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Purpose: Combined superoxide dismutase (SOD)/catalase mimetics have attracted much

attention because of their efficacy against reactive oxygen species-associated diseases;

however, their application is often limited owing to their poor stability and the absence of

favorable grafting sites. To address this, we developed a new class of SOD/catalase mimetics

based on hybrid nanoflowers, which exhibit superior stability and possess the desired

grafting sites for drugs and endogenous molecules.

Methods: In this work, for the first time, we used polynitroxylated human serum albumin (PNA)

to mediate the formation of hybrid copper-based nanoflowers. H2O2 depletion and O2 evolution

assays were first performed to determine the catalase-like activity of the hybrid nanoflowers. Next,

the xanthine oxidase/cytochrome c method was used to assay the SOD-like activity of the nano-

flowers. Further characteristics of the nanoflowers were evaluated using scanning electron micro-

scopy (SEM), electron paramagnetic resonance (EPR), and Fourier-transform infrared

spectroscopy (FTIR). Operational stability was assessed via the reusability assay.

Results: The H2O2 depletion and O2 evolution assays indicated that PNA-incorporated nano-

flowers have genuine catalase-like activity. Kinetic analysis revealed that the reactions of the

incorporated nanoflowers with H2O2 not only obey Michaelis–Menton kinetics, but that the

nanoflowers also possess a higher affinity for H2O2 than that of native catalase. The FTIR spectra

corroborated the presence of PNA in the hybrid nanoflowers, while the EPR spectra confirmed

the intermolecular interaction of nitroxides bound to the human serum albumin incorporated into

the nanoflowers. The remarkable operational reproducibility of the hybrid nanoflowers in

catalase-like and SOD-like reactions was verified across successive batches.

Conclusion: Herein, a comparison of Michaelis constants showed that the hybrid nano-

flower, a catalase mimetics, outperforms the native catalase. Acting as a “better-than-nature”

enzyme mimetics, the hybrid nanoflower with superior stability and desired ligand grafting

sites will find widespread utilization in the medical sciences.

Keywords: catalase, superoxide dismutase, polynitroxylated human serum albumin, reactive

oxygen species, copper-based nanoflowers

Introduction
Acting as potential therapeutic agents, combined synthetic superoxide dismutase (SOD)/

catalase mimetics can prevent oxidative stress in living organisms by removing the

reactive oxygen species (ROS) that cause aging.1,2 Many researchers in this field have

focused on investigating salen–manganese (III) complexes, which possess superoxide

and hydrogen peroxide scavenging properties that could counter ROS-associated

diseases.3,4 Although salen–manganese (III) complexes exhibit better bioavailability

and enzymatic behavior than antioxidant enzymes, the stability of these complexes can

be significantly reduced under oxidizing conditions owing to ligand degradation.5

Correspondence: Guang Chen
College of Life Science, Jilin Agricultural
University, No. 2888 Xincheng Avenue,
Changchun 130118, People’s Republic of
China
Tel/Fax +86 431 8453 2942
Email guangc61@gmail.com

Li Ma
Department of Physics, Georgia Southern
University, 65 Georgia Avenue, Math/
Physics Building Room 1003, Statesboro,
GA 30460, USA
Tel +1 912 478 5950
Fax +1 912 478 0471
Email lma@GeorgiaSouthern.edu

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2020:15 263–273 263

http://doi.org/10.2147/IJN.S220718

DovePress © 2020 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://orcid.org/0000-0001-6727-5584
http://orcid.org/0000-0003-1506-0762
mailto:guangc61@gmail.com; 
mailto:lma@GeorgiaSouthern.edu
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


In recent years, a number of nanomaterials possessing

SOD and catalase activities have attracted much attention,

such as nanoceria, Mn3O4, and platinum nanoparticles.6–8

To be used as therapeutic agents for additional applica-

tions, such as for targeted drug delivery, affinity ligands

must be grafted to the surface of SOD/catalase mimetics

using nanostructures.9 Because the majority of the reac-

tions of SOD/catalase mimetics with nanostructures occur

on the surface of these nanomaterials, surface grafting

causes a significant decrease in the dual enzyme-like activ-

ities of mimetics.10 Hence, this remains a critical challenge

in constructing combined synthetic SOD/catalase mimetics

that possess sufficient grafting sites and perfect stability.

It is generally accepted that amino acid side chains in

proteins can provide enough grafting sites for affinity

ligands. Hence, we propose that biomolecule-inspired

synthesis would be a suitable approach for introducing

protein into the nanostructure of mimetics with SOD and

catalase activities, overcoming problems arising from sur-

face grafting. In a previous report, protein-incorporated

nanoflowers were fabricated using a molecular assembly

of protein and copper phosphor.11 The protein molecules

serve as “glue” to bind the petals together during the

growth of the nanoflowers, which consequently expending

into mature Cu3(PO4)2 nanoflowers. It is thought that the

grafting sites for the required ligands are supplied by the

amino acid side chains of the protein which are incorpo-

rated into the nanoflowers; these hybrid nanoflowers are

regarded as mimetics possessing dual enzyme activities.

Moreover, hybrid nanoflowers have been shown to exhibit

excellent operational stability in the resolution of (R, S)-

2-pentanol.12 The skeletal stability of Cu3(PO4)2 hybrid

nanoflowers permits their reuse within medical and indus-

trial fields.

It has been confirmed that hybrid nanoflowers exert

a peroxidase-like activity that relies on a Fenton-like reac-

tion mechanism.13 Might it be possible to endow them

with a catalase-like activity using this ingenious approach?

In a prior study, nitroxide radicals were used to stimulate

the catalase mimetic activity of the heme protein.14 The

mechanism of stimulation was attributed to the replenish-

ment of MbFe III and to the detoxification of MbFe IV,

which was accelerated by nitroxide radicals that can “shut-

tle” among three oxidation states. Inspired by this work,

we surmised that, if nitroxide radical molecules had been

incorporated into the nanoflowers, then these radicals

should accelerate the conversion of copper (II) ions to

copper (I) ions in the nanoflowers by shuttling among

their different oxidation states, facilitating H2O2 dispro-

portionation. Specifically, the catalase mimetic activity of

the nanoflowers should be activated by the nitroxide radi-

cals incorporated into the nanoflowers. Furthermore,

although nitroxides have SOD-like activity, their utiliza-

tion is limited owing to their short half-life in vivo.15

Fortunately, the half-life and SOD-like activity of nitrox-

ides can be improved by covalent attachment to the back-

bone of protein.16,17

On the basis of the above-mentioned reports, we specu-

lated that human serum albumin decorated by nitroxides is

the perfect candidate to mediate the formation of nano-

flowers with SOD and catalase mimetic activities. We

hypothesized that the nitroxides would stimulate the cata-

lase mimetic activity of copper ions in the nanoflowers in

the manner of inducing the corresponding activity of

MbFe III in the heme protein. Furthermore, we predicted

that the amino acid groups of the human serum albumin

would provide sufficient grafting sites for the affinity

ligands to avoid the capping of copper ions on the surface

of the nanoflower, and that nitroxide covalently attached to

human serum albumin incorporated into the nanoflowers

would still maintain its initial SOD-like activity.

In this study, polynitroxylated human serum albumin

(PNA) was employed to direct the synthesis of the hybrid

nanoflowers (Scheme 1). The material characteristics of

the nanoflowers were assessed using SEM, FTIR and EPR.

The catalase mimetic activity and corresponding kinetic

parameters of nanoflowers were determined using the H2

O2 depletion and O2 evolution assays. The SOD-like activ-

ity of the nanoflowers was determined by the xanthine

oxidase/cytochrome c method. Finally, the reusability of

the hybrid nanoflowers was assessed via the H2O2 deple-

tion assay and the xanthine oxidase/cytochrome c method.

Materials and Methods
Reagent and Materials
The following reagents were purchased from Sigma-Aldrich

Chemical Co. (St. Louis, MO, USA): nitroxide 2,2,6,6-tetra-

methylpiperdine 1-oxyl (Tempo), human serum albumin

(HSA); catalase (from bovine liver; 2000–5000 units/mg

protein; one unit decomposes hydrogen peroxide at a rate

of 1.0 µmol/min at pH 7.0 at 25°C; in 1 min, the hydrogen

peroxide concentration falls from 10.3 mM to 9.2 mM);

bovine superoxide dismutase (≥2500 units/mg protein; one

unit inhibits the rate of reduction of cytochrome c by 50% in

a coupled system using xanthine and xanthine oxidase at pH

Wu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:15264

http://www.dovepress.com
http://www.dovepress.com


7.8 at 25°C in a 3.0 mL reaction volume; the xanthine

oxidase concentration used causes a change in absorbance

of 0.025 min-1 at 550 nm); xanthine oxidase (from bovine

milk; ≥0.4 units/mg protein; one unit converts xanthine to

uric acid at a rate of 1.0 µmol/min at pH 7.5 at 25°C);

cytochrome c (≥95%, SDS-PAGE); and acetaldehyde

(≥99.0%, GC). All chemicals and reagents were of analytical

grade. All aqueous solutions were prepared with Milli-Q

water purification system (Millipore, Bedford, MA, USA).

Synthesis of the Hybrid Nanoflowers
PNA was prepared according to a previously published

method,15,18–20 with a nitroxide/albumin molar ratio of

50:1. Synthesis of the hybrid nanoflowers was performed

according to the classical method, with necessary

modifications.11 PNA (150 mg/mL) was diluted to 0.02,

0.05, 0.10, and 0.50 mg/mL concentrations in PBS buffer

(0.05 M, pH 7.4). The synthesis was started by adding

20 mL CuSO4 solution (120 mM) to 3 L of the PBS buffer

containing PNA. After incubation at 25°C for 3 d, the

precipitate was separated from the mixture by centrifugation

(10 min, 8000 g, 25°C). The precipitate was washed with

deionized water 3 times and then dried. The final product

was termed the “PNA-incorporated nanoflowers”. To calcu-

late the production yield, the residual protein content in the

supernatant was determined by the Bradford method,21

using bovine serum albumin as a standard. The encapsula-

tion yield of fixed PNA was calculated by the difference

between the amounts of PNA used and the amounts recov-

ered in the supernatant. All samples were measured by EPR

spectroscopy, and the amount of nitroxides per gram of

flowers in each sample was calculated by double integrating

the EPR spectrum against a standard curve. The standard

curve was constructed by spiking a test solution with multi-

ple known amounts of Tempo. The encapsulation yields

were 100%, 97%, 70%, and 18% for the samples prepared

using 0.02, 0.05, 0.10, and 0.50 mg/mL PNA, respectively,

which is consistent with the results from the EPR data. The

hybrid nanoflowers obtained which were prepared from

0.02, 0.05, 0.10, and 0.50 mg/mL PNA were termed PNA-

nano-A, PNA-nano-B, PNA-nano-C, and PNA-nano-D,

respectively. For the control group, HSA solutions of differ-

ing concentrations in PBS in the range of 0.02–0.50 mg/mL

were also used to synthesize HSA-incorporated nanoflowers

(which are referred to by this name hereafter).

Characterization of Hybrid Nanoflowers
The morphologies of the samples were surveyed using

a scanning electron microscope (JEOL JSM-7600F, JEOL

Ltd., Tokyo, Japan) operated at 25 kV. The FTIR absorption

spectra of samples were taken over a 400–4000 cm−1 range

using a Thermo iS10 FTIR (Thermo Fisher Scientific,

Scheme 1 Synthesis of polynitroxylated human serum albumin-incorporated nanoflowers.
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Waltham, MA, USA) (×2) with a resolution of 4 cm−1. EPR

spectra were recorded using an X-band EPR spectrometer

(Bruker EMXplus, Bruker Instruments, Inc., Berlin,

Germany). Spectroscopic data collection parameters were

as follows: center field, 3340 G; scan range, 200 G; field

modulation, 0.79 G; microwave power, 0.5 mW; time con-

stant, 0.1 s.

Assessment of H2O2

The decomposition of H2O2 by the hybrid nanoflowers

was measured on the basis of the spectrophotometric

method.22 The hybrid nanoflowers (10 mg) were sus-

pended in 100 mL of deionized water (0.1 mg/mL) and

allowed to stand for 5 min. The decomposition reaction of

H2O2 was triggered by the addition of 150 μL hybrid

nanoflower mixture to 9 mL H2O2 (12 mM) during mag-

netic stirring. The reaction mixture was incubated at 25°C

for 3 min. An aliquot of the reaction mixture (1 mL) was

withdrawn every 30 s and then filtrated by a membrane

filter (0.22 µm pore size). The absorbance decrease of the

filtrate at 240 nm (ε = 43.6 M−1cm−1) was monitored

using an Agilent 8453 UV-VIS spectrophotometer

(Agilent Technologies, Santa Clara, CA, USA) to deter-

mine the residual amount of H2O2. The specific activity

(µmol min–1 mg–1) was defined as the amount of H2O2

decomposed per minute per milligram of the hybrid

nanoflowers.

Evaluation of O2 Evolution
The conversion of hydrogen peroxide to oxygen was mon-

itored using the Clark-type oxygen electrode method.23

The hybrid nanoflower mixture (0.10 mg/mL) prepared

above was further diluted by 10 times with deionized

water. The reaction mixture consisted of 3 mL H2O2

(12 mM) and 50 μL diluted hybrid nanoflower mixture

(0.01 mg/mL). The reaction was initiated after adding the

diluted nanoflowers. The oxygen concentration was mon-

itored for 180 s at 25°C using a 5300A biological oxygen

monitor (YSI Incorporated, Yellow Springs, OH, USA).

Kinetic Parameters
The Michaelis–Menten constants Km and Vmax for the

catalase-like activity of the hybrid nanoflowers were deter-

mined by measuring the initial rates at different H2O2

concentrations ranging from 3 to 60 mM with different

concentrations of nanoflowers. After obtaining the initial

rate versus H2O2 concentration data, the values of Vmax

and Km were derived using a Lineweaver–Burk plot.24

Turnover numbers (kcat) of the hybrid nanoflowers were

calculated according to the equation:

Kcat ¼Vmax= E½ �
where [E] is the amount of PNA or HSA incorporated into

the nanoflowers in the reactionmixture. Catalytic efficiencies

(kcat/Km) of the hybrid nanoflowers were also calculated.

SOD-Like Activity Assay
The method of inhibition of cytochrome c reduction in the

acetaldehyde/xanthine oxidase systemwas employed to eval-

uate the SOD-like activity of superoxide dismutase and the

hybrid nanoflowers.25 The reaction system of superoxide

generation contained 300 μL cytochrome c (0.5 mg/mL),

20 μL acetaldehyde (100 mM), and 0.3 μL xanthine oxidase

(11.2 U/mL). The inhibition reaction of cytochrome

c reduction was trigged by adding 30 μL superoxide dismu-

tase (0.1 mg/mL) or 30 μL PNA-incorporated nanoflowers

(1.2 mg/mL). The reaction system was incubated at 25°C for

15 min. The absorbance increase of the reaction system at

550 nm was monitored with an Agilent 8453 UV-VIS spec-

trophotometer. For the PNA-incorporated nanoflowers,

330 μL solutions identical to those used to produce the super-

oxide were prepared. After adding the PNA-incorporated

nanoflowers, each of the above-mentioned solutions was

centrifuged at an interval of 3 min from each other and then

the absorbance of the supernatant was recorded. The reduc-

tion rate of cytochrome c was calculated by the slope of the

curve within the initial 3 min. One unit of SOD is defined as

the amount of enzyme required to inhibit the reduction rate

of cytochrome c by 50% under the above-mentioned

conditions.

Reusability
The repeated batch decomposition of 12 mM H2O2 by the

hybrid nanoflowers was performed at 25°C for 3 min. At the

end of each batch, the hybrid nanoflowers were separated

from the reaction mixture by centrifugation (8000 rpm, 3

min) and washed with distilled water to remove any residual

substrate or product. After each round of centrifugation, the

nitroxide signal of the suspension was detected using an

EPR spectrometer. Then, the recycled hybrid nanoflowers

were incubated in a vacuum oven overnight for drying. The

dried powder was employed again for the subsequent reac-

tion cycle. The residual activity of the recycled catalase

mimetic was compared with the initial catalase-like activity

of the first cycle (100%). The SOD-like activities of the
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hybrid nanoflowers before and after 10 cycles were also

determined according to the above-mentioned assay.

Statistical Analysis
The data obtained from the various experiments were

plotted using Origin 8.5 and expressed as the mean ±

standard error. Each value represents the mean of data

from three independent experiments performed in dupli-

cate, with an average standard deviation <5%.

Results and Discussion
Dismutation of H2O2 and Evolution of O2

To investigate the effect of the amount of PNA on the

catalase mimetic activity of the PNA-incorporated nano-

flowers, they were prepared at different PNA concentrations

ranging from 0.02 to 0.50mg/mL.As can be seen in Figure 1,

the concentration of hydrogen peroxide in the reaction solu-

tion continued to decrease with the extension of the reaction

time. Accordingly, as shown in Figure 2, the concentration of

oxygen continuously increased with accumulating reaction

time. It is worth noting that the rate of H2O2 decay was about

two times higher than the rate of O2 evolution for every

sample, which provides direct evidence of the genuine cata-

lase-like activity of nanoflowers.26 In the H2O2 depletion and

O2 evolution assays, PNA-nano-B demonstrated the optimal

decay rate of H2O2 and evolution rate of O2 compared with

the other samples.

The specific activities of the hybrid nanoflowers were

calculated according to the rate of H2O2 decay during the

initial 1 min of the reaction time and are listed in Table 1.

The results supported the conclusion that PNA-nano-B

possesses the optimal specific activity (1782.03 ± 37.60

µmol min–1 mg–1). Hence, PNA-nano-B was used for the

subsequent experiments. In comparison with PNA-

nano-A, PNA-nano-B showed a 1.77-fold increase in the

specific activity. The results show that increasing the con-

centration of PNA used encourages an enhanced amount

of nitroxide to bind to the HSA incorporated into the

nanoflowers (Figure 3). Therefore, the 1.77-fold enhance-

ment in the specific activity of PNA-nano-B should be

attributed to the increase in the amount of nitroxide
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Figure 1 H2O2 depletion catalyzed by PNA-incorporated nanoflowers.
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Figure 2 O2 evolution catalyzed by PNA-incorporated nanoflowers.

Table 1 The Specific Activity of the PNA-Incorporated

Nanoflowers

Nanoflower Specific Activity (μmol/min/mg)

PNA-nano-A 1004.02 ± 34.32

PNA-nano-B 1782.03 ± 37.60

PNA-nano-C 584.01 ± 29.88

PNA-nano-D 164.00 ± 32.45
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Figure 3 The effect of PNA on the amount of nitroxide encapsulated into the

nanoflowers.
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bound to HSA incorporated into the nanoflowers.

Moreover, PNA-nano-B showed 3.05-fold and 10.87-fold

increases compared with PNA-nano-C and PNA-nano-D,

respectively. The SEM images show that PNA-nano-A and

PNA-nano-B possess excellent branched, flower-like

morphologies with a size of 4–10 μM (Figure 4A–H). In

contrast, PNA-nano-C and PNA-nano-D nanoflowers have

lost their hierarchical structure, which plays an essential

role in the mass transfer diffusion of substrate and of

product in the enzymatic reaction (Figure 4I–P). For PNA-

nano-C and PNA-nano-D, the mass transfer limitation of

the substrate and product caused by the loss of hierarchical

structure leads to a poor specific activity. From this, it can

be deduced that the catalase mimetic activity of the PNA-

incorporated nanoflowers depends on the amount of nitr-

oxide bound to PNA incorporated into the nanoflowers and

their hierarchical structures. For the corresponding sample

without PNA, no nanoflowers could be obtained (see

Figure S1) and there was no measurable catalase-like

activity.

Figure 4 SEM images of the PNA-nano-A (A–D), PNA-nano-B (E–H), PNA-nano-C (I–L), and PNA-nano-D (M–P) samples.
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FTIR Spectra
As shown by curve (a) in Figure 5, the presence of the Cu3
(PO4)2 component was confirmed by the characteristic PO43-

bands at 1053 cm−1 and 556 cm−1.27 The existence of PNAwas

verified by the amide I and II bands of the protein at 1651 cm−1

and 1542 cm−1 in curve (c) of Figure 5.28 In curve (b) of

Figure 5, the presence of both the characteristic PO43- bands

and the amide I and II protein bands proves that PNA is present

in the Cu3(PO4)2 nanoflowers.

EPR Spectra
From Figure 6, it can be observed that the nanoflowers

show characteristic nitroxide peaks in a magnetic field

range of 3320–3360 G. In comparison with soluble PNA,

a widening of the peak-valley (I, II, III) was observed for

PNA-incorporated nanoflowers, which can be ascribed to

the intermolecular interaction of nitroxides bound to the

HSA incorporated into the nanoflowers.

Kinetic Analysis
The kinetics of the catalase-like activity of the PNA-

incorporated nanoflowers was further analyzed based on

apparent steady-state kinetics. The initial reaction velocities

were calculated from the slopes of the H2O2 depletion and O2

evolution assays. As shown in Figures 7 and 8, as the con-

centration of PNA incorporated into nanoflowers remains

constant, the velocities of H2O2 depletion and O2 evolution

gradually approach plateau, accompanying the rising H2O2

concentration; this conforms to the enzymatic characteristics
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of native catalase.25 On the Lineweaver–Burk double recipro-

cal plot, a good linear relationship can be observed between

V−1 and [S]−1 (Figure 9 and Figure 10). The Km and Vmax
values of the PNA-incorporated nanoflowers were calculated

using the slope and intercept of the line in Figure 9 and are

shown in Table 2. From Table 2, the Km value of the native

catalase is 1.64 times higher than that of the PNA-incorporated

nanoflowers. This suggests that the PNA-incorporated nano-

flowers have a 1.64-fold increase in affinity for H2O2

compared with that of the native catalase. The increased

affinity can be ascribed to the presence of more active sites

on the surface of the PNA-incorporated nanoflowers com-

pared with the native catalase which has four active sites per

enzyme molecule.30 However, the Vmax, Kcat (S
−1), and Kcat

/Km (M−1S−1) of the native catalase are 32.50, 15.89, and 10.00

times higher than those of PNA-incorporated nanoflowers,

respectively. The lower Vmax, Kcat (S−1), and Kcat/Km

(M−1S−1) of the nanoflowers may be due to two reasons: (i)

PNA-incorporated nanoflowers lack the shape and properties

of the heme distal pocket of the native catalase;31 and (ii) the

ratio of Cu ions in the nanoflowers to nitroxide bound to HSA

incorporated into the nanoflowers is relatively low, meaning

that some Cu ions in the nanoflowers cannot be stimulated by

nitroxide.

Because the absorbance of catalase at 280 nm would

be expected to interfere with H2O2 detection, the O2

evolution assay was performed to compare the activity

of native catalase, PNA-incorporated nanoflowers, and

HSA-incorporated nanoflowers. The results showed that

PNA-incorporated nanoflowers exhibit 5.21% catalytic

activity relative to the native catalase, and that

PNA-incorporated nanoflowers show a 32.3-fold

increase in catalase-like activity compared with that of

the HSA-incorporated nanoflowers (Figure 11). It has

been reported that the nitroxide catalase-like activity in

the presence of heme iron relies on the cyclical conver-

sion of ferryl hemoglobin/methemoglobin.14 In the cur-

rent experiment, a distinct difference in the catalase-like

activity of the hybrid nanoflowers could be observed in

the presence or absence of nitroxides. Hence, we specu-

lated that the close proximity of nitroxide to the Cu ion

in the nanoflowers potentially accelerates the oxidative/

reductive cycle occurring between Cu II and Cu

I (Figure 12), which creates genuine catalase-like activ-

ity in the nanoflowers. Moreover, the experimental data

show that the activity of native superoxide dismutase is

3.37 times higher than that of soluble nitroxide

(2,2,6,6-tetramethylpiperidine 1-oxyl) and that the SOD-

like activity of the nitroxide encapsulated into the

hybrid nanoflowers is the same as that of the soluble

nitroxide.
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Figure 9 Lineweaver–Burk plots of the reaction velocity of the PNA-incorporated

nanoflowers as a function of H2O2 concentration ranging from 3 to 60 mM.

V indicates the rate of H2O2 depletion.
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Figure 10 Lineweaver–Burk plots of the reaction velocity of the PNA-incorporated

nanoflowers as a function of H2O2 concentration ranging from 3 to 60 mM. V indicates

the rate of O2 evolution.

Table 2 Comparison of Kinetic Parameters Between PNA-Incorporated Nanoflowers and Native Catalase

Catalysts Km (mM) Vmax (μmol/min/mg) Kcat (S
−1) Kcat/Km (M−1S−1)

PNA-incorporated nanoflowers 17.41 0.44 × 104 3.78 × 104 0.21 × 107

Catalase from bovine liver29 28.60 1.43 × 105 60.06 × 104 2.10 × 107
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Reusability of Hybrid Nanoflowers
The reusability of the PNA-incorporated nanoflowers was

studied across 10 continuous runs to evaluate their value for

practical applications. The results indicate that the PNA-

incorporated nanoflowers maintain 83.3% of their initial cata-

lase mimetic activity after 10 cycles (Figure 13), which is

consistent with the change in the intensity of nitroxide bound

to the HSA incorporated into the nanoflowers on an EPR

spectrum (See Figure S2). In addition, no absorption related

to protein or nitroxide could be detected in the supernatant

collected from the reaction system at the end of each run. This

implies that, during the reaction, PNAdoes not escape from the

nanoflower matrix, and that there is no decomposition of the

nitroxide from theHSA.Hence, the 16.7%decrease in catalase

mimetic activity during the continuous runs is due to the loss of

the PNA-incorporated nanoflowers caused by repeated wash-

ing. Moreover, after 10 cycles, the nanoflowers still retained

83.5% of their initial SOD-like activity (see Figure S3). The

decrease of SOD-like activity should therefore be attributed to

the loss of nanoflowers during continuous operational use. The

excellent reusability of PNA-incorporated nanoflowers implies

that they have the potential to be industrially amplified for use

in removing ROS and in preventing oxidative stress in clinical

applications. The excellent performance of hybrid nanoflowers

in mimicking catalase and SOD sets the stage for a cascade of

radical scavenging reactions. It can be further speculated that

the hybrid nanoflowers could act as a prospectively useful tool

for controlling oxidative stress, similar to the antioxidant prop-

erties of other nanomaterials, which have been already been

investigated in existing studies.32–37

Figure 12 The catalytic mechanism of PNA-incorporated nanoflowers with dual enzyme-like activities.
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Figure 13 Reuse of PNA-incorporated nanoflowers.
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Figure 11 O2 evolution catalyzed by native catalase (1), PNA-incorporated nano-

flowers (2), and HSA-incorporated nanoflowers (3). For each reaction condition, the

amounts of sample used for the assay were: 10 μL native catalase (0.001 mg/mL), 50 μL
PNA-incorporated nanoflowers (0.01 mg/mL), and 50 μL HSA-incorporated nano-

flowers (0.01 mg/mL). One unit of activity is defined as the evolution of 1 μmol/min of

oxygen at 25°C in deionized water.
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Conclusion
In this study, PNA-incorporated nanoflowers with catalase

and superoxide dismutase-like activities were fabricated

based on inspiration from nitroxide-modified HSA. The

PNA-incorporated nanoflowers not only showed a higher

affinity for H2O2 than that of the native catalase, but further,

in catalase-like and superoxide dismutase-like reactions,

exhibited perfect reusability across 10 continuous cycles.

Thus, this endows the nanoflowers with the potential to

treat diseases associated with ROS. Provided that HSA in

the hybrid nanoflowers can be replaced by or covalently

linked to other enzymes commonly used in medical diagnos-

tics, the applications to which PNA-incorporated nano-

flowers with dual enzyme-like activities can be applied can

be greatly expanded. Furthermore, the reactive functional

groups (thiol, amino, and carboxyl) offered by the protein

encapsulated into the nanoflowers can be employed to bind

many drugs and endogenous molecules. This makes these

nanoflowers a promising carrier system for drug delivery.

These promising, potential features of PNA-incorporated

nanoflowers should allow us to further exploit their applica-

tions in the medical sciences.
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