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ABSTRACT

Knowledge of the zeta potential ({) gives an insight to the nanoparticles surfaces and
helps predict their stability in the solution. In this work Graphene nano sheets were
characterized by Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDS), Dynamic Light Scattering (DLS) and UV-Visible Spectroscopy.
enzyme activity of Graphene nano sheets as peroxidase mimic were evaluated under
different conditions of H,O, - 3,3',5,5'-tetramethylbenzidine (TMB). Results showed
that zeta potential as function of pH conformed to a 6t order polynomial and Point-
of-Zero Charge (PZC) of Graphene Nano sheets was between pH = 3-4 and enzyme
activity of Nano Carbons obeyed Michaelis—Menten kinetics. Optimum enzyme activity
occurred below the PZC agglomeration range.

Keywords: Nanozyme, zeta potential ({), Graphene Nano sheets, point of zero charges,
polynomial

INTRODUCTION

The past decade has witnessed the advent of nanotechnology and its link with the biosciences that led to the birth
of enzyme mimics nano scale materials which are called nanzoymes. These artificial enzymes can efficiently
catalyze the conversion of substrates to products and they usually follow the same kinetics and mechanism of their
natural counterparts such as the Ping-Pong mechanism observed in peroxidase mimetic activity. Literature has
shown that properties and activity of enzyme mimetic-based nanostructures are often dependent on size and
catalytic activity. It could be fine-tuned by structure, dopant, charge, morphology and surface modifications [1].
Inspired by the investigation of intrinsic enzyme-like behavior of nanomaterial, new applications have emerged
such as biosensors for glucose detection, environmental treatment, Immunological assay, tumor diagnosis and
other therapeutics methods [2,3,4]. Various nanoscale materials were investigated to mimic peroxidase. Among
them, peroxidase-mimic graphene and its derivatives can be classified in two main categories. The first one are
none functionalized graphene and related derivatives whereas the second group consists of functionalized
nanomaterial. Nano Fabrication of graphene derivatives to subtypes such as reduced graphene oxide (rGO)
graphene oxide (GO) with Nano structures range have formed. Appreciate opportunities in expanding highly
efficient functional Nanozymes with catalytic performances similar to or even better than that of natural enzymes.
These advances have led to novel nanozymes that contend with and even surpass the natural ones in terms of
catalytic performance [5,6,7] to evaluate peroxidase-like activity of nanozymes in a biochemical reaction, the
consumption of HxO, as substrate and the formation of oxidized chromogenic products such as,3,3'5,5'-
tetramethylbenzidine (TMB), 2,2"-azino-bis-(3-ethylbenzothiozoline-6-sulfonic acid) (ABTS) and 4-aminoatipyrene
(4-AAP) could be followed spectroscopically [8]. As definition, the zeta potential is the potential that exists at the
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solution boundary layer and it is used as the criterion electrostatic interaction magnitude between colloidal
particles. It is a measure of the colloidal stability of the solution. The difference in the zeta potential values of
Nanostructures are obviously caused by different ionic micro environment characteristics such as ionic type and
strength as well as pH. Knowledge of the controlling parameters of dispersion state of bio inspired Nano scale
materials and their Stability in solution will have significant implications on interpretation of biological response,
such as intrinsic enzymatic activity [9].

The aim of this study is the evaluation of correlation between Zeta potential variations and kinetic behavior of
Nano Carbon structures as Peroxidase mimic Nanozyme.

EXPERIMENTAL

Preparation of Carbon Nano Structures

Graphene nano sheets powders were prepared from US nanomaterial Co. and samples were dispersed in
double distilled water. Carbon Nano sheets stocks of various pH for zeta titration analysis were prepared by 0.5N
NaOH and 0.5 N HCI [10].

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)

Aqueous Solutions of nano carbons were obtained and dried at room temperature. Scanning electron
microscopy (SEM, TESCAN Vega 3 Mode) was performed for Morphology and Size analysis. SEM HV was adjusted
on 20.0 kV and System was operated by SE detector. EDS analysis was done with 133 eV resolution.

Dynamic Light Scattering (DLS) and Phase Analysis Light Scattering (PALS)
Measurements

DLS and PALS were performed on a Malvern Zetasizer Nano ZS system based on He-Ne laser with a
wavelength of 632.8 nm. A applied DC bias voltage of across cell was 80 V for the electrophoretic light Scattering
(ELS) measurements analysis. Water was used as dispersant and Count Rate and temperature of the system were
set at 67.9 kcps and 250 C respectively [11]. The Zeta potential can be evaluated directly using the Smoluchowski
equation and DLS provides information for length, Volume and Size distribution, whereas ELS generates the Zeta
potential, which provides information on the degree of dispersion. Furthermore Stokes-Einstein equation defines
the relationship between the size of a particle and its speed due to Brownian motion. Moreover, DLS also measures
the oscillating scattered light through the time due to the Brownian motion of particles [12]. The Zetasizer calculates
the zeta potential by determining the Electrophoretic Mobility based on Henry equation (1) via links the zeta
potential to the electrophoretic mobility.

_ 2ezf (ka)
=73 @

Where Uk is the electrophoretic mobility, 7 is the viscosity, € is the dielectric constant, z is the zeta potential and
f (ka) is the Henry function. The Electrophoretic mobility is obtained by performing an electrophoresis procedure
on the sample and measuring particles velocity using Laser Doppler Velocimetry (LDV). According to DLS theory

a laser beam passes from a sample under electrophoresis, and scattered light from particles with stochastic
movements is subject to frequency shifts which led to measure zeta potential and other parameters [13].

E

Catalytic Assay of Graphene Nano Structures as Peroxidase Mimic

Enzymatic activity assay of the peroxidase mimic was carried out based on TMB-H;O; colorimetric. The data
were recorded via the kinetics Mode of Varian Cary 100 Bio Spectrophotometer. Two- electron oxidation of TMB
with HxO» in mildly acidified, yields diimine (Amax= 450 nm) as the yellow oxidation product In the first series of
the experiments [14], the concentration of TMB was set at 0.8 mM and the H>O» concentration was varied. Whereas
in the other, the concentration of H>O, was 10 mM and the TMB concentration was varied. Based on the method
proposed by Guo, Y 5ug/ml Graphene Nano Sheets was used as Nanozyme [14].

RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)

Graphene nano sheets has been analyzed and Typical SEM images are shown with various magnifications
which shows the planed and stacked structures of Graphene sheets. EDS spectrum can be seen in Figure 1. CKa
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SEM HV: 20.0 KV WD: 15.08 mm VEGA3 TESCAN  SEM HV: 20.0 KV WD: 15.05 mm | VEGA3 TESCAN,
View field: 16.0 ym Det: SE 2 pm View field: 7.69 pm Det: SE 2 pm
SEM MAG: 13.0 kx | Date(m/dly): 03/14/17  Chems Engmeenn ptoe SEM MAG: 27.0 kx | Date(m/dly): 03/14/17 Che

SEM HV: 20.0 kV WD: 15.12 mm | VEGA3 TESCAN SEM HV: 20.0 kV ‘WD: 15.09 mm VEGA3 TESCAN

View field: 5.19 pym Det: SE 1um View field: 4.32 pm Det: SE 1pm
SEM MAG: 40.0 kx |Date(m/dly): 03114117 C o SEM MAG: 48.0 kx | Date(m/dly): 03/14/17

Figure 1. SEM Images of Graphene Nano Sheets with 13.3 kx, 27.0 kx, 40.0 kx and 48kx Magnlflcatlons

exited signal belongs to carbon as the major spectal element. Area under the Curve (AUC) indicates the main
constituent of the graphene Nano sheets us carbon. Other spectral signals were Ca La,O ka, Au MB,Au and Ma
These belong to residual support catalysts that have been used during synthesis procedure by chemical vapor
deposition (CVD).

Dynamic Light Scattering (DLS) Analysis

The Zetasizer Nano system evaluate the rate of the intensity fluctuation and then uses this to calculate intensity
variations. The size distribution can be seen in Figure 3. This curve represent variations of size versus intensity
percentage which were 1780-3091 (d.nm). Moreover Z-score (Size Cumulant), number and volume distributions
are shown in Figure 4 and Figure 5 respectively. The intensity weighted mean hydrodynamic Dispersity of the
ensemble collection of Graphene Nano Structures was estimated to be 2865 (d.nm). The Poly dispersity Index (PDI)
was estimated to be 0.262 which indicates acceptable dispersity of the samples. It had indicated that the dispersion
surface charge (zeta potential) and consequently the hydrodynamic size of nano structures can be altered by
changing the solution pH. The zeta-potential distribution of the Graphene nano sheets can be seen in Figure 6,
Mean, Area and Width of distribution is displayed in Table 1. Zeta potential of samples were estimated to be -
13.6mV which was in agreement with prior studies. Furthermore the Zetasizer-Nano™ also measured the
electrophoresis mobility using the Doppler Effect. The results can be seen in Figure 7 and the calculated physical
parameters can be found in Table 2
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Figure 2. EDS Curve of Graphene Nano Sheets Which Shows C Ko as Major Signal of Spectra Near to 5000 Intenisty
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Figure 3. Size Distribution Curve of Graphene Nano Sheets by DLS
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Figure 4. Number Distribution Curve of Graphene Nano Sheets by DLS
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Figure 5. Volume Distribution Curve of Graphene Nano Sheets by DLS
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Figure 6. Zeta Potential Curve of Graphene Nano Sheets by DLS

Table 1. Properties of Zeta Potential Curve of the Nano Carbons as Peroxidase Mimic

Conductivity (mS/cm) {-Deviation(mV) {-Potential(mV) Mean(mv) Area (%) Width(mv)
83.7 49.5 6.15
0.0299 116 -13.6 -143 28.6 4.80
68 9.5 3.25

Electrophoretic Mobility Distribution
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Figure 7. Electrophoretic Mobility Distribution Curve by DLS

Table 2. Physical Parameters of Electrophoretic Mobility
Electrophoretic Mobility Properties
Mobility (umcm/Vs) Mobility SD (umcm/Vs) Wall { -potential (mV) Effective Voltage (V) Conductivity(mS/cm)
-1.067 9.117 -12.0 149 0.0299
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Figure 8. Phase —Time Plot of Assay by DLS
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Figure 9. Frequency shift curve by DLS

Phase Analysis Light Scattering (PALS)

The concept of phase is formed by frequency multiplication in time. Phase Analysis Light Scattering (PALS)
shows the difference in phase between the measured reference frequency and the beat frequency as a function of
time. In other words the measured Phase change is proportional to the mobility of the nanoparticles. Mobility of
Nano materials in an applied field produces a frequency shift away from that of the modular frequency. Finally
giving an unequivocal measure of Beat frequency and Reference Frequency results in zeta potential value.
Evaluation of Figure 8 as Phase Plot shows significant Signal to Noise Ratio and phase difference between the
measured beat frequency and a reference frequency was in range of 1.5 -2.5 s. Frequency shift curve can be seen in
Figure 9 which includes two signals in the (50-100) Hz and (250-300) Hz width range in which changes of frequency
(Af) refers to scattered light of moving of disperse graphene sheets that have passed through the samples
undergoing electrophoresis. These were fit with velocity of nanostructures, laser wavelength and scattering angle
via trigonometric function. Furthermore Figure 10 shows the Zeta potential Titration curve which demonstrates
the variations of zeta-potential versus pH.
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Figure 10. Zeta Potential Titration Curve Shows ZPC Between pH=3-4

On the Brownian theory of DLS, large particles have slow motions and small particles with fast moving.
According to surface chemistry theory, pH is the most important parameter which affects the zeta potential. Note
that Zeta’s potential regardless of pH, is a nearly meaningless concept. Zeta Potential titration curve have shown
that aquatic suspension of carbon nanostructures will be with a negative zeta potential in Figure 10. If more alkali
is added to the suspension, Nano Carbons will tend to acquire a more negative Charge and when acid was added
to the suspension a point would be reached where the negative charge was neutralized and any more addition of
acid can cause a built up of positive charge. Therefore a zeta potential versus pH curve will be positive at low pH
and lower or negative at high pH. The point where the plot passes through zero zeta potential is called the Zero-
point-Charge (ZPC) Where the surface charge density of Nano carbons is very low [15]. This subject is so significant
in term of agglomeration behavior and Enzymatic Activity of Carbon Nano structures as Nanozymes. Commonly,
the ZPC point is where the nanoscale and Colloidal systems have at least stability and agglomeration was occurred,
because of van der Waals force overcomes to electrostatic repulsion. Furthermore surface to volume ratio was
diminished. A typical plot of zeta potential versus pH of Nano Carbon suspension is shown in Figure 10. If all the
particles in suspension have a large negative or positive zeta potential then they will tend to repel each other and
there is no tendency to accumulate. However if the particles have low zeta potential values then there is no force
to prevent the particles come together and agglomerate. Also a larger Zeta potential means there have been a better
dispersion of particles in the solution. Reported studies have shown that the - potential boundary of the Nano
particles stability is between 30 mV and beyond this range will be unstable [16].

Catalytic Assay of Graphene Nano sheets as Peroxidase Mimic

To demonstrate peroxidase activity of Graphene Nano sheets, catalytic activity was investigated using TMB-
H>0O; colorimetric system .catalytic activity was studied using TMB-H:O: colorimetric system. Double-reciprocal
curves of activity of Graphene nano sheets were generated using a fixed concentration of either of the substrates
(H207 and TMB) and varying the concentration of the second one. Schematic illustration of peroxidase-like activity
can be seen in Figure 11a, Figure 11b and Figure 12. So that, Results showed the catalytic activity of Graphene
Nano sheets which was based on Steady-state kinetic model and the oxidation of TMB yields the yellow diimine
structure as the two- electron oxidation product. kinetic parameters such as Michaelis-Menten constant (K,,) and
kcat were calculated based on Michaelis-Menten equation and represent in Table 3 and which indicates low In
some reports Formation TMB cation free radical The TMB cation free radical is in equilibrium with a charge-
transfer complex, which is led to the yellow color that develops during TMB oxidation. It had previously reported
Fluorescein as peroxidase mimic by TMB-H>O, Oxidation system which led to the production of the diimine as
yellow two- electron compound [17]. Furthermore peroxidase-like activity of Graphene oxide has been detected for
colorimetric detection of Prostate Specific Antigen (PSA) as Cancer biomarker and glucose assay [18]. It has been
utilized GO in a TMB-H>O, system for the sensitive voltammetry detection of H>O> [19]. Also it had assayed Nano
Carbon based peroxidase by TMB-H>O» colorimetric system with similar results to the present work [20]
Furthermore catalytic activity (optical density as a function of pH) has been evaluated in Figure 13. These results
imply that most of the catalytic activity of Graphene nano sheets as nanozyme has occurred in around pH =2 in
below of ZPC which has matched with Guo Y and co-workers research results and some prior studies [21,22,23] .
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Figure 11. a) Steady-State Curve Of Graphene Nano Sheets Peroxidase Activity in Varied Concentrations of TMB b) TMB-Hz0>
Oxidation System Led to the Production of the Diimine as Yellow Two- Electron Compound
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Figure 12. Steady-State Curve of Graphene Nano Sheets Peroxidase Activity in Varied Concentrations of H20:

Table 3. Steady State Kinetic Parameters of Graphene Nano Sheets in Aquatic Solution

Substrate Vimax Km(mM) keat (s) Catalytic Efficiency
H202 0.58 0.053 0.116 2.1886
TMB 0.46 0.039 0.092 2.358
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Figure 13. Catalytic activity of Peroxidase Mimic of Graphene Nano Sheets as Function of Optical Density in pH varied
Conditions

Results showed that if pH was far from the ZPC, then the value of zeta potential was higher and the electrostatic
repulsive force is dominant over the van der Waals force. In this case, agglomeration is suppressed which led to
change Surface to Volume (S/V) ratio, decreased hydrodynamic radius and increased peroxidase activity of
graphene Nano sheets Structures. Notably, optimum pH for catalytic activity was in acidic range.

CONCLUSION

Catalytic activity of Graphene nano sheets as a function of { -potential in various pH was examined and
discussed in this study. It was demonstrated that Graphene Nano Sheets as Carbon Based Nanozymes have
relatively lower efficiency, specificity and selectivity compared to natural peroxidases. Having lower Limit of
Detection (LOD) of substrates. Being catalytic activity and stability in acidic optimum range are susceptibilities of
Graphene nanozyme as superiority compared to natural peroxidases. Furthermore, their poor water dispersibility
is one of their major weaknesses agents in synthesis and their functionalization is considerable subject which should
need to more discuss further. Since the reagents used in their synthesis and functionalization are toxic, there are
environmental hazards and human health challenges associated with their application which should be addressed
in further researches. Increased thermal and chemical stability, ease of synthesis in terms of cost and labor, however
add to their value as biomimetic substitutes of their natural enzymatic counterparts.
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