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Abstract: A selective and specific inhibition of the catalase 
mimetic activity but not SOD-like activity of Pt-apoferritin 
can be achieved through the choice of the inhibitor. The 
activity recovery with a reducing agent was explored and 
proven to successfully restore the surface-chemistry of NPs.  

The catalytic properties of many nanoparticles (NPs) are key 
features with special interest for chemical or biological 
applications.1,2 Often these catalytic reactions resemble the ones 
occurring with bioenzymes, including hydrogenation, oxidation and 
further reactions like C-C coupling, etc.3,4 Although NPs often 
mimic biological enzymes, the reaction mechanisms which inorganic 
NPs and biomolecules undergo are apparently different. The 
catalytic activities of NPs are often not reaction specific. Pt NPs can 
mimic various enzymatic activities, such as oxidase, catalase and 
superoxide dismutase (SOD).5-7 In contrast, biological enzymes have 
some natural inhibitors which regulate their catalytic activities. 
Heavy metals and many synthetic chemicals, such as sodium azide, 
can specifically or generally inhibit enzymatic activities.8 In view of 
potential future applications in enzyme mimetics it is important to 
understand whether or not enzyme inhibitors act on NPs in a similar 
way as they do on molecular enzymes. 

In this work the enzyme mimetic activities of the bioinorganic Pt-
apoferritin (Pt-apo) hybrid compounds were analyzed with 3-amino-
1,2,4-triazole (3AT), NaN3 or Hg2+ as inhibitors. A selective and 
specific inhibition of the mimetic activities through the choice of the 
inhibitor provides a novel way to tune the activity of NPs and to 
suppress undesired reactions. The investigation of a strategy for 
recovery of the activity with a reducing agent was explored and 
proven successful. The recovery treatment restored the surface 

chemistry of the NPs and may even act as a general method for 
restoring numerous NPs.  

Apoferritin it is a spherical protein complex with a hollow inner 
cavity. It is an active cellular protein with intrinsic impact on the 
iron metabolism and oxidative stress regulation and shows specific 
enzymatic activities.9-11 Due to its structural features it is a widely 
used protein template for the synthesis of various nanomaterials with 
promising application potential.12-16 In the case of NPs synthesized 
within apoferritin, the resulting hybrid composites combine the 
functions and activities of both the NPs and the apoferritin. It has 
been shown that composites combining the anti-oxidative activities 
of apoferritin and the catalase- and SOD-like activities of the Pt NPs 
can increase the cell viability under externally induced oxidative 
stress.17 Apoferritin also provides a biological pathway for the 
cellular uptake of encapsulated NPs.18 

Pt-NPs within apoferritin used in this work were prepared with well 
established methods (Supporting information (SI), Figure S1).17, 18 
The well-characterized enzyme mimetic catalase activity of Pt-NPs 
was used for further inhibition analysis with NaN3 as general 
inhibitor and HgCl2 as heavy metal based inhibitor for the biological 
catalase and SOD, and 3AT as catalase-specific inhibitor.19 It was 
observed that in absence of inhibitors, 65% of the hydrogen peroxide 
was decomposed by Pt-apo within 30 min (Figure 1A). In presence 
of 10 mM NaN3, Pt-apo decomposed less than 25% within 30 min. 
The inhibitory effect was even more pronounced with 10 mM Hg 
(II) or 3AT. The catalase activity of Pt-apo was almost completely 
inhibited with those two reagents. All three inhibitors exhibited a 
concentration-dependent inhibition (Figure S2). Pt-apo was 
incubated over night with 10 mM inhibitor and subsequently the 
treated Pt-apo was purified with a spin column before the catalase 
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activity was analyzed. Figure 1B shows that without further inhibitor 

added to the assay solution, the treated Pt-apo decomposed less than 
40% H2O2. This indicates that presumably the strong interaction of 
the inhibitor with the surface of the Pt NPs is dominating the 
competitive adsorption, being the reason for the inhibitory effect. 
Our observations are concordant with the competitive adsorption 
mechanism of NaN3 observed by its inhibition of the oxidase activity 
of Pt nanoparticles.20    

 

Figure 1. (A) Effects of the inhibitors on the hydrogen peroxide 
decomposition activity of Pt-apo. Assay conditions: 30 ºC, pH 7.4, 
1.875 mg/ml Pt-apo, and 2 mM initial hydrogen peroxide. (B) The 
hydrogen peroxide decomposition activity of Pt-apo and inhibitor-
treated Pt-apo. Assay conditions:  30 ºC, pH 7.4, 1.5 mg/ml Pt-apo 
or treated Pt-apo, and 2 mM hydrogen peroxide. (C) Inhibition effect 
on the SOD activity of the Pt-apo with 10 mM 3AT and NaN3. (D) 
Inhibitory effect on the SOD activity of Pt-apo upon pretreatment 
with H2O2, NaN3 and 3AT. The concentration of H2O2, NaN3 and 
3AT for the pretreatment: 8, 100 and 100 mM, respectively. 

We further analyzed the inhibitory effect of NaN3 or 3AT on the 
SOD activity of Pt-apo in order to verify whether or not the 
inhibition is reaction specific. Hg2+ could not be evaluated, since it 
readily inhibits the superoxide generation in the SOD assay system, 
even without addition of the nanocomposite. NaN3 did not inhibit the 
SOD activity of Pt-apo, while 3AT inhibited 20% of the relative 
SOD activity (Figure 1C and Figure S3). In a further experiment, Pt-
apo was treated with the aforementioned two inhibitors and H2O2 
over night and the relative SOD activity was tested after the 
purification. While more than 20% of the SOD activity was inhibited 
upon 3AT treatment, the activity of NaN3- and H2O2-pretreated Pt-
apo did not significantly alter in comparison to untreated Pt-apo 
(Figure 1D). Together with the previously described catalase 
inhibition, these results indicate that inhibitors can influence the 
enzyme mimetic activities of NPs in a reaction-specific manner. This 
provides a novel combinatorial way to make NPs tunable and 
flexible catalysts by using inhibitors to selectively suppress their 
activity, inhibiting the catalase activity with NaN3, or inhibiting both 
catalase and SOD activities with 3AT.  

The competitive adsorption of 3AT on NPs can explain both its 
inhibition of catalase and SOD mimetic activities. However, the 
same theory alone cannot justify the selective inhibitory effects of 
NaN3. It has been observed that superoxide can form singlet oxygen 
in absence of the enzyme.21 NaN3, but not 3AT, is a strong quencher 
of singlet oxygen.22 The singlet oxygen may form in our case during 
the SOD-like reaction and react with NaN3 adsorbed on the NPs 

surfaces, which will probably remove the adsorbed azide and 
abrogate the inhibition. Since superoxide and singlet oxygen are not 
involved in the catalase reaction, azide ions will remain absorbed 
and cause the inhibition.       

Inhibition of biological enzymes is often irreversible, resulting in a 
permanent loss of activity.23 Enzyme mimetic NPs, composed of a 
robust protein and even more robust inorganic core might be 
superior to their biological counterparts and the previously described 
inhibition of the activity might potentially be reversible. Many 
established methods for protein purification provide the possibility 
to easily recycle Pt-apo from a reaction mixture. This is in turn 
advantageous for investigating the activity recovery of Pt-based 
catalysts.  

 

Figure 2. (A) Change of the catalytic activity of Pt-apo after multiple 
reaction cycles and the treatment with NaBH4 (red line). Activity of 
Pt-apo was normalized with the Pt quantity (SI, Table S1). The 
normalization was done by calculating the percentage of 
decomposed H2O2 per minute per ppm Pt for the corresponding time. 
(B) XPS Spectra of initial Pt-apo (black), after the reaction with 
H2O2 (green), and after treatment with NaBH4 (red). The spectra 
show the Pt 4f7/2 and the Pt 4f5/2 photoelectron spectral lines with the 
corresponding background. The corresponding Pt 4f7/2 position is 
indicated with vertical lines in the same color. (C) The SOD activity 
of untreated, 3AT-treated and NaBH4-treated (after 3AT pre-
treatment) Pt-apo. Protein concentration: 550 µg/ml apo-hoSF, 44 
µg/ml Pt-apo. 

The H2O2 decomposition activity of the Pt-apo decreased with each 
of the four serial reaction cycles (Figure S4). No significant change 
in the particle size was observed and most of the apoferritin still 
showed an intact protein shell (Figure S5). Since H2O2 is an 
oxidizing agent, the reason for the reduction of the catalytic 
efficiency could be an oxidation of the surface or adsorption of 
oxygen or some other oxygen species onto the Pt catalyst during the 
reaction.24,25 An adsorption of corresponding species during storage 
could be excluded with a reference measurement of the bare sample 
after 4 weeks (Figure S6). If the assumption of poisoning in the 
oxidative environment holds, a removal of the adsorbed oxygen 
species would logically restore the catalytic activities. In order to 
prove this, Pt-apo was first treated with 1.32 mM H2O2 in sum 
(equal to four reaction cycles) and subsequently treated with the 
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reducing agent NaBH4 for 5 min. Following this treatment, the 
peroxide decomposition activity of the Pt-apo was measured for 
comparison. The activity of Pt-apo after reduction indeed increased 
again as compared with the fourth cycle (Figure 2A and Figure S4). 
A similar effect was also observed if another common reducing 
agent, H2 gas, was used (Figure S6). 

The changes of the surface of the Pt induced by a potential 
adsorption or oxidation, as well as after treatment with NaBH4, were 
investigated with XPS. The Pt 4f7/2 peak position of Pt-apo shifted 
from 71.4 eV to 71.9 eV after the H2O2 decomposition reaction and 
shifted back to 71.5 eV after treatment with NaBH4 (Figure 2B). The 
XPS measurements demonstrate that the changes induced by the 
decomposition reaction could be recovered after treatment with 
NaBH4. This indicated that a reversible surface chemistry is the 
origin of the restorable activity. The reducing agent was also able to 
restore the inhibited SOD activity of the 3AT- and NaN3- treated Pt-
apo (Figure 2C). The effects of the reducing agent on the protein part 
of the hybrid composite were clearly not the reason for the recovery 
(Figure 2C).   

In summary, the enzyme mimetic activities of ferritin-encapsulated 
platinum nanoparticles can be inhibited with inhibitors typically 
active with biological enzymes. NaN3 inhibited only the catalase 
activity of Pt NPs, but not the SOD activity, while 3AT inhibited 
both catalase and SOD activities, indicating the possibility to achieve 
selective and specific activity suppression with inhibitors. This 
opens the door towards controlling the activities of NPs in a reaction 
specific manner with further inhibitor screening, which is greatly 
interesting for NP engineering targeting enzyme mimetics. The 
demonstrated activity recovery of catalytic activities with NaBH4, 
restoring the chemical properties of the nanoparticle´s surface, 
promise a general technique for regeneration of the NPs, which is 
not limited to catalytic applications. 
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