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Graphene-based nanomaterials have been widely studied as high-performance matrices for enzyme
immobilization and in the development of biosensors. Surface O-functionalities of graphene induce
changes in chemical reactivity and electronic conductivity of nanomaterials and may interfere with enzy-
matic processes; however, the mechanisms are not fully understood. We compare the effects of three
commercially available graphene-based nanomaterials, namely a graphene, a graphene oxide (GO), and
a reduced graphene oxide (RGO), on the activity/stability of horseradish peroxidase. Both graphene
and GO significantly reduced enzyme stability by altering enzyme conformation, which was evidenced
by circular dichroism spectroscopy. However, RGO improved enzyme stability up to 7-fold. This increased
stability was attributed to the capability of RGO to quench superoxide radicals, which were primarily
responsible for the enzyme deactivation. The basal plane of RGO, mainly through quinone moieties,
may act as a redox mediator to facilitate enzymatic turnover. Overall, the radical scavenging plus redox
mediating capabilities of RGO suggest the potential for graphene-based nanomaterials to enhance

enzyme engineering and enzyme-based sensors.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene and its derivatives (e.g., graphene oxide (GO) and
reduced graphene oxide (RGO)) exhibit unique chemical, electronic,
thermal, optical and mechanical properties that enable diverse
applications in nanobiotechnology, such as nano-biocatalysis,
drug delivery, cellular imaging, biomedicine, and biosensing
[1-5]. Graphene-based materials have shown great promise as
high-performance matrices for enzyme immobilization [4,6],
offering advantages such as large surface area, tailor-made surface
functionalities and easy substrate accessibility [7,8].

The effectiveness of graphene-based materials in supporting
biocatalysis is strongly dependent on the physicochemical proper-
ties of the nanomaterials [9,10]. First, the type and distribution of
surface functionalities of nanomaterials strongly affect the interac-
tions between nanomaterials and enzymes, and consequently, the
structural conformation of and substrate accessibility to adsorbed
enzymes. It has been shown that electrostatic interactions are
the primary driving force for the adsorption of cytochrome c to
GO, whereas hydrophobic effects are the predominant mechanism
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for its adsorption to RGO. Different interactions had different
effects on substrate accessibility to the heme, resulting in either
an increase or a decrease in enzyme activity of cytochrome c
[11]. Second, different degrees of surface functionalization can also
lead to differences in electronic conductivity of graphene-based
nanomaterials. Graphene is an electrical conductor, whereas GO
can be electrically insulating [12]. For RGO, the 7 electron network
of graphene is partially restored, and the conductivity of RGO can
be higher than that of GO [13,14]. It was reported that conductive
RGO and graphene have higher oxidation capacities for glutathione
and induce more severe oxidative stress in cells than insulating GO
[15]. Third, during functionalization, graphenic edges and defects
may be induced on the graphene basal surface, which results in
high chemical/electrochemical reactivity. In comparison with GO,
RGO possessed more abundant edges and defects, and accelerated
nitrobenzene reduction [16] and hydroquinone oxidation [17].
However, some features of graphene-based nanomaterials that
could enhance biocatalysis have not been explored. For example,
RGO can remove hydroxyl and dithiocyanate radicals [12,18],
which suggests its potential application as antioxidant to protect
enzymes from inactivation. Reactive oxygen species derived from
both endogenous biological processes and exogenous sources are
primarily responsible for enzyme oxidation [7] and loss of enzyme
activity. Albeit, the antioxidant capability of RGO may be
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influenced by the abundance and type of surface O-functionalities,
which also affect its physicochemical properties such as reactivity,
conductivity, adsorption capacity and suspendability. Moreover,
RGO is rich in quinoid-like groups, which can assist electron
transfer and activation of molecules in chemical reductions [16].
Therefore, some quinoid structures might also facilitate
enzyme-catalyzed redox processes.

The objective of this study was to advance our mechanistic
understanding of how functionalization of graphene-based
nanomaterials affects enzyme activity and stability. Using three
commercially available graphene-based materials, including a
graphene, a GO and a RGO, and horseradish peroxidase (HRP) as
a model enzyme, we found that both graphene and GO reduced
enzyme activity/stability via strong adsorption, whereas RGO
improved stability up to 7-fold via acting as radical quencher and
redox mediator.

2. Materials and methods
2.1. Materials

GO and RGO were purchased from Plan Nano Materials Tech.
Co. (Tianjin, China). Graphene was purchased from XF Nano
Materials Tech. Co. (Nanjing, China). GO and RGO were synthesized
by Yongsheng Chen’s group as detailed previously [19,20].
Graphene was synthesized via chemical exfoliation followed by
thermo reduction. Horseradish peroxidase (EC 1.11.1.7, from
Armoracia rusticana, sigma Type IV, with activity of 250 U/mg),
superoxide dismutase (SOD, EC 1.15.1.1, from bovine erythrocytes,
with activity of 3000 U/mg), isopropyl alcohol (purity > 99%), ben-
zoquinone (purity >98%), and 2,2’-azino-bis-(3-ethylbenzthiazoli
ne-6-sulfonic acid) (ABTS, purity >98%) were purchased from
Sigma-Aldrich (China). All other chemicals and solvents used were
of analytical grade or higher.

The surface elemental compositions of graphene-based nano-
materials were determined by X-ray photoelectron spectroscopy
(XPS) (PHI-5000 Versa Probe, Japan). The { potentials were mea-
sured by electrophoretic mobility using a ZetaPALS (Brookhaven
Instruments, Holtsville, USA). The XPS spectra are provided in the
Supporting Information (Fig. S2), and the physicochemical proper-
ties of the nanomaterials are summarized in Table 1.

2.2. Incubation of graphene-based nanomaterials with HRP and H,0,

Stock suspensions of the graphene-based nanomaterials were
prepared by adding nanomaterials to deionized water to a final
concentration of 200 mg/L. To increase the dispersion, each sus-
pension was ultrasonicated (150 W, 40 kHz) for 4 h immediately
prior to the beginning of experiments. Although sonication can
lead to the formation of radicals, spectroscopic analysis showed
that this sonication process did not lead to HRP oxidation

Table 1
Elemental compositions and { potential of the nanomaterials.

(Fig. S1). The HRP stock solution (1.5 mg/mL) was prepared by dis-
solving enzyme in 10 mM phosphate buffer solution (PBS) at pH
5.0 (the optimum pH for HRP) immediately before use. The nano-
material stock suspensions were further diluted with PBS buffer
(10 mM, pH 5.0) to obtain the desired concentrations. The enzyme
stock solution was then added to the nanomaterial suspension to
give a total volume of 15 mL containing 15 mg/L HRP and 0, 5, 25
or 50 mg/L nanomaterials. The reaction was initiated by adding
100 puL of 2.25 mM H,0, solution, and the final concentration of
H,0, was 15 pM. An aliquot of 100 pL of 2.25 mM H,0, was added
daily. All samples were stored in the dark and shaken at 160 rpm at
28 °C. At appropriate time intervals, samples were withdrawn to
obtain various measurements. All samples were prepared in
triplicate, and samples containing HRP alone without daily addi-
tion of H,O, were also prepared to monitor activity loss. When
required, 0.5 mM of isopropyl alcohol or 1 mM of benzoquinone
was added to the reaction mixture at the beginning. No benzo-
quinone degradation by HRP was observed during incubation
(see SI). Both isopropyl alcohol [21] and benzoquinone [22] were
added in excess of potential radical production in the reaction
system.

For experiments involving SOD, an SOD solution (prepared in
PBS buffer) was added to the above HRP reaction system at a final
concentration of 15 mg/L at the beginning of the reaction. Due to a
rapid loss of activity, 100 pL of SOD stock solution (1.5 mg/mL) was
added to the mixture daily. SOD was added in excess to efficiently
remove superoxide anions [23,24].

2.3. Enzyme activity assays

HRP activity was determined by monitoring the oxidation of
ABTS to its cation radical at 420 nm [25]. Briefly, 100-pL samples
were removed at predetermined times and immediately diluted
10-fold in 10 mM PBS (pH 5.0). Then, 100 pL of the diluted solution
was added to a quartz cuvette, followed by the addition of 900 pL
of 5 mM ABTS (prepared in 10 mM PBS at pH 5.0) and 100 pL of
0.1 M H,0, to start the assay. The change in absorbance was exam-
ined every 2 s over a period of 1 min at 420 nm using a UV-vis
spectrometer (TU-1810, Persee Co., China). The interference of
the nanomaterials with the activity assays was negligible (see SI).

The decay in enzyme activity, expressed as the ratio of the
activity A; at given time to the initial activity Ay, is described by
bi-exponential equation with k; and k, as the rate constants [26]:

% =o - exp(—kit) + f - exp(—kzt)
0

This bi-exponential model has been widely used to describe the
kinetics of enzyme deactivation, especially in the context of
biotechnology [26]. The half-life (t;,,) is defined as the time taken
for the loss of 50% of original activity.

Nanomaterial C (%) 0 (%) C:0 ratio { Potential (mV)"®
C—C/C=C C—OH c—0—C =0

GO 29.04 2.66 27.06 7.44 31.63 2.09 —31.62+1.18

Graphene 58.21 16.45 7.42 8.46 8.86 10.26 -d

RGO 41.58 22.54 1.93 17.70 12.33 6.79 —20.96 £0.99

RGO-88 h © 36.05 19.48 1.28 18.84 20.74 3.64 -

a

Analyzed by X-ray photoelectron spectroscopy.

Measured by electrophoretic mobility using a Zetasizer.

€ Values after “+” represent the standard deviation of five replicates.
4 Due to precipitation, { potential cannot be measured properly.

€ RGO incubated with 15 mg/L HRP and 15 uM H,0, for 88 h.

b
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2.4. Adsorption of HRP onto nanomaterials

Briefly, 2 mL of the nanomaterial suspension (200 mg/L) was
added to 4-mL vials. Then, a series of volumes of HRP
(1000 mg/L) solution prepared in 0.2 M phosphate buffer (pH 5.0)
were added to the vials, and phosphate buffer was added to
achieve total volumes of 4 mL. The final enzyme concentrations
were 50 mg/L, 75 mg/L, 150 mg/L, 300 mg/L and 500 mg/L. The
mixture was shaken for 2 h at 160 rpm and 28 °C, and adsorption
equilibrium was achieved after 30 min of incubation. The samples
were subsequently centrifuged at 11,000 rpm for 20 min at 4 °C.
The protein content in the supernatants was determined using
the bicinchoninic acid method (BCA) or the uBCA assay [27]. The
amount of enzyme loaded onto the nanomaterial was determined
by measuring the difference in the enzyme concentration in solu-
tion before and after exposure to nanomaterials. All experiments
were performed in triplicate.

2.5. Circular dichroism (CD) spectroscopy for HPR secondary structure
analysis

The above reaction mixture (containing 15 mg/L HRP, 15 pM
H,0, and various concentrations of nanomaterial) was incubated
for 2 h, and 3 mL was withdrawn for CD analysis. The CD spectra
were obtained on a CD spectrometer model ]-715 (JASCO, Japan).
The far-UV region was scanned between 195 and 250 nm. The scan
speed was 20 nm/min with a bandwidth of 2.0nm at room
temperature. The CD signal was determined as the total signal
(protein plus background) minus the background signal (nanoma-
terial in PBS buffer). Three replicates were performed and averaged
for the calculation of secondary structures. The relative contents of
secondary structures, including a-helix, B-sheet, p-turn and ran-
dom coil, were calculated by the Jasco secondary structure estima-
tion software [28].

2.6. Characterization of structural changes of nanomaterials after
enzymatic incubation

2.6.1. XPS analysis

After incubation for 88 h, samples were collected by centrifuga-
tion at 11,000g for 20 min and then washed with deionized water
three times. This process efficiently removed adsorbed enzyme,
and the absence of protein on the nanomaterial surface was
confirmed by the lack of obvious change in the nitrogen content
of the nanomaterial before and after exposure to the enzyme
(Table S1). The lyophilized nanomaterial was then subjected to
XPS analysis.

2.6.2. Raman spectroscopy

After incubation for 88 h, samples were withdrawn and
centrifuged at 11,000g for 20 min. The precipitate was lyophilized
on a freeze dryer (LGJ-18, Beijing Songyuan Scientific Co.). All spec-
tra were collected on a Renishaw inVia Raman microscope using an
excitation wavelength of 632.8 nm. Samples were scanned three
times from 500 to 3000 cm™! to visualize the D and G bands.
Significant differences (p < 0.05) in the D:G ratio were determined
by one-way ANOVA. All statistical analyses were conducted using
Statistical Packages for the Social Sciences (SPSS) Version 19.0.3.

2.7. Analysis of the redox state of HRP by UV-vis absorption
spectroscopy

Samples were prepared as described in Section 2.2. At the
specified time, 1 mL of sample was withdrawn and scanned in
the spectral range of 200-600 nm using a UV-vis spectrometer
(TU-1810, Persee Co., China). The spectrum of the corresponding

nanomaterial suspension was then subtracted from the sample
spectra.

3. Results and discussion

3.1. Characterization of surface O-functionalities of graphene-based
nanomaterials

The three graphene-based nanomaterials differ significantly in
the type, abundance, and distribution of surface O-functionalities
(Table 1 and Fig. S2). The C:O ratio decreased in the order of
graphene > RGO > GO. The O-functional groups on GO were pri-
marily epoxy/ether groups, whereas those on RGO were mainly
hydroxyl and carbonyl groups (Table 1). The distribution of
O-functional groups on graphene was more uniform compared
with GO and RGO, with hydroxyl groups accounted for approxi-
mately half of the surface O-functionalities and roughly equal
amounts of epoxy/ether and carbonyl groups accounted for the
rest. The small amounts of surface O-functional groups on gra-
phene were likely due to the incomplete reduction of graphene
oxide, the parent product of the commercial graphene. Both GO
and RGO were negatively charged (Table 1). The surface charge
of graphene could not be measured properly due to precipitate
formation.

3.2. Graphene-based nanomaterials show differential effects on
enzyme stability

In the absence of graphene-based nanomaterial, the progressive
loss of activity of HRP was apparent (Fig. 1), and the half-life of the
native enzyme (t;/) was approximately 8.9 h (Table 2). In the pres-
ence of graphene or GO, the loss of activity became more rapid. For
example, in the presence of 25 mg/L GO or graphene, the t;,, was
decreased to 3.06 and 1.78 h, respectively. Interestingly, in the
presence of 5, 25 or 50 mg/L RGO, the t;,; of the enzyme increased
to 21.3, 52.5, and 59.8 h, respectively, indicating that under the test
experimental conditions RGO significantly enhanced the stability
of HRP.

3.3. Adsorption of HRP on graphene-based nanomaterials result in
secondary structure change

The rapid loss of enzyme activity in the presence of graphene or
GO was likely attributable to the strong adsorption of HRP to these
two nanomaterials, because adsorption of enzymes onto nanoma-
terial may result in substantial changes in the secondary structure
of enzymes [29]. As shown in Fig. 2, adsorption of HRP on GO and
graphene was markedly stronger than on RGO (see the fitted distri-
bution coefficients, Ky, in Table S2). This is in general consistent
with the order that the materials induced enzyme unfolding:
graphene > GO > RGO. As demonstrated with CD spectra (Fig. S3),
adsorption led to decrease in a-helices and increase in B-sheets,
B-turns and random coils (Table 3). For example, the a-helical con-
tent of the native HRP was 33.3%, but decreased to 26.2% in the
presence of 5 mg/L graphene and 29.3% in the presence of 5 mg/L
GO. In comparison, the value changed little in the presence of
5 mg/L RGO (33.1%). The same general trend was also observed
at higher concentration of nanomaterials (25 mg/L). Apparently,
in comparison with RGO, graphene and GO induced larger changes
in enzyme structures due to stronger adsorption.

The different effects of the three nanomaterials on HRP stability
may also be linked to the specific types of enzyme-nanomaterial
interactions. Graphene interacts with HRP primarily through
hydrophobic effects and m-7 interactions [10], whereas for GO
and RGO electrostatic interactions and hydrogen bonding may also
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Fig. 1. Effects of 5, 25, or 25 mg/L of graphene oxide (GO), graphene, and reduced graphene oxide (RGO) on the stability of HRP as a function of time. The reaction mixtures
contained 15 mg/L HRP and 15 uM H,0,. Residual activity was expressed as the activity at respective time versus the initial activity of HRP alone. Error bars represent

standard deviations of triplicates.

Table 2
Summary of model fitting parameters and calculated half-lives (t;2).

Equation j\‘f; = o - exp(—kit) + B - exp(—kat)

Nanomaterial Nanomaterial concentration (mg/L)" o ks B ko tip (1) R?
GO 5 1.000 0.139 - -4 4.98 0.985
25 1.000 0.227 - - 3.06 0.992
50 1.000 0.531 = -1 1.31 0.999
G 5 0.656 0.022 0.332 0.432 12.51 0.984
25 0.806 0.543 0.198 0.018 1.78 0.985
50 0.912 0.582 0.098 0.023 1.61 0.985
RGO 5 0.265 0.224 0.741 0.018 21.27 0.906
25 0.247 0.269 0.735 0.007 52.48 0.971
50 0.764 0.007 0.210 0.155 59.79 0.975
HRP 0 0.449 0.022 0.544 0.160 8.90 0.972
SOD 0 0.288 1.075 0.712 0.009 39.48 0.988
BQ 0 1.000 0.005 - - 133.74 0.997

¢ The value of f of the fitting curve was zero.
b The initial H,O, concentration was 15 UM in all cases.

10'
S 10
o -4
c A

B ) | | GO
107 o RGO
A Graphene
107 10" 10°
C (mglL)

Fig. 2. The adsorption isotherms of HRP on graphene-based nanomaterials at pH
5.0 in 0.1 M phosphate buffer. Error bars, in some cases smaller than the symbols,
represent standard deviations of triplicates.

play significant roles, because of these two nanomaterials contain
greater amounts of O-containing functional groups [4,30]. When
hydrophobic effects are the predominant driving force for adsorp-
tion, soluble proteins, which often do not have surface-exposed
hydrophobic residues, undergo conformational changes to facili-
tate adsorption [4], which was evidenced by the large structural
change of HRP on graphene (Table 3). Electrostatic interactions
and hydrogen bonding between functionalized nanomaterials
and enzymes could decrease hydrophobic-induced denaturation
[31], which explains the lesser extent of structural change on
RGO and GO (Table 3). An interesting observation was that similar
enzyme structural changes (albeit to a lesser extent) were
observed in the presence of RGO (Table 3); however, an increase
in enzyme activity/stability was observed. This discrepancy sug-
gests that RGO was capable of preserving HRP activity through
other mechanisms which will be discussed below.
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Table 3
Adsorption of HRP on graphene-based nanomaterials® result in secondary structure change.
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Nanomaterial Nanomaterial conc. (mg/L) o-helix (%) B-sheet (%) B-turn (%) vy-random (%) Residual STD (%)
GO 5 293 £0.6" 233+04 7.6+0.2 39.9+0.2 8.2+0.7
25 27303 248 0.7 8420 395+1.2 9.0+0.2
Graphene 5 26.2+0.7 20.1+0.6 16.2+£0.6 38.1+1.1 8.5+0.3
25 =€ - - - >10
RGO 5 33.1+1.1 20.8+1.8 75+03 38.6+0.6 6.3+0.7
25 308+1.1 22.7+0.6 7.7+16 39.0£0.1 72+1.0
50 294+04 23.0+04 8.5+04 39.1+1.1 5.9.#0.8
HRP 0 333%0.1 20.6 0.9 79+09 38.3+0.1 43+04
¢ Reaction conditions: nanomaterial, 15 mg/L HRP and 15 pM H,0, were incubated for 2 h at pH 5.0.
b Values after “+” represent the standard deviation of three replicates.
¢ “-" indicates no calculated results because the value of residual STD fitted by the Yang equation was not reasonable.
(a) HOOH H10
HRIg HRP compound |
(Fe'™) (FeV'= 0%
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HRP compound 11
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HOOH H,0
HRP I
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H+
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=

HOOH

(Fe" = oH)

Fig. 3. (a) Catalytic cycle of HRP. (b) Mechanism of HRP inactivation by H,0, (adapted form Ref. [32]). S;q and So,x mean reduced and oxidized substrate, respectively.

3.4. RGO preserves HRP activity by scavenging O3 radicals

The catalytic cycle of HRP is initiated by H,0, (Fig. 3a).
Meanwhile, HRP undergoes a progressive loss of activity due to
the reaction with H,0, (Fig. 3b), and the superoxide anion (O3)
generated in the series of reactions is responsible for heme
destruction, enzyme oxidation and inactivation [32]. We hypothe-
size that RGO may scavenge O3 radicals, and thus, protect
enzymes from oxidation. We verified the positive effects of radical
scavenging on the stability of HRP using two radical scavengers,
and found that adding SOD, a O3 scavenger, resulted in an increase
in t1/; of more than 3-fold (Fig. 4 and Table 2), whereas no stability
enhancement was observed upon the addition of the hydroxyl rad-
ical scavenger isopropyl alcohol (Fig. 4).

To further confirm the role of RGO as a radical scavenger, we
examined the oxidation of RGO wusing XPS and Raman
spectroscopy. The XPS spectra (Fig. S2) revealed that after 88 h of
incubation with HRP, the oxygen content of RGO increased from
12.3% to 20.7%, and the C:O ratio decreased from 6.8 to 3.6
(Table 1). Oxygen-free imperfections in sp? carbons may be
responsible for the reaction with O3 [33,34], leading to the forma-
tion of epoxide and hydroxyl functional groups on the surface
[35,36].

The tangential G band and disorder-induced D band in Raman
spectra are characteristic of graphitic carbon materials, and the
D:G height ratio is an index of structural disorder [37]. After
incubation with HRP and H,0,, the D:G ratios remained unchanged
for graphene and GO, whereas RGO exhibited an increased
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Fig. 4. Enhanced HRP stability by SOD (15 mg/L) and benzoquinone (1 mM) but not
by hydroxyl radical scavenger isopropyl alcohol (IPA, 0.5 mM). In all cases, the
initial concentration of H,0, was 15 uM and an aliquot of 100 pL of 2.25 mM H,0,
was added daily. Error bars represent standard deviations of triplicates.

D:G ratio (the structural changes were not caused by H,0, alone;
see Fig. S4). The increase in structural disorder of RGO was attrib-
uted to the appearance of holes and wrinkling on the graphene
plane from re-oxidation of RGO by free radicals [12]. Note that
HRP has been reported to enzymatically oxidize GO [38].
Nonetheless, we did not observe any structural changes in GO.
This was likely because of the differences in the materials used
(varied physicochemical properties of GO) and reaction conditions
(e.g., enzyme and H,0, concentrations) in this and previous
studies.

3.5. RGO as mediator for enzymatic turnover

Given the high content of carbonyl and the changes of RGO
surface properties (Table 1) upon incubation with HRP, we propose
that RGO can also facilitate enzymatic turnover by serving as an
electron mediator. A number of studies have indicated that
quinoid-like structure can mediate redox process via an
electron-shuttling mechanism [39-42]. For example, quinoid
redox mediators (anthraquinone-2-sulfonate) facilitate the
reduction of azo dyes by anaerobic bacteria [22]. Likely, because
of its high amounts of quinoid-like groups, RGO facilitates electron
transfer in nitrobenzene reduction by sulfide [16]. We propose that
quinoid-like groups on RGO may also facilitate enzyme activ-
ity/stability via the following mechanisms (a conceptual scheme
is shown in Fig. 5). First, quinones can consume O3 radical
effectively [43] by one-electron reduction to the corresponding
semiquinone radicals or two-electron reduction to hydroquinone.

Second, as a substrate of HRP [44], hydroquinone can be oxidized
to semiquinone and quinone, releasing electrons to facilitate the
reductive conversion of HRP back to the ground state. Third, the
high electrical conductivity makes RGO a super mediator for
electron transfer [45,46].

This mediating effect of RGO as electron donor can be visualized
by monitoring the changes in the Soret absorption of HRP by UV-
vis spectroscopy (Fig. 6), because the position of the Soret band
reflects the coordination and spin state of the heme [47]. The cat-
alytic cycle of HPR (Fig. 3a) show the oxidative status of heme
change from ground state (oxidative +3) to compound I (oxida-
tive + 5), then to compound II (oxidative +4), and finally back to
ground state. Inactive enzyme, compound III, may also form while
reacting with excess H,0, (Fig. 3b). The UV-vis spectra of ground
state HRP was characterized by a Soret region at 403 nm [47]
(Fig. 6a), and the adsorption peak remained stable during incuba-
tion. After the addition of H,0,, the peak exhibited a red shift to
418 nm, and the peak intensity decreased progressively with time
(Fig. 6b). Compounds II and III were characterized by adsorptions
at 420 nm and 418 nm, respectively [48], indicating that H,0,
inactivated HRP by converting it to oxidized Compound III, and
the enzyme conformation denatured gradually with time. In the
presence of 25 mg/L GO, HRP remained oxidized, and no mediating
effect was observed (Fig. 6¢). However, in the presence of 25 mg/L
RGO, the Soret absorbance peak first exhibited a red shift to
418 nm, followed by a blue shift to 400 nm over 3 h (Fig. 6d),
and the peak was still detectable after 88 h of incubation. The spec-
tral shift as a function of time (Fig. 6e) revealed the assistance of
RGO as an electron donor in converting HRP Compound III to the
ground state. A small blue shift (3 nm) in the Soret maximum
absorbance indicated a decrease in the non-planarity of the por-
phyrin ring in the heme groups [49], possibly due to the interaction
with RGO.

We also added 1 mM benzoquinone as a surrogate to evaluate
the effect of quinoid-like groups in mediating enzyme activity.
Benzoquinone can act as both an O3 radical quencher and a redox
mediator, whereas SOD is only effective in O3 removal. The reac-
tion rate constant of benzoquinone with O3 (1 x 109M~'s™1)
[50] is comparable to that of SOD (2.4 x 10°M~'s™1) [51].
However, the enhancement of enzyme activity/stability was more
pronounced for benzoquinone, with an estimated t;,, of 133.7 h
(Fig. 2 and Table 2). As expected, benzoquinone accelerated the
enzymatic turnover from the oxidative state (418 nm) to
the ground state (403 nm) (Fig. S5). Hence, the contribution of
the quinoid-like structure as a redox mediator in facilitating

H,0 HOOH HRP
HRP compound 1
. “Vf o \ / (Fe“l)
(Fe''=0°) OH 0 ground state
© RGO ¢
e

HRP compound 11

RGO (Oxidized state)

[ ‘OOH

RGO

HRP compound Il _, Activity

(Fe" = oH)

\

H,0

(Fe™™ =-00H) loss

Fig. 5. Proposed mechanisms for the roles of RGO in maintaining HRP stability.
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Fig. 6. Changes in UV-vis spectra of HRP upon incubation with different nanomaterials as a function of time: (a) HRP only; (b) HRP with 15 uM H,05; (c) HRP with 25 mg/L
GO and 15 uM H,0,; and (d and e) HRP with 25 mg/L RGO and 15 pM H,0, (UV-vis spectra of plot (e) were collected within the first hour of the experiment). HRP

concentrations were 15 mg/L in all cases.

enzyme activity is appreciable. Nevertheless, quinone redox
chemistry is highly sensitive to the quinoid structure. Therefore,
further studies with RGO functionalized by different types of
quinone groups (and varying extent of functionalization) are
needed to discern the importance of these structures and enable
material design.

An important implication of this study is that graphene-based
nanomaterials with the above-mentioned structural characteristics
may also interfere with microbial respiration or extracellular
electron transfer processes, thus altering metabolic pathways or
causing toxicity. The effects of graphene-based nanomaterials on
intracellular or extracellular electron-transfer processes have not
been fully explored.

4. Conclusions

RGO exerts versatile functions in mediating enzyme activ-
ity/stability. Thus, such graphene-based nanomaterials could not
only be used as matrix for enzyme immobilization but also as
solid-state electron mediators with tunable surface functionality.
The key factor that enables efficient enzyme loading and electron
transfer in a quinoid-like system lies in achieving a balance
between the degree of GO reduction (for conductivity restoration
and retaining chemical activity) and the level of hydrophobicity
(for good dispensability and enzyme structure maintaining). By
further discerning the link between the functionalization of
graphene-based nanomaterials and their effect on enzymatic
process, we may be able to broaden nanotechnology applications
in biotechnology.
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