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Abstract
Nanodiamonds (NDs) have recently become a focus of interest from the viewpoints of
both science and technology. Their intriguing properties make them suitable as
biologically active substrates, biosensor applications as well as diagnostic and
therapeutic biomedical imaging probes. Here, we demonstrate that NDs, as oxidation
and reduction catalysts, possess intrinsic enzyme mimetic properties of oxidase,
peroxidase and catalase, and these behaviors can be switched by modulating the pH
value. NDs not only catalyze the reduction of oxygen (O,) and hydrogen peroxide
(H,03) at acidic pH, but also the dismutation decomposition of H,O; to produce O, at
alkaline pH. It was proposed that the molecular mechanism of their peroxidase-like
activity is electron-transfer acceleration and the source of which is likely deriving
from oxygen containing functional groups on their surface. Based on the color
reaction, a nanodiamond-based enzyme linked immunosorbent assay (ELISA) was
established for the detection of Immunoglobulin G (IgG). Surprisingly, NDs display
an excellent antioxidant activity due to the protective effect against H,O,-induced
cellular oxidative damage. These findings make NDs promising enzyme mimetic

candidate and expand applications in biocatalysis, bioassays, and nano-biomedicine.
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Introduction

As unique carbon-based nanomaterials, NDs show superior hardness, high
thermal conductivity and electrical resistivity, chemical stability, and the resistance to
harsh environments' 2. In recent years, NDs have received interest in the biomedical
community because of their excellent properties® . For instance, they are fluorescent
owing to nitrogen vacancies’, and they have surfaces functionalized®. Additionally,
they can be produced on large scale via relatively inexpensive synthetic processes’.
More importantly, toxicity and biocompatibility testing showed that no harmful
effects on living organisms were found in these materials’. Therefore, NDs have a
wide range of potential applications in biomedicine including drug delivery® °,
bioimaging and tissue engineeringlo’ ' Herein, we for the first time demonstrate that
NDs exhibit multi-enzyme mimetic activity, which can be tuned by pH value. In detail,
at acidic condition, they catalyze the reaction of 3,3,5,5-tetramethylbenzidine (TMB)

in the presence of H,O, or O, to produce a blue color reaction, exhibiting

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

peroxidase-like and oxidase-like activity, respectively. But, at alkaline pH, NDs can
catalyze the dismutation decomposition of H,O, accompanied by the formation of O,
showing the catalase property. The molecular mechanism was established that the
oxidase mimetic activity of NDs is induced by their ability to accelerate the electron
transfer process between TMB and O,, while the peroxidase-like activity is originated
from them promoting electron transfer from TMB to H,O,. Furthermore, we propose
that the oxygen containing functional groups on the surface contribute to the source of

peroxidase mimetic activity. On the basis of the color reaction, replacing horseradish
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peroxidase (HRP) by NDs, an ELISA was developed for the detection of mouse
superoxide dismutase (SOD), a classic IgG. Surprisingly, the peroxidase-like activity
makes ND an excellent antioxidant against HO,-induced cellular damage, which was
employed in an E. coli model. Therefore, these findings make NDs multifunctional
nanozyme candidate and pave the way for applications in biocatalysis, bioassays, and

nano-biomedicine.

Experimental
Materials preparation

In this case, the nanodiamonds (NDs) were supplied by HeYuan ZhongLian
Nanotechnology Co. Ltd (<10nm). They were synthesized by the explosive detonation
followed by acid washing. Raw materials were dispersed in water using
ultrasonication for 4h to produce suspensions. Three more diamonds from
Sigma-Aldrich (<10nm), Element Six Company (~100nm), and Alfa Aesar (40-60 pm)
were obtained for control experiments. NaOH, 3,3',5,5"-Tetramethylbenzidine (TMB),
2-bromo-1-phenylethanone (BrPE), Phenylhydrazine (PH) and albumin from bovine
serum (BSA) were purchased from Aladdin Industrial Corporation.
Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy (CTPO) was purchased from Alfa
Aesar. 1,3-Diphenylisobenzofuran (DPBF), phosphate buffered saline (PBS) were
purchased from Sigma-Aldrich. Acetic acid, acetic acid sodium salt, Na,COs3,
NaHCO;, hydrochloric acid, sulfuric acid, nitric acid, hydrogen peroxide (30%),

carbon tetrachloride (CCls) and anhydrous ethanol were obtained from Guangzhou
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Chemical Reagent Factory. Terephthalic acid (TA) was purchased from Tokyo
Chemical Industry Co. Ltd. Anti-SOD antibody was obtained from Bioss. Anti-SOD
antibody coated microelisa strip plate (12x8strips), mouse superoxide dismutase
Chemistry Technology Co. Ltd. Millipore water (18.2 MQ) was used throughout the
experiments. Escherichia coli (E. coli) bacterial strains (ATCC 25922) were obtained
from Guangdong Detection Center of Microbiology.
Characterizations

X-ray powder diffraction (XRD) was performed using a Rigaku D/Max-IIIA
X-ray diffractometer with Cu Ko radiation (A = 1.54056 A, 40 kV, 20 mA) at a
scanning rate of 2°/s. Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images are acquired by using an FEI Tecnai G2 F30 transition
electron microscope equipped with a field-emission gun. The particle size

distributions of the colloids were analyzed on a Brookhaven EliteSizer Nanoparticle

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

size-zeta potential and molecular weight analyzer. Ultraviolet-Visible (UV-Vis)
absorption spectra of the samples were obtained using a UV 3150 spectrophotometer
(Shimadzu, Japan). Fluorescence spectroscopy was performed on Hitachi F-4500
Fluorescence spectrophotometer. A Bruker EQUINOX 55 Fourier transform infrared
spectrometer coupled with an infrared microscope (FTIR) was used to determine the
functional groups. Wavelength dispersive sequential x-ray fluorescence spectrometry
(XRF, Axio™* Petro) were performed to determine the elemental composition of the

samples. The surface analysis was performed by X-ray photoelectron spectroscopy
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(XPS) using a Thermo-VG Scientific ESCALAB 250 spectrometer. Photoelectrons
were generated by mono Al K o X-ray radiation of energy 1486.6 eV and the
calibration was based on the Au 4f with the binding energy at 84.0eV. Electron spin
resonance (ESR) spectroscopy measurement was conducted on a Bruker EMX A300
spectrometer equipped with a nitrogen heating setup.

Kinetic analysis

Steady-state kinetic assays for oxidase-like activity were carried by measuring
the absorbance change of the NDs/TMB system at 652 nm (e=39000 M'cm™) for 5
minutes, using a UV spectrophotometer. Experiments were performed at 25 °C, using
10 mg L' NDs in a reaction volume of 1 mL 200 mM acetate buffer solution (pH 4.0)
with ImM TMB as substrate. TMB was added to start the reaction, prior to recording
the absorbance. Steady-state kinetic assays for peroxidase-like activity were carried
by measuring the absorbance change of the NDs/TMB/H,0; system at 652 nm for 5
min. Experiments were performed at 25 °C, using 10 mg L' NDs in a reaction
volume of 1 mL 200 mM acetate buffer solution (pH 4.0) with 1 mM TMB as
substrate, and H,O, was 100 mM. TMB was added to start the reaction, prior to
recording the absorbance.

The apparent kinetic parameters were calculated based on the Michaelis equation
V=V X[SV/(KiH[S]), where v is the initial velocity, V. is the maximal reaction
velocity, [S] is the concentration of the substrate, and K, is the Michaelis — Menten
constant.

Electron spin resonance experiment
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ESR spin label oximetry is a quantitative approach to measure oxygen content
using spin label CTPO. In the experiments, 0.1 mM CTPO solution was mixed with
100 mM H,0; in carbonate buffer solution (pH 11.0). Followed by addition of 100g
L' NDs and incubation for 3 min, 50 pL sample solutions were put in glass capillary
tubes and inserted into the ESR cavity. ESR spectrum was recorded in 2 min. ESR
parameter settings were as follows: modulation amplitude 1 G, sweep width 10G, and
microwave power 0.19 mW and time constant 40.96 ms.

Detection of singlet oxygen and superoxide anion radical experiments
1,3-Diphenylisobenzofuran (DPBF) was used as a colorimetric and fluorescent
probe for detection of singlet oxygen (‘O,) and superoxide anion radical (O,). The
standard stock solution (10 uM) of DPBF was made by dissolving in ethanol and was
stored at 4 °C in the dark until it was used. Typically, 2.0 mL DPBF solution (10 uM)
was mixed with 2 mL acetate buffer solution (200 mM, pH 4.0) and 0.1mL NDs

solution (4g L™). Followed by 12 h incubation in the dark at 37 °C, the resulting

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

solution was centrifuged for absorption and fluorescence analysis. In the fluorescence
measurement, the excitation and emission wavelengths were 410 and 455 nm,
respectively.
Detection of hydroxyl radicals experiment

Terephthalic acid (TA) was used as a fluorescence probe for tracking of hydroxyl
radicals (-OH). In the experiment, a standard solution of sodium salt of TA (Na,TA)
with the concentration of 25 mM was prepared by dissolving 830.7 mg of TA in 200

mL of NaOH (62.5 mM). 0.4 ml of Na,TA solution was added into a mixture of 3.6
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mL acetate buffer solution (200 mM, pH 5.5) with 100 mg L' NDs and 100 mM H,0,.

Followed by 12 h incubation in the dark at 25 °C, the resulting solution was
centrifuged for fluorescence measurement. The excitation and emission wavelengths
were 315 and 425 nm, respectively.
Cytochrome C electron transfer experiment

Cytochrome C (Cyt C) is an active reactant in electron transfer process and has
been used to investigate electron transfer mediator role of NDs. In the experiment, 45
pL of Cyt C (0.4 mM) was added into 170 pL acetate buffer solution (200 mM, pH
4.0) containing 4g L' NDs. Followed by 12 h incubation in the dark at 25 °C, the
resulting solution was centrifuged for absorption measurement. Furthermore, to
evaluate the pH and H,0, effects on Cyt C, its oxidation under acid, neutral and
alkaline conditions in the presence of NDs and H,O, were perform, respectively.
Typically, 25 pL Cyt C (0.4 mM) was mixed with 5 pL H,O, (320 mM), 45 pL NDs
suspension (10 g L™") and 85 pL buffer solution (pH 4.0, pH 7.0 or pH 10.0). Followed
by 15 h incubation in the dark at 25 °C, the resulting solution was centrifuged for
absorption measurement. Control experiments without NDs or H,O, were also
performed.
Acid oxidizing treatment of NDs

NDs (40 mg) were dispersed in nitrohydrochloric acid (80 mL) under stirring
condition. After standing for 24 h, the mixture was centrifuged (5000 rpm, 5 min) and
washed with deionized water for 5 runs. The precipitates were dried at vacuum to give

NDs treated by nitrohydrochloric acid (NDs-NA).
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NDs-NA were added into the sulfuric acid and nitric acid (3:1, v/v, 80 mL). The
mixture was heated at reflux (220 [7) for 5 h and then centrifuged (5000 rpm, 5 min)
and washed with deionized water. Finally, the NDs were freezed at -50 [ and dried at
vacuum for 24 h to give acid-oxidized NDs (NDs-acid).

Chemical titration of oxygen functional groups on NDs

First, 200 mg of BrPE or PH was dissolved in 15 mL CCly, and then 20 mg of
NDs was added into the solution under stirring condition, standing for about 12 h.
Then the precipitates were collected by centrifugation (5000 rpm, 5 min) and washed
with CCly for 10 runs. In this procedure for removing CCly solution, the molecules of
BrPE and PH selectively reacted with oxygen-containing group on the surface of NDs.
Finally, the precipitates were freezed at -50 [J and dried in vacuum for 24 h to give
nanodiamond derivatives (ND-BrPE or ND-PH).
Preparation of antibody-NDs conjugates

Antibody (Ab)-NDs conjugates were prepared as follows. First, NDs solution

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

was adjusted by NaOH to be around pH 9.0. Then 20 pL stock solution of anti-SOD
antibody (Img/mL) was introduced and incubated at 4 °C over night. Followed by
adding blocking buffer (1% BSA in PBS buffer) to passivate remaining sites of NDs,
excess amount of antibody and BSA was removed by centrifugation (10000 rpm, 10
min) for two runs. The resulting pellet was dispersed in 500 uL PBS solution and
stored at 4 °C for further use.

Immunoassay

The sandwich immunoassay was carried out on an anti-SOD antibody coated
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96-well microtiter plate. Firstly, 50 ul. SOD standard solution at different
concentrations were added to the wells. Subsequently, the plate was incubated at
37 °C for 1 h with 100 pL of the Ab-NDs conjugates. After washing 3 times with
wash buffer, 100 pL substrate solution (pH 4.0) containing TMB (1 mM) and H,0,
(100 mM) was added into each well. The plate was incubated at 37 °C for 20 min. 50
uL stop solution was added to stop the reaction and displayed a final yellow color. The
ELISA reading was performed at 450 nm by a plate microreader.
Bacterial culture and antioxidant experiments

Monocolony of E. coli on the solid Luria-Bertani (LB) agar plate was transferred
to 20 mL of liquid LB culture medium and grown at 37 °C for 12 h under 180 rpm
rotation. Then the bacteria were diluted with broth to 10° c¢fu mL™. The as-prepared
bacteria solution (500 pL) was mixed with NDs (500mg L'l) , H,O, (0.1%) and
acetate buffer solution (pH 5.5) for 30 min. Then the solution was placed on solid
medium by spread plate method and cultured for 24 h before observing the number of
the bacteria colonies via counting by naked eye and OD600 measurement,

respectively. Control experiments were performed in parallel without H,O;, or NDs.

Results and Discussion
Characterization of NDs

The XRD pattern of the sample in Fig. la demonstrates the presence of diamond
(JCPDS No. 75-0219). The corresponding transmission electron microscopy (TEM)

analysis in Fig. 1b shows that NDs are of irregular-particle shape. According to TEM

10
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data, a statistical analysis of 200 particles indicated that the diameter of NDs is mainly
distributed in 2-10 nm with the average size of 5.6 nm. Fig. 1c and d show the
High-resolution TEM (HRTEM) and selected area electron diffraction (SAED)
images of NDs, respectively. Three strong dillraction rings represent the (111), (220),
and (311) planes of diamond, further confirming the presence of NDs'%. The particle
size distribution of the resultant suspension was monitored by dynamic light scattering
(DLS) measurements. The peak of the particle size distribution located at around 85
nm, as shown in Fig. Sla.
Oxidase-like and peroxidase-like activities of NDs

To investigate oxidase-like and peroxidase-like activities of NDs, color reaction
was performed in the absence and presence of H,O,, choosing TMB as the substrate.
First, the NDs can catalyze the oxidation of TMB by dissolved O; in water, producing
light blue color for TMB (maximum absorbance at 652 nm). In contrast, the solutions

without NDs showed no color change. This result indicates that the NDs have

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

oxidase-like activity'”. Next, the effect of H,O, on TMB oxidation was investigated.
By addition of H,O,, the color evolution TMB oxidation was much faster and
exhibited deeper color at the same time intervals. Similarly, the control experiments
without NDs also showed negligible color variation (Fig. 2a).

Other control experiments with three more diamonds from different sources were
incubated under the standard reaction conditions over a period of 10 min. As shown in
Fig. S2a, similar results were obtained showing the generality of NDs in the

peroxidase-like properties. Furthermore, diamond crystal powders, 40-60 um, with

11
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uncovered surface show negligible peroxidase-like activity, suggesting that the
peroxidase-like activity of NDs is likely to attribute to their nanoscale effect (Fig. S2¢
and d).

It is important to rule out the possibility that the observed activity is caused by
leaching of ions into acidic solution. To test this, we incubated NDs in the standard
reaction buffer for 10 min and then removed the NDs from solution by centrifugation.
We then compared the activity of the supernatant with that of NDs under the same
conditions. As shown in Fig. S2b, the supernatant had no activity, showing that the
observed peroxidase-like activity is due to intact NDs. These results above indicates
that the NDs possess peroxidase-like toward the typical peroxidase substrate'”.

Note that, the catalytic activities of NDs are similar to natural oxidase and
peroxidase, depending on pH and temperature (Fig. 2b and c)* M They were
measured while varying pH from 1.5 to 7.0, temperature from 25°C to 60°C. The
results indicate that both of them showing optimal pH at 4.0 and a suitable
temperature at around 35°C.

The apparent steady-state kinetics is investigated for the reaction catalyzed by
NDs. Similar to the enzyme-catalyzed reaction, the typical Michaelis—Menten curves
are observed for NDs with and without H,O, (Fig. 2d and e)B’ 1 Kinetic parameters
are obtained by fitting to the Michaelis—Menten model. Results in Table 1 show that
in comparison with other reported nanomaterials with oxidase-like activities, NDs has
lower K, value for TMB in the absence of H,O,, indicating that a lower TMB

. . . . .. 13.15
concentration was required to achieve maximal activity for NDs ™ . In the presence

12
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of H,O,, the NDs have lower K, value than HRP. On the other hand, the apparent K,
value of NDs with H,O, as the substrate is also lower than HRP and many other
nanozymes, suggesting that NDs have a higher affinity'* '*'°.
Catalase-like activity of NDs

Similar to catalase, NDs are capable of catalyzing the degradation of H,O, to
produce O,. With the involvement of NDs, the H,O, decomposed violently and the O,
bubbles could be clearly seen by naked eyes. In contrast, the control experiments
without NDs or H,O, showed negligible bubbles (Fig. 3a). To further evaluate the
catalase-like activity of NDs, ESR spin oximetry with respect to the product O, in the
reaction was conducted. This measurement is based on the bimolecular collision of
oxygen molecule with a spin probe, in which the high O, concentration is

accompanied by a decrease in the peak height of the ESR signal20

. As shown in Fig.
3b, the decrease in the peak intensity with time was observed, indicating the enhanced

production of O, in the H,0, degradation reaction catalyzed by NDs*" *. Fig. 3¢

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

shows that the strong dependence between catalytic activity of NDs and H,O,
concentration. All these results provide direct evidence supporting that NDs behave
like catalase' . We also investigated the elJect of pH and temperature on the
catalytic activity of NDs. Fig. 3d and e show that catalase-like activity of NDs
increases with rising pH and temperature up to pH 11 and 60 [J, respectively. In
contrast, the natural catalase is quite sensitive to pH and temperature, showing
decreased activity in high pH and high temperature. Hence, the higher stability of

NDs makes them promising catalase mimic particularly in extreme conditions.

13
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Accordingly, these results above suggest that NDs exhibit multi-enzyme
mimetic activity, which can be tuned by modulating pH value. At acidic pH, they
catalyze the reaction of TMB in the presence of H,O, or O; to produce a blue color
reaction, showing peroxidase-like and oxidase-like activity, respectively. On the other
hand, they catalyze the dismutation decomposition of H,O, accompanied by the
formation of O, at alkaline pH, showing catalase property (Fig. 3f). Therefore, NDs
are pH-controllable multifunctional nanozyme.

Molecular mechanism of oxidase-like and peroxidase-like activity of NDs

Generally, the catalytic pathways of oxidase-like and peroxidase-like activity can
be sorted into the generation of reactive oxygen species (ROS) or the electron transfer
process”'. To evaluate the possible active intermediate in the present system, various
fluorescent and colorimetric probes were employed.
1,3-Diphenylisobenzofuran(DPBF) was used as a probe for detection of singlet
oxygen ('0,) and superoxide anion radical (O,) by decrease in the intensity of its
absorption and fluorescence'™ 2* #°. Fig. 4a shows the absorption and fluorescence
change in the mixed solution of DPBF and NDs. After 12 h reaction, compared with
control experiments, negligible absorption and fluorescence decrease were observed,
indicating the absence of 'O, and O, in the oxidase-like catalytic process.
Furthermore, Terephthalic acid (TA) is used as a fluorescence probe for tracking of
hydroxyl radicals (-OH) because it could capture -OH and generate
2-hydroxyterephthalic acid, emitting the unique fluorescence around 425 nm”®. After

12 h reaction, the fluorescence in the solution containing TA, NDs and H,0; is lower

14
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than mixture of TA and H,0,. In addition, TA did not show fluorescence upon
incubation with NDs (Fig. 4b). This results exclude the generation of -OH during the
oxidase-like and peroxidase-like catalysis®’.

To verify the NDs mediated electron transfer process from TMB to O, (or H,0,),
cytochrome C (Cyt C) was used to test the accepting electron ability of NDs because
Cyt C is an active reactant in the electron transfer process”. While incubated with
NDs, absorbance of Cyt C at 520 and 550 nm gradually decreased with the evolution
of a new peak at 530 nm (Fig. 4c). The corresponding change from reduced state to
oxidized state for Cyt C clearly indicates electron transfer from Cyt C to NDs*'. The
pH effects on Cyt C oxidation were also investigated. The results show that NDs can
accept electron from Cyt C over a wide pH range. Also, the disappearance of
absorbance band of Cyt C is associated with the ultrahigh ability of combination of
NDs and H;0, to accelerate the Cyt C oxidation (Fig. S5 a-c).

Therefore, all the above results proposed the mechanism of NDs acting as

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

oxidase and peroxidase (Fig. 4d). First, TMB binds to the hydrophobic domains on
surface of NDs, the amino group of which donates lone-pair electrons to NDs, leading
to increased electron density of NDs. Second, electron-rich NDs transfer electrons to
close-by dissolved O, (or H,O;) molecules, which further accelerates the electron
transfer process between NDs and TMB. Finally, during this catalytic cycle, TMB is
oxidized into blue derivative while O, (or H,O,) are reduced to water in acidic
condition”" ** #°. The reaction pathways can be described by the following two

equations for O, and H,O; as electron acceptorsB, respectively:

15
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Nanoscale
0, + 4H" + 4" =2H,0 (1)
H,0, + 2H" + 2¢” =2H,0 (2)

In a word, the oxidase mimetic activity of NDs is induced by their ability to accelerate
the electron transfer process between TMB and O,, while the peroxidase-like activity
is originated from them promoting electron transfer from TMB to H,O..
Source of the peroxidase mimetic activity

One of the key concerns in identifying and describing metal-free catalysis is the
suspected influence of metal impurities in the catalyst. Commercial NDs were
prepared with metal catalysts, which inevitably remain as metal contaminants.
Post-treatment by acid washing effectively removed the residual metals to a great
extent. X-ray fluorescence spectrometry (XRF) reveals that the residual metals in the
tested NDs were very low (Table 2). Additionally, there is no signal of metals in the
surface layer at the limit of detection by x-ray photoelectron spectroscopy (XPS) (Fig.
51). This difference suggests that if there is residual metal, it must be embedded in the
carbon and not exposed to the reactants. This explanation is supported by the XRF of
the NDs treated by nitrohydrochloric acid (NDs-NA), which shows negligible
difference to that of raw NDs. Therefore, the reactivity originated exclusively from
metal-free active sites on NDs and that residual metals played no positive role.

According to the HRTEM image in Fig. 5a, agglomerated NDs are covered with
some amorphous carbon’. However, no signal of the amorphous carbon was detected
in the XRD pattern, indicating that they are at low content. To reduce the amorphous

carbon on the surface of NDs, NDs-NA were further treated with refluxing in strong

16
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acid to give acid-oxidized NDs (NDs-acid) (Fig. 5b)*'~*. Further, kinetic assays were
performed to evaluate the influence of amorphous carbon in the peroxidase-like
activity. The results show that NDs-acid possess higher peroxidase-like activity than
NDs-raw, suggesting the possibility that the amorphous carbon inhibiting the catalysis.
However, after acid oxidizing treatment, the oxygen containing functional groups on
the surface of NDs also changed according to the Fourier transform infrared (FT-IR)
spectroscopies shown in Fig. S7. For this reason, their contribution to increase in
catalytic activity cannot be excluded. A detailed discussion is given below. In addition,
Comparison experiment of peroxidase kinetic spectrums of ultrasound-treated and
untreated NDs were performed, respectively, under the same conditions (Fig. S1b).
Interestingly, we found limited influence of aggregation on peroxidase kinetic process
and peroxidase-like activity.

Present research on carbon-based catalysis implies that oxygen containing

functional groups may act as the catalytic active sites for oxidation and reduction

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

reaction’’. It is believed that such surface groups facilitate the charge transfer between
the carbon nanomaterials and substrates. Herein, through selectively deactivating
these specific functional groups and investigating the catalytic activity of different
derivatives of NDs, the role they played as peroxidase mimics can be investigated

evidently® *

. The raw materials of NDs (NDs-raw) were mainly covered with
carbonyl (-C=0) and carboxylic (-COOH) on their surface according to the FT-IR
spectroscopy and O 1s XPS spectra (Fig. 5c and d). Phenylhydrazine (PH) and

2-bromo-1-phenylethanone (BrPE) were chosen as the titrants to specifically react

17
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with the -C=0 and -COOH groups on the NDs, respectively (Fig. 5g)** **. The FT-IR
spectrums of NDs treated with BrPE and PH exhibit a significant decrease of the C=0
signal suggesting the successful deactivation of -C=0 and -COOH to produce
derivatives of NDs (NDs-PE and NDs-BrPE, respectively) (Fig. 5¢)'* 23 To
evaluate their peroxidase-like activity, kinetic assays were also conducted. As shown
in Fig. 5f, under the same conditions, the peroxidase-like activity of NDs-PE and
NDs-BrPE are lower than that of NDs-raw, which indicate a positive correlation
between the concentration of -C=0 and -COOH groups and the activity. In addition,
the FT-IR spectrums of NDs also show the presence of -OH group in H,O or H;O"
(Fig. 5c). To evaluate the contribution to peroxidase-like activity of this group, two
NDs from different sources showing completely same signal intensity of -OH group
were employed to perform color reaction (Fig. S6). However, Fig. S2a shows the
significant color variation indicating that the peroxidase-like activity is irrelevant to
-OH groups in H,O or H3O". Recently, calculations suggest that the pre-adsorbed -OH
groups on the surfaces of noble metal nanoparticles, which are only favorably formed
in basic conditions, trigger the switch between activities of peroxidase and catalase
and render the pH-switchability40. The pre-adsorbed -OH groups on the surface of
NDs may also serve as switchers for catalytic activities.

We also discussed the influence of nitrogen species on their catalytic activity. Fig.
S3 shows the representative bonding configurations for N in carbon materials:
pyridinic N, pyrrolic N, graphitic N and pyridine-N-oxide. Recently, experimental and

theoretical studies indicated that pyridinic N plays a more important role than other

18
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nitrogen species in catalyzing redox reaction*' . However, in our studies, the XPS
results for NDs illustrate the nitrogen content is only 2 at % and the N Is spectrum
can be deconvoluted into the following two peaks: 400.2 eV and 403.5 eV, which are
assigned to pyrrolic nitrogen and pyridine-N-oxide, respectively (Fig. S41 and 2).
Based on the above results, we proposed that nitrogen species have almost no
influence on the enzyme like property.

Accordingly, we obtained the evidence that the embedded metal impurities have
no effect on the catalysis, whereas the covered amorphous carbon probably inhibit this
reaction, and the peroxidase-like activity of NDs is likely to derive from -C=0O and
-COOH groups on the surface. Further research is needed in the future to determine
the other origin of the activity.

Application in immunoassay
The NDs were employed in a traditional HRP-based ELISA by using them in the

place of HRP. Synthesized by the explosive detonation and washed by strong acid,

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

NDs have surface functionalized with a lot of active groupsz. It provides a convenient
way for binding of antibody without needing other modifications. Mouse SOD was
chosen as antigen model for immunoassay detection. SOD is an enzyme found in all
aerobic cells, which plays a critical role in reducing the oxidative damage and
inflammation. Its levels in the body are associated with the health condition. Hence,
the detection of SOD provides great help in disease diagnosis** *°. Fig. 6a illustrates
the construction of sandwich immunoassay format for SOD detection. In this assay,

NDs served as HRP, not only binding with the detection antibodies, but also
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catalyzing the color reaction of TMB and H,0,. Fig. 6b displays the ELISA results,
which showed the absorbance at 450 nm was dependent on the concentration of SOD.
The results indicate the successful attachment of Ab to NDs and robustness of the
assay for bio-detection. These results demonstrate the versatility of NDs as a detection
tool due to their unique oxidase-like and peroxidase-like activities, which allows them
for the potential application in the specific measurements of various antigens by
NDs-based ELISA kits and in other biodetections.
Application in antioxidation

H;0, is a common reactive ROS produced in cellular metabolism, such as
glucose oxidation catalyzed by glucose oxidase and superoxide anion radical
scavenging by SOD*®*’. In nature, catalase and peroxidase have been evolved to
protect cells against H;O,-induced oxidative damage47. However, in Alzheimer’s
disease or other pathological cases, cells may reduce or even lose their abilities to
decompose H,0,, leading to serious DNA and protein structure damage*®. In our case,
NDs with peroxidase-like activities can be speculated to protect cells against
H,0,-induced oxidative damage. E. coli was used as a cell model.

Plate count method for counting number of bacterial colonies was applied to

evaluate the antioxidant activity of NDs against E. coli*’. Fig. 7a shows that treating E.

coli with 1% H,0O, for 24h resulted in almost completely death of cells. However,
incubation of cells with 0.5mg/ml NDs and 1% H,0, for 24h lead to significantly
enhanced cell proliferation. As we know, NDs show peroxidase activity in the

presence of H,O, at acidic pH, catalyzing reduction of H,O, by promoting electron
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transfer instead of producing -‘OH. The peroxidase property provides protective effect
of NDs on cellular oxidative damage induced by H,O; in culture medium. On the
other hand, in the case that NDs show oxidase activity, no harmful ROS for bacterial
cells were produced. Furthermore, without addition of H,O,, NDs also showed the
excellent protective activity for E. coli implying that NDs could inhibit the oxidant
effect of endogenous H,O, in E. coli. To further confirm the antioxidant function of
NDs, OD600 measurement was also employed for estimating density of bacteria cell
in a medium (Fig. 7b)". The results are highly consistent with that of the experiments
above. Simultaneously, the influence of NDs on the growth of E. coli could be clearly
observed via the numbers of bacterial colonies on the plates (Fig. 7c-f). In the basis of
their enzyme mimetic activity, NDs display excellent performance on inhibiting
H;0,-induced Oxidative damage, which make them promising drug candidates for
preventing a wide range of diseases including Alzheimer's disease, Parkinson's disease,

the pathologies caused by diabetes and so on®’.

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

Conclusion

In summary, we have demonstrated that NDs exhibit multi-enzyme mimetic
activity, which can be tuned by adjusting pH value. At acidic condition, they catalyze
the reaction of TMB in the presence of H,O, or O, to produce a blue color reaction,
showing peroxidase-like and oxidase-like activity, respectively. On the other hand, at
alkaline pH, they catalyze the dismutation decomposition of H,O, to produce O,

showing catalase property. The Michaelis-Menten kinetics indicated that NDs has
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higher affinity than HRP and many other nanomaterials with oxidase-like or
peroxidase-like activities. The molecular mechanism of the catalytic reaction was also
investigated, which exhibiting that the oxidase mimetic activity of NDs is induced by
their ability to accelerate the electron transfer process between TMB and O,, while the
peroxidase-like activity is originated from them promoting electron transfer from
TMB to H,O,. Furthermore, several experiments on the source of peroxidase-like
activity confirm the positive contribution from -C=0 and -COOH groups on the
surface. In addition, the color reaction was used to develop an ELISA for the detection
of SOD, replacing horseradish HRP by NDs. Surprisingly, the peroxidase-like and
oxidase-like properties offer NDs excellent protective ellect against H,O,-induced
oxidant damage in an E. coli model. Therefore, these results make NDs
multifunctional nanozyme candidate and find more novel applications in

nano-biotechnology.
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Table 1 Comparison of the kinetic parameters of NDs and HRP. K, is the Michaelis
constant, Vi, is the maximal reaction velocity.

Catalyst Substrate K (mM) Vinax M s™) References
TMB 0.434 1.00x107
HPR 12
H,0, 3.70 8.71x10*
TMB 0.115 7.11x107
NDs This work
H,0, 0.752 2.09%x10”
NDs TMB 0.103 2.80x107"° This work

Table 2  Stoichiometry composition for NDs obtained by XRF.

Concentration (%)

Metal compound

NDs NDs-NA
Na 0.078 0.024
Mg 0.007 0

Fe 0.006 0.003
Al 0.006 0.006
Ca 0.005 0.008
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Figure Captions

Figure 1. (a) XRD pattern of NDs. All reflection peaks can be indexed to diamond. (b)
TEM image of NDs. The insert shows the size distribution analysis from 200 random

particles. (¢) HRTEM image of NDs. (d) Corresponding SAED pattern of NDs.

Figure 2. NDs show the oxidase-like and peroxidase-like activities. (a) The NDs
catalyzes the oxidation of TMB, in the presence of dissolved O, or H,O,. 1) TMB, 2)
NDs, 3) NDs+ H;0,, 4) TMB+ H,0,, 5) TMB+ NDs, 6) TMB+ H,0, +NDs. (b and c)
The oxidase-like activity of NDs is pH and temperature dependent, showing an
optimal pH of 3.0 - 4.5 and temperature around 25 - 351, Experiments were carried
out using 10 ug NDs in a reaction volume of 1 mL, in acetate buffer, with 1 mM TMB
as substrate. The peroxidase-like activity of NDs is pH and temperature dependent,

showing an optimal pH of 3.5 - 4.5 and temperature around 3507]. Experiments were

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

carried out using 10 pg NDs in a reaction volume of 1 ml, in acetate buffer, with 1
mM TMB and 100 mM H,0, as substrates. The maximum point in each curve (b and
c) was set as 100%. (d and e) Apparent steady-state kinetic study of NDs. The velocity
(v) of the reaction was measured using 10 pg NDs in 1 ml of phosphate pH 4.0 at
25°C. (d) The concentration of dissolved O, was fixed and the TMB concentration
was varied. The concentration of H,O, was 100mM and the TMB concentration was
varied. (e) The concentration of TMB was ImM and the H,O, concentration was

varied.
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Figure 3. (a-e) The catalase-like activity of NDs. (a) Gas bubbles were observed after
incubation of 100 mM H,0, and 10 mg L' NDs in carbonate bulJer (pH 11.0) for
Smin. ESR spectra of CTPO show that the catalase-like activity of NDs is dependent
on pH (b), temperature (c) and H,O, concentration (d). (¢) The O, production in this
system is time dependent. (f) The enzyme mimetic activity of NDs is pH switchable.
NDs show oxidase-like and peroxidase-like activity in acidic pH and catalase-like

activity in alkaline pH.

Figure 4. Mechanism of oxidase-like and peroxidase-like activities of NDs. (a)
UV-Vis absorption spectra and fluorescence spectra for DPBF incubated with NDs. (b)
Fluorescence spectra for interaction of TA with NDs. (¢) UV-Vis absorption spectra
for Cyt C incubated with NDs. (d) Proposed mechanism for the oxidase-like and

peroxidase-like activity of NDs.

Figure 5. (a) TEM image of raw NDs and corresponding HRTEM image. (b) TEM
image of NDs-acid and corresponding HRTEM image. (c¢) FTIR spectra of NDs,
NDs-BrPE and NDs-PH. The absorption peak at 1730 cm’! belongs to the C=0
groups. (d) High-resolution O 1s XPS spectrum of NDs. (e) Schematic of selective
deactivation of -C=0 and -COOH groups on the surface of NDs. (f) Comparison of
peroxidase kinetic spectrums of NDs-raw, NDs-acid, NDs-BrPE and NDs-PH,

respectively, under the same conditions.
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Figure 6. (a) The construction of NDs-based sandwich immunoassay format. (2)

NDs-based ELISA is sensitive to the concentration of mouse SOD.

Figure 7. (a) Number of colonies of E. coli treated with 0.5mg/ml NDs and/or 1%
H;0,. (b) Optical density at 600 nm (OD600) of bacterial suspension of E. coli treated
with 0.5mg/ml NDs and/or 1% H,0,. (c-f) Representative digital images show the

influence of NDs on the growth of E. coli bacterial.
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Figure 4
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Figure 5
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Figure 6

ox-TMB 0.304 | with NDs
[ Jwithout NDs

0.251
p ~
]
o 3 020]
WAY & « Nanodiamond o
5 lﬂ}; % Detection Antibody “E? 0.154
S ® Antigen o

% Capture Antibody 0.10-

0.05-

0 20 40 80 80
Concentration of antigen SOD (U/mL)
(a) (b)

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

37


http://dx.doi.org/10.1039/c7nr05629j

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

Page 38 of 39
View Article Online

DOI: 10.1039/C7NR05629J

Nanoscale
Figure 7
61 1.0
S 5
I 0.8
.g 4+ —~
e S i
§ 5 3 0.6
Y= 1 804_
O 5] [m)
o | o
£ 1] 021
3
=z
0- 0.0
N o} %}
A 4 '\’R\ \-\x‘f\'LO B fe) N
QO i3
(%) \'\x @
(a)

(©)

38

(b)

On



http://dx.doi.org/10.1039/c7nr05629j

Page 39 of 39

Published on 18 September 2017. Downloaded by Fudan University on 19/09/2017 01:32:24.

Nanoscale
View Article Online
DOI: 10.1039/C7NR05629J

TOC

We have demonstrated that nanodiamonds (NDs), as oxidation and reduction catalysts,
possess intrinsic enzyme mimetic properties of oxidase, peroxidase and catalase, and
these behaviors can be switched by modulating the pH value. Replacing horseradish
peroxidase by NDs, an immunosorbent assay was developed for the detection of
mouse superoxide dismutase. Meanwhile, the peroxidase-like activity made NDs be

an excellent antioxidant against H,O,-induced cellular damage.
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