (C—OH) as well as oxidation products: water and
GSSG. Atom coloring: black = carbon; white = hydrogen; red =
oxygen; blue = nitrogen; and yellow = sulfur.

DEFT calculations were used to assess the reaction energetics
for possible reactions between different GO oxygen groups and
the thiol and amino groups of GSH (Table S1). The thiol and
amino groups were identified to be the most likely reaction
sites (as compared to the C=0O groups and C—OH in the
GSH chain or COOH terminal groups) as their bonds to the
carbon chain are weaker and thus more reactive.’"’
Subsequently, the thiol group was identified as the preferred
site to react with the GO surface as it has a lower S—H bond
strength (~86.8 kcal/mol) compared to the N—H bond
(~92.3 kcal/mol).***” The relative difference in bond
strengths correlates with the calculated reaction barriers
(Table S1).

As a first step toward determining the reaction mechanism,
reactions of GSH with the GO surface containing one epoxide,
one hydroxyl, one carbonyl, or one carboxylic acid group were
modeled. Calculations for reactions involving hydroxyl,
carbonyl, and carboxylic groups resulted in very high barriers
(greater than SO kcal/mol) and thus were considered
unfeasible. GSH deprotonation on a clean graphene surface
was also considered; however, this reaction also resulted in
very high barriers. Barriers involving a single epoxide group
were found to be substantially lower, but the calculated
reaction energies (Figure 6, reaction 1) were not consistent
with experimental data that suggested GSH oxidation to be a
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Figure 6. Calculated reaction-free energies for two different GSH
oxidation reaction mechanisms identified in this work. Gas-phase
reaction-free energies are reported at the wB97x-D3/def2-TZVP//
BP86-D3BJ/def2-SVP level of theory. Details of atomic-scale
structures are shown in Figure 7, and XYZ coordinates are provided
in the Supporting Information. (Reac = reactants for the reaction, TS1
and TS2 = first and second transition-state structures, and Prod =
products at the end of the reaction).

facile process. The first step in reaction 1 involves the epoxide
ring opening concomitant with the proton transfer from one
GSH molecule, and the formation of a surface hydroxyl group
is energetically uphill by 15.5 kcal/mol (R1-TS1, barrier = 17.2
kcal/mol). The subsequent proton transfer from the second
GSH molecule forms a water molecule with a reaction energy
of —74.1 kcal/mol (R1-TS2, barrier = 17.7 kcal/mol). Even
though the overall reaction energy is calculated to be highly
exothermic (—58.6 kcal/mol), the calculated barriers are too
high for a reaction that is observed to occur at room
temperature. The high barriers in reaction 1 result from water
formation and the loss of intermolecular interactions between
the surface oxygen species and the GSH molecules relative to
the reactant structure (see Figure 7 and XYZ coordinates in the
Supporting Information).

The energetics for reaction 1 seemed unlikely to reflect the
actual process, so an alternative configuration of oxygen species
was considered in which an epoxide was adjacent to a hydroxyl
group.””” Three different sites are considered when placing
the hydroxyl group on the surface: one, two, and three carbon
atoms away from the epoxide group. The most stable
configuration was achieved when the hydroxyl group was
two carbon atoms away from the epoxide (ie, 3.40 A, see
Figure Sa). In this scenario, the first step of reaction 2 is the
epoxide ring-opening reaction with the proton transfer of a
GSH molecule to form a diol group on the surface, but the diol
group then immediately reacts with the second GSH molecule
to form a metastable complex of deprotonated GSH molecules
and water, which interact with the adjacent hydroxyl group.
This overall process is downhill, —4.8 kcal/mol (R2-TSI,
barrier height = 7.4 kcal/mol). The interatomic distance
between the two sulfur atoms in the reactant state is 4.6 A, and
this increases to 5.3 A in the intermediate state due to the
formation of a stable hydrogen bond between the two sulfur
atoms in the deprotonated GSH molecules and the now-
formed water molecule. The second step of reaction 2, the
formation of the S—S bond between the deprotonated GSH
molecules, is energetically downhill, —41.0 kcal/mol (R2-TS2,
barrier height = 5.6 kcal/mol). In this step, the interatomic
distance between the sulfurs decreases from 5.3 to 2.1 A, thus
reflecting a GSSG molecule.

These calculation results suggest that the only energetically
feasible GSH oxidation pathway does not involve a single
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Figure 7. Selected interatomic distances (numerical values reported in A) for GSH oxidation mechanisms shown in Figure 6. Note that atomic-
scale structures are complex and interatomic distances are not drawn to scale, and XYZ coordinates are provided in the Supporting Information. (a)
Reaction 1 species. Red curve lines are surrogates for GSH backbone structures. O* refers to a surface-bound O atom, which initially is a surface
bound epoxide, then a surface-bound hydroxyl, and then a dissociated water molecule (drawn in blue). (b) Reaction 2 species. The red curved line
is a surrogate for one of the GSH backbone structures and the G-group represents the remainder of another complete GSH molecule. “O,” refers to
a surface-bound O atom, which initially is a surface-bound epoxide, and then a dissociated water molecule (drawn in blue). “O,” refers to a surface-
bound OH group that remains intact throughout the reaction but participates in hydrogen bonding to facilitate the GSH oxidation steps. (Reac =
reactants for the reaction, TS1 and TS2 = first and second transition-state structures, and Prod = products at the end of the reaction).

surface oxide group, in this case, the epoxide species. Instead,
GSH oxidation likely occurs at a surface site that involves both
a surface-bound epoxide (that eventually becomes H,0) as
well as a nearby C—OH group that forms a stabilizing
interaction with a GSH molecule, allowing for a lower energy
pathway for S—S bond formation. As epoxide and hydroxyl
groups are present on the basal plane of GO, these two groups
together play a synergistic role. The observation from our work
showing that hydroxyl groups can form hydrogen bonding
networks has also been observed in previous computational
studies of GO.”>*’

As this reaction is run in an aqueous solution, the impact of
using continuum treatment for solvation (Figure S4) was also
considered. No qualitative differences were found when a
continuum solvation model was used, but there were
quantitative changes to generally make intermediate energies
lower and barrier heights higher. We suspect this to be an
unphysical result because of the nanoflake cluster model that
uses a finite graphene system with capping hydrogen atoms
rather than a more physical (and more computationally costly)
periodic system with an extended GO surface. While solvation
energy contributions are normally assumed to be very
important in homogeneous catalysis,”*” it usually (Plays a
less significant role in heterogeneous catalysis studies®” as the
latter systems have much less solvent-accessible regions by
virtue of being at a solid/liquid interface. Here, the role of
solvent likely plays even less of a role given the relatively bulky
nature of GSH molecules that would further limit the
accessibility of solvent molecules beyond what the surface
alone would. For this reason, in this particular case, gas-phase
calculations bring more error cancellation and thus better
resemble results obtained from experimental work. To make a
more informative and precise conclusion on the role of
solvation in GSH oxidation, explicit solvation modeling should
be carried out, likely using computationally costly QM/MM
MD simulations within a periodic model for the GO surface.

However, avoiding this computational cost was the motivation
for using this cluster model in the first place. As stated earlier,
the intent for the computational work was to provide insights
into the reaction process that is experimentally known to occur
and, at present, the gas-phase energetics determined herein
appear to be the most representative of our experimental
findings.

Others have identified that sulfenic acid (G-SOH) is a key
transient intermediate in the oxidation reactions of thiols and is
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445
446
447
448
449
450
451

rapidly consumed to form disulfides in the presence of 452

thiols,”’ ~®* but whether it is an intermediate on GO is
unknown. Computational models are used to study a single
GSH molecule reacting with an epoxide group to form G-
SOH, and this resulted in a moderate barrier (15.3 kcal/mol)
similar to barriers found in reaction 1, but subsequent
pathways were found to be highly unfavorable and greater
than (S0 kcal/mol). The XYZ coordinates of the structures
used to calculate 15.3 kcal/mol barrier (reactants, transition
state, and products) are given in the Supporting Information.
As an analogue to reaction 2, G-SOH formation in the
presence of both an epoxide and a hydroxyl group is also
modeled. As seen with reaction 2, the calculated barrier
became even more reasonable (8.2 kcal/mol), but after
multiple attempts we could not find a reasonably low barrier
for a subsequent step (all calculated barriers were found to be
more than 50 kcal/mol). The GSH molecule reacting via the
nitrogen site and forming a G-NOH, molecule was also
considered, but the barrier calculated for this reaction (21.5
kcal/mol) was higher compared to that for G-SOH formation
(15.3 kecal/mol). This is not surprising as S—H bonds are
substantially weaker than N—H bonds (vide supra), and so it is
easier for oxygen to get inserted between an S—H bond rather
than an N—H bond. The list of all the studied reactions is
provided in Table SI. To summarize these results, there is
computational evidence that GSH oxidation to GSSG on GO
may involve the formation of G-SOH, but we found no
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energetically reasonable pathways to show it as an intermediate
en route to GSSG rather than a side product.

B CONCLUSIONS

The integration of experimental and computational approaches
enables obtaining new knowledge and insights into the
interactions of GO and the important cellular antioxidant,
GSH. The results from both approaches reveal a direct
oxidation mechanism of GSH by a GO surface, which build on
the previously reported catalytic oxidation mechanism.
Examination of changes in the GO surface chemistry before
and after exposure to GSH shows a decrease in the C—O
content for a GO sample with epoxide groups (ARGO) and no
notable change in the GO surface for a reduced GO sample
without epoxide groups (TGO600). These experimental data
suggest the important role of epoxide groups in the direct
oxidation of GSH, which are further supported using
computational quantum chemistry modeling. DFT calculations
of possible reaction schemes between GSH and oxygen groups
on GO demonstrate that epoxide groups are the preferred
active sites for GSH oxidation. Furthermore, proximal hydroxyl
groups play an important role in facilitating GSH oxidation by
stabilizing the transition state through intermolecular hydrogen
bonding interactions between the hydroxyl groups on the GO
and the reacting GSH species.

The combined experimental—computational methodology
enables interrogation of the direct mechanism, and the
approach is transferrable to the study of surface reaction
mechanisms beyond GSH. The results reveal general
interaction mechanisms between oxygen-functionalized carbon
nanomaterials (CNMs) and other thiol-containing molecules.
Furthermore, this work provides insights into manipulating
surface oxygen groups to rationally design CNMs to meet
intended performance needs in an application that may or may
not necessitate bioactivity. For example, the reactive sites on
CNMs (eg, epoxides on GO) can be tailored to minimize
their toxicity. On the other hand, the surface chemistry can be
manipulated to CNM surface reactions that are important for
monitoring thiol-related biological processes (eg., sensitive
probes, biosensors, and so forth). While a low DO environ-
ment has allowed us to identify the direct interaction
mechanisms between GSH and the GO surface, these
conditions are also relevant to anoxic natural and engineered
systems. For example, anoxic conditions occur in natural,
subsurface water, and soil systems; our research findings not
only illuminate the potential adverse impacts of unintended
release of CNMs to the ecosystem but can also be used to
advance the identification of thiol compounds in such
environmental samples using CNM-based sensing platforms.
In engineered systems (e.g., microbial fuel cells, sensors, and so
forth), there are opportunities to leverage nano—bio
interactions to enhance the performance (e.g, electron transfer,
selectivity, and sensitivity of detection events). For example, in
microbial fuel cells, CNM-based anode electrodes can be
manipulated by changing surface chemistry to ensure
biocompatibility with anaerobic microbes while still facilitating
the desired extracellular electron transfer.

B MATERIALS AND METHODS

Material Preparation. Single-layered GO, synthesized by
modified Hummer’s method, was purchased from ACS Materials
LLC (Medford, MA, USA) and used as-received (labeled ARGO).
One thermally annealed sample was prepared by heating ARGO

under helium gas flow at 600 °C for 30 min and referred to as
TGO600. Centrifugation was adopted to isolate and collect ARGO
after exposure to GSH, while filtration was used for TGO600. These
postreaction samples were cleaned with sufficient rinsing with
deionized water and dried in a vacuum desiccator and labeled P-
ARGO and P-TGOG600, respectively. The postreaction sample
without GSH exposure was used as the control.

Measurement of GSH and Its Oxidation Product GSSG.
Measurement of GSH by Ellman’s Assay. The depletion of GSH
after exposure to GSH was measured under acellular conditions using
Ellman’s assay (DTNB, S§,5'-dithiobis (2-nitrobenzoic acid)), as
described in our previous studies.">*"** The GO suspension was
prepared by 1 h bath sonication (VWR Aquasonic 150T) and added
to the GSH solution in a 33 mM bicarbonate buffer (pH = 8.6) to
initiate the reaction, during which the sample vials were covered with
an aluminum foil to avoid potential photoinduced oxidation and
rotated continuously during the experiment at room temperature. The
final concentration of GO was 0.05 mg mL™" and different initial
concentrations of GSH (0.33, 3.3, 16.5, and 33.3 mM) were applied.
GO was filtered out of the solution using a 0.22 pm syringe filter
before the measurement. The concentration of free GSH in the
filtered sample solution was quantified using Ellman’s reagent that
reacts with the thiol group of GSH to produce a yellow product 3-
thio-6-nitrobenzoate, which can be detected by UV—vis spectroscopy
at 412 nm.

Measurement of GSSG by the GSSG/GSH Quantification Kit
Assay. The GSSG/GSH quantification kit assay (Dojindo Molecular
Technologies, Inc.) was used to determine the amount of formed
GSSG, while the total glutathione (GSH + GSSG) and free GSH were
measured at the same time. Specifically, the filtered sample solution
was incubated with DTNB and glutathione reductase for 10 min at 37
°C, whereas GSSG was converted back to GSH by glutathione
reductase. Total glutathione concentration was determined by
measuring the absorption at 412 nm using a 96-well microplate
reader. GSSG was quantified by masking the GSH thiols with the
Dojindo masking reagent that does not cause interference for the
reaction of GSSG measurement according to the manufacturer’s
protocol. Free GSH was then calculated by subtracting GSSG from
the total glutathione.

The loss of GSH and the production of GSSG were calculated with
reference to the control (no GO added). As the GSH air oxidation
occurs in the control leading to a small amount of GSH loss and
GSSG production, all the GSH and GSSG data for the samples and
the control were calibrated by subtracting the contribution of GSH air
oxidation.

The GSH oxidation was conducted under ambient and low DO
conditions, respectively. The ambient O, condition refers to the
situation that DO is at a normal level (i.e, 0.26 mM), while the low
O, condition was achieved by purging the solution with nitrogen gas
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for 20 min before initiating the reaction, resulting in a DO level of sg9

0.008 mM. All the experiments were performed in triplicate.

For the five-cycle experiment under ambient DO conditions
(Figure 1), sampling was conducted at multiple time points (i.e., 0, 1,
2.5, 4, 6, and 12 h) for the first cycle, and for the subsequent cycles,
sampling was only conducted at the beginning and end of each cycle
to maximize the ARGO remaining in the reaction vessels.

Characterization of Materials before and after Reaction
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with GSH. XPS was used to determine the elemental composition of 597

samples and evaluate the changes in the surface oxygen groups. The
spectra were collected using a PHI 5600 instrument with a Mg Ka
(1253.6 eV) flood source. Powdered samples were dried in a
desiccator prior to analysis and then secured with a double-sided
copper adhesive tape on an XPS sample stub. After preparation,
samples were introduced into an ultrahigh vacuum environment.
Surveys were collected to identify the elements and ensure that there
were no impurities in the samples. Quantitative analysis was
performed on high-resolution multiplex spectra for the existing
elements including carbon (C 1s), nitrogen (N 1s), sodium (Na 1s),
oxygen (O 1s), and sulfur (S 2p) regions at a pass energy of 29.35 eV
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609 and a step size of 0.125 eV, with 20 sweeps per region. XPS spectra
610 were quantitatively analyzed using CasaXPS.

611  ATR-FTIR spectroscopy was employed as a complementary
612 technique to XPS to confirm the changes in the surface oxygen
613 groups. The data were collected using a Nicolet iS5 with a diamond
614 window. Prior to analysis, samples were dried in a desiccator for at
615 least 24 h. Samples were analyzed from 4000 to 400 cm™' at a
616 resolution of 0.482 cm™", with 16 scans per sample. The background
617 of the instrument was an ambient atmosphere for all analyzed
618 samples.

619 Computational Methodology. All KS-DFT calculations were
620 performed using the ORCA program.’® To study the GO
621 morphologies, model clusters of graphene with different sizes and
622 different oxygen functional groups were generated. Edges of the
623 cluster model were terminated by hydrogen atoms so as to have a
624 stable GO morphology with a singlet spin state. The reaction
625 mechanisms were modeled by involving one and two GSH molecules.
626 Figure 6 shows illustrations of reactant and product states using our
627 cluster model. Full geometry optimizations were performed using
628 BP8667’68-D3BJ69/ def2-SVP”’ level of theory. Free energy contribu-
629 tions were calculated using the ideal gas, rigid rotor, and harmonic
630 oscillator approximations at the same level of theory as the geometry
631 optimizations. @B97x-D3”"/def2-TZVP single-point energy calcula-
632 tions were then performed on the fully optimized geometries to study
633 the significance of high level of theory calculations. B3LYP-D3BJ/
634 def2-TZVP and BP86-D3BJ/def2-TZVP single-point energies are
635 shown in Table S2, but only wB97x-D3/def2-TZVP energies are
636 reported here as @B97x-D3 is proven to be more accurate. Solvation
637 effects were also modeled by performing single-point energy
638 calculations using the conductor-like polarizable continuum model”
639 solvation model, as implemented in ORCA. Finally, single-ended
640 growing string method (GSM) calculations were used to model
641 reaction pathways.”>~’> GSM calculations were found to not converge
642 for some pathways, but even in these cases, GSM calculations found a
643 reasonable starting guess that could be optimized to a valid transition-
644 state structure having only one imaginary frequency. All transition-
645 state structures reported in this paper were confirmed to have one
646 imaginary frequency, and all the remaining structures (reactants,
647 intermediate states, and products) have zero imaginary frequency.
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