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ABSTRACT

In this study, PEGylated graphene oxide (PEG-GO)-hemin composite structure was constructed. Hemin
in the form of nanoscaled aggregates were immobilized on PEG-GO sheets by the - stacking super-
molecular interaction. Via catalyzing the oxidation of chromogenic substrates, we elicited the obtained
PEG-GO-Hemin composite sheets have much higher peroxidase-like activity compared to hemin or PEG-
GO alone, which is due to the introduction of enzyme active center of hemin with high dispersity, the
excellent affinity to organic substrate through - stacking and/or electrostatic adsorption and the rapid
electron transfer capability of PEG-GO. Similarly, PEG-GO-Hemin was found to be able to catalyze the
oxidation of low density lipoprotein (LDL) by H,0,, resulting in toxicity to porcine iliac endothelial cells
(PIECs) in vitro. Furthermore, we also demonstrated that PEG-GO sheets showed enhanced peroxidase
activity when met hemin containing proteins including hemoglobin and cytochrome c. High glucose level
(HG) in human umbilical vein endothelial cells (HUVECs) can induce cytochrome c to release from the
respiratory chain, thus applying PEG-GO under HG condition could cause a much higher peroxidase-like
activity, resulting in the production of hydroxyl radical (*OH) and cytochrome c radical (cytochrome c*),
which eventually enhance the apoptosis. These results suggest GO has potential hazard for biomedical
applications in some pathophysiological conditions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, a very recent rising star with novel one-atom-
thick two-dimensional (2D) graphitic carbon system, has recently
emerged as a fascinating material [1-3]. The studies on graphene
have attracted considerable attention from both the experimen-
tal and theoretical scientific communities [4-6]. In particular, the
low cost and mass production of chemically exfoliated graphene
oxide (GO) and reduced GO sheets possessing many reactive
oxygen-containing groups for further functionalization and tuned
properties has been realized [7-9]. The presence of oxygen-
containing groups in GO render it strongly hydrophilic and water
soluble, and also offer a wide range of possibilities to synthesize
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graphene-based functional materials for various applications, such
as enhanced chemical catalysis, energy conversion and biomedical
functions [10-14]. From the catalysis aspect, the peroxidase-like
activity of PEGylated graphene oxide (PEG-GO) was weak due to
the lack of enzyme active center, but the fact that PEG-GO displays
rapid electron transferring and substrate adsorbing capacities in
the catalytic reaction endows it great potential in catalytic activ-
ity enhancement, making PEG-GO a kind of new functional carrier
material to construct organic molecules or nanoparticle-graphene
composites. Hemin is a protoporphyrin with Fe3* in a high spin
state, and it is the stable oxidized form of heme which is the active
catalytic center of natural enzyme such as horseradish peroxi-
dase (HRP) and cytochromes [15,16]. In fact, hemin itself possesses
intrinsic peroxidase activity which has been extensively investi-
gated as an enzyme mimics [17]. Inspiring by the characteristics
of GO and hemin, PEG-GO and hemin composite structure (PEG-
GO-Hemin) with strong peroxidase-like activity was constructed in
this paper. The hemin molecules were immobilized on the PEG-GO
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sheets by a simple wet-chemical strategy through m-m stack-
ing interaction. The as obtained PEG-GO-Hemin exhibited much
stronger peroxidase-like activity than hemin alone.

Many researches about GO’s biocompatibility and its influence
on bodily functions have been proposed [18-26]. The toxicity
of GO was generally considered to be related to the interaction
of cell membrane and GO [19,20,27], wrapping of cells by GO
[21,22] and ROS generation [23,24,28,29]. Prime GO was believe
to be toxic while the toxicity can be reduced via functionalizing
with hydrophobic molecules including polyethylene glycol (PEG)
[14,30], chitosan [31,32], artificial peroxidase [33], fetal bovine
serum (FBS) [27] and polyethylenimine (PEI) [34]. In this paper,
PEG-GO was chosen because its cytotoxicity is much lower than
GO. Moreover, ROS level in cells treated with nanomaterials was
closely related to the catalytic activity of the materials [35], hence
ROS generation was the most important consideration in our study.

As reported, hemin, the most abundant form of human iron,
can intercalate into native LDL and markedly catalyze LDL oxida-
tion by a small amount of H,0, [36]. Although native LDL is not
toxic to endothelium, oxidized LDL (ox-LDL) can damage endothe-
lium by denaturing cellular membranes and organelles and thus
ox-LDL is one of the most important incentives of atherosclerosis
[37-39]. The catalytic activity of hemin was significantly upgraded
when combined with GO, implying possible toxicity of GO in vivo
by enhanced catalytic oxidation. Here we demonstrated that the
PEG-GO-Hemin provoked an enhanced catalytic oxidation of LDL,
resulting consequently in an obvious toxicity for endothelial cells.
From the peroxidase-like activity evaluation results, we found that
in addition to hemin, the enhancement of peroxidase-like activity
was also found when PEG-GO met hemin-containing proteins such
as hemoglobin and cytochrome c. When exposed to hemin contain-
ing proteins such as leaked cytochrome c in human umbilical vein
endothelial cells (HUVECs) incubated under high glucose level (HG),
PEG-GO accelerated the cell apoptosis due to the elevated oxidation
effect induced by hydroxyl radical (*OH) and cytochrome c radi-
cal (cytochrome c*) generated from the enhanced peroxidase-like
activity. In general, although functionalization with PEG apparently
reduced GO’s toxicity, the PEG-GO may accelerate the apopto-
sis in cells under oxidative stress conditions, which is very likely
attributed to the enhancement of oxidation effect. Our results
indicate a potential hazard for in vivo biomedical application of
GO-based composites under oxidative stress-induced pathological
conditions such as atherosclerosis and diabetes.

2. Materials and methods
2.1. Materials

All chemicals used in the experiment were analytical grade
reagent and were used as received. Polyethylene glycol (PEG)
modified graphene oxide (PEG-GO) was provided by Nanjing
Nanoeast Biotech Co. Ltd., which were synthesized from natural
graphite by Hummers’ Method and conjugated with amine-
terminated six-armed PEG molecules via EDC chemistry [14,40,41].
Hemin (ferriprotoporphyrin chloride), 2,2’-azinobis (3-ethylbenzo-
thiozoline)-6-sulfonic acid (ABTS), 3,3',5,5'-tetramethylbenzidine
(TMB), glucose oxidase (GOD), 30% H, 0>, glucose, fructose, maltose,
lactose, low density lipoprotein (LDL L-7914), lactoferrin (L-4040),
ferritin (F-7879), transferrin (T3309), hemoglobin (H-2625) and
cytochrome c (C-3438) were obtained from Sigma-Aldrich. PIEC
and HUVEC were purchased from the Shanghai Cell Bank. Glacial
acetic acid, anhydrous sodium acetate were purchased from
Sinopharm Chemical Reagent Co. Ltd. Dipotassium hydrogen phos-
phate, sodium phosphate dibasic, sodium chloride, and tetramethyl
ammonium hydroxide were reagents from Shanghai LingFeng

Chemical Reagent Co. Ltd. Deionized water used throughout all
experiments was purified with the Millipore system.

2.2. Synthesis of PEG-GO-Hemin composite sheets

PEG-GO-Hemin composite sheets were prepared as followed:
PEG-GO was suspended in deionized water under ultrasonica-
tion (output power 180W) for 10 min to obtain homogeneous
single layered PEG-GO sheets. Meanwhile, hemin was suspended
in deionized water (pH 7.8) under ultrasonication (output power
180 W) for 10 min to obtain homogeneous hemin solution. Then
20.0mL of the homogeneous PEG-GO dispersion (7.5 pg/mL) was
mixed with 20.0 mL of hemin aqueous solution (7.5 pg/mL), with
a weight ratio of PEG-GO to hemin of 1:1, and the mixture was
ultrasonicated for 30 min (output power 180 W). The dispersion
was purified by an Ultrafiltration system for removing the exces-
sive free hemin which was notimmobilized on GO sheets. After that
the PEG-GO-Hemin composite sheets were obtained and dispersed
in water.

2.3. Characterization of PEG-GO-Hemin composite sheets

A JEOL JEM-2100 transmission electron microscope (TEM) was
employed to observe the morphology of the PEG-GO-Hemin com-
posite sheets and hemin. Agilent PicoPlus atomic force microscopy
(AFM) was used to measure the thickness of the PEG-GO-Hemin
composite sheets. Ultraviolet visible (UV-vis) absorption spec-
tra were recorded on an UV-vis spectrophotometer (Shimadzu
UV-3600, Japan). The peroxidase-like activity and the Michaelis
constants were measured by a Bio-rad 680 microplate reader. An
Optima 5300DV Inductive Coupled Plasma Emission Spectrometer
(ICP) was used to detect the load rate of hemin on PEG-GO-Hemin
composite sheets. A Brookhaven Zetaplus dynamic light scatter-
ing was used to measure the hydrodynamic size and zeta potential
of PEG-GO-Hemin composite sheets. Infrared (IR) spectroscopy
(NEXUS870) was used to characterize the structure of PEG-GO.
Raman spectroscopy (JY HR800) using an Nd-YAG laser source
operating at a wavelength of 532 nm was applied at room tem-
perature. Pyris 1 thermal gravimetric analyzer was employed for
investigating the rate process of reduction of PEG, GO and PEG-GO.

2.4. Peroxidase-like activity of PEG-GO-Hemin and kinetic
analysis

The catalytic reaction was carried out in the NaAc-HAc
buffer (0.2M, pH 3.6) with 0.622mM TMB (or 0.396 mM ABTS)
and 852 mM hydrogen peroxidase as substrates, using PEG-GO-
Hemin composite sheets as peroxidase-like mimic enzyme. The
absorbance values at 650 nm for TMB oxidized product (or 405 nm
for ABTS oxidized product) in the reaction system catalyzed by PEG-
GO-Hemin composite sheets, PEG-GO, and hemin. Each at the same
Fe concentration was recorded for 3 min with the microplate reader
for comparing their activities.

Steady state kinetic assays were carried out using a microplate
reader at room temperature. The reaction system was NaAc-HAc
buffer (0.2 M, pH 3.6) in a 96-well plate containing H,0, and TMB
(or ABTS) as substrates and PEG-GO-Hemin composite sheets, PEG-
GO or hemin as peroxidase-like enzyme. The kinetic assay of TMB
(or ABTS) as the substrate was performed by adding 32 wL 30%
H,0, and different amounts (0.5, 1, 2, 4, 6, 8, 10 L) of TMB solu-
tion (10 mg/mL, dissolved in DMSO) or ABTS solution (10 mg/mL,
dissolved in deionized water). The kinetic assay of H,O, as the
substrate was performed by adding 10 wL TMB or ABTS and dif-
ferent amounts (0, 2, 4, 6, 8, 16, 32 L) of 30% H, 0, solution. All the
reactions were monitored in timescan mode at 650 nm for TMB or
405 nm for ABTS using the microplate reader.
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Catalytic parameters were determined by fitting the absorbance
data to the Michaelis-Menten equation [42] (1).

_ Umax[s]
Y= K + 5]

The Michaelis-Menten equation describes the relationship
between the rates of substrate conversion by the enzyme and the
concentration of the substrate. In this equation, v is the rate of con-
version, v max is the maximum rate of conversion, [S] is the substrate
concentration, and K, is the Michaelis constant. The Michaelis con-
stant is equivalent to the substrate concentration at which the rate
of conversion is half of v max and Ky, approximates the affinity of
the enzyme for the substrate.

(1)

2.5. Catalyzed oxidation of enzyme substrates by PEG-GO-Hemin
upon H,0, generation from GOD catalyzed glucose oxidation
system

Glucose of different concentrations (0.001 wM-6.4 mM) was dis-
solved in 12 mM benzoic acid and stored for over 24 h before use.
GOD was dissolved in phosphate buffer (pH 5.4) and kept in 4°C
refrigerator. PEG-GO-Hemin composite sheets (25 g/mL) and GOD
(0.58 mg/mL) were mixed together, followed by adjusting pH to 5.4
and stirring for 10 min to form a PEG-GO-Hemin-GOD hybrid. The
catalytic reaction was carried out in the NaAc-HAc buffer (800 L,
pH 5.4) with TMB (50 pL, 10 mg/mL), PEG-GO-Hemin-GOD (50 L)
and glucose solution (100 L) at different concentration. The as
obtained mixture was incubated at 37 °C for 1h, and then detected
by monitoring the absorbance of TMB oxidation products at 650 nm
on an UV-vis spectrophotometer (Shimadzu UV-3600, Japan). In
control experiments, 32 mM maltose, 32 mM lactose, and 32 mM
fructose were used instead of 16 mM glucose for investigating its
selectivity.

2.6. ELISA detection of ox-LDL generated by PEG-GO-Hemin
catalyzed oxidation of LDL in the presence of H;0,

We used Human oxidized low density lipoprotein, ox-LDL,
ELISA Kit in order to verify whether ox-LDL was generated or not
when using PEG-GO-Hemin or hemin to catalyze oxidation of LDL
in the presence of H,0,. The Kit utilizes a competitive method to
detect ox-LDL and thus in the Kit ox-LDL had been immobilized
microtiter plate. Samples used in this experiment were different
concentrations of LDL solution (150 or 300 pg/mL) with H,0,
(250 M) catalyzed by PEG-GO-Hemin (28 pg/mL) or Hemin
(18 wg/mL). The each sample was first added to the microtiter
plate with three repeated wells and subsequently 50 wL HRP/anti-
ox-LDL-antibody conjugate was added to each well. The mixtures
were incubated for 1h at 37°C and then were washed with wash
buffer for 5 times. After that, 90 wL HRP substrates (TMB and
H,0,) were added to each well and incubated at 37 °C for 20 min
under dark condition. Add 50 uL of stop solution to each well
and finally determine the optical density within 5min at 450 nm
using a microplate reader. Three blank wells without adding any
sample, three positives wells with ox-LDL standard sample, and
three negative wells with LDL were also set as control groups.
Blank: nothing; Positive: 5L standard diluent+45 pL standard
diluent. Negative: 10 wL LDL (300 p.g/mL)+40 pL standard diluent;
Sample 1: 10 wL LDL (300 pg/mL)+10 L Hy05 (250 M)+ 10 L
PEG-GO-Hemin (28 pg/mL)+20 L standard diluent; Sample
2: 10l LDL (300 pg/mL)+ 10wl Hy0, (250 wM)+10 L PEG-
GO-Hemin (18 wg/mL)+20uL standard diluent; Sample 3:
10 L LDL (150 pg/mL)+10 wL H,0, (250 wM)+10 pL PEG-GO-
Hemin (28 wg/mL)+20 L standard diluent; Sample 4: 10 L
LDL (150 pg/mL)+10 pL Hy05 (250 wM)+10 wL PEG-GO-Hemin
(18 wg/mL)+20 pL standard diluent.

2.7. Peroxidase-like activity of PEG-GO mixed with all kinds of
iron-containing proteins

Lactoferrin, ferritin, transferrin, hemoglobin and cytochrome
c were chosen to research the effect of iron-containing proteins
on the peroxidase-like activity of GO. The reaction system is as
follows: 800 wL HAc-NaAc (pH 3.6)+50 wL TMB+ 10 pL catalyst
(GO-proteins, GO or proteins alone)+32 L H;0,. After incuba-
tion at 20°C for 3 min, absorption at 650 nm was detected using
a microplate reader.

2.8. Cytotoxicity assays

PIECs and HUVECs were incubated in RPMI 1640 medium
supplemented with 10% FBS, penicillin (100 units/mL), and strep-
tomycin (100 wg/mL) in a humidified atmosphere with 5% CO,
at 37°C. MTT method [43] was conducted to assess the cytotox-
icity of prepared treatments. Hemin or PEG-GO-Hemin catalyzes
H,0, to oxidize LDL into ox-LDL, whose specific cytotoxicity to
PIECs was determined by MTT method. The prepared treatments
were LDL, catalyst (Hemin or PEG-GO-Hemin) and H,0, incu-
bated for 6 h in advance. PIECs were seeded into 96-well plates
(~1 x 10% cells/well) and incubated for 24h beforehand. After
removing the culture medium, 100 pL fresh medium containing
10 pLof the prepared treatments was added and then the cells were
incubated continuously for different time. After 2-24 h incubation,
50 L MTT was added into each well and the PIECs were subcul-
tured for 4 h. After that, all liquid medium in each well was removed
and 150 wL DMSO was added. A microplate reader (Model 680, Bio-
rad, USA) was used to measure the optical density at 550 nm. MTT
method was also used to evaluate the cytotoxicity of GO, PEG-GO,
hemin, etc.

2.9. ROS detection

The oxidant-sensitivity dye DCFH-DA was used for ROS detec-
tion. HUVECs were plated in the 96-well plates (1 x 104 cells/well)
and incubated for 24 h. GO samples were introduced to the cells
with different concentrations and incubated for another 24 h or
48 h. The pre-treated cells were incubated with 10 wuM DCFH-DA
at 37°C for 20 min in dark. The cells were then washed with PBS
to remove the excess dye. Finally, the labeled cells were stored on
ice, protected from light and taken photographs under fluorescence
microscope (Zeiss) or collected DCF data using flow cytometry
(FACS) or multimode reader (TECAN Infinite 200 PRO) with an
excitation wavelength of 488 nm and an emission wavelength of
525 nm.

2.10. Cell apoptosis

Cell apoptosis and necrosis were analyzed by double staining
with FITC-Annexin V and propidium iodide (PI) (KeyGen BioTECH,
China), in which FITC-Annexin V binds to apoptotic cells with
exposed phosphatidylserines (PS), while PI labelled necrotic cells
with membrane damage. Cells in each 35 mm dish were collected
and washed with PBS, the cells were resuspended with 500 L
binding buffer, next 5 wL FITC-Annexin V and 5 pL PI were added
to the suspension and sorted with FCM. Data represent the mean
fluorescence obtained from a population of 10,000 cells.

3. Results and discussion
3.1. Characterization of PEG-GO-Hemin composite sheets

IR spectroscopy (Fig. S1a) revealed the existence of C—O
(~1100cm~1), C=0 (~1600cm~1), C—H (~2900cm~!) and —OH
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Fig. 1. Characterizations of PEG-GO-Hemin composite structure. (A) TEM images of hemin aggregates at pH 9 condition (a), hemin aggregates at pH 4 condition (b), GO-Hemin
composite nanosheets (¢) and the amplification (d) of a selected area in figure (c). (B) AFM image of GO-Hemin composite sheets and AFM profile measurement of green line
marked position. (C) Calculation of layers of hemin molecules immobilized on PEG-GO sheets according to their thicknesses. (D) UV-vis absorption spectra of GO (a), hemin
(b), GO-Hemin before (c) and after (d) purification. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(~3400cm™1) functional groups in PEG-GO. Thereinto, the C—H
and C—O vibration bands confirmed the PEGylation of GO. TGA
curves (Fig. S1b) indicate PEG-GO shows higher thermal stability
than GO, according to the curves of GO-PEG and PEG, we can infer
the mass percentage of PEG in PEG-GO sheets is approximately
70%. As shown in the Raman spectrum of PEG-GO (Fig. S1c¢), there
is a G band (1600 cm~1) originated from the phonon scattering of
graphitic structure and a D band (1350 cm~!) relating to graphite
edges [44,45]. Fig. S1d gives the hydrodynamic size distribution of
the obtained GO and PEG-GO sheets in water, showing two normal
distributions in the size range of 150-400 nm and 400-1400 nm,
consistent with the morphology characterized by TEM (Fig. 1A-c)
and AFM (Figs. S1e and 1B). The thickness of PEG-GO was observed
by AFM (Fig. S1e), the data revealed that most of the PEG-GO sheets
topographic height of 2.2 nm with 0.66 nm PEG on both sides, thus
the thickness of GO was about 0.9 nm, which is in accord with the
typical single-layer exfoliated sheets prepared through Hummers’
method [40].

Hemin was introduced as active center to construct PEG-GO-
Hemin composite structure to mimic peroxidase. The mechanism

for the hemin catalyzed reaction has been proposed and the
intermediate states involved are believed to be similar to the inter-
mediate states observed in the HRP-catalyzed reaction [17]. It will
be a promising and cheap alternative to peroxidase mimics if their
water dissolubility at low pH level was no longer a problem. In
order to investigate the dispersive state of hemin in aqueous solu-
tion of different pH levels, hemin was dissolved in 0.1 M NaOH
solution and then the pH of the solution was adjusted. TEM was
used to observe the state of hemin, consequently indicating that
hemin could be only dispersive at high pH levels (pH 8-12) as very
small nanoscale aggregates (3-5 nm) as shown typically in Fig. 1A-
a, however, visible hemin aggregates started to precipitate from
the solution when the pH was lower than 7. Typically, larger gran-
ular aggregates can be clearly seen at pH 4 (Fig. 1A-b). TEM image
of the obtained PEG-GO-Hemin dispersed in aqueous solution of
pH 4 (Fig. 1A-c) and the partial amplification image (Fig. 1A-d)
show that hemin was combined on PEG-GO in the form of very
small nanoscaled aggregates. Noteworthy, the as obtained PEG-
GO-Hemin could keep good dispersity in wide range of pH 2~ 12,
indicating that hemin loaded onto PEG-GO would avoid forming
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Fig. 2. The peroxidase-like activity of PEG-GO (15 pg/mL), hemin (10 pg/mL) and PEG-GO-Hemin composite sheets (25 ng/mL) measured respectively with TMB (a) and

ABTS (b) as substrates in the presence of H,0,.

larger aggregates, insuring the exposure of more active Fe3* cen-
ters [46]. Fig. 1B shows that the thickness of PEG-GO-Hemin was
about 3.3 nm. The structure of PEG-GO-Hemin composite structure
was shown in Fig. 1C. Since hemin could locate on both sides of
the GO, the thickness of the hemin aggregates was roughly esti-
mated to be about 1.2 nm. As reported in literatures [47], the hemin
molecule can be considered as a cylinder with 0.2 nm thickness
and 1.2 nm long, thus it is deduced that hemin aggregates are com-
posed of about 6 layers of hemin molecules. In addition, ICP-OES
measurement was used to detect the iron content of pure PEG-
GO-Hemin composite sheets to calculate the load rate of hemin,
which is calculated to be approximately 40% by weight. Zeta poten-
tial measurement indicated the PEG-GO-Hemin has a charge of
—32mV, originating from the negatively charged carboxyl groups
in hemin and PEG-GO. Fig. 1D shows UV-vis absorption spectra
of hemin, PEG-GO, PEG-GO-Hemin before and after purification.
It can be seen that the characteristic peak of PEG-GO appeared at
~237 nm (Fig. 1D-a), which moved to 255 nm (Fig. 1D-c, d) when
PEG-GO sheets were covered by hemin aggregates [14,46,48,49].
Upon the combination with PEG-GO, the intense Soret band (B-
band) of the hemin aggregates (at ~365nm) became split and
red-shifted to ~385nm (Fig. 1D-b, c¢) [50-53]. After purification,
the free hemin aggregates were removed (Fig. 1D-c, d), pure PEG-
GO-Hemin composite sheets were obtained with typical PEG-GO
and hemin absorption peaks at 255 nm and 385 nm respectively.

3.2. Peroxidase-like activity of PEG-GO-Hemin composite sheets

It is known that hemin is the active site of peroxidase and
exhibits the peroxidase-like activity [17]. So PEG-GO-Hemin com-
posite sheets are expected to display peroxidase-like activity.
As illustrated in Fig. 2, the peroxidase-like activity was moni-
tored through a colorimetric reaction using chromogenic substrates
TMB/ABTS in the presence of H,0,. It can be seen that the PEG-GO-
Hemin composite sheets have a much higher catalytic activity than
hemin or PEG-GO alone, suggesting that the effective combination
of hemin and PEG-GO, the latter played an important role in the

enhancement of peroxidase-like activity. More specially, PEG-GO
served as a functional carrier support to largely enhance the activity
of catalytic center of hemin, due to its rapid electron transfer ability
and high substrate adsorption capacity [54]. Furthermore, Fig. S2
shows that the pH and temperature dependences of peroxidase-
like activities of hemin and PEG-GO-Hemin have the similar trend,
with the optimum reaction conditions of pH 3.6 and 55 °C.

3.3. Steady state enzyme kinetics

The peroxidase-like activity of the PEG-GO-Hemin composite
sheets was also investigated by determining the apparent steady-
state kinetic parameters of the catalytic reaction. With the suitable
range of TMB or ABTS concentrations, typical Michaelis-Menten
curves were observed for hemin aggregates (data not shown), PEG-
GO (data not shown), and PEG-GO-Hemin composite sheets (Fig.
S3). The Michaelis constant (K ) and the maximal reaction velocity
(vmax) data were obtained by fitting the experimental data to the
Michaelis-Menten model (Table 1). The apparent Ky, values of the
PEG-GO with both TMB and ABTS as substrates were lower than
those of hemin alone, suggesting that the PEG-GO has a higher
affinity to the substrates than hemin. This can be readily under-
stood by considering the aromatic ring structure of the substrate
of TMB or ABTS, which leads to a stronger -1 stacking interaction
with PEG-GO than hemin. The apparent Ky, value of PEG-GO-Hemin
composite sheets with TMB as substrate was significantly lower
than that of ABTS, suggesting that the PEG-GO-Hemin composite
sheets had higher affinity to TMB than ABTS. This may be mainly
attributed to strong electrostatic adsorption between the nega-
tively charged PEG-GO-Hemin composite sheets and the positively
charged TMB. The apparent K;; value of PEG-GO-Hemin composite
sheets with TMB or ABTS as substrate was larger than that of PEG-
GO and hemin, suggesting PEG-GO-Hemin composite sheets had
lower affinity for the substrates than PEG-GO and hemin. However,
the apparent v max value of PEG-GO-Hemin composite structure
was much higher than any of PEG-GO and hemin, according with
the results shown in Table 1. Both of the PEG-GO and hemin had

Table 1

Comparison of the kinetic parameters of PEG-GO, hemin and PEG-GO-Hemin composite sheets. K, is the Michaelis constant and vmax is the maximal reaction velocity.
Catalyst Substrate Kin (mM) V max (Ms™1)
PEG-GO TMB 0.032 3.00x 1077
PEG-GO ABTS 0.035 1.92x 1076
Hemin TMB 0.394 8.69x 1076
Hemin ABTS 0.135 6.23x10°6
PEG-GO-Hemin TMB 1.067 3.47 x 107>
PEG-GO-Hemin ABTS 1.567 543 x10-°
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aromatic conjugation structures, a -1 interaction could be consid-
ered as a dominant role to facilitate the substrate adsorption and
enrichment around the catalytic centers of hemin assembled on
PEG-GO sheets. The substrate enrichment may result in the high
peroxidase-like activity of the PEG-GO-Hemin composite sheets.
On the other hand, compared with hemin in the reaction buffer of
pH 3.6, the enhanced exposure of active centers of hemin when
loaded on GO also contributed to the high peroxidase-like activity
of the PEG-GO-Hemin composite sheets. Similarly, GO-enhanced
catalytic activity has been found in GO-TiO,, GO-Fe30,4 and GO-Pt
systems [55-59].

According to the literature [60], natural HRP possesses K, val-
ues of 0.434mM and 3.70 mM with TMB and H,0, as substrates
respectively. In contrast, the K;;; value (0.18 mM) of the PEG-GO-
Hemin composite sheets with H,0, as substrate is much lower
than HRP, suggesting that the hybrids have a higher affinity for
H, 0, than HRP. However, the affinity to TMB (K;; = 1.067 mM) does
not improve for the PEG-GO-Hemin composite sheets compared to
HRP. The small K, values for H,O, mean that a lower concentration
of H,0, is required to reach the vmax for PEG-GO-Hemin composite
sheets, as shown in Fig. S3c and d.

3.4. Substrate oxidation capability of PEG-GO-Hemin upon H,0,
generation from GOD catalyzed glucose oxidation system

It was known that glucose and oxygen can be catalyzed by
the GOD to produce the gluconic acid and H,0,, thus a GOD-
glucose system was chosen to verify the strong peroxidase-like
activity of PEG-GO-Hemin composite structure [61,62]. Upon H,0,
generation from this simulative biological system, PEG-GO-Hemin
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composite sheets can catalyze the oxidation of peroxidase sub-
strates like TMB. As shown in Fig. S4a, GOD catalyzed the production
of H,0,, who then oxidize TMB to form a blue colored product
(oxidized TMB) under the catalysis of PEG-GO-Hemin composite
sheets. Fig. S4b and c show that using PEG-GO-Hemin-GOD com-
plex enzyme system, glucose can be detected as low as 0.01 pM,
and the linear range is from 0.1 wM to 25 WM. The detection of glu-
cose at M level means the formation of H,0, at wM level, so that
we can clearly see that with the help of PEG-GO-Hemin compos-
ite sheets, H,O, even at wM level could be used to oxidize TMB.
As shown in Fig. S5, the addition of PEG-GO leaded to an obvi-
ous enhancement of H,O, generation in the GOD-glucose system,
hence the high sensitivity was not only due to the high peroxidase-
like activity of PEG-GO-Hemin and its strong affinity to H,O, as
demonstrated above, but also the influence of PEG-GO on catalytic
activity of GOD (p < 0.05). Moreover, the data showed PEG-GO itself
can enhance the oxidation of glucose (p <0.05). Maltose, fructose
and lactose were also chosen to evaluate the specificity of H,0,
generation from the PEG-GO-Hemin-GOD system. As shown in Fig.
S6, even the concentrations of maltose, fructose and lactose were
as high as 32 mM, the signal remained as low as the background
signal. This specificity is due to the high affinity and selectivity of
GOD for glucose.

3.5. Cytotoxicity of PEG-GO-Hemin composite sheets from the
peroxidase-like activity perspective

It is reported [36] that hemin-catalyzed LDL system can lead
to cytotoxicity to endothelial cell in the presence of H,0,. Here a
human ox-LDL ELISA Kit was used to detect whether there exists
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Fig. 3. (a) Human oxidized low density lipoprotein, ox-LDL ELISA Kit’s results of different samples. Negative control: 60 wg/mL LDL; sample 1: 60 pg/mL LDL+50 uM
H,0; +5.6 pug/mL PEG-GO-Hemin; sample 2: 60 pg/mL LDL+50 M H;0; + 3.6 pg/mL PEG-GO-Hemin; sample 3: 30 wg/mL LDL+50 wM H,0; +5.6 pg/mL PEG-GO-Hemin;
sample 4: 30 wg/mL LDL+50 uM H;0; +3.6 pg/mL PEG-GO-Hemin. (b) Cell viability of PIECs treated with PEG-GO of different concentrations together with 200 .g/mL LDL
and 250 uM H,0;. (c) Cell viability of PIECs treated with hemin of different concentrations together with 200 wg/mL LDL and 250 uM H,0;. (d) Cell viability of PIECs with

different treatments. *
PEG-GO-hemin of different concentrations in the presence of LDL and H,0,.

and ** indicate p<0.05 and p<0.01, respectively, Student’s t-test. (e) Specific toxicity to PIECs after 24 h of incubation with PEG-GO, Hemin and
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ox-LDL in our prepared samples. This assay is on the base of the
competitive inhibition between the pre-coated ox-LDL and ox-LDL
generated in the samples. The experimental and control samples
were added to the appropriate microtiter plate wells followed by
labeling with HRP/anti-ox-LDL-antibody conjugate for detection of
ox-LDL. A substrate solution was then added to the wells and the
color develops in opposite to the amount of ox-LDL in each sample.
Since this assay has high sensitivity and excellent specificity for the
detection of ox-LDL, there is no significant cross-reactivity or inter-
ference between human ox-LDL and analogues. Fig. 3a shows the
existence of ox-LDL in the experimental samples (sample 1, 2,3 and
4)because the absorption values of the experimental samples were
all between the optical density values of the positive and negative
control. The absorption values of sample 1 and 3 are lower than
sample 2 and 4, respectively, indicating more ox-LDL was induced
by PEG-GO-Hemin of higher concentration. Meanwhile, higher LDL
concentration means more ox-LDL could be generated in the oxi-
dation process. In order to exclude included materials’ cytotoxicity,
we took each material as treatment for cytotoxicity tests. We stud-
ied the toxicity to PIECs caused by H, 0, LDL together with PEG-GO,
hemin or PEG-GO-Hemin. According to the pre-test results (data
not shown), we used 250 WM H,0, and 200 pg/mL LDL to carry
out the following experiments. As shown in Fig. 3b and c, PEG-
GO and hemin can both potentiate the cytotoxicity of H,0, and
LDL in a concentration-dependent manner. To simplify the study,
we chose PEG-GO-Hemin composite sheets without purification to
carry out the subsequent research. 28 wg/mL PEG-GO-Hemin com-
posite sheets without purification (or 18 pg/mL hemin), 250 uM
H,0, and 200 p.g/mL LDL induced obvious cytotoxicity (Fig. 3d).
Specifically, individual treatments with 250 uM H;,0;, 200 j.g/mL
LDL, 10 pg/mL PEG-GO, 18 pg/mL hemin or 28 pg/mL PEG-GO-
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Hemin have little toxicity (cell viability >90%) to PIECs. Known from
the yellow column in Fig. 3d, LDL and H, 0, together caused obvi-
ous cytotoxicity (p <0.01), which may root in the toxicity of ox-LDL.
Adding PEG-GO-Hemin or hemin in the culture medium contain-
ing LDL and H,0, obviously increased the cytotoxicity (p<0.05
for hemin, p<0.01 for PEG-GO-Hemin), however, PEG-GO do not
enhance the cytotoxicity of LDL with H,0, (p>0.05).Time course
studies in Fig. 3e show specific toxicity to PIECs used here after
2-24h of incubation with LDL, PEG-GO-Hemin (or hemin) and
H,0,. After 24 h of incubation, the cell viability dropped down to
approximately 29% and 55% for PEG-GO-Hemin and hemin respec-
tively. Finally we make sure that PEG-GO-Hemin can catalyze H,0,
to oxidize LDL and eventually result in the cytotoxicity.

3.6. Cytotoxicity of PEG-GO from the peroxidase-like activity
perspective

Many researches have reported the toxicity of nanoparti-
cles may associate with the oxidative stress induced by them
[49,63-67]. For example, Fe304 and Fe,0O3; nanoparticles can
induce oxidative stress and apoptosis to cultured human umbilical
endothelial cells mainly because of the generation of ROS. In light of
their peroxidase-like activity which could induce the generation of
H,0,, we have to think about the introduction of GO or its deriva-
tives to the human body still needs carefully. Fig. S7a shows that
cytotoxicity of GO reduced when functionalized with PEG. More-
over, concentration of ROS in HUVECs and PIECs treated with GO
obviously increased as GO concentration increased, however, ROS
level in cells treated with PEG-GO increased a little (Fig. S7b). Fur-
thermore, PEG-GO-Hemin showed higher cytotoxicity, which may
induced by the increase of intracellular ROS level (Fig. S7c). As here-
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Fig. 4. The influence of GO on the aoptosis of HUVECs in the presence of HG. (A) HUVECs treated with HG (35 mM) alone, PEG-GO (100 pg/mL) alone or PEG-GO (100 pg/mL)
and HG (35 mM) combined for apoptosis analysis, FACS results of the Annexin V-FITC and PI assay. (B) The summary of the apoptosis rate of HUVECs after exposed to HG
(35mM) alone, PEG-GO (100 pg/mL) alone or PEG-GO (100 pg/mL) and HG (35 mM) combined for 24 h and 48 h. The total apoptotic proportion includes the percentage of
cells with fluorescence Annexin V+/PI- and Annexin V+/PI+. Data are mean =+ SD of four independent experiments, * indicates p <0.05, Student’s t-test. (c) ROS level in HUVECs
after exposure to PEG-GO of different concentrations for 24 h and 48 h. Data are mean + SD of four independent experiments.
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inbefore described, PEG-GO may be more toxic when combined
with hemin, here we also considered about other common hemin-
containing proteins in vivo. As shown in Fig. S8, when combining
PEG-GO with hemin-containing proteins such as hemoglobin and
cytochrome c, the catalytic ability of these proteins was signif-
icantly enhanced. Hence we inferred the nontoxic PEG-GO may
be toxic when contact with hemin-containing proteins due to the
enhanced peroxidase-like activity.

As a result of glucose auto-oxidation, metabolism and forma-
tion of advanced glycosylation end products, culturing cells with
high glucose level (HG) will induce ROS generation [68,69], which
is probably the upstream regulator of apoptosis. Moreover, the loss
of mitochondria membrane potential and the apoptotic chromatin
condensation in the nucleus were observed as the early signs of
apoptosis, hence cytochrome c release takes place under HG con-
dition [70,71]. Fig. S9 shows PEG-GO will induce apoptosis under
HG condition owing to the generation of *OH and cytochrome c
radicals (cytochrome c*). As shown in Fig. 4, when the cells were
treated with HG (35 mM) or PEG-GO (100 pg/mL) alone for 24 hand
48h, the apoptosic cells constituted 10.15 +1.86%, 6.32 +1.56%,
12.06 £1.31% and 14.62 4 2.12%, respctively. Where as they consti-
tuted 32.88 +2.56% and 35.59 + 3.88% when HUVECs were treated
with HG (35 mM) combined with PEG-GO (100 p.g/mL). Although
treating with 100 pwg/mL PEG-GO alone for 24 h did not induce apo-
ptosis, it is obvious the PEG-GO is able to augment the potency
of HG induced cell apoptosis (p <0.01). However, when incubated
for 48 h, 100 pg/mL PEG-GO alone can induce obvious apoptosis of
HUVECs (p<0.01), which is resulted from mainly to the oxidative
stress induced by PEG-GO [72]. As shown in Fig. 4c, when incubated
100 pg/mL PEG-GO for 48 h, overproduction of ROS occurs (p <0.05
as compared to 24h condition). Under normal circumstances,
cytochrome c locate in the mitochondrial membrane, PEG-GO can-
not contact with them, while in HG condition, cytochrome c release
into the cytosol and even extracellular fluid, then PEG-GO can accel-
erate the electron transfer between cytochrome c and H,0,, which
catalyze the more toxic *OH and cytochrome c* production [8,73].

4. Conclusions

In summary, the PEG-GO-Hemin composite sheets were suc-
cessfully obtained by a simple m-m stacking super-molecular
method. The existence of PEG-GO carrier makes hemin more stable
as small nanoparticles in solutions of a wide range of pH levels. Fur-
thermore, the obtained PEG-GO-Hemin composites have a much
higher catalytic activity as peroxidase than hemin or PEG-GO alone.
PEG-GO-Hemin composite sheets could oxidize chromogenic sub-
strate TMB by using H,0, even at WM level. In this report, we found
that PEG-GO could enhance the oxidation of LDL to form ox-LDL,
leading thus to PIECs’ toxicity. It was also found that PEG-GO is
able to augment the potency of HG induced cell apoptosis. We
believe that PEG-GO-Hemin will show a broad application poten-
tial in biotechnology and medical diagnostics in vitro based on its
peroxidase-like activity. Simultaneously, applications of PEG-GO
or PEG-GO-Hemin in vivo still require carefully consideration since
their toxicity to endothelial cells.
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