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Summary 

Native enzymes are maybe the most specialized catalysts, which were optimized by 

nature over thousands of years. They play a crucial role in uncountable biochemical 

processes and their dysfunctionality usually has serious impact for the superordinated 

organism. Nevertheless, native enzymes still have sharp limitations, especially in 

practical applications, beyond their natural occurrence. The practical use of the native 

or recombinant synthesized catalysts is limited to special pH- and temperature values 

and accompanied by high production costs.  

Inspired by the central role of native enzymes in nature, a myriad of researchers is 

focussed on the exploration of functional and catalytically active enzyme 

replacements. Recently, various forms of enzyme-mimics, mainly supramolecules, 

metal complexes and metal oxide nanoparticles, have been reported in literature.  

The catalytic properties of metal containing nanomaterials within the field of classical 

heterogeneous catalysis, are well known, but their potentials as enzyme replacements 

were overlooked for a long time. Such a development in past is quite surprising, 

because nature was everytime a great model for many researchers and there are many 

similarities between nanoparticles and native enzymes. Due to their size ranges native 

enzymes could in general be described as “nano” catalysts. Another important analogy 

of native enzymes and artificial nanozymes is, that enzyme-catalyzed reactions are 

formally similar to surface-catalyzed reactions. While the Michaelis Menten theory 

proposes that an enzyme (E) binds a substrate (S), forming an enzyme substrate 

complex (ES), which is subsequently transformed to a product (P) and the enzyme (E). 

The Eley-Rideal-mechanism describes catalytic process of a surface catalyzed reaction 

with the adsorption of a reactant (R1) onto the catalyst surface (C), while the second 

reactant (R2) directly interacts with the adsorbed species (from gas phase or from 

solution), followed by desorption of the product (P). This similarity is representing the 

basic idea behind the nanozyme research. 



Summary 

 

xii 

 

In the first years of exploring nanoparticles in the biocatalytic context, various enzyme 

mimics like peroxidases, catalases and superoxide dismutases were reported. Recently, 

especially the exploration of practical applications, mostly in vitro and in vivo studies, 

where the focal point of research. 

The present thesis enables an insight into recent and current enzyme mimetic literature, 

focussing on possible practical applications. Studies conducted within the scope of this 

thesis will be described and discussed in context of the existing status quo in literature.  

1) Glycine functionalized copper (II) hydroxide nanoparticles were synthesized 

on a simple and large-scale route, executed at room temperature in an aqueous 

solution. The nanoparticles were able to mimic the catalytic activity of native 

CuZn superoxide dismutase enzyme. In context of investigating the intrinsic 

superoxide dismutase-like activity, a novel calculation method for nanozymes 

was established, enabling the normalization of activities to one active surface 

site. Deeper studies of the reaction mechanism indicated properties of a 

catalytic process, rather than a simple oxidation of copper surface atoms. 

Glycine functionalized copper(II) hydroxide nanoparticles applied to 

commercial filter cigarettes were able to reduce reactive oxygen species in 

cigarette smoke. 

2) A hematite containing polyvinyl alcohol fiber mesh was prepared via 

electrospinning and free alcohol groups of the mesh were crosslinked with 

glutaraldehyde. As-prepared meshes were not soluble in water, but swelling 

properties enabled a substrate diffusion into the fibers. Embedded hematite 

nanoparticles still exhibited a catalase-like activity, comparable to native 

catalase and not electrospun nanoparticles. The fibers were able to protect 

fibroblasts against cell death, triggered by elevated hydrogen peroxide 

concentrations. 
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3) Native enzymes like the vanadium haloperoxidases are important biocatalysts. 

The group haloperoxidases catalyse the reaction of X- (X = Br, Cl, I) and H2O2 

which forms hypohalous acids HOX. Formed HOX can halogenate organic 

compounds in different follow-up reactions. The formation of HOX can 

prevent the biofilm formation because of their biocidal activity. In this project 

a nanoceria containing polyvinyl alcohol fiber mesh was synthesized and the 

haloperoxidase-like activity was tested. It was found, that the prepared fibers 

still show a high activity in a haloperoxidase-like reaction. It was further 

demonstrated that the nanoparticle containing fibers show an improved 

stability, which was tested via atomic force microscopy. The catalytic activity 

and the mechanical stability enable that nanoceria containing fibers could 

practically be used to prevent the biofilm formation and to overcome the 

limitations of “free” nanoparticles like the reduction of active material with 

time due to leaching effects. 

4) Native jack bean urease, an urea splitting enzyme, was the first native enzyme, 

which could be crystallized. Because of the reaction products ammonia and 

carbonate, generated in aqueous solution, a kinetic study of urease or possible 

urease mimics is time-consuming and not trivial. Hence, a time efficient lab 

assay was developed and nanoceria as the first nanozyme with urease-like 

activity was reported. In addition to the kinetic studies of cerium oxide 

nanoparticles, the influence of the surface ratio of cerium(III)/cerium(IV) was 

investigated, by synthesizing lanthanum doped ceriumoxide nanoparticles. It 

was found, that a lower ratio, which is synonymous with a higher cerium(IV) 

concentration at the nanoparticle surface, lead to a higher activity. In further 

analysis the influence of copper(II) ions, one of the strongest urease inhibitor, 

was investigated. We found, that copper(II) ions neither have influence on the 

catalytic activity of cerium oxide nanoparticles, nor on the lanthanum doped 

cerium oxide nanoparticles. 
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5) Various single metal oxide particles, like molybdenum, tungsten and vanadium 

oxide, were synthesized and their catalytic activity in an sulfide oxidation 

reaction, was investigated. To determine the catalytic activity of the different 

catalysts, kinetic studies were conducted using methyl phenyl sulfide as model 

substrate. The organic sulphide was oxidized with hydrogen peroxide as green 

and biocompatible oxidation agent in an aqueous media. We found, that the 

catalytic activity and the product formation could be enhanced with the use of 

molybdenum and tungsten mixed oxide particles. Mixed oxide particles with 

different Mo:W ratios were synthesized and their ability of facilitating the 

oxidation of methyl phenyl sulfide was investigated. We found, that all mixed 

oxide particles catalyzed the oxidation of methyl phenyl sulfide completely 

selective into the methyl phenyl sulfoxide or the methyl phenyl sulfone in 

presence of one or three equivalents of hydrogen peroxide. In addition to 

kinetic studies we investigated the influence of different functional groups of 

the organic sulfide and the effect of steric hindrance. In general, high turnovers 

could be achieved.  
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Zusammenfassung 

Natürlich vorkommende Enzyme sind wohl die am besten entwickelten und 

spezialisierten Katalysatoren der Welt, wurde ihre Funktionsweise doch über 

Jahrtausende von der Natur optimiert. Enzyme spielen in unzähligen biochemischen 

Prozessen eine zentrale Rolle und ihre Dysfunktion hat meist ernste Konsequenzen für 

den beheimatenden Organismus. Nichtsdestotrotz ist die praktische Anwendung 

natürlicher, oder rekombinant hergestellter Enzyme, außerhalb ihres natürlichen 

Auftretens stark limitiert. So ist ihre Funktionsweise und somit Verwendbarkeit auf 

definierte pH- und Temperaturbereiche limitiert und zudem stets von hohen 

Produktionskosten begleitet. 

Inspiriert von der zentralen Rolle natürlicher Enzyme in der Natur beschäftigt sich eine 

Vielzahl an Wissenschaftlern mit der Erforschung von funktionellen und katalytisch 

aktiven Enzymersatzmaterialien. In den letzten Jahren wurden verschiedene 

Verbindungen beschrieben, die eine enzym-ähnliche Aktivität aufweisen. Dabei 

handelte es sich meistens um Supramoleküle, Metallkomplexe und Metalloxid-

Nanopartikel.  

Die katalytischen Eigenschaften von metallhaltigen Nanomaterialien in einer 

klassischen heterogenen Katalyse sind seit langer Zeit bekannt, doch wurde ihr 

Potential als Enzymersatz zunächst übersehen. Dabei besteht zwischen Reaktionen, 

katalysiert durch natürliche Enzyme, und nanopartikelkatalysierten Reaktionen eine 

interessante Analogie. Die Michaelis-Menten-Theorie beschreibt eine 

enzymkatalysierte Reaktion wie folgt: Das katalytisch aktive Zentrum eines Enzyms 

bindet ein Substrat, was zur Bildung eines Enzym-Substrat-Komplexes führt, welcher 

anschließend in das Produkt und das Enzym gespalten wird. In ähnlicher Art und 

Weise beschreibt der Eley-Rideal-Mechanismus eine klassisch heterogene Katalyse. 

In dieser wird der Reaktand an der Katalysatoroberfläche adsorbiert und kann so direkt 

mit einem zweiten Reaktanden (aus der Gas- oder Flüssigphase) in Wechselwirkung 

treten. Dies ist gefolgt von der Desorption des Reaktionsproduktes. Die Ähnlichkeit 
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der Michalis-Menten-Theorie und des Eley-Rideal-Mechanismus verdeutlicht die 

grundlegende Idee hinter der Erforschung von Nanopartikeln als Enzym-Mimetika.  

In den ersten Jahren der Erforschung von Nanopartikeln im genannten 

biokatalytischen Kontext wurden verschiedene Enzym-Mimetika, wie zum Beispiel 

Peroxidasen, Katalasen und Superoxiddismutasen, beschrieben. In den letzten Jahren 

rückten jedoch hauptsächlich mögliche praktische Anwendungen, meist in vitro oder 

in vivo Studien, in den Fokus der Forschung. 

Die vorliegende Dissertation gibt einen Einblick in die frühere und aktuelle Literatur 

im Bereich der Enzym-Mimetik und fokussiert sich dabei vornehmlich auf denkbare 

und praktische Anwendungen. Die im Rahmen der Arbeit durchgeführten praktischen 

Laboruntersuchungen werden beschrieben und im Kontext des status quo der Literatur 

diskutiert. Die vorliegende Arbeit ist aus den fünf nachfolgend beschriebenen Kapiteln 

aufgebaut. 

1) Glycin-funktionalisierte Kupfer(II)-hydroxid Nanopartikel wurden mittels 

einer einfachen und in großem Maßstab durchgeführten Synthese, bei 

Raumtemperatur dargestellt. Die Nanopartikel zeigten eine intrinsische 

Superoxiddismustase-Aktivität ähnlich der des natürlichen CuZn 

Superoxiddismutase-Enzyms. Im Kontext der Untersuchungen dieser Aktivität 

wurde weiterhin eine neue Berechnungsmethode für katalytische Aktivitäten 

von Nanopartikeln, welche eine Normierung auf ein Oberflächenatom 

ermöglicht, beschrieben. Genauere Studien des Reaktionsverlaufes zeigten 

zudem, dass die Reaktion Eigenschaften eines katalytischen Zyklus aufweist. 

Das Integrieren der Nanopartikel in kommerziell erhältliche Filterzigaretten 

führte zu einer Reduktion von reaktiven Sauerstoffverbindungen im 

Zigarettenrauch. 

  



Zusammenfassung 

 

xxvii 

 

2) Hämatit-Nanopartikel wurden in Polymerfasern, bestehend aus 

Polyvinylalkohol, durch Elektrospinnerei eingebettet. Das dabei erhaltene 

Polymerfasernetzwerk wurde im Anschluss durch Reaktion der freien 

Alkoholgruppen mit 1,5-Pentandial (Glutaraldehyd) quervernetzt, was dazu 

führte, dass das erhaltene Netz in Wasser unlöslich war. Jedoch zeigte das 

gesamte Netzwerk ein Quellverhalten, wodurch Wasser und somit 

wasserlösliche Substrate in die Fasern diffundieren konnten. Die eingesponnen 

Hämatit-Nanopartikel zeigten eine Katalase-Aktivität, ähnlich derer nativer 

Katalase und nicht eingesponnener Partikel in wässriger Lösung. Die 

dargestellten Polymerfasern waren zudem in der Lage Fibroblasten vor dem 

Zelltod, ausgelöst durch erhöhte Wasserstoffperoxid-Konzentration, zu 

schützen. 

3) Natürliche Enzyme, wie z.B. die Vanadium Haloperoxidase, sind wichtige 

Biokatalysatoren. Die Gruppe der Haloperoxidasen katalysiert die Reatkion 

von Halogeniden X- mit H2O2, woraus sich Hypohalogenige Säuren HOX 

bilden. Das gebildete HOX bestizt eine biozide Wirkung und kann die 

Biofilmbildung verhindern bzw. hemmen. In diesem Projekt wurden Ceroxid 

Nanopartikel in Polymerfasern aus Polyvinylalkohol eingesponnen und auf 

ihre Haloperoxidase Aktivität untersucht. Trotz des Einbringen der 

Nanopartikel in die Polymermatrix zeigten diese noch immer eine hohe 

Haloperoxidase-Aktivität. Weiterhin wurde mit Hilfe von AFM Messungen 

gezeigt, dass die Nanopartikel beinhaltenden Polymerfasern eine erhöhte 

Stabilität aufweisen. Die katalytische Aktivität gepaart mit der mechanischen 

Stabilität ist die Grundlage für eine mögliche praktische Anwendung im 

Bereich Antifouling. Dabei ermöglicht die Fixierung der Partikel in der Faser 

zudem das Überschreiten der Anwendungsgrenzen von freien Partikeln in 

Lösung, welche sehr leicht ausgewaschen werden. 
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4) Die native Urease, ein Harnstoff spaltendes Enzym, war das erste natürliche 

Enzym, welches erfolgreich kristallisiert werden konnte. Aufgrund der 

Reaktionsprodukte in wässriger Lösung (Ammonium- und Carbonationen) ist 

eine kinetische Analyse der Urease sowie potentieller Urease-Mimetika meist 

extrem zeitaufwendig und nicht gerade trivial. In diesem Kontext wurde eine 

praktikable und effiziente Labormethode entwickelt und mit Ceroxid der erste 

auf Nanopartikeln basierende Ersatz für natürliche Urease beschrieben. 

Weiterhin wurde der Einfluss der Nanopartikeloberfläche auf die katalytische 

Aktivität untersucht. Hierzu wurden lanthandotierte Nanopartikel synthetisiert 

und somit das Oberflächenverhältnis von Cer(III)/Cer(IV) verändert. Hierbei 

wurde gezeigt, dass ein geringeres Oberflächenverhältnis, also eine erhöhte 

Konzentration an Cer(IV) auf der Partikeloberfläche, zu einer erhöhten 

Aktivität führt. In weitern Untersuchungen wurde der Einfluss von Cu(II)-

Ionen, einer der stärksten Ureaseinhibitoren untersucht. Diese hatten weder auf 

die Ceroxid Nanopartikel, noch auf die lanthandotierten Nanopartikel, einen 

Einfluss.  
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5) Verschiedene Metalloxid-Partikel, wie zum Beispiel Molybdän-, Wolfram und 

Vanadiumpentoxid, wurden synthetisiert und ihre katalytische Aktivität in 

einer Oxidationsreaktion von Sulfiden untersucht. Zur Untersuchung der 

katalytischen Aktivitäten der verschiedenen Metalloxid Partikel, Thioanisol 

wurde als Modell Substrat für organische Sulfide verwendet. Das organische 

Sulfid wurde in Anwesenheit von Wasserstoffperoxid, welches als „grünes“ 

und biokompatibles Oxidationsmittel gilt, in wässriger Lösung oxidiert. Die 

katalytische Aktivität und die Bildung des Produktes konnten durch die 

Synthese und Verwendung von Molybdän-Wolfram Mischoxid-Partikeln 

gesteigert werden. Mischoxid-Partikel mit verschiedenen Mo:W-Verhältnissen 

wurden synthetisiert und ihre Aktivität als Katalysator in der Oxidation von 

Thioanisol untersucht. Alle hergestellten und verwendeten Partikel 

katalysierten die Oxidation von Thioanisol selektiv entweder zu 

Methylphenylsulfoxid oder zu Methylphenylsulfon in Anwesenheit von einem 

bzw. drei Äquivalenten Wassertoffperoxid. Hierbei zeigte sich, dass 

Molybdän-Wolfram-Mischoxide mit einem Mo:W-Verhältnis von 1.6:1 die 

höchste Aktivität aufwiesen. Zur weiteren Charakterisierung der katalytischen 

Aktivitäten und zur Untersuchung des Einflusse verschiedener funktioneller 

sowie sterisch mehr oder weniger anspruchsvoller Gruppen, wurde eine weiter 

Bandbreite organischer Sulfide verwendet und deren Oxidationen untersucht. 

Insgesamt konnten hohe Umsatzzahlen erreicht werden.
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1. Introduction 

In every decade of natural science research, scientists were inspired by nature or 

natural processes. The reasons for using native inspirations are easily to understand 

by observing the complexity of physical, biological and biochemical processes and 

the problem-solving mechanisms provided by nature. Of course, these processes 

were optimized over thousands of years and they are under a continuous 

development process, but “perfect” model systems for many ecological and 

environmental problems can be found in natural surroundings. Research based on 

native sources has different approaches like for example the exploration and 

description of natural processes by reproducing them in lab scale and monitoring 

the characteristics. Another approach is to use natural models as inspiration, try to 

mimic their characteristics and to overcome their disadvantages or improve the 

efficiency with artificial materials. This approach enables the development of 

novel applications. There are many examples that can illustrate the relevance of 

native models for modern inventions. In the following, two impressive examples 

are shortly named and described. 

The pictures and videos of lotus flowers in the rain, from which the water droplets 

easily drip off, are familiar to nearly everyone. The so-called lotus-effect describes 

the surface area reducing behaviour of water droplets on top of the lotus flowers. 

Inspired by this phenomenon, scientists explored nanomaterial containing car 

paints with similar characteristics. Nowadays, these paints offer a protection 

against impurities with an improved drying process without water residuals. Next 

to such obvious relationships between modern developments and their native 

models, a great success in industry was achieved inspired by small details in nature. 

For example, the developments of novel swimminug suits for competitive athletes, 

a foil for passenger aircrafts and a paint for ship hulls in the year 2009 had the same 

native model - the shark. The movement of a shark looks very smart and needs to 

be very efficient. Considering the physical build of these animals, their high 

acceleration, speed and endurance are surprising. Investigations of their skin with 
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a scanning electron microscope demonstrated the secret of their high efficiency. 

The shark skin has a high number of riblets with which a low drag can be achieved 

and they offer an efficient way of draining water at the interface of solid skin and 

the liquid. Similar principles improve the aerodynamic of planes, water resistance 

of swimming suites and ship hulls.  

A widely occurring principle, which is omnipresent in nature and in modern 

industry, is the use of catalysts to facilitate or enable chemical or biochemical 

processes. While nature solves the problem of low reaction rates with enzymes or 

other catalytic species, industry uses artificial compounds like noble metals, metal 

complexes or nanomaterials to enable or prefer a specific reaction. Native enzymes 

were developed, optimized and adjusted by nature over a long time and we can 

describe them nowadays as highly active catalysts with a high selectivity towards 

the presence of different substrates. They play a crucial role in different 

biochemical processes and a dysfunction forms the basis of serious complications 

for the superordinated organism. Many scientists over the past thirtee years, and 

still nowadays, are driven by the important role of native enzymes and they are 

focussed on the exploration of functional and active enzyme replacements. 

The target of the present thesis was to synthesize and characterize inorganic 

nanoparticles that can mimic the catalytic activity of native enzymes. Further 

studies about practical applications were focussed on overcoming limitations, 

given by the implementation of extracted or recombinant synthesized enzymes.  
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2. Theoretical Background 

The following part of the thesis shortly describes the basic ideas of enzyme mimic 

research with focus on nanoparticular enzyme replacements.  

2.1. Inorganic Nanoparticles as Enzyme Mimics 

The research about artificial compounds that can mimic native enzymes, so called 

enzyme mimics, is a still upcoming and interesting part of biomimetic chemistry. 

Ronald Breslow, for the first time, named compounds with an enzyme-like activity as 

“artificial enzymes”.1 The basic idea behind using enzyme mimics and hence the main 

target of the scientists, is to overcome the disadvantages of native enzymes, like high 

production costs, inhibition effects by different substrates like metal ions, the low 

stability and the aspect that a practical use is limited by specific pH and temperature 

values.2-4 In recent years a wide variety of possible enzyme replacements like metal 

containing model complexes,5-7 polymers,8 supramolecules,9 and nanomaterials10-13 

have been reported with great success. The high response in modern literature is 

reflected by the still increasing number of publications in scientific journals. The 

number of publications in the year 2017 with the keyword “enzyme mimic” was 

approximately 1.7 times higher than the number ten years before and even three times 

higher than twenty years before.14 All of the above-mentioned strategies of mimicking 

native enzymes have their justification, connected to special advantages and 

disadvantages. 

The current work is focussed on alternatives for native enzymes based on metal 

containing nanomaterials. Hence, a comparison of the so called “nanozymes”2,15 with 

their native counterparts is given in the following. While the use of inorganic 

nanoparticles as heterogeneous catalysts is widely known, their excellent properties as 

enzyme replacements were overlooked for a long time. However, a practical 

application in this field is promising because nanoparticles are size comparable to 

native enzymes2,3 and especially enzymes that uses metal ions in their catalytic active 
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site (metalloenzymes) are great inspirations.16,17 It is an auspicious and strategic 

approach to previously explore nanozymes based on metal ions that are present in the 

active site of native enzymes and to improve the system with chemical and biological 

know-how in a second step. In contrast to the synthesis or extraction processes of 

native enzymes, the preparation of nanoparticles is cost efficient and can be executed 

in a multi gram scale.18,19 Because of their large surface area and therefore high number 

of active surface sites, nanozymes exhibit efficiencies that may increase the one of 

their native model.20 Also, the limitations of enzymes to a physiological environment 

can be circumvented, as nanozymes are stable over wide pH and temperature ranges2,3 

and they are further tunable by surface functionalization or changing the chemical 

composition.21 In contrast to the similarity of native enzymes and nanozymes and the 

possibility of overcoming the described limitations, there are some challenges and 

problems which currently need to be solved. One of the main tasks is the low 

specificity of nanozymes which goes hand in hand with a mostly low biocompatibility 

(Figure 1).3  
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Figure 1. Schematic representation of advantages and disadvantages of native enzymes 

compared to nanoparticle enzyme mimics, the so called “nanozymes”. Reprinted with 

permission from Ref3. Copyright John Wiley and Sons. 

In recent years a wide variety of different nanomaterials, in most cases metal oxide 

species, has been reported in literature.2,3,22 Monitoring the wide variety of 

nanoparticles with enzyme-like activity also illustrates that almost exclusively native 

oxido reductases served as native model systems (Table 1).22  
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Table 1. Inorganic Nanoparticles with enzyme like activities and practical applications22 

Nanomaterial Enzyme-

like activity 

Application Ref. 

Fe3O4 NPs Peroxidase Tumor targeting 

and visualization 

Immunoassays 

H2O2 and 

glucose detection 

23 

10 

24 

γ-Fe2O3 NPs Peroxidase 

 

25 

γ-FeOOH graphene Peroxidase Phenole 

degradation 26 

FePO4 microflowers Peroxidase H2O2 biosensor 27 

FeS nanosheets Peroxidase H2O2 detection 28 

FeTe nanorods Peroxidase Glucose 

detection 29 

FePt NPs Peroxidase 

 

30 

CuO nanostructures Peroxidase Pollutant removal 

in wastewater 31 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

CuS polyhedral structures Peroxidase 

 

33 

Cu3(PO4)2 NC Peroxidase Pollutant removal 32 

CuS polyhedral structures Peroxidase 

 

33 

Cu nanoclusters Peroxidase H2O2 and glucose 

detection 34 

CuInS2 NC Peroxidase H2O2 detection 35 

Co3O4 NPs Peroxidase H2O2 detection 36 

CoFe LDHs Peroxidase H2O2 and glucose 

detection 37 

CoFe2O4/cyclodex. Peroxidase H2O2 detection 38 

CeO2 NPs Peroxidase H2O2 and glucose 

detection 39 

CePO4:Tb,Gd NPs Peroxidase Magnetic-

fluorescent 

imaging  40 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

MnO2 NPs Peroxidase Imunoassays 41 

MnSe NPs Peroxidase H2O2 and glucose 

detection 42 

ZnO NPs Peroxidase Carvedilol 

determination 43 

ZnFe2O4/ZnO NC Peroxidase Glucose 

detection 44 

BiFeO3 NPs Peroxidase H2O2 and glucose 

detection 45 

MoS2 nanosheets Peroxidase Glucose 

detection in blood 46 

WC nanorods Peroxidase Catalysis in 

organic solvents 47 

VO2 nanoplates Peroxidase 

 

48 

V2O3 NC Peroxidase Glucose 

detection 49 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

Ir NPs Peroxidase Cell protect. 

against H2O2 50 

Pd-Ir core shell nanocubes Peroxidase Imunoassays 51 

Au NPs Peroxidase H2O2 and glucose 

detection 52 

Pt nanocrystals Peroxidase 

 

53 

Au/CuS NC Peroxidase Pollutant removal 

in wastewater 54 

Bi/Au NPs Peroxidase Thrombin 

determination 55 

Ag/Pt, Ag/Pd, Ag/Au NC Peroxidase 

 

56 

Ag/Pt NC Peroxidase Thrombin 

determination 57 

Au/Pt NC Peroxidase Imunoassays 58 

Au/Pd NC Peroxidase Imunoassays 59 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

Si-dots Peroxidase Glucose 

detection 60 

V2O5 nanowires Peroxidase Catalysis in 

organic solvents 61 

V2O5 nanowires Haloperoxid

ase 

Antifouling agent 

62 

V2O5 nanowires Glutathione 

Peroxidase 

ROS reduction 

63 

Fe3O4 NPs Catalase 

 

25 

γ-Fe2O3 NPs Catalase 

 

25 

FePt NPs Catalase 

 

30 

Ir NPs Catalase Cell protect. 

against H2O2 50 

Co3O4 NPs Catalase Calcium 

detection in milk 

36, 

64 

Au/Pt NC Catalase 

 

56 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

CeO2 NPs Catalase 

 

65 

LaNiO3 nanofibers Catalase H2O2 and glucose 

detection 66 

CeO2 NPs SOD Stroke treatment 

Cell protect. in 

radiation therapy 

Antioxidant 

properties 

Anti-

inflammation 

Neuroprotection 

20, 

67 

68 

69 

70 

71 

FePO4 microflowers SOD 

 

27 

Pt NPs SOD ROS reduction 72 

CeO2 NPs Oxidase Immunoassay for 

tumor detection 73 

CoFe2O4 NPs Oxidase Luminol 

oxidation  74 
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Nanomaterial Enzyme-

like activity 

Application Ref. 

MnFe2O4 NC Oxidase 

 

75 

LaNiO3 nanofibers Oxidase H2O2 and glucose 

detection 76 

MnO2 NPs/nanowires Oxidase Imunoassays 41 

Mn3O4 octahedrons Oxidase Sensor for 

phenols and 

tannic acid 77 

Au NPs Oxidase Glucose 

oxidation and 

detection 78 

Pt NPs Oxidase 

 

79 

Au/Pt NC Oxidase Imunoassays 56 

MoO3 NPs Sulfite 

Oxidase 

SuOx deficiency 

treatment 80 

NP, nanoparticle; NC, nanocomposite; LDH, layered-double-hydroxide. 

 



2. Theoretical Background 

 

13 

 

While in the first years of enzyme mimetic research the enzyme-like activity itself 

was estimated as application for the nanoparticles, recently applications based on 

their catalytic activity attracted a lot of attention. Two different approaches for 

practical applications are reported in literature. First the substitution of the native 

enzyme in their natural surrounding and second the use of the catalytic activity to 

solve environmental problems, in most cases ex vitro. Both approaches will be 

discussed in the following chapter based on representative examples from current 

literature.  
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2.2. A Step into the Future – Applications of 

Nanoparticle Enzyme Mimics 

The manuscript “A Step into the Future – Applications of Nanoparticle Enzyme 

Mimics” was written and published as Concept Article for Chemistry A European 

Journal.  

 

This chapter describes fundamental concepts and new developments of the field of 

nanoparticle enzyme mimics with a focus on practical in vivo and ex vivo 

applications. 

The article is an adapted reproduction of the manuscript published in the scientific 

journal Chemistry – A Europen Journal (Chem. Eur. J 2018, DOI: 

10.1002/chem.201800384), which is reproduced with permission of the Royal 

Society of Chemistry. Detailed authorship contributions are attached in the 

Appendix (chapter 5.3.2).  
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2.2.1 Abstract 

We describe elementary concepts, up-to-date developments, and perspectives of 

the emerging field of nanoparticle enzyme mimics (so-called “nanozymes”) at the 

interface of chemistry, biology, materials, and nanotechnology. The design and 

synthesis of functional enzyme mimics is a long-standing goal of biomimetic 

chemistry. Metal complexes, polymers and engineered biomolecules capturing the 

structure of natural enzymes or their active centers have been made to achieve high 

rates and enhanced selectivities. Still, the design of new “artificial enzymes” that 

are not related to proteins but with capacity of production and stability at industrial 

level, remains a goal. Inorganic nanoparticles bear this potential. Although it seems 

counterintuitive to compare nanoparticles and natural enzymes because they 

appear very different they share many common features: nano-size, irregular shape, 

and rich surface chemistry. These features enable nanomaterials to mimic reactions 

of natural enzymes. Representative examples with biomedical and environmental 

applications are given. 

2.2.2 Introduction 

Living organisms are the most ingenious chemists. A vast number of reactions is 

catalyzed by a plethora of enzymes in every cell. Enzymes have a number of 

advantages over conventional catalysts: they work in water, at ambient conditions 

and neutral pH. This makes them suitable for low energy, non-toxic and eco-

friendly chemical processes. The quest to use Nature’s enzymatic repertoire of 

chemical transformations, e.g. microbial enzymes, has sparked interest in industry 

and medicine. Enzymes are used in agriculture, for the production of food, 

chemicals, and pharmaceuticals.[1] It is possible to modify natural enzymes, 

chemically or by protein engineering, in such a way that their specificity is tuned, 

even up to the point where an engineered enzyme catalyzes a new reaction.[2,3] 

However, many synthetically useful reactions still remains a challenge and cannot 

be carried out with natural or engineered enzymes because of their limited stability, 

catalytic activity under harsh condition, ease of production and costs.  
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Therefore, enzyme mimics have been high-profile targets for chemists.[4] Enzymes 

are more than highly developed catalysts: They can recognize molecules different 

from their specific substrate (and product) as part of the controlled mechanisms of 

the cell. As other macromolecules are dynamic with interconverting conformations 

on time scales ranging from femtoseconds to minutes. “True” enzyme mimics seek 

to reproduce the three-dimensional arrangement of the functional groups at the 

active site in a synthetic framework to speed-up reactions.[4] This strategy is related 

to enzyme engineering. A minimum requirement for a “true” enzyme mimic is to 

achieve an interaction between two substrates before to the actual catalytic 

reaction.  

An emerging strategy uses protein scaffolds with natural[5] and non-natural[6] 

metals to probe new applications of metalloproteins. This has been partially 

successful and added to our understanding of protein folding, optimization and 

design.[7] The insertion of multi-metal (instead of single metal) sites[8,9] for metal-

based electron- or proton-delivery may aid in the de novo development of 

enzymes[9] or in the discovery of new reactivity patterns.[10]  

Much effort has been invested in the synthesis of (supra)molecular models that are 

more stable and cost efficient than their natural counterparts.[11] Many 

supramolecular compounds contain a receptor or cavitand that is connected to an 

active site, with the aim to mimic reactions carried out by enzymes. This approach 

has led to elegant examples of catalytically active model compounds that display 

enhanced selectivity or activity. Still, catalytically active model compounds in the 

presence of other competing reactions inside living cells or even organisms, remain 

a challenge.[12]  

Different from most enzymes, nanoparticle enzyme mimics (so-called 

“nanozymes”) can operate in aqueous as well as in non-aqueous systems, and they 

are available cost-efficiently at an industrial-scale. Metal and metal oxide 

nanoparticles are highly reactive, as demonstrated by their use in catalysis.[13] In 

solution they are stabilized typically with surfactants and or polymers. Their 
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reactivity may be higher than that of enzymes, because any surface site can be 

catalytically active, whereas enzymes have only a single binding site, although with 

exceptional specificity and selectivity. Especially the use of NPs as enzyme mimics 

is advantageous in applications where the steric information of native enzymes 

plays minor importance e.g. the catalytic reactions involving small molecules such 

as different oxygen radicals and hydrogen peroxide (H2O2) as substrates. 

Moreover, the stability and production costs make nanozymes interesting 

candidates for a variety of medical and environmental applications.  

This has been shown in a landmark paper by Yan and coworkers on the peroxidase 

mimicking activity of iron oxide nanoparticles at different pH and temperature 

values and by a comparison with native horseradish peroxidase.[14] The smallest 

Fe3O4 NPs showed the highest catalytic activity, i.e. the high surface area of Fe3O4 

NPs are responsible for their “quasi-enzymatic” activity.  

Meanwhile a broad variety of nanozymes has been reported.[15-17] The most 

prominent examples are peroxidases,[18] catalases,[19] superoxide dismutases 

(SODs).[20] The oldest and simplest SOD mimic is the Mn2+ ion. It has been shown 

long ago that Mn3+ provides protection against oxy-radical-mediated damage[21] by 

forming transient MnO2
+ species which disproportionate to Mn2+, O2, and H2O2.

[22] 

Similarly, manganous phosphate can remove superoxide under physiological 

conditions.[23] As a general rule, oxygen-affine metals (e.g. Mn, Fe, Ce, Cu) that 

can switch their oxidation states by one unit, can exhibit mimic for SOD activity.[24] 

Other redox (oxidoreductases,[25] oxidases,[26-28] sulfite oxidase,[29] 

haloperoxidases[30,31,32]) or acid base systems[33,34] with promising applications 

have been described. Their solubility and environmental or physiological 

compatibility may require post-synthetic modifications (e.g. surface 

functionalization). This concept article highlights and comments on future 

prospects for some biomedical and environmental applications of nanoparticle 

(NP) enzyme mimics. 
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2.2.3 Nanozymes as ROS Scavengers for Biomedical Applications 

Reactive oxygen species (ROS) are reactive molecules and free radicals derived 

from molecular oxygen that are formed by all aerobic species.[35] They are 

produced as byproducts during the mitochondrial electron transport of aerobic 

respiration, by oxidoreductases and metal catalyzed oxidation, and they can lead to 

a variety of deleterious reactions. The sequential reduction of oxygen leads to the 

formation superoxide radicals (.O2
-), hydrogen peroxide (H2O2), hydroxyl radicals 

(.OH-) and nitric oxide (.NO). Elevated concentrations of reactive oxygen species 

(ROS) play a central role in the formation of oxidative cell damages.[35] Enzymatic 

sources of reactive oxygen species (ROS) are components of the mitochondrial 

electron transport chain, xanthine oxidase, the cytochrome P450 monooxygenases, 

lipoxygenase, nitric oxide synthase, or NADPH oxidase.[35] Superoxide radicals 

(.O2
−) must be removed by dismutation to H2O2 with SODs, to allow a survival of 

the cell in the presence of oxygen. H2O2 is still an oxidant, but can diffuse out of 

the cell and is thus not as harmful as the superoxide anion. H2O2 is eliminated 

subsequently with the aid of catalases, peroxiredoxins, or glutathione 

peroxidases.[35,36,37]  

Vanadium forms a variety of peroxide systems.[38] Similarly, V2O5 nanoparticles 

possess intrinsic peroxidase mimicking activity,[39] where the catalytic activity is 

strongly related to defects located at the particle surface. Thus, it did not come as 

a surprise that defective V2O5 nanoparticles can act as glutathione peroxidase 

(GPx) mimic as well.[40,41] The GPx/glutathione system is thought to be a major 

defense in low-level oxidative stress. Glutathione peroxidase is a selenium-

containing antioxidant enzyme that reduces H2O2 and lipid peroxides to water and 

lipid alcohols, while glutathione is oxidized in turn to glutathione disulfide. 

Reduced glutathione is essential for regulating the intracellular redox state of 

vascular cells in biochemical pathways.[42,43] Without GPx activity or adequate 

glutathione levels, H2O2 and lipid peroxides are not detoxified and may be 

converted to OH-radicals and lipid peroxyl radicals by transition metals (e.g. Fe2+). 

Native glutathione peroxidase, and the V2O5 mimic oxidize GSH (reduced 
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glutathione) to GSSG (oxidized glutathione) at the expense of H2O2, thereby 

reducing the intracellular H2O2 concentration and protecting the organism from 

oxidative damage. Control experiments with other metal oxides with peroxidase-

like activity showed that only V2O5 can mediate GSH oxidation under 

physiological conditions because of the stability of the V-peroxo species.  

The reduction of superoxide radicals and H2O2 concentrations through the 

superoxide dismutase and catalase-like activities of nanoceria (CeO2 nanoparticles) 

were reported in two seminal papers by Seal, Self and coworkers,[19,20] together 

with the cell-protective effect of nanoceria against radiation induced cell 

damage.[44,45] The Ce3+/Ce4+ ratio at the NP surface is important for the enzymatic 

activity. Higher Ce3+/Ce4+ ratios led to an enhanced SOD-activity, [20] whereas 

catalase-like behavior was observed for lower Ce3+/Ce4+ ratios,[19] FePO4 

microflowers[46] and metal (e.g. Pt) nanoparticles[47] have been reported to show 

SOD-like activities as well. The use of nanoceria particles as a therapy for a 

variety of diseases provides a unique platform technology.  

Neurodegenerative disorders. Elevated superoxide concentrations are 

responsible mechanisms for ischemic injuries and stroke diseases.[48] Using the 

ROS scavenging effect of nanoceria Kim et al. investigated the in vivo application 

by treating ischemic stroke diseases.[44] They analyzed the neuroprotective effects 

of nanoceria by inducing stroke in lab rats, followed by intravenous injection of 

nanoceria in concentrations of 0.1-1.5 mg/kg. The analysis of the stroke-damaged 

brain areas revealed that intermediate concentrations (0.5 and 0.7 mg/kg) had 

positive effects, whereas low (0.1 and 0.3 mg/kg) and high (1.0 and 1.5 mg/kg) 

concentrations of nanoceria did not reduce the infarct volume significantly. This 

treatment reduced the stroke infarct volume by 50% (compared to controls) (Figure 

1). An analysis of the nanoceria concentration showed elevated levels in liver, 

kidney and heart. The nanoceria concentration in non-damaged brain areas was 

very low, but very high in stroke affected cells. Since the blood-brain barrier (BBB) 

is damaged by ischemic stroke diseases and allows the passage of nanoceria 
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whereas an integral barrier in the healthy brain region prevents membrane 

penetration.[44] 

 

Figure 1. Nanoceria combat ischemic stroke diseases. (A) Reduction of stroke damaged brain 

areas up to 50 % for mediate concentrations of 0.5-0.7 mg/kg. (B) Microscopy images of stroke 

damaged rat brains illustrating the positive effect of nanoceria. (C) Enhanced nanoceria 

concentrations where mainly found in the liver and the stroke damaged brain area, whereas healthy 

brain tissue did not show significantly elevated concentrations. (D) Fluorescence signals of 

rhodamine B functionalized nanoceria prove their concentration in stroke damaged brain tissues 

(left).[44] Reprinted with permission from ref[44] 

It was further shown that a combination of the GPx activity of V2O5 and the SOD 

and catalase activity of MnO2 can efficiently reduce ROS and protect cells against 

oxidative cell stress.[49] It is worth mentioning that an medical use of V2O5 is not 

permitted worldwide. 

In recent years evidence has accrued that the brain in Alzheimer´s disease (AD), a 

common form of neurodegenerative disorder with dementia, is under increased 

oxidative stress.[50,51] Oxidative stress due to chronic hypoperfusion leads to 

mitochondrial damage. Mitochondria play a crucial role in cellular bioenergetics 

and cell-survival. The mitochondrial function degrades with aging, and their 

damage leads to increased intracellular formation of oxidants and pro-oxidants.[52] 

The prolonged oxidative stress and the resultant hypoperfusion in the brain tissues 
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stimulate the expression of nitric oxide synthase (NOS) enzymes, which further 

drives the formation of ROS and reactive nitrogen species (RNS).[53] The ROS and 

RNS collectively contributes to the dysfunction of the BBB and damage of the 

brain parenchymal cells. Cellular changes show that oxidative stress precedes the 

appearance of the key histopathologies of the disease, neurofibrillary tangles, 

senile plaques and neuronal death.[54-56]  

The development of drugs for the treatment of AD for breaking the vicious cycles 

of oxidative stress and neurodegeneration offer new opportunities. These 

approaches include inhibitors of advanced glycation end products, as well as 

antioxidants and anti-inflammatory substances, which prevent free radical 

production or reduce free radical concentrations.[56,57] To protect the affected cells, 

ceria NPs were coated with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[carboxy (polyethylene glycol) triphenylphosphonium (DSPE-PEG-TPP), a 

substituted polyethylene glycol carrying a triphenylphosphonium (TPP) cation at 

the PEG terminal. This lipophilic cation targets mitochondria because of their 

negative mitochondrial membrane potential. For low CeO2 NP concentrations (< 

0.125 mM) no toxic effects on human neuroblastoma cells (SH-SY5Y cells) were 

observed. Although CeO2 NPs did not eliminate subicular Aβ deposition 

significantly, they reduced oxidative stress in mitochondria in vitro and in vivo and 

suppress neuronal death in a 5XFAD transgenic Alzheimer’s disease mouse model. 

The triphenylphosphonium-conjugated ceria NPs mitigate reactive gliosis and 

morphological mitochondrial damage (Figure 2).[58,59] 
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Figure 2. Retrival of mitochondrial structure by reducing oxidative stress with TPP-ceria 

NPs. (A) TEM pictures and enlarged sections of the mitochondria of a transgenic mouse model + 

saline (Tg + sham), a wild type mouse model + saline and a transgenic mouse model + TPP coated 

ceria NPs (scale bar 500 nm for overview images and 250 nm for the increased). (B) Western blot 

evaluation of oxidative stress markers of the NP attended 5XFAD mice. (C) Illustration of the 

mitochondria targeting of TPP coated ceria NPs. Reprinted with permission from ref[58]  
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Tissue engineering. The concentrations of ROS and oxygen (O2) can promote or 

decelerate the progression and duration of the wound healing process.[60] Based on 

the antioxidant activity of nanoceria, the therapeutic effect of the NPs on the wound 

healing process was explored. Nanoceria promotes cell proliferation and has been 

used for tissue engineering.[61–65] Hybrid materials containing CeO2 NPs embedded 

in poly(lactic-co-glycolic acid) (PLGA) scaffolds promoted murine cardiac and 

mesenchymal stem cells growth. The positive effects were attributed initially to the 

antioxidant properties.[66] Subsequent studies with surface engineered particles 

revealed that Ce4+ dominant regions favored and Ce3+ dominant regions inhibited 

cell proliferation by restricting cell spreading and weakening cell–material 

interactions.[62] This was in harmony with the finding that surface Ce3+ may show 

biotoxic effects.[66] 

Nanoceria accelerates cutaneous wound healing in mice by promoting the growth 

of keratinocytes, fibroblasts, and vascular endothelial cells. The therapeutic 

efficacy was owing to the enhanced proliferation and migration of these cells 

(Figure 3).[63]  
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Figure 3. Cerium oxide NPs can promote the wound healing process. Cell migration of 

keratinocytes (A) and fibroblasts (B) could be enhanced in presence of 1 µM and 10 µM nanoceria. 

(C) The NPs affect the wound healing, which was investigated with mice experiments. Skin 

incisions on the back of mice were periodically treated with nanoceria solutions, while controls 

were covered with deionized water. (D) NP treated wounds recovered faster than the controls and 

the wound size was clearly reduced.[63] Reprinted with permission from ref[63]  

While high ROS concentrations prohibit healing, a good inflow of O2 to the wound 

is desired. Electrospun cross-linked poly(vinyl alcohol) (PVA) membranes 

containing integrated hematite NPs contemptuously reduce H2O2 and increase O2 

levels.[67] The high water permeability of the porous PVA membrane and the 

catalase-like activity of embedded hematite nanoparticles can efficiently convert 

H2O2 into O2 as shown by a catalase assay. The proliferation of fibroblasts at a 

critically high H2O2 concentration was demonstrated by incubating the cells in the 

presence of the catalytic membrane. The catalytic membranes provide an improved 

environment for cell proliferation in wounds and can be applied in wound healing 

dressing. 
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Cardioprotection. Nanoceria was shown to protect cardiac progenitor cells from 

oxidative stress.[68] Treatment with nanoceria inhibited the progressive left 

ventricular dysfunction and dilatation in an in vivo mouse model with ischemic 

cardiomyopathy. A decrease of pro-inflammatory cytokines (tumor necrosis 

factor-α and interleukin-1β) and downregulation of endoplasmic reticulum stress-

associated genes) revealed the therapeutic effect to be related to the inhibition of 

myocardial oxidative stress, ER stress and inflammatory processes.[69] Heart 

hypertrophy following pulmonary arterial hypertension could be reduced by 

nanoceria treatment as well.[70]  

2.2.4 Nanozymes for Tumor and Cancer Therapy 

Normal cells generate energy oxidative phosphorylation in the mitochondria. In 

contrast, cancer cells use aerobic glycolysis for generating ATP and to cover 

their energy supply. This so-called Warburg effect[71] is one of the fundamental 

metabolic changes associated with malignant transformations. The Warburg 

effect leads to changes of the mitochondrial redox potential, ultimately changing 

ROS generation.[72] This provides a direct link between changes of the glucose 

metabolism and tumorgenesis due to signal transduction via ROS generation. 

Excessive ROS damages cell membranes and nucleic acids, while insufficient ROS 

disturbs signaling processes that are beneficial for cell proliferation. The anticancer 

activities of nanoceria intervene at the ROS equilibrium and were evaluated using 

mice with xenografted melanoma. Treatment with nanoceria reduced tumor 

volume and weight, which showed the translational promise of the nanoceria.[73] 

Similarly, nanoceria could inhibit ovarian tumor growth via an anti-angiogenic 

mechanism.[74] 

The intrinsic peroxidase activity of iron oxide and ceria NPs were the first 

examples of nanoparticle enzyme mimics.[14,20] Natural peroxidases with vanadium 

or iron active sites catalyze the decomposition of peroxide to water and molecular 

oxygen. Based on the intrinsic peroxidase-like activity of iron oxide NPs Yan and 

coworkers explored a strategy for targeting and imaging tumors simultaneously.[75] 
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By encapsulating iron oxide NPs in human heavy-chain ferritin (HFn) the 

functionalization with complex targeting ligands could be circumvented. The 

targeting is based on the selective binding of HFn to the transferrin receptor 1 (TfR 

1), which is overexpressed in tumor cells. The imaging relies on the peroxidase 

activity of iron oxide NP, which leads to a color reaction using peroxidase 

substrates in the presence of H2O2. The engineered magnetoferritin-NP complex 

binds to tumor cells with a higher sensitivity (98 %) and specificity (of 95 %) than 

comparable antibody-based methods. The magnetoferritin-NP complex is a 

promising candidate for cancer and tumor treatment.[75] 

Based on the Fenton or Haber-Weiss reaction iron oxide NPs with a peroxidase 

activity form oxygen radicals in the presence of H2O2 under physiological 

conditions.[76,77] The increased ROS level induces oxidative stress which combats 

bacteria and cancer cells. In vitro studies with bacteria and in vivo investigations 

of ROS formation showed the peroxidase-like activity of magnetite NPs.[77] The 

antibacterial effects and in vitro tumor cell studies were reported using an 

Escherichia coli (E. coli) and a HeLa cell model. The results of both studies are in 

harmony with the adopted mechanism and increasing ROS levels. While H2O2 and 

magnetite NPs alone did not show high cytotoxic effects in the bacteria study nor 

in cell analysis, the combination of substrate and catalyst showed promoted cell 

death. Further experiments showed the tumor imaging and treatment, whereas the 

cell uptake of MNPs is based on the EPR effect. A T2-weighted MR imaging 

enables the visualization of tumor tissues and an apoptosis based on intracellular 

ROS formation (Figure 4).[77] 
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Figure 4. In vivo tumor imaging with MNPs. (A) Implementation of the MR imaging in vivo 

studies. T2 weighted MR images of the (B) Sagittal and (C) frontal layer before and 24 h after the 

injection of MNPs. Associated relative pixel intensities of the (D) sagittal and (E) frontal layer at 

the same term.[77] Reprinted with permission from ref[77]  

  



2. Theoretical Background 

 

34 

 

An intravenously injection of MNPs and the injection of H2O2 into the affected 

tissues every four days demonstrated the tumor inhibition efficiency in vivo. The 

results show that the tumor volume did not increase by treating mice with MNPs 

and H2O2, whereas MNPs and H2O2 alone just showed a small positive effect, 

compared to control animals (Figure 5).[77] 

 

Figure 5. Tumor treatment with MNPs and H2O2, forming ROS. (A) Images of the temporal 

tumor development in presence of MNPs, H2O2, MNPs and H2O2 and without MNPs and H2O2. (B) 

Body weight of the test mice demonstrated no significant reduction of the body mass.[77] Reprinted 

with permission from ref[77] 

  



2. Theoretical Background 

 

35 

 

2.2.5 Nanozymes for Enzyme Replacement Therapy  

In nature molybdenum is an essential part of the molybdenum cofactor of several 

enzymes, where it aids in the catalysis of redox and oxygen transfer reactions.[78] 

In mammals, the molybdenum cofactor is incorporated in sulfite oxidase (SuOx), 

an enzyme located in the mitochondrial intermembrane space of liver and kidney 

cells.[79] SuOx is a unique oxidase catalyzing the oxidation of sulfite to sulfate as 

the final step in the metabolism of sulfur containing amino acids, therefore playing 

a major role in cellular detoxification of sulfur. Genetic deficiency in SuOx leads 

to severe neurological damage resulting in early childhood death.[80] 

The chemistry behind the SuOx activity has been comprehensively studied using 

model complexes, but none of those biomimetic compounds showed activity under 

physiological conditions.[81,82] MoO3 nanoparticles (Ø ≈ 2 nm) mimic the 

enzymatic activity of SuOx in vitro.[29] MoO3 nanoparticles were functionalized 

with a customized TPP-ligand, which promotes accumulation at the mitochondrial 

membrane, where SuOx is located. 

The SuOx activity of the MoO3-TPP NPs was analyzed monitoring the reduction 

of ferricyanide (Figure 6 B, blue diamonds). Different from most enzymatic 

experiments with nanomaterials, where Michaelis-Menten behavior prevails, a 

sigmoidal behavior towards sulfite, indicating cooperative binding of substrates 

(with a Hill coefficient n = 2.35 ± 0.15) to the catalytic site (of enzymes) was 

observed. The MoO3-TPP nanoparticles catalyze the sulfite oxidation with a 

turnover frequency that is comparable to that of human SuOx mutants.[80,83] 

Selective mitochondria targeting of the functionalized MoO3-TPP nanoparticles 

(Figure 6 C, merge) was demonstrated by co-localization of the MoO3-TAMRA-

TPP NPs (Figure 6 C, red channel), which were additionally labeled with the 

fluorescent marker 5-carboxytetramethylrhodamine (TAMRA), with the 

commercially available mitochondria targeting dye MitoTracker Green (Figure 6 

C, green channel). In vitro studies in cells with reduced levels of functional sulfite 

oxidase showed that the SuOx activity of the deficient cells could be fully 
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recovered when treated with functionalized MoO3-TPP NPs showing the potential 

of the MoO3 nanoparticles as SuOx mimic in vitro.[29] So far, no efficient treatment 

for the severe disease sulfite oxidase deficiency (genetic deficiency of SuOx) has 

been reported.[84] Therefore MoO3 NPs might be used as SuOx enzyme replacement 

in a therapeutic treatment of this disease. 

 

 

Figure 6. MoO3-TPP NPs with intrinsic sulfite oxidase activity. (A) Schematic representation of 

the functionalization of MoO3 NPs with TPP-ligand. (B) SuOx activity of TPP functionalized NPs 

(blue) and bulk MoO3 (orange) was analyzed by monitoring the ferricyanide reduction at 420 nm. 

(C) The selective mitochondria targeting of MoO3-TPP NPs was analyzed using an HEPG2 cell 

line. A modification of the ligand with TAMRA enables the spectroscopic localization. 

Colocalization experiments with MitoTracker green showed the selective mitochondria location.  

[29] Reprinted with permission from ref.[29]  
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2.2.6 Nanozymes for Environmental Applications 

Antimicrobial activity of haloperoxidase mimics. Marine algae produce a 

cocktail of halogenated compounds. Their biosynthesis relies on halogenating 

enzymes, among them heme iron(II)- or vanadium dependent haloperoxidases (HI-

HPO, V-HPO) or (ii) flavin- and non-heme iron(II) dependent halogenases (F-HG, 

NI-HG). Vanadium-dependent haloperoxidase (V-HPO) catalyzes the oxidation of 

halides (Cl−, Br−, I−) in presence of hydrogen peroxide (H2O2) to hypohalous acids 

(HOX) according to: Br- + H2O2 → HOBr + H2O.[85] HOX can react in follow-up 

reactions to halogenated organic compounds.[86] While haloperoxidases (HPOs) 

use hydrogen peroxide, halogenases (HGs) utilize dioxygen molecules as oxidant. 

Halogenating enzymes are important biocatalysts for the formation of natural 

products,[87] metabolic reactions,[88] in oxidative stress response and signal 

transduction.[89,90] They also catalyze the formation of halogenated compounds in 

the atmosphere[91,92] and in specific host defense and antimicrobial systems.[93] 

Hypohalous acids combat biofilm formation through their biocidal activity or the 

formation of signaling molecules involved in intracellular communication.[94] 

Bacterial adhesion and colonization is controlled by quorum sensing (QS), i.e. cell-

to-cell communication.[94] When cell-to-cell communication is blocked by 

halogenated (and therefore inactive) compounds, bacteria cannot form organized 

community structures such as biofilms.[95]  

An industrial application of naturally occurring V-HPOs in marine coatings is 

possible, but limited due to high production costs and the long-term stability of the 

native enzyme.[96] Similar as V-HPOs, V2O5 nanowires exhibited a strong 

haloperoxidase activity by mediating the formation of hypobromous acid (HOBr) 

not only from H2O2 and Br- in laboratory scale, but even under seawater conditions, 

where H2O2 was generated in µM amounts by sunlight.[97] V2O5 nanowires 

embedded in commercial paints, applied onto stainless steel plates and incubated 

for 60 days in the Atlantic Ocean showed strong antifouling activity in open sea 

tests.[30] Biofouling was observed only on untreated controls, whereas the V2O5 

impregnated test plates did not show any signs of biofouling. As V2O5 is a widely 



2. Theoretical Background 

 

38 

 

used catalyst,[30] V2O5 nanowires could be a useful alternative to common 

antifouling agents, but the toxic, cancerogenic and mutagenic properties of 

vanadium compounds will prevent commercial use.  

Like already mentioned above nanoceria exhibit a mixed valence state Ce3+/Ce4+ 

at the particle surface, which directly affects the catalytic activity.[98] Ce3+ ions are 

known to catalyze the halogenation of malonic acid. Thus, the antibacterial activity 

of nanoceria[99] are presumably not a result of its SOD activity, but of its 

halogenating properties. Nanoceria showed, in fact, a strong brominating activity, 

as demonstrated with phenol red in the presence of Br- and H2O2 (Figure 7). 

Bromination reactions in the presence of nanoceria and the marine alga Corallina 

officinalis showed similar results, illustrating the oxidative halogenation properties 

of nanoceria. Laboratory and field tests with paint formulations containing 2 wt% 

of CeO2-x nanorods showed a reduction in biofouling comparable to Cu2O, the most 

typical biocidal pigment (Figure 7).[31] Nanoceria has the potential to be a non-

toxic and sustainable substitute for conventional inorganic/organic biocides. 
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Figure 7. Antifouling properties of nanoceria. (A) Reaction process of the bromination reaction 

of phenol red (PR) to bromophenol blue (Br4PR) in presence of H2O2 and Br-, catalyzed by 

nanoceria. (B) Kinetic absorption scans demonstrating the reaction process over time. (C) An 

illustration of the bromination of PR in presence H2O2 and Br- catalyzed by nanoceria (2.1 mg, left) 

and the algae C. officinalis (7.1 mg, right) showed similar behavior. (D) Pictures of stainless steel 

plates coated with soft (S) and hard (F) formulations. SF and HF were mixed with 2 wt% of 

nanoceria to investigate their anti-fouling activity under sweater conditions, whereas negative 

samples were prepared only with the formulation paint. After more than seven weeks the stainless 

steel plates without nanoceria showed strong algae formation, while the NP containing formulations 

inhibited the accumulation significantly.[31] Reprinted with permission from ref[31] 
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ROS reduction in cigarette smoke. In aerobic organisms there is a balance 

between the native ROS formation and the degradation, which is mainly catalyzed 

by native enzymes like SOD or catalases.[100] ROS are produced in living 

organisms not only as a result of normal cellular metabolism, but also through 

environmental factors, such as air pollutants or cigarette smoke. [101-103] “Oxidative 

stress” is the shift in the balance between oxidants and antioxidants in favor of 

oxidants. SOD is one of the enzymatic antioxidants that are effective in blocking 

harmful effects of ROS. However, in pathological conditions, the antioxidant 

systems can be overwhelmed. The superoxide radical is the predominant radical 

species in cigarette smoke.[104] Glycine functionalized copper(II) hydroxide NPs 

(Gly-Cu(OH)2) show a strong intrinsic SOD-like activity, even higher than the 

natural CuZn SOD (Figure 8 A). Gly-Cu(OH)2 NPs were shown to reduce 

superoxide levels in cigarette smoke extracts (CSE) (Figure 8 B). Control 

measurements with native CuZn SOD showed low efficiencies which may be 

attributed to a possible decomposition of the enzyme. Further experiments 

demonstrated that Gly-Cu(OH)2 NPs reduce ROS levels after embedding in 

commercial cigarette filters (Figure 8 C). While investigations of the cytotoxicity 

of CSEs prepared with NP containing filter cigarettes did not show cytotoxic 

effects on lung cancer cell lines, control measurements conducted with commercial 

filter cigarettes showed increased cell death (Figure 8 D).[105]  
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Figure 8. Reduction of superoxide radicals in cigarette smoke using the intrinsic superoxide 

dismutase-like activity of Gly-Cu(OH)2 NPs. (A) The reduction of superoxide radicals in PBS 

buffered system, catalyzed by Gly-Cu(OH)2 NPs (red) and native CuZn SOD (green), was 

monitored based on the inhibition of INT reduction (λmax = 505 nm). The artificial NPs 

demonstrated a higher activity than their natural counterpart. (B) Reduction of superoxide radicals 

in an aqueous cigarette smoke extract in presence of various concentrations of Gly-Cu(OH)2 NPs 

determined with the relative absorption at 505 nm. (C) A comparison of commercial filter cigarettes 

(green) with filter cigarettes, equipped with Gly-Cu(OH)2 NPs (red), demonstrated the superoxide 

reduction in cigarette smoke, monitored with the relative absorption of reduced INT species. (D) A 

comparison of the cytotoxic effects of CSEs, generated with commercial filter cigarettes and NP 

containing cigarettes, demonstrated the positive effect of the NPs.[105] Reprinted with permission 

from ref[105] 
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2.2.7 Comparing Particle and Enzyme Activities  

Although biochemical processes are accelerated by enzymes, biocatalysis and 

heterogeneous catalysis are mechanistically related.[106,107] Assuming a surface 

reaction to involve the steps A + S ⇌ AS → Products, where A is the reactant, S 

are an enzyme or surface site, AS the substrate complex and k1, k-1 and k2 are the 

rate constants for adsorption, desorption and reaction to the final product. The 

global reaction rate r is given by k2θCS, (with CS is the total number of – occupied 

and unoccupied – sites, provided that k2, the rate constant of the enzyme/substrate 

complex is >> k1/k-1 (= Km, the Michaelis constant). Although functions of enzymes 

are governed by the enzyme dynamics,[107] an enzyme is typically much larger than 

its substrate and the reaction environment it exposes is so different from the 

surrounding solvent that it may be considered a solid catalyst.[108] The radii of 

enzymes and nanoparticles are comparable to nanometer-sized cellular features, 

and the interactions of enzymes and nanoparticles with soluble molecules have 

comparable strength,[109] specificity and complexity. Therefore, enzyme mimetic 

catalysis with nanoparticles has been successful, where small molecular species 

(peroxides, superoxides or sulfites) are involved and steric demands play only a 

minor role for the specificity of the reaction. 

NPs are highly reactive, as demonstrated by their use of in heterogeneous 

catalysis.[110] Typically, they are stabilized with capping ligands. Their activity and 

selectivity are determined by their size and the atomic structure of the exposed 

surface planes. The most active particles in catalysis have diameters of only a few 

nanometers, i.e. they contain between a few hundred and a few thousand atoms. 

Their catalytic activity (kcat) may even be higher than that of enzymes, because any 

surface site can be catalytically active. This raises the question, how reaction rates 

of nanoparticles and enzymes can be compared.  
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kcat is the maximum reaction rate (vmax) for a given enzyme concentration ([E]) and 

corresponds to the turnover per time.[111] Most natural enzymes have one active 

site, the protein backbone is responsible for selectivity. Catalysis by inorganic NPs 

proceeds at surface sites without steric selection.[110] Some of the surface sites may 

be blocked by surfactants, whose surface coverage is difficult to determine. The 

evaluation of nanoparticle reactivity is not straightforward, and different modi 

operandi are currently being used: (i) surface area,[31] (ii) assuming that each 

nanoparticle contains one active site,[14,20,112] (iii) molar ion concentrations[30,31] 

and (iv) number of active surface sites.[103,113] Each method has its advantages and 

disadvantages.  

Surface area. Normalizing catalytic activity to the Brunauer Emmett Teller (BET) 

surface area is a standard tool in heterogeneous catalysis. It was used for 

determining the halogenation activity of CeO2-x NPs.[31] A direct comparison with 

a native enzyme is difficult, because the active site of an enzyme is not represented 

by the surface area.  

A single active site for each NP was assumed when the peroxidase-like activity 

of iron oxide NPs and the superoxide dismutase activity of nanoceria were 

given.[14,20] The though behind this definition is a comparison of the enzyme with 

a well-defined NP entity. The drawback is that a nanoparticle certainly contains 

more than one (typically ~ 107) active site, depending on the surface/volume ratio 

of the NP, [105] but allows estimating an average activity per NP.[14,20,112] This 

method was used many times in enzyme mimetic literature and is widely accepted.  

Molar ion concentrations. To avoid this problem, a normalization to molar ion 

concentrations was used.[30,31] Converting catalyst mass to ion concentration yields 

activities per metal ion. This approach assumes that a NP consists of a large number 

of metal (and counter) ions but ignores that only surface atoms are involved in 

catalysis, i.e. a spherical Cu(OH)2 NP with a diameter of 150 nm contains ~1010 

ions, ~0.1 of them being surface ions.[105]  
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Catalytic activity normalized to the number of active surface sites can 

overcome all these problems.[105,113] Using particle volume and surface area 

(obtained from BET surface area and transmission electron microscopy (TEM) the 

total number of metal atoms per NP and the number of surface atoms can be 

derived from the dimensions of the nanoparticle and the number of unit cells 

contained within. A prerequisite for deriving these numbers are (i) monodisperse 

particles and (ii) a well-defined particle morphology.  

2.2.8 Conclusion and Outlook 

This article describes concepts, up-to-date developments, and perspectives of the 

emerging field of nanoparticle enzyme mimics (so-called “nanozymes”). As one 

of the most exciting fields, the research on “nanozymes” lies at the interface of 

chemistry, biology, medicine, materials, and nanotechnology. Although it is 

counterintuitive to compare nanomaterials and enzymes because they seem quite 

different, a careful comparison reveals them to have many features in common like 

size, irregular shape, surface chemistry, etc. These similarities allow using 

nanomaterials as functional enzyme mimics where a practical use of native or 

recombinant enzymes is hampered by their stability, immunogenicity, short half-

life, and production costs. Representative examples highlight nanomaterials with 

enzyme mimicking activities, their catalytic mechanisms, and their applications in 

areas ranging from therapeutics for neurodegenerative disorders, enzyme 

replacement, cancer diagnostics and tissue engineering to antifouling. 

Finally, nanoparticle enzyme mimics have been suggested to play an important role 

as catalysts in the evolution of life. Since their discovery, deep-sea vents these 

vents have been suggested as the cradle of life. These vents, whose color depends 

on the compounds dispersed in the water, contain minerals with high levels of iron, 

manganese, copper, and zinc (black smokers) or barium, calcium, and silicon) 

white smokers).[114,115] Several of these minerals have a high surface area-to-

volume ratio and provide potential sites for enzyme-like heterogeneous 

catalysis.[116] Primitive cells may have contained only a few “enzymes”, catalyzing 
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reactions with broad substrate specificity. These “enzymes” then may have been 

recruited for metabolic pathways while more specific and efficient catalysts could 

have developed later. Therefore, “proto-enzymes” may have been multifunctional 

in the early stages. Nanoparticle enzyme mimics are prototype examples of 

multifunctional catalysts. CeO2-x nanoparticles have been reported to have 

peroxidase, SOD, catalase, phosphatase and esterase properties. Mineral surface 

adsorption or catalysis may have been important and this multifunctionalitity may 

have been relevant for plausible synthetic pathways toward the molecules of 

life.[117] 
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3. Results and Discussion 

In the following chapter the results of the practical laboratory work are presented and 

discussed, considering current and recent literature. The subsections are all published, 

submitted or prepared for submission to journals with a peer review process. Thus, 

every part has its own references, supporting information, citation style, table and 

figure numbers, having regard to the requirements of the corresponding journal. 

 

This part describes various enzyme mimics like e.g. superoxide dismutases, urease, 

haloperoxidase and catalase as well as their possible practical applications in cigarette 

filter systems, for water purification, for promoting the wound healing process and 

possible antibacterial properties. An additional study reports on the catalytic properties 

of various catalysts in a green-route for sulfide oxidations. 
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3.1. Glycine-Functionalized Copper(II) Hydroxide 

Nanoparticles with High Intrinsic Superoxide 

Dismutase Activity 

 

The current project describes the exploration of ROS reducing NPs, containing copper 

ions that are present in the active site of native CuZn SOD enzymes. Inspired by the 

great influence of external sources, like tobacco consumption, on intracellular ROS 

levels, the possibility of reducing oxygen radicals in cigarette smoke with Cu(OH)2 

NPs was explored, overcoming the stability problems of their natural counterpart.  

This chapter is an adapted reproduction of the manuscript published in Nanoscale 

2017, 9, 3952–3960, which is reproduced with permission of the Royal Society of 

Chemistry. Detailed authorship contributions are attached in the Appendix 

(chapter 5.3.2). 

Special thank goes to B. Klasen and M. Wuttke for preliminary experiments of the 

nanoparticles synthesis as well as to R. Schwidetzky for his great assistance during the 

first cigarette experiments. I am also grateful for the support in P-XRD measurements 

by R. Jung-Pothman and for the possibility of using the oxygen sensitive electrode of 

Dr. S. Hobe, B. Niethard and Prof. Dr. H. Paulsen.  
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3.1.1 Abstract 

Superoxide dismutases (SOD) are a group of enzymes that catalyze the dismutation of 

superoxide (O2
−) radicals into molecular oxygen (O2) and H2O2 as a first line of 

defense against oxidative stress. Here, we show that glycine-functionalized copper(II) 

hydroxide nanoparticles (Gly-Cu(OH)2 NPs) are functional SOD mimics, whereas 

bulk Cu(OH)2 is insoluble in water and catalytically inactive. In contrast, Gly-Cu(OH)2 

NPs form water-dispersible mesocrystals with a SOD-like activity that is larger than 

that of natural CuZn enzyme counterpart. Based on this finding, we devised an 

application where Gly-Cu(OH)2 NPs were incorporated in cigarette filters. Cigarette 

smoke contains high concentrations of toxic reactive oxygen species (ROS, >1016 

molecules/puff) including superoxide and reactive nitrogen species which lead to the 

development of chronic and degenerative diseases via oxidative damage and 

subsequent cell death. Embedded in cigarette filters Gly-Cu(OH)2 NPs efficiently 

removed ROS from smoke, thereby protecting lung cancer cell lines from cytotoxic 

effects. Their stability, ease of production and versatility make them a powerful tool 

for a wide range of applications in environmental chemistry, biotechnology and 

medicine. 

3.1.2 Introduction 

Although human cells rely on molecular oxygen (O2) as the final acceptor of electrons 

in respiration, reactive oxygen species (ROS)1,2 like short-lived hydroxyl radicals 

(.OH), singlet oxygen (1O2) and superoxide radicals (.O2
-) or long-lived hydrogen 

peroxide (H2O2)
3 leak from the respiratory enzymes and wreak havoc on cells by 

causing mutations in DNA or attacking essential enzymes.1 ROS were initially 

recognized only as toxic byproducts of the aerobic metabolism, but later found to play 

important roles as secondary messengers in key physiological phenomena as well.1,3,4 

Whether ROS serve as signaling molecules or cause oxidative damage to tissues 

depends on the balance between the ROS formation and scavenging. Environmental 

stress induced by UV irradiation, heat, or cigarette smoke leads to elevated ROS 

concentrations.2,5,6 
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To combat potential danger by ROS, nature has developed an antioxidant machinery 

with enzymatic components like superoxide dismutase (SOD) or catalase (CAT), 

combined with non-enzymatic antioxidants like ascorbic acid (AA) or reduced 

glutathione (GSH).2,7 SOD plays a critical role in reducing oxidative stress implicated 

in atherosclerosis and other life-threatening diseases like ischemic stroke and septic 

shock, Alzheimer´s, Parkinson´s, and coronary artery diseases, or tumor growth.8-13 

Human SODs occur in three different forms: Cytosolic copper/zinc SOD (CuZn SOD), 

mitochondrial manganese SOD (Mn SOD), and extracellular SOD (EC SOD).14-17 

Natural SODs containing copper, manganese, nickel, or iron control the concentration 

of superoxide radicals.18 The best studied example is CuZn SOD, in which a copper 

center shuttling between the Cu(II)/Cu(I) redox states catalyzes the disproportionation 

of superoxide into dioxygen and hydrogen peroxide (eq. 1-3).18,19 

•O2
–     + M(n+1)+   → O2 + Mn+  (1) 

•O2
–     + Mn+  + 2 H+   → H2O2 + M(n+1)+ (2) 

Total  2 •O2
–  + 2 H+                     → O2 + H2O2

  (3) 

By scavenging free oxygen radicals, SOD can interrupt inflammatory cascades, 

thereby limiting further disease progression.7 Many studies reported liposomal-

encapsulated SOD injection to be effective not only for the treatment of systemic 

inflammatory diseases but also of skin ulcer lesions due to burn and wounds.20 

Although recombinant CuZn SODs have been made, their applications are limited 

because of high production costs, low stability, and short biological half-life.21 

Therefore, synthetic analogues capable of mimicking natural enzymes are of particular 

interest.22-24 

Some SOD mimics, mainly supramolecules25 and metal complexes,26-28 have been 

reported. However, enzyme mimics based on nanomaterials are - different from natural 

enzymes and supramolecules - more cost-efficient and stable over a wide pH and 

temperature range. Due to their large surface area nanomaterials have a high density 

of catalytically active sites and, hence, high catalytic activities.21,29 After first reports 
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on the catalytic antioxidant activity of vanadium oxide,30 supported gold,31-33 cerium 

oxide (CeO2, nanoceria),10,34,35 and manganous phosphate NPs,36,37 the catalytic38,39 

and therapeutic10,40-42 effects of nanoceria have been tested in cell culture and animal 

models of diseases. Considering the importance of SODs there is a need for functional 

SOD mimics with sufficient reactivity and stability. 

Our approach was to explore the SOD activity of nanomaterials containing metal ions 

that are present as essential constituents in the active sites of natural SODs43 and 

assuming that the peripheral enzyme loops are less relevant for small molecule 

substrates (like .O2
-). Here we show that glycine functionalized copper(II) hydroxide 

nanoparticles (Gly-Cu(OH)2 NPs) exhibit a high intrinsic SOD-like activity that is 

even higher than that of natural CuZn SOD. The Cu(II) sites in Gly-Cu(OH)2 NPs 

fulfill the central requirement for an efficient SOD mimic by being susceptible to a 

one-electron reduction, while the intermediate Cu(I) state is temporarily stabilized 

through ligand binding.44 

An application of the intrinsic SOD-like activity of Gly-Cu(OH)2 NPs is demonstrated 

by incorporating them into cigarette filters. Cigarette smoke contains high 

concentrations of toxic radicals (>1016 molecules/puff) including ROS and reactive 

nitrogen species.45,46 Oxidative damage resulting from exposure to these free radicals 

is a likely mechanism by which smoking can lead to cancer, or cardiovascular and 

chronic pulmonary diseases.47-49 Hence, antioxidants like glutathione, vitamin A, C, 

and E, tea polyphenols or SOD formulations have been included in cigarette and other 

tobacco products to reduce the free radical damage in oropharynx and respiratory tract, 

but their temperature stability sets narrow limits on their use.50 Gly-Cu(OH)2 NPs 

embedded in cigarette filters greatly reduced ROS concentrations in cigarette smoke 

while showing no toxic side effects in cell tests. 
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3.1.3 Experimental 

Chemicals. Copper(II) acetate (≥99%, Sigma-Aldrich), glycine (Gly) (Sigma-

Aldrich), 13C-glycine 99 atom% 13C (Sigma-Aldrich), sodium hydroxide (Sigma-

Aldrich), xanthine (purity ≥ 99%, Sigma), xanthine oxidase (XO) from bovine milk 

(0.1-0.4 u/mg proteine; 18 mg protein/mL, Sigma), CuZn superoxide dismutase (SOD) 

from bovine (3232 U/mg, Sigma), iodonitrotetrazolium chloride (INT, Sigma 

Aldrich), PBS buffer (Sigma Aldrich), deuterated water (18O; 97 atom%, Aldrich), 

copper(I) iodide (Aldrich), copper(II) chloride (Acros), sodium dithionite (Merck), 

ethanol (Sigma-Aldrich), AlamarBlue® (Biozol) were used without further 

purification. Further on Magnum filter cigarettes (Joh. Wilh. von Eicken GmbH) were 

used. All reactions were carried out with milliQ water. 

Synthesis of copper(II) amino acid complexes. Cis-Cu(Gly)2 monohydrate/13C 

enriched Cu(Gly)2 (
13C-Cu(Gly)2) was prepared as described elsewhere.51 Briefly 

copper(II) acetate monohydrate (0.1 mol/2.62∙10-3 mol) and glycine/13C glycine (0.2 

mol/1.31∙10-3 mol) were each dissolved in 250 mL/16.7 mL of water, heated up to 

343 K, and the solutions were combined. The mixture was quenched with 250 mL/16.7 

mL of ethanol, cooled to 273 K, and the reaction product was isolated by vacuum 

filtration. Subsequently, the precipitate was washed several times with ethanol, dried 

under high-vacuum, and characterized by IR spectroscopy (Fig. S2) and elemental 

analysis: Yield: 78% of blue crystals; IR 𝜈: 3331, 3254, 3157, 2975, 2920, 1675, 1603, 

1572, 1438, 1419, 1386, 1320, 1195, 1183, 1170, 1117, 1059, 1038, 958, 917, 740, 

668 cm-1. Elemental analysis calculated for CuC4H10N2O5 (229.68 g·mol-1): 20.92% 

C, 4.39% H, 12.20% N; found: 20.96% C, 4.95% H, 12.21% N. 
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Synthesis of Gly-Cu(OH)2 NPs. Gly-Cu(OH)2 NPs/13C-Gly-Cu(OH)2 NPs were 

synthesized by dissolving 0.041 mol/0.029 mol of cis-Cu(Gly)2/
13C-Cu(Gly)2 under 

constant stirring at room temperature in 130 mL/99 mL water. After 15 min, 6 mL/4.6 

mL of a 1.2 M sodium hydroxide solution were added quickly in one portion with a 

12 mL syringe. After additional stirring for 15 min, the blue precipitate was isolated 

by centrifugation (9000 rpm, 10 min) and washed with water and ethanol. The reaction 

products were dried under high vacuum, characterized by transmission electron 

microscopy (TEM), high resolution TEM (HR-TEM), IR-, 1H- and 13C-NMR 

spectroscopy and powder X-ray diffraction (P-XRD).  

Superoxide dismutase assay. For the analysis the following solutions were used: 

Xanthine solution (the required amount of xanthine was dissolved in 1 mL of water 

and 10 µL of 10 M sodium hydroxide solution and filled up afterwards to the final 

concentration: 0.76 mg∙mL-1), PBS buffer (50 mM, pH = 7.4), INT solution (1.26 

mg∙mL-1 in 50 mM PBS buffer), XO (1:40). 

The SOD activities of Gly-Cu(OH)2 NPs, bulk Cu(OH)2 and CuZn SOD were 

investigated using an UV-Vis assay with INT as dye. For the analysis, the degree of 

INT reduction based on superoxide radicals was observed at 505 nm.52,53 Superoxide 

radicals in aqueous solution were generated in situ with xanthine oxidase (XO) and 

xanthine as substrates.54 At the beginning, the maximum slope (100% control) was set 

to (0.0250 ± 0.0010) ΔAbs/min by adapting the amount of XO. In addition to the set 

amount of XO, the solution contained 100 µL of xanthine and 200 µL of INT. The 

cuvette was filled up to a volume of 1 mL with PBS-buffer. Finally the SOD activity 

was investigated by varying the concentration of Gly-Cu(OH)2 NPs, bulk Cu(OH)2 

and CuZn SOD. The change in absorbance was monitored over a period of one minute. 
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Oxygen formation. The formation of elemental oxygen during the SOD reaction was 

observed with an oxygen sensitive electrode in a thermostated measuring cell (298 K). 

The cell was calibrated with a saturated sodium dithionite solution. For the analysis of 

the oxygen formation, a solution as described for the UV-Vis assay (but without INT) 

was used. The slope without XO was observed for one minute, in order to model the 

background. In the second step, XO was added to start the reaction. The slope, which 

represents the formation of oxygen, was monitored over a period of four minutes. 

SOD reaction mechanism. The SOD reaction with Gly-Cu(OH)2 NPs was 

investigated with a modified Evan´s Method.55 For the analysis, the NMR shift was 

logged on the signal of deuterated water between every measurement. The shift of the 

water NMR signal with respect to the logged signal was analyzed for the following 

solutions: 1) 1 mg·mL-1 of Gly-Cu(OH)2 NPs in water; 2) 1 mg·mL-1 of CuCl2 in water; 

3) 1 mg·mL-1 of CuI in water; 4) 870 µL of PBS buffer, 100 µL of xanthine, 20 µL of 

XO and 10 µL of Gly-Cu(OH)2 NP solution (1 mg·mL-1). 

Cigarette smoke measurements. Cigarette smoke experiments were conducted by 

preparing a cigarette smoke extract (CSE) using 1 M PBS buffer and commercial 

cigarettes. Cigarette smoke was channeled through the buffer solution with a flow of 

0.3-0.5 L∙min-1. The as-prepared CSE was transferred to a 96 well plate. Each well 

contained 80 µL of CSE and 20 µL of INT. For the first measurements, the effect of 

Gly-Cu(OH)2 NPs in aqueous solution was investigated. Here, each well contained 

different NP concentrations. In subsequent measurements, Gly-Cu(OH)2 NPs were 

applied to the filter. The evolution of the INT reduction as a function of time was 

monitored at 505 nm with a microplate fluorometer. 
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AlamarBlue® assay.56 A549 cells were plated onto a 96 well-plate 

(15 000 cells/150 μl). Subsequently, the cells were annealed to attach at 37°C 

(5% CO2). After 24 h, the cell medium was removed and the cells were washed three 

times with 1 M PBS buffer. A negative control was carried out by incubating the cells 

with 70% ethanol for 10 min. Afterwards, 10% AlamarBlue® was added and the cells 

were incubated in fresh cell media for 3 h (37°C, 5% CO2) before the fluorescence was 

recorded on a fluorescence microplate reader at 540 nm (emission 600 nm). The 

resulting counts were normalized to the number of living cells, which were identified 

with crystal violet dye by washing three times with PBS, adding a 0.2% crystal purple 

solution (50 μl/well), and incubating the cells for 10 min at 37°C. After incubation, the 

cells were washed again and treated with 40 μl of 10% acetic acid for lysis and 

measured on a plate reader at 540 nm. 
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Characterization Details.  

NMR measurements. All NMR experiments were performed on a Bruker ARX 400 

spectrometer with a 1H frequency of 399.83 MHz. Samples were dissolved in D2O and 

the spectra were analyzed with Mnova NMR software. 

Solid state NMR measurements. 13C-NMR-spectra were recorded on a Bruker 

Advance DSX 400 spectrometer using a commercial Bruker 2.5 mm 2 channel probe 

head allowing fast spinning. The VT (variable temperature) experiments were 

conducted at 20 kHz MAS (magic angle spinning) using a 90 degree excitation pulse 

and averaging 20 k scans using a recycle delay of 0.2 sec. At such high spinning 

speeds, the frictional heating is significant, which results in apporx. 5 K higher 

effective sample temperatures (depending mostly on the bearing gas pressure, 

however, also on the rotor used). 

IR-spectroscopy. The IR-spectra were measured on a Nicolet iS10 FT-IR 

spectrometer from Thermo Scientific in the range of 4000 - 650 cm-1. 

X-ray diffraction. Diffraction data were collected with a Siemens D5000 

diffractometer equipped with a Ge (220) monochromator using Cu Kα-radiation. The 

data analysis were analyzed using the EVA software package. Rietveld refinements 

(for details see Supporting Information) were done with the Topas Academic 

Software.57 

UV-Vis-spectroscopy. Spectral data were collected with a Cary Varian 5G UV-Vis-

NIR spectrometer using a 1 mL micro-cuvette with a size of 12.5 x 12.5 x 45 mm from 

Brand. 

Elemental analysis. For the elemental analysis, a vario EL cube from the company 

Elementar was used. 
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Transmission electron microscopy. TEM images were acquired on a Zeiss LEO 

906E transmission electron microscope using an acceleration voltage of 120 kV (Carl 

Zeiss, Oberkochen, Germany). High resolution TEM was performed using an FEI 

Tecnai F30 S-TWIN with field emission gun, operating at 300 kV (FEI Company, 

Hillsboro, OR, USA), and a 4k x 4k pixel slow scan CCD camera (Gatan, Pleasanton, 

CA, USA). In-line holograms were obtained by focal series reconstruction, using 20 

images recorded at 790 000 x primary magnification with 6 nm focal increment and a 

Gerchberg-Saxton algorithm implemented in Python. Samples were prepared by drop-

casting a NP suspension onto a thin, holey amorphous carbon film suspended on a 300 

mesh copper TEM grid (3 mm). 

Oxygen electrode. To investigate the evolution of elemental oxygen, a Hansatech 

oxygen electrode S1 connected to a manual writer was used. The electrode was 

equipped with an atmosphere isolated measurement cell including a pressure 

equalisation with a capillary. As electrodes, a Pt cathode and Ag anode were used. The 

temperature was held at 25°C by a thermostat.  

Atomic absorption spectroscopy (AAS). The Cu(OH)2/glycine ratio of the NPs was 

determined by AAS. The AAS experiments were conducted using a Perkin-Elmer 

5100 ZL atom absorption spectrometer with a Zeeman furnace module and a Cu 

hollow-cathode lamp at 324.8 nm. 

Plate reader. For the measurements conducted with 96 well-plates, a Fluoroskan 

Ascent microplate reader from Thermo Fisher Scientific and the Software Ascent 2.6 

from Thermo Electron Corporation was used. 
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3.1.4 Results and Discussion 

Glycine-functionalized Cu(OH)2 nanoparticles (Gly-Cu(OH)2 NPs). Gly-Cu(OH)2 

NPs were prepared in two steps (Fig. 1). In the first step, the precursor complex cis-

bis(glycinato) copper(II) monohydrate (Cu(Gly)2) was prepared by mixing aqueous 

solutions of copper(II) acetate and glycine at 343 K.51 The complex was isolated by 

vacuum filtration and washed several times with ethanol. Gly-Cu(OH)2 NPs were 

synthesized on a multi-gram scale by adding an aqueous solution of NaOH to an 

aqueous solution of Cu(Gly)2 (Fig. 1).51 The precipitate was isolated by centrifugation 

and the product was washed with water and ethanol. 

 

Fig. 1. Synthesis, enzymatic activity, and application of Gly-Cu(OH)2 NPs. Cu(Gly)2 was prepared by 

mixing aqueous solutions of copper(II) acetate and glycine. Addition of NaOH to a solution of Cu(Gly)2 

in water at room temperature (RT) led to the formation of Gly-Cu(OH)2 NPs with high intrinsic SOD 

activity. As-synthesized NPs as part of cigarette filters reduce the concentration of superoxide radicals, 

produced by commercial cigarettes. 
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The phase identity and morphology of the as-prepared NPs were controlled by powder 

X-ray diffraction (P-XRD), transmission electron microscopy (TEM), and high-

resolution TEM (HR-TEM) (Fig. 2 and Fig. 3A). TEM showed the presence of 

spherical Gly-Cu(OH)2 NPs with diameters of ≈150 nm. The HR-TEM analysis 

revealed these NPs to be aggregates of smaller subcrystals with similar morphology 

and domain sizes of approx.13 x 5 x 7 nm, as determined by Rietveld refinement to 

the X-ray powder data (Fig. 3A, Tab. S1, Supporting Information).  

Glycine coordination of copper is a prerequisite for the formation of Gly-Cu(OH)2 

NPs, as attempts to synthesize them by adding NaOH to a solution of copper(II) acetate 

in presence of glycine (without isolating the precursor complex) lead only to the 

precipitation of Cu(OH)2 without surface functionalization (Fig. S1, Supporting 

Information) due to the low solubility product of Cu(OH)2. The glycine 

functionalization of the Gly-Cu(OH)2 NPs was demonstrated by IR-spectroscopy (Fig. 

3B), 13C solid state nuclear magnetic resonance (NMR) spectroscopy (Fig. 3C), and 

atom absorption spectroscopy (AAS), which revealed a glycine content of ≈16%. Fig. 

3B shows a comparison of the IR spectra of Gly-Cu(OH)2 NPs (red) and commercially 

available bulk Cu(OH)2 (blue). The characteristic IR bands of Gly-Cu(OH)2 NPs are 

broadened (compared to the bulk), because of the smaller crystallite size.58 The bands 

at 3570, 3301 cm-1 and 913, 701 cm-1 (Fig. 3B), corresponding to OH stretching and 

deformation modes, are characteristic for Cu(OH)2.
59 A comparison with the spectra 

of glycine and Cu(Gly)2 (Fig. S2, SI) indicates that the additional bands at 1603, 1379, 

and 1325 cm-1 can be assigned to the asymmetric and symmetric carboxylate and CH2 

stretching vibrations of the amino acid.60 
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Fig. 2. TEM imaging of Gly-Cu(OH)2 NPs. (A, B). TEM images of Gly-Cu(OH)2 NPs synthesized from 

Cu(Gly)2. (C) At the edge of a cluster, individual NPs (crystallites) are observed by HR-TEM. (D) The 

phase of the in-line hologram (boxed area in (C)) shows the atomic lattice, while the contrast is 

dominated by Cu (blue spheres in overlaid model of Cu(OH)2, viewed in 310 direction). (E, F) 

Comparison of the power spectrum calculated from the phase image and the simulated single-crystal 

diffraction pattern of Cu(OH)2 310 show good agreement. However, the shift of (±1 -3 ±1) reflections 

points towards local disorder (arrowheads in (E)). 

The 13C solid state NMR experiments further confirmed the functionalization of the 

Gly-Cu(OH)2 NPs. Fig. 3C illustrates the 13C spectra of the Cu(Gly)2 complex, a 13C 

enriched Cu(Gly)2 (
13C-Cu(Gly)2) complex and the 13C-Gly-Cu(OH)2 NPs recorded at 

20 kHz MAS at ambient and high temperature. 13C enrichment at the CH2 position of 

glycine was necessary due to the low signal intensity of the 13C solid state NMR spectra 

of the NPs as the amount of surface-bound amino acid is by default significantly lower 

compared to the molecular precursor complex. We assign the resonances at -308 ppm 

to the CH2 group and the resonance at -205 ppm to the CO group of glycine in the 

precursor complex.61 The 13C spectrum of the 13C-Gly-Cu(OH)2 NPs reveals a signal 

at -265 ppm with a full width at half maximum (fwhm) of about 7800 Hz related to the 

13C enriched CH2 group of the 13C-Gly-Cu(OH)2 NPs. The significant inhomogeneous 

broadening is attributed to the disordered glycine ligands on the NP surface. The 

resonance of the CO group is too low to be detected at these conditions. All 13C NMR 
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spectra recorded at higher temperature exhibit a low field temperature-dependent shift 

of approx. 50 ppm of the carbon resonances for all functional groups in both complexes 

and a shift of about 35 ppm for for the CH2 group in the NP spectra, which is attributed 

to a stronger deshielding of all 13C resonances related with the weaker hydrogen 

bonding at higher temperatures. At the same time the fwhm is hardly affected by higher 

temperature. IR and NMR spectroscopic results consistently show the glycine surface 

functionalization of the NPs. In essence, Gly-Cu(OH)2 NPs are mesocrystals,62-64 

which are stabilized by glycine surface ligands occluded between the individual 

nanoparticle domains. In the absence of the glycine surface ligand oriented attachment 

of crystallographically aligned Cu(OH)2 nanoparticles occurs. As a result, the 

nanocrystals crystallographically fuse to crystallites with low surface area and 

virtually no catalytic activity.  
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Fig. 3. Phase characterization and functionalization of Gly-Cu(OH)2 NPs. (A) P-XRD pattern of Gly-

Cu(OH)2 NPs. The red dots represent the measured data, the black line the calculated pattern, and the 

red line is the residual of the measured pattern and the calculated 13.4 by 5.4 by 6.6 nm anisotropic Gly-

Cu(OH)2 NPs. The black tics mark the pattern of the base-centered orthorhombic Cu(OH)2 cell. A 

reflections from a minor impurity is marked with * and can be attributed to azurite (Cu3(CO3)2(OH)2). 

(B) IR spectra of bulk Cu(OH)2 and Gly-Cu(OH)2 NPs. Bands at 3570, 3301 cm-1 (NPs) and 3572, 3313 

cm-1 (bulk) are associated to the OH deformation, and the OH stretch at 913, 701 cm-1 (NPs) and 924, 

683 cm-1 (bulk) are characteristic for Cu(OH)2.59  The band broadening for the NPs (compared to the 

bulk) is due to the smaller crystallite size.58 Bands at 1603, 1379, and 1325 cm-1 in the spectra of the 

NPs originating from the asymmetric and symmetric CO2 and the CH2 stretch of glycine60 show that the 

amino acid is surface bound to the NPs. (C) Structures of the Cu(Gly)2 and the 13C enriched Cu(Gly)2 

complex. (D) 13C single pulse excitation solid state NMR spectra of the complexes Cu(Gly)2, 13C-

Cu(Gly)2, and 13C-Gly-Cu(OH)2 NPs recorded at 20 kHz MAS, 0.5 s recycle delay, and effective sample 

temperatures of resp. 302 and 355 K. A shift of about 50 ppm for both complexes and of about 35 ppm 

is observed at higher temperatures. With 1 and 2 are denoted the carbonyl group and resp. the CH2 group 

of glycine. The asterisks denote spinning sidebands.  
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SOD-like activity of Gly-Cu(OH)2 NPs. The decomposition of superoxide radicals 

by Gly-Cu(OH)2 NPs in an SOD-like reaction was demonstrated with a colorimetric 

UV-vis assay using iodonitrotetrazolium chloride (INT) as superoxide sensitive dye.52 

Superoxide radicals in aqueous solution were generated in situ with xanthine/xanthine 

oxidase (XO) in a phosphate buffered (PBS, pH = 7.4) system.54 In absence of SOD 

(or SOD-active NPs), superoxide radicals reduce INT, which is associated with a color 

change from colorless to red (λmax = 505 nm). The inhibition of the INT reduction as 

a function of the CuZn SOD or Gly-Cu(OH)2 NP concentrations demonstrate the SOD 

activity. Gly-Cu(OH)2 NPs showed a high intrinsic SOD-like activity.(Fig. 4A). 

The decay plots in Fig. 4A were used to determine the concentrations of the catalyst 

with SOD activity required to achieve a 50% inhibition of the INT reduction (defined 

as IC50) and the rate constants k for the reaction with superoxide (Table S2).65 The rate 

constant of the reaction was determined from the kINT = 3.94·104 M-1s-1 (see SI) for the 

reduction of INT by superoxide. In a first step, the SOD activities were determined for 

molar nanoparticle concentrations (k = 8.72·1014 M-1s-1, SI).35,66 However, different 

from SOD enzymes that typically have only a single active site, nanoparticles have 

many independent catalytic surface sites.18,21 As turnover numbers (TON) and catalytic 

rate constants are given per active subunit (as in classical enzymology),67 we 

determined the activity of the nanoparticles normalized to one active site. The number 

of catalytically active Cu(II) sites per NP was estimated based on the Cu(OH)2 

structure (lepidocrocite type)68 and the particle size determined by TEM. Gly-Cu(OH)2 

NPs were approximated as ideal spheres terminated by their (310) surfaces (Fig. 2). 

Accordingly, two Cu(II) sites were assumed on the (310) surface of a Cu(OH)2 unit 

cell. The total (310) surface area of a single NP contains approx. 2.62·107 Cu(II) sites. 

In the next step, the ratio between the crystal volume and the volume of the Cu(OH)2 

unit cell was calculated and multiplied by the number of Cu(II) sites in a single 

Cu(OH)2 unit cell (4 Cu2+/cell), which corresponds to a total of 4.53·1010 Cu atoms 

within a single Cu(OH)2 NP. The ratio of 2.62·107 surface Cu sites/4.53·1010 total Cu 

sites per NP was used as a calibration factor (5.78·10-4) to convert the total Cu(OH)2 

concentration determined by atomic absorption spectroscopy (AAS) to the number of 
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active Cu(II) surface sites. Thus, a copper concentration of 5.02·10-10 µM (IC50 per 

active site) was estimated for evaluating kcat = 3.91·1010 M-1s-1 (calculation SI). The 

calculated SOD activities were compared with the SOD activities for molar Gly-

Cu(OH)2 concentrations and the activity of the CuZn SOD. The experimental IC50 

values and rate constants indicate that the SOD activity of Gly-Cu(OH)2 NPs is larger 

than that of (i) their natural counterpart, CuZn SOD, (ii) commercially available bulk 

Cu(OH)2 (Table S2, SI), (iii) nanoceria (kcat = 3.6·109 M-1s-1),35 and (iv) of a SOD 

mimetic Cu(II) bistriazole complex (IC50 = 0.18 µM).27 While the lower activity of 

CuZn SOD (molar nanoparticle concentrations) compared to the Gly-Cu(OH)2 NPs 

may be attributed to the surface area, the higher activity per active site is surprising. It 

could be atributed to the fact that the NP surface is more stable towards physiological 

conditions than natural enzyme where the presence of organic framework around the 

active center also plays a prominent role in defining the enzymatic activity. 

Reaction mechanism. In order to establish the postulated reaction mechanism 

(equation (3)) and the characteristics of the Gly-Cu(OH)2 catalyzed SOD reaction, the 

formation of elemental oxygen, one decomposition product of the SOD reaction, was 

monitored using an oxygen sensitive electrode (Fig. S3). In addition, the catalytic cycle 

of the SOD reaction with Gly-Cu(OH)2 NPs was investigated with a modified Evan´s 

method.55 During the reaction, the catalytically active Cu(II) site was reduced in the 

first and reoxidized in the second step (eq. (3)).This requires Cu to shuttle between the 

oxidation states +II and +I. Cu(I) is diamagnetic and, therefore, does not induce a 

paramagnetic shift of the NMR signals, whereas the interaction of the nuclear spin of 

the H2O protons with the magnetic field of paramagnetic Cu(II) shifts the resonance 

signal to lower fields. The paramagnetic shift of the H2O NMR signal during the Gly-

Cu(OH)2 catalyzed dismutation of the superoxide radicals remained unchanged (Fig. 

S5), whereas an oxidation/reduction would lead to an upfield shift due to the formation 

of diamagnetic Cu(I). Thus, the SOD reaction shows the characteristics of a catalytic 

cycle (rather than that of a mere oxidation of Cu surface atoms). As additional control, 

the inhibiting effect of Gly-Cu(OH)2 NPs on the formation of superoxide was 

measured, because blocking of the formation of superoxide should lead to a higher 
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apparent SOD activity. The formation of uric acid, one of the products of the 

xanthine/XO system, was quantified by measuring the absorbance at 290 nm (A290, 

an absorption maximum of uric acid, Table S3), and showed that Gly-Cu(OH)2 NPs 

did not inhibit the superoxide formation. 

Reducing the ROS level in cigarette smoke with Gly-Cu(OH)2 NPs. Because of 

high SOD activity, Gly-Cu(OH)2 NPs can remove ROS species from cigarette smoke 

to prevent oxidative damage. This may be especially important as epidemiological 

evidence established that smoking is one of the most important extrinsic factors of 

premature morbidity and mortality. The particular advantages of using Gly-Cu(OH)2 

NPs rather than nanoceria are (i) that Gly-Cu(OH)2 NPs show a higher SOD activity35 

and (ii) their good water dispersibility due to the glycine surface functionalization 

(nanoceria is difficult to disperse). The ROS reduction was probed with cigarette 

smoke extract (CSE) prepared from commercial filter cigarettes (Magnum), by 

channeling the cigarette smoke through a 1 M PBS buffer solution. The required 

maelstrom was regulated with a vacuum pump, and the gas flow (0.3 - 0.5 L·min-1) 

was controlled with a flowmeter. The superoxide concentration (i.e. the ability of Gly-

Cu(OH)2 NPs to reduce the radical concentration) was monitored using INT as 

superoxide sensitive dye. INT reduction triggered by ROS in cigarette smoke extract 

was observed spectrophotometrically at 505 nm using a 96-well plate reader with NP 

dispersions (concentrations of which were varied systematically) and INT solutions in 

the wells (i.e. 96 samples were exposed simultaneously to cigarette smoke to establish 

optimum reaction conditions, Fig. S6). To achieve reliable results and to minimize the 

effect that every cigarette is slightly different in composition, every experiment was 

done ten times. The spectrophotometric results were compatible with an increase of 

the ROS reduction for an aqueous cigarette smoke extract containing dispersed Gly-

Cu(OH)2 NPs (Fig. 4B). An 11% inhibition of the INT reduction was achieved for NP 

concentrations of 150 ppm, while controls with recombinant CuZn SOD (optimized 

concentrations) showed only a 2% inhibition of INT reduction (Fig. S7). The results 

are in harmony with the SOD activity measurements as a function of the Gly-Cu(OH)2 

NP concentrations.  
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Fig. 4. Catalytic efficiency of Gly-Cu(OH)2 NPs and reduction of superoxide concentration in cigarette 

smoke. (A) SOD-like activity of Gly-Cu(OH)2 NPs (red) and natural CuZn SOD (green), determined 

from the inhibition of the INT reduction (λmax = 505 nm) in a PBS buffered xanthine/XO system. Gly-

Cu(OH)2 NPs show enhanced activity compared to natural SOD. (B) Relative absorption of reduced 

INT due to reduction by superoxide radicals in the absence (and presence, concentration-dependent) of 

Gly-Cu(OH)2 NPs in solution. CSE was treated with Gly-Cu(OH)2 NPs and the INT reduction was 

monitored for 30 minutes. (C) Relative absorption of the reduced INT species at 505 nm for CSE 

prepared with a commercial filter (green) and a filter containing solid NPs (red). An inhibition of the 

INT reduction was observed based on the decomposition of superoxide by Gly-Cu(OH)2 NPs. (D) 

Cytotoxicity of CSE produced with commercial cigarette filters (green) and with filter systems 

containing Gly-Cu(OH)2 NPs (red).  
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An immediate application of the ROS degradation is to integrate the Gly-Cu(OH)2 NPs 

in cigarette filters to reduce ROS in cigarette smoke. Commercial cigarettes were used 

to determine the ROS reduction effect by comparing the INT reduction in cigarette 

smoke after passing a commercial filter and a commercial filter containing solid 

embedded Gly-Cu(OH)2 NPs. In the presence of Gly-Cu(OH)2 NPs, the INT reduction 

was inhibited due to ROS degradation in a solid/gas reaction by approx. 10% (Fig. 4C) 

compared to an untreated commercial filter. A comparison of the cytotoxicity of 

cigarette smoke extracts generated by (i) commercial Magnum cigarettes, (ii) cigarette 

smoke extract pretreated with Gly-Cu(OH)2 NPs (Fig. S8), and (iii) cigarette smoke 

extract generated by cigarettes equipped with Gly-Cu(OH)2 NPs using an 

AlamarBlue® assay with A549 cells69 revealed a pronounced cytotoxicity of 

commercial cigarettes. Controls performed with cigarette smoke extracts generated 

with a filter systems containing solid embedded Gly-Cu(OH)2 NPs showed no toxic 

behavior (Fig. 4D) which also indicates the thermal stability of Gly-Cu(OH)2 NPs 

under smoking conditions.70 

3.1.5 Conclusions 

We have demonstrated the intrinsic SOD-like activity of Gly-Cu(OH)2 NPs. Although 

bulk Cu(OH)2 is highly insoluble in water (KL = 5.6·10-20 mol3·L-3) and therefore 

catalytically inactive,71 as-synthesized Gly-Cu(OH)2 NPs were readily dispersible in 

aqueous media and catalyzed the decomposition of superoxide much more efficiently 

than CuZn SOD, their natural counterpart. During the SOD-like reaction, Cu shuttles 

between the oxidation states +II and +I, demonstrated by the paramagnetic shift of the 

1H-NMR signal of water during the dismutation of the superoxide radicals. Due to 

their extraordinarily high SOD activity, Gly-Cu(OH)2 NPs incorporated in cigarette 

filters efficiently removed toxic ROS radicals from cigarette smoke. Gly-Cu(OH)2 NPs 

may find use as SOD replacement in cosmetic creams, because SOD reduces free 

radical damage, prevents aging, reducing facial wrinkles, and hyperpigmentation or 

depigmentation, or protects against UV rays. The SOD-like activity of Gly-Cu(OH)2 

NPs can reduce mutagenicity effects of other SOD substitutes compounds like 

quercetin.72   
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3.1.7 Supporting Information 

 

Fig. S1.  TEM image of Cu(OH)2 precipitated from an aqueous solution of copper(II) sulfate, glycine 

and of sodium hydroxide solution. The synthesis of Gly-Cu(OH)2 NPs was not successful directly from 

the components without isolating the cis-bis(glycinato) copper(II) monohydrate (Cu(Gly)2) 

intermediate. Only an insoluble Cu(OH)2 precipitate was formed instead.  
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Fig. S2.  IR spectra of cis-bis(glycinato) copper(II) monohydrate (red line) and glycine (blue line). 

Characteristic bands: NH2 vibration1,2 at 3331, 3254 and 3157 cm-1; asym. COO stretch at 1603 cm-1 ; 

sym. COO stretch at 1386 cm-1.1,2  
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Fig. S3.  Oxygen evolution of Gly-Cu(OH)2 NPs when exposed to superoxide radicals generated by 

xanthine/xanthine oxidase (XO). Molecular oxygen (O2) is depleted by the enzymatic activity of XO 

(red) forming superoxide radicals. In general superoxide dismutation by SOD-active materials leads to 

the formation of hydrogen peroxide and oxygen (50% each). Gly-Cu(OH)2 NPs reduce the oxygen 

depletion to approx. 50% (blue), which is equivalent to the formation of an equivalent amount of O2. 

 

Fig. S4.  Schematic representation of a spherical Cu(OH)2 NP showing the catalytically active Cu 

atoms at the NP surface (red) and inactive atoms inside the NP volume (green). To simplify the 

representation a simple cubic unit cell instead of the orthorhombic lepidocrocyte structure of Cu(OH)2 

is shown. 
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Fig. S5.  NMR spectra of the SOD-like reaction catalyzed by Gly-Cu(OH)2 NPs recorded with the 

Evans method.3 The 1H-NMR signal of an aqueous solution of paramagnetic copper(II) compounds 

(Gly-Cu(OH)2 NPs and CuCl2) shows a broadened and downfield shifted H2O resonance with respect 

to a solution containing diamagnetic CuI. For the water signal after the SOD-like reaction a 

paramagnetic shift was observed, which can be explained with the shuttling of copper between the 

oxidation states +II and +I during the reaction and the recovery of the catalyst. 
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Fig. S6.  Setup for cigarette smoke experiments. A cigarette smoke extract (CSE) was produced using 

a commercial Magnum cigarette. A constant maelstrom (0.3-0.5 L∙min-1) was ensured with a vacuum 

pump and a flowmeter. The CSE extract was analyzed with INT as superoxide sensitive dye and 

different amounts of Gly-Cu(OH)2 NPs on a 96-well-plate reader. 
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Fig. S7.  Inhibition of INT reduction by Gly-Cu(OH)2 NPs and CuZn SOD shows a higher 

efficiency of reducing superoxide level of the Gly-Cu(OH)2 NPs.  

 

Fig. S8.  Cytotoxicity of cigarette smoke extract (CSE) for A549 cells. The cytotoxicity was 

determined with an AlamarBlue® assay after reacting the cells with CSE that were treated before with 

different amounts of Gly-Cu(OH)2 NPs.4 A 10% CSE showed toxic behavior. Treating the CSE with 

Gly-Cu(OH)2 NPs reduced the cytotoxicity.  
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Tab. S1.  Details of the X-ray powder diffraction measurement and the 

refinement of the x-ray diffraction data. 

 Gly-Cu(OH)2 NPs 

Diffractometer Siemens D5000 

Sample preparation Powder between two Scotch ® Magic tape stripe  

Measuring mode Transmission 

Wavelength CuKα1, 1.540596 Å 

Measuring range 10 ≤ 2Θ /° ≤ 90, Δ2Θ/° = 0.0078; 0.72 ≤ Q/Å-1 ≤ 

5.76 

2s /step, sum of 2 individual scans 

Temperature / K 298 

Profile fit Rietveld refinement according to reported crystal 

structure models 

Background / Parameters Chebyshev / 16 

Profile function Fundamental Parameters Approach / correction for 

anisotropic crystallite size 

Program TOPAS Academic V5.0 

No. of variables 25 

Rexp 1.70 

Rwp 1.31 

GoF 1.45 
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 Gly-Cu(OH)2 NPs 

Durban-Watson statistic 0.96 

Cu(OH)2  

Space group Cmc21 

Cell parameters /Å a = 2.9474(7) 

b = 10.630(5) 

c = 5.305(2) 

Crystallite size /nm 13.4(4) by 5.4(1) by 6.6(1) 

Fraction /%wt 100 

Biso 1.0(1) 
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Tab. S2.  Catalytic activities of Gly-Cu(OH)2 NPs, bulk Cu(OH)2 and natural CuZn SOD with 

respect to molar concentration and per active site.  

Sample Concentration to 

receive a 50% 

inhibition of the 

INT reduction 

[µg·mL-1] 

IC50 for 

molar NP 

concen- 

trations 

[µM] 

IC50 per 

active site 

 

 

[µM] 

k for  

molar NP 

concen-

trations 

[M-1s-1] 

k per 

active site 

 

[M-1s-1] 

Gly-

Cu(OH)2 

NPs 

0.101 ± 2.0·10-3 2.25·10-14 5.02·10-10 8.72·1014 3.91·1010 

CuZn SOD 0.231 ± 2.1·10-2 9.82·10-3 9.82·10-3 1.98·109 1.98·109 

bulk 

Cu(OH)2 
0.384 ± 2.6·10-2 ---- ---- ---- ---- 

 

Tab. S3.  Change of absorbance at 290 nm due to the formation of uric acid in presence (three different 

concentrations) and in absence (control) of Gly-Cu(OH)2 NPs. Gly-Cu(OH)2 NPs do not inhibit radical 

formation in the xanthine/XO system. The effect of Gly-Cu(OH)2 NPs on superoxide generation with a 

xanthine/xanthine oxidase (XO)-system was investigated by observing the change of absorbance at 290 

nm, based on the formation of uric acid as one of the reaction products. The change of absorbance was 

detected over a period of one minute. 

V(NP) [µL] of a  

0.1 mg∙mL-1 stock 

solution 

Change of 

absorbance at 290 

nm [ΔAbs/s] Error [Δ(ΔAbs/s)] 
 

0 2.19·10-3 4.49·10-5 

1 2.09·10-3 1.11·10-4 

5 1.96·10-3 1.78·10-5 

10 2.08·10-3 7.12·10-5 
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Rate constant of the INT reduction by superoxide 

The rate constant for the reduction of INT by superoxide radicals was calculated as 

outlined below. The decomposition rate (R) of superoxide due to the reaction with 

SOD or INT can be described as a function of the rate constant (k) and the 

concentrations of superoxide and INT/SOD.5 

RINT = kINT·[∙ O2
−]·[INT]     (1.1) 

RSOD = kSOD·[∙ O2
−]·[SOD]     (1.2) 

If the reduction of INT is inhibited for 50% both rates of the superoxide dismutation 

are equal. 

kSOD·[∙ O2
−]·[SOD] = kINT·[∙ O2

−]·[INT]   (1.3) 

(1.3) leads to 

kINT = kSOD·
[SOD]

[INT]
      (1.4) 

with kSOD = 2·109 M-1s-1.5 The resulting rate constant of the INT reduction by 

superoxide is: 

kINT = 3.94·104 M-1s-1     (1.5) 
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Calculation of SOD activities 

The calculation of catalytic activities of nanoparticle samples were done in two 

different ways. While it is widespread to calculate catalytic activities of NPs 

normalized to a single nanoparticle, we eventually determined the activity per active 

site. 

Calculation of IC50 value for molar nanoparticle concentrations 

IC50 values for molar NP concentrations were obtained as outlined below. The number 

of NPs per liter was confirmed using average particle dimensions deduced from TEM 

and the density of Cu(OH)2. A normalization with the Avogadro constant leads to 

molar NP concentrations. We approximated the NP morphologies as ideal spheres. 

The concentration to achieve a 50% inhibition of the INT reduction was 

8.48·10-5 g·L-1.  

The dimensions of the NPs were obtained from TEM (d = 152.6 nm) and the density 

of copper(II) hydroxide was used (ρCu(OH)2 = 3.368 g·cm-3). 

Volume per particle (VNP): 

VNP = = 1.86·10-15 cm3     (1.6) 

Mass per nanoparticle (mNP):  

mNp = ρCu(OH)2·VNP = 6.27·10-15 g = 6.27·10-9 µg  (1.7) 

With the measured amount of Gly-Cu(OH)2-NPs to achieve a 50% inhibition of the 

INT reduction and the amount of copper hydroxide (84%) determined by AAS, an IC50 

concentration of IC50 = 8.48·10-5 g·L-1 was calculated. The molar nanoparticle 

concentration was determined with Avogadro´s constant. 

(NPs·L-1) = IC50·mNp
-1 = 1.35·1010 L-1   (1.8) 

cNP = (NP·L-1)·NA
-1 = 2.25·10-14 µM   (1.9) 
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Calculation of SOD activity per active site 

The catalytic activity of Gly-Cu(OH)2-NPs was calculated normalized to an active 

surface site. For nanomaterials, as only surface atoms (Figure S4, red) are involved in 

catalytic reactions, while Cu atoms in the bulk (Figure S4, green) are not accessible to 

surface reactions and therefore inactive. 

Figure S4 illustrates the approach to estimate the number of catalytically active surface 

atoms with respect to the number of bulk atoms per nanoparticle from the particle 

volume and the bulk analytical composition.  

With the average NP diameter (d = 152.6 nm) the average surface area (SANP) and the 

average volume (VNP) of a single NP were determined. For simplicity, the NPs were 

approximated as ideal spheres. 

Surface area: SANP = πd2 = 7.32·104 nm2   (1.10) 

Volume: VNP = (1/6) πd3 = 1.86·106 nm3   (1.11) 

The number of active sites per NP was estimated based on the Cu(OH)2 crystal 

structure (lepidocrocyte type) assuming that the particles are terminated by the [310] 

surface. The unit cell parameters are a = 0.0294741 nm; b = 0.10593 nm; c = 0.052564 

nm (determined by P-XRD, Table S1). 

The surface area of the terminating [310] layer was determined from the unit cell 

parameters. 

Surface area of terminating surface:  

SA[310] = 5.59·10-3 nm2      (1.12) 

Volume unit cell: VUC = a·b·c = 1.64·10-4 nm3  (1.13) 

The unit cell contains four Cu atoms in total, two Cu atoms are situated at the [310] 

surface layer. The number of [310] layers at the NP surface is given as quotient of the 

surface area (SA) of a NP and the surface area of the terminating layer: 
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N[310] = SANP/ SA[310] = 1.31·107    (1.14) 

The number of catalytic active Cu atoms per unit cell is equal to the number of Cu 

atoms on the [310] layer:  

Ncatalytic active Cu atoms = NAtoms at [310]·N[310] = 2.62·107 (1.15) 

In an analogue way the amount of unit cells per nanoparticle (NUC/NP) was determined 

as quotient of the nanoparticle volume and the unit cell volume:  

NUC/NP = VNP·VUC
-1 = 1.13·1010    (1.16) 

The number of Cu atoms per nanoparticle (NCu/NP) is obtained by multiplication with 

the number of Cu atoms per unit cell (4): 

NCu/NP = NCu/UC·NUC = 4.53·1010    (1.17) 

The ratio of (catalytically active) Cu surface and (inactive) bulk atoms were used to 

calculate the total concentration of active Cu(II) sites from the total Cu concentration 

(determined by AAS). 

P = (Ncatalytic active Cu atoms])·(NCu/NP)-1 = 5.78·10-4  (1.18) 

 

Rate constants of the SOD reaction catalyzed by Gly-Cu(OH)2 NPs 

Rate constants were determined using equation (1.19) and kINT = 3.94·104 M-1s-1 (1.5). 

kCu(OH)2 = kINT·
[𝐼𝑁𝑇]

[Cu(OH)2]
     (1.19) 
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3.2 Fibrous Nanozyme Dressings with Catalase-like 

Activity for H2O2 Reduction to Promote Wound 

Healing 

 

The following chapter describes the production of a hematite NP containing polyvinyl 

alcohol (PVA) fiber mesh, which could reduce H2O2, similar to the native catalase 

enzyme. This effect was further investigated in an in vitro study, where fibroblasts 

were protected against cell death triggered by elevated H2O2 levels. The cover picture 

was designed during the project in cooperation with all authors.  

The chapter is an adapted reproduction of the manuscript published in ACS Appl. 

Mater. Interfaces 2017, 9, 38024–38031, which is reproduced with permission of the 

American Chemical Society. Detailed authorship contributions are attached in the 

Appendix (chapter 5.3.3). 

A great thank goes to Dr. S. Hobe, B. Niethard and Prof. Dr. H. Paulsen for providing 

an oxygen sensitive electrode, Dr. V. Mailänder, Dr. C. Campanhac and J. Pereira for 

the support with cell experiments and data analysis, Dr. M. Panhöfer and R. Jung-

Pothmann for XRD analysis, Dr. S. Wooh and Y. Yao for the water contact angle 

measurements, E. Muth for FTIR, G. Glasser for SEM imaging and S. Schuhmacher 

for support by illustrations.   
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3.2.1 Abstract 

The concentrations of the redox-pair hydrogen peroxide (H2O2) and oxygen (O2) can 

promote or decelerate the progression and duration of the wound healing process. 

While H2O2 can reach critically high concentrations and prohibit healing, a sufficient 

O2 inflow to the wound is commonly desired. Herein, we describe the fabrication and 

use of a membrane that can contemptuously decrease H2O2 and increase O2 levels. 

Therefore, hematite nanozyme particles were integrated into electrospun and cross-

linked poly(vinyl alcohol) membranes. Within the dual-compound membrane, the 

polymeric mesh provides a porous scaffold with high water permeability and the 

nanozymes acts as a catalyst with catalase-like activity that can efficiently convert 

H2O2 into O2 as shown by a catalase assay. When comparing the growth of fibroblasts 

at an H2O2 concentration of 50 µM, the growth was largely enhanced when applying 

the nanozyme dressing. Thus, application of the nanozyme dressing can significantly 

reduce the harmful effect of higher H2O2 concentrations. The described catalytic 

membranes could be used in the future to provide an improved environment for cell 

proliferation in wounds and thus applied as advanced wound healing dressings. 

3.2.2 Introduction 

Wound dressings can accelerate and improve the wound healing process.1 They 

provide an environment that allows oxygen permeation, maintains moisture for 

materials diffusion, prevents infection, and promotes tissue formation.2 Two important 

key metabolites involved in the healing process are the redox-pair hydrogen peroxide 

(H2O2) and oxygen (O2). While a high concentration of H2O2 causes a delayed healing 

via preventing the connective tissue formation,3 O2 can help to improve the healing 

efficiency.4 Therefore, the wound healing process can be promoted by down-

regulating H2O2 levels and increasing O2 levels.5 A contemptuous adjustment of H2O2 

and O2 concentrations can be achieved by catalytic conversion of H2O2 into H2O and 

O2 through enzymatic catalysis with catalase, a naturally occurring enzyme.  
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The production of catalase can be achieved by direct synthesis or extraction from 

natural systems.6 Such a production process is however accompanied with high 

production costs and the natural enzyme is highly sensitive to changes in 

environmental conditions and possesses a short biological half-life.7 Hence, recent 

research has focused on the replacement of natural enzymes by synthesizing artificial 

compounds, so called enzyme mimics, which can imitate the catalytic behavior of 

natural enzymes.8,9 To the present day various enzyme-mimics have been reported 

such as metal complexes,10,11 supramolecular chemistry12 and inorganic nanoparticles 

(NPs).13,14 The use of inorganic NPs as enzyme mimics comprises the advantages of 

cost efficiency and much higher stability than their natural counterparts while 

possessing comparable sizes.6,7,15 In addition, the so called nanozymes exhibit a high 

number of catalytically active surface atoms, enabling high activities. It is thus not 

surprising that they can react more efficient than natural enzymes, which commonly 

feature only one active center.6,16,17 

Recently, different classes of nanozymes have been reported to reduce the 

concentration of H2O2.
18 Among them, hematite NPs show a catalase-like activity and 

have been used to convert H2O2 to H2O.19,20 Hematite (α-Fe2O3) is a weakly magnetic 

and highly stable iron (III) oxide, which is stable with respect to corrosion, non-toxic, 

and many simple low cost synthetic procedures have been described. Template assisted 

synthesis21, forced hydrolysis22, sol-gel methods23 and hydrothermal routes24 in 

aqueous solution even without organic surfactants and in large quantities are viable 

routes. This makes hematite an excellent material for applications in wound treatment 

to mimic catalase and reduce H2O2 concentrations. 

Integration of iron oxide nanoparticles in nanofibrous membranes can be achieved by 

either directly assembling the magnetic particles under an external magnetic field25,26 

or electrospinning the particles together with a templating polymer.27–29 

Electrospinning30–32 or pressurized gyration process33 can be used to fabricate 

nanofiber mats for wound dressings. Recently, portable electrospinning devices34,35 

have been used for in situ production of wound dressing materials. The high surface-

to-volume ratio and porosity of the electrospun membranes exhibit a promising water 
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absorption ability to meet the requirement of strong oxygen permeation.36 

Additionally, the high surface area membranes are ideal as heterogeneous 

catalysts.37,38 However, a catalytically active membrane that can regulate H2O2 and O2 

levels to improve the wound environment could not be achieved to date. 

Here, we report an electrospun hybrid nanofibrous material as dressing for wound 

healing, with a high porosity, wettability and the ability to simultaneously decrease the 

H2O2 and increase the O2 concentration. As shown in Figure 1, a polyvinyl alcohol 

(PVA) solution and a suspension of hematite nanoparticles were mixed to electrospin 

the nanozyme containing nanofibers. PVA was used as the scaffold material and the 

hematite nanoparticles were implemented as catalytic moieties. After electrospinning 

and crosslinking, the water-permeable PVA gel possesses a high porosity and good 

wettability. The encapsulated hematite shows catalase-like activity by reducing the 

amount of H2O2 and producing O2. When incubating fibroblasts at 50 µM H2O2 

concentration, the catalytically active membrane efficiently reduces the H2O2 

concentration and enables good cell proliferation. Thanks to this catalase-like activity, 

the hybrid nanofibrous gel can be used for improving the wound healing process. 
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Figure 1. Schematic illustration of the fabrication procedure of hematite nanofibrilous gels via 

electrospinning and their use as catalase mimics to convert hydrogen peroxide into water and oxygen 

to yield an improved fibroblast growth. 
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3.2.3 Experimental 

Chemicals 

FeCl3⋅6H2O and tetrahydrofuran (THF) were purchased from Acros Organics (Fisher 

Scientific), KH2PO4 was purchased from Sigma Aldrich (Germany). Polyvinyl alcohol 

(PVA, Polysciences Inc., Mw = 125000 g·mol-1), glutaraldehyde (GA, Merck KGaA, 

50% aqueous solution), and hydrochloric acid (HCl, Sigma-Aldrich, 37 wt.%, AR 

grade) were used for electrospinning and crosslinking. 

Nanoparticle synthesis. 20 mmol FeCl3 and 0.4 mmol KH2PO4 were added to 1 L of water 

(MilliQ) to form a clear yellowish solution that was magnetically stirred and heated under 

reflux for 72 h. The resulting brown, turbid dispersion was then filtered through a 3.1 µm 

syringe filter (CME, Roth Germany). Portions of 20 mL were precipitated using THF (volume 

ratio 1:2) and collected by centrifugation. The brown powder was dried at 70 °C in air.  

Solutions for electrospinning experiments of 5 wt.%, 15 wt.% and 25 wt.% were 

prepared by dispersing hematite nanopowder in water (MilliQ) by sonicated for 20 

min. 

Electrospinning and cross-linking. The different concentrations of hematite nanoparticle 

dispersions (5 wt.%, 15 wt.% and 25 wt.%) were combined with the 15 wt.% PVA solution at 

a ratio of 1:2 for a total polymer concentration of 10 wt.% and mixed by mechanical stirring 

through vortex until a homogenous dispersion was obtained. The resulting dispersion was 

filled into a 1 mL syringe and electrospun at 20-25% relative humidity and room temperature 

onto an aluminum foil support (20 cm distance, 0.3 mL·h-1 feed rate, 0.8 mm tip diameter, +18 

and 0 kV). During the electrospinning, a TEM grid was used to collect samples for TEM 

measurement. Afterward, the electrospun mats were reacted with 1 mL of 50 wt.% 

glutaraldehyde (GA) and 20 μL of 37 wt.% HCl in a vacuum oven. The acetal bridges can be 

formed between aldehyde groups of GA and the hydroxyl groups of PVA. HCl was the catalyst 

for this crosslinking reaction. Afterwards, the crosslinked nanofibrous mats were put in the 

fume hood for 24 h to evaporate the unreacted GA and HCl. 
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Wettability and water stability of cross-linked electrospun mats. The wettability of the 

PVA mats was measured on a static contact angle measuring system equipped with a side 

camera (IDS uEye camera) and a goniometer. To test the water stability of the PVA mats, the 

mats were immersed into water for 1 h and transferred into the fume hood to evaporate excess 

water overnight. The morphology of the PVA mats before and after water immersion were 

observed by scanning electron microscopy (SEM; Hitachi SU8000, Japan). 

Tests for catalytic activity. To measure catalytic activities europium(III) chloride 

hexahydrate and 3-(N-morpholino)propanesulfonic acid (MOPS) sodium salt (98%) from Alfa 

Aesar, tetracycline hydrochloride, catalase enzyme (3000-5000 U·mg-1) and hydrogen 

peroxide (H2O2) from Sigma-Aldrich were used. All chemicals were used without further 

purification and reactions were conducted with MilliQ water. The catalase-like activity of the 

tested materials were investigated similar to the fluorescence assay reported by Wu et al.39 The 

procedure is briefly described as followed: in a first step, the PVA fibers were washed several 

times with MilliQ water to remove free NPs that were possibly not completely cocooned in 

the polymer matrix. The fibers were added into the wells of a 96 well plate, which was placed 

in a temperature controlled (303 K) 96 well plate reader. In free wells the fluorescently active 

EuTc-HP complex was generated by mixing 65 µL EuTc solution, 20 µL H2O2 solution 

(5 mmol·L-1) and 165 µL MOPS buffer solution (10 mmol·L-1) (details see SI). The mixture 

was incubated at 303 K for 10 min. To start the reaction, the EuTc-HP solution was added to 

the fiber containing wells. The reaction process was observed for 10 min based on the decrease 

of fluorescence intensity. Control measurements were conducted by varying the concentration 

of native catalase (Detailed description and concentrations of stock solutions see SI). 
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Cell-viability experiments. 50 mg of PVA membranes without hematite 

nanoparticles and PVA membranes with high loading of hematite nanoparticles were 

incubated separately with H2O2 at 50 µM for 10 min in the shaking bed. Then, the 

membranes and H2O2 solutions were mixed with the fibroblast cell line NIH-3T3 for 

overnight incubation. After 16 h incubation, the cells were washed with phosphate-

buffered saline solution and detached from the culture vessel with 2.5% trypsin (Gibco, 

Germany). Before measuring on the CyFlow ML cytometer (Partec, Germany), the 

cells were stained with 650 µL of propidium iodide solution (diluted in phosphate-

buffered saline solution to a final concentration of 2.0 µg·mL-1) to assess the cell 

viability. To compare the significant difference between different samples, an unpaired 

student´s t-test assuming equal variances was performed. Calculated p values were 

considered to be significant for *p < 0.05, **p < 0.01, ***p < 0.001. 

Characterization. Plate reader. Plate reader measurements were conducted using an 

Infinite 200 Pro Plate reader from TECAN. Additionally flat bottom 96 well plates 

black from Greiner bio-one were used for the catalase assay. The excitation filter was 

set to 405 nm and the emission filter to 620 nm.  

Electron microscopy (EM). The morphology of the PVA meshes were observed by 

transmission electron microscopy (TEM; JEOL JEM1400, Japan) and scanning 

electron microscopy (SEM; Hitachi SU8000, Japan). The PVA meshes were 

electrospun on a 400-mesh copper grid and silicon wafer for the TEM and SEM 

measurement, respectively.  

TEM images of the pure NP were taken with a Tecnai G2 Spirit from FEI (Hilsboro, 

USA) with LaB6 cathode crystal, twin objective and a US 1000 CCD camera from 

Gatan (Pleasanton, USA). For sample preparation the particles were dispersed in water 

or ethanol and one drop of the dispersion was dried on a carbon coated copper grit 

from Science Services. The size of nanofibers was obtained by analyzing SEM images 

of electrospun samples with IMAGE J software. Each sample was measured 100 times 

to calculate the average number and standard deviation. 
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Fourier-transform infrared spectroscopy (FTIR). The functional groups of crosslinked 

PVA meshes were measured by Fourier-transform infrared spectroscopy (FTIR) in the 

400 - 4000 cm-1 range. 20 mg of the individual samples were mixed with KBr powder 

to make a pellet.  

Powder X-ray diffraction (XRD). The crystal structure and the crystallinity were 

analyzed on a D8 Advance diffractometer equipped with a Sol-X energy dispersive 

detector using molybdenum Kα-radiation (λ = 0.72 Å). The nanoparticle powder was 

dispersed on a scotchTM tape (which causes a broad reflection at low Bragg angles). 

Thermogravimetry (TGA). Thermogravimetric measurements of the nanoparticles 

were performed on a Pyris TGA 6 with nitrogen atmosphere in a corundum crucible 

at a heating rate of 5 °C·min-1 for functionalized particles from 50 to 700 °C after 20 

min at 50 °C. At 700 °C the temperature was held for 1 min. 
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3.2.4 Results and discussion 

Spindle-shaped nanoparticles were prepared by forced hydrolysis of ferric chloride in 

water.22 The solution was refluxed for three days in the presence of catalytic amounts 

of KH2PO4. The resulting particles were not coated with a surfactant layer, and are 

self-stabilized in water, allowing a direct and unhindered accessibility for substrate 

molecules to the catalytically active particle surface. High solid contents of the 

particles in aqueous PVA solution were achieved by centrifugation. 

Analysis of the shape and morphology of the iron oxide nanoparticles was performed 

by transmission electron microscopy (TEM, Figure 2). The nanoparticles have an 

anisotropic shape (Figure 2 a - b), and their aspect ratio was determined from the TEM 

images to be approximately 5:1 (Figure 2c). The particles are highly crystalline as 

seen from the electron diffraction pattern (Figure 2 d). Powder XRD analysis revealed 

the phase of the particles to be pure α-Fe2O3 (hematite). 
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Figure 2. TEM pictures of α -Fe2O3 spindle-shaped particles (scale bar is 200 nm and 100 nm in a) and 

b), respectively. Size distribution of long and short axis of the particles as determined from TEM images 

(c). All reflections of the powder XRD pattern can be assigned to hematite (d). 

To integrate the hematite nanoparticles in non-woven fabric mats, they were 

electrospun together with poly(vinyl alcohol) (PVA). Simple mixing of a PVA 

solution and a hematite suspension and subsequent electrospinning allowed a 

homogeneous integration of different amounts of hematite in the resulting fibers 

(Figure 3a-d). The hematite nanoparticles were oriented in the fiber axis-direction 

after the electrospinning process. Without loading the nanoparticles, the size of the 

fiber is 299 ± 34 nm. When the loading percentage of hematite nanoparticles was 

increased, the viscosity of the electrospun solution increased as well, which resulted 

in thicker fibers (the average size of nanofibers is 305 ± 33 nm, 351 ± 41 nm, and 

412 ± 64 nm, respectively). After washing away loosely bound nanoparticles and 

cross-linking, the concentrations of the PVA mats were determined by TGA 

(Figure 3e). With increasing amounts of hematite nanoparticles, the color of the 

electrospun mats turned from light to darker brown (inset photos in Figure 3). To 
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determine the particle loading inside the cross-linked PVA fibers, the mass loss in 

TGA heating curves up to 700 °C was used from each sample and normalized between 

0 and 100 % for pure PVA and pure nanoparticles, respectively. All samples showed 

similar behavior when heated under nitrogen. A small weight loss below 250 °C could 

be observed, which corresponds to the evaporation of water. The major mass loss for 

all samples was observed between 250 °C and 450 °C, which can be correlated to the 

decomposition and evaporation of most of the PVA. After that the mass is still 

constantly decreasing which may be explained by remnants of the decomposition 

products that evaporate. 
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Figure 3. Characterization of hematite/PVA nanofibrous mats. TEM images of the PVA nanofibers 

loaded with 0% (a), 19% (b), 58% (c), 71% (d) of hematite nanoparticles (scale bar = 1 µm) and the 

corresponding photographs of the PVA mats (insets). TGA (e) curves of the nanoparticles and the 

crosslinked PVA mats with different nanoparticle loading.  
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In order to apply the PVA mats as wound dressings, they were covalently cross-linked 

after electrospinning to retain the structural integrity of the fibers in aqueous 

environment. To demonstrate the stability of the cross-linked fibers towards water 

treatment, scanning electron microscopy (SEM) images of the cross-linked fibers 

before (Figure 4a) and after (Figure 4b) water immersion were analyzed. The SEM 

images showed no change of the fibrous structure after washing, indicating that the 

PVA scaffold was maintained. The fiber mesh showed a high porosity, which is ideal 

for wound dressing materials. The permanent entrapment of the hematite particles 

within the fibers after washing was investigated by FTIR spectroscopy (Figure 4c). 

Therefore, pure hematite nanoparticles, pure PVA fibers and hybrids of both with 

varying ratios were investigated. The appearance of the characteristic bands for 

hematite at 479 cm-1 and 535 cm-1 corresponding to the Fe-O vibration40 in all 

hematite/PVA fiber samples confirmed the permanent embedment of the particles 

inside the PVA fibers. The PVA component of the fibers is represented by bands at 

1095 cm-1 (C-O-C vibrations of aldehyde crosslinked PVA) as well as at 

1437 cm-1(C-H bending vibration)41. Furthermore, the wettability of the cross-linked 

PVA mats was tested by adding a water droplet on the membrane surfaces. Due to the 

good wettability of the PVA membrane, the water droplet could spread completely on 

the PVA mat within 20 s (Figure 4d and Figure S2). 
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Figure 4. Characterization of cross-linked hematite/PVA nanofibrous mats. SEM images of the PVA 

mat containing 71% of hematite nanoparticles before (a) and after (b) water immersion. FTIR spectra 

of cross-linked PVA mats containing different amounts of hematite nanoparticles (c). Dynamic 

wettability of the PVA mat containing 71% of hematite nanoparticles (d).  
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The enzyme-like activity of hematite PVA fiber meshes was investigated with a 

europium tetracycline (EuTc) based fluorescence catalase assay.39 While EuTc alone 

is not fluorescent, H2O2 binding to the metal center leads to a strong increase of the 

fluorescence intensity (Figure 5a). The fluorescent europium tetracycline hydrogen 

peroxide complex (EuTc-HP) complex is formed by incubating EuTc and H2O2 for 

several minutes. A decomposition of H2O2 rapidly shifts the equilibrium between the 

complexes EuTc-HP and EuTc (equation 1). Thus, it is possible to directly monitor the 

reduction of the H2O2 level based on the change of the fluorescence intensity.39 

EuTc + H2O2 ↔ EuTc-HP   (1) 

To investigate a catalase-like activity of the hematite fiber meshes, they were placed 

in a 96 well plate and treated with an EuTc-HP solution in 3-(N-morpholino) 

propanesulfonic acid (MOPS) buffer. The change of the fluorescence intensity at 

620 nm (with λex = 405 nm) was monitored over a period of 10 min. Control 

measurements were conducted using the hematite NPs and the native catalase enzyme. 

Comparison of the fluorescence spectra of EuTc and EuTc-HP demonstrate the effect 

of H2O2 binding to the EuTc complex (Figure 5a). In the presence of native catalase 

the present H2O2 was decomposed, which resulted in the expected decrease of 

fluorescence intensity (Figure 5b). A similar behavior could be observed for hematite 

NPs. Variation of the particle concentration led to a decrease of the fluorescence 

intensity (Figure 5c). Based on the determined catalase-like activity of the hematite 

NPs the catalytic activity of hematite PVA fiber meshes was investigated. While pure 

PVA fibers without NPs exhibited no significant effect, the iron oxide loaded fibers 

showed lower H2O2 levels with increasing hematite loading, demonstrating the use of 

the nanozyme-in-fiber meshes as catalase mimics for the degradation of H2O2 

(Figure 5d). 
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Figure 5. Decomposition of H2O2 catalyzed by native catalase (b), hematite NPs (c) and hematite loaded 

PVA fiber meshes (d), observed with the fluorescence signal at 605 nm of EuTc-HP. Fluorescence 

spectra of EuTc and EuTc-HP recorded with λex = 405 nm (a). While EuTc shows no fluorescence, the 

binding of H2O2 to the metal center increases the fluorescence at λem = 620 nm. Native catalase (b), 

hematite nanozyme particles (c) and hematite loaded PVA fiber meshes (d) reduce the H2O2 level, which 

leads to the decomposition of EuTc-HP and a subsequent decrease of the fluorescence signal at 

λem = 620 nm.  

To illustrate the concentration dependency of the catalytic activity, the resulting 

fluorescence intensity after 5 min was plotted against the concentration of the native 

enzyme (SI, Figure S4). The iron oxide NPs and the loaded fiber meshes showed a 

similar concentration dependency of their catalytic activity (Figure 6a-b). In all cases, 

an increasing amount of catalyst leads to a higher decomposition of H2O2. With the 

highest hematite loading of the hematite PVA fiber meshes, a reduction of the 

fluorescence intensity down to 9.5% - related to 100% control - was achieved. To 

investigate the reaction mechanism of H2O2 degradation catalyzed by hematite PVA 
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fiber meshes, the formation of elemental oxygen, as one of the key reaction products 

in a catalase-like reaction, was investigated with an oxygen sensitive electrode 

(Figure 6c). While control measurements conducted with pure PVA fibers and 

without any catalyst show no significant change of the oxygen concentration, the 

presence of hematite PVA fibers lead to an increase of elemental oxygen, 

demonstrating the catalase-like reaction process. With increasing hematite loading, 

higher formation rates of oxygen were observed, which is in agreement with the 

determined catalytic activities. Further, the influence of the nanozyme membranes on 

the fibroblast cell growth was investigated. Therefore, the cells were incubated in a 

medium containing 50 µM of H2O2 and together with and without the nanozyme 

membrane. When no nanozyme membrane was applied, all cells died after overnight 

culturing, indicating that such a concentration of H2O2 causes apoptosis of fibroblast 

cells. However, more than 90% of the cells survived when the PVA fibers with 

hematite nanoparticles were cultured together with H2O2 in cell media. Thus, the 

hematite PVA fibers were able to regulate the H2O2 concentration to a less non-toxic 

level for fibroblast cells (Figure 6d).  
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Figure 6. Analysis of the catalytic activity and the resulting products. To demonstrate the concentration 

dependency of the hematite PVA fibers, the relative fluorescence intensity - normalized to 100% control 

- after a reaction time of 5 min, reflecting the H2O2 level in the sample solution, is shown for a) hematite 

NPs and b) for the hematite containing PVA fibers. In both experiments an increasing concentration of 

catalyst leads to a decrease of H2O2 levels, demonstrating the catalytic efficiencies. c) To establish the 

reaction mechanism of the hematite PVA fiber meshes, the formation of elemental oxygen, which is 

one of the key reaction products in a catalase-like reaction, was monitored using an oxygen sensitive 

electrode. Increasing hematite loadings show higher formation rates of oxygen. d) Hematite PVA fibers 

protect cells against cell death triggered by extensive H2O2 levels. Control measurements conducted 

without hematite PVA fibers, or pure PVA fibers exhibit no cell protection. n.s. is not significant 

different. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.2.5 Conclusion 

In summary, we demonstrated the fabrication and use of an electrospun nanofibrous 

membrane with a high porosity, wettability and the catalytic capability to 

simultaneously decrease the H2O2 and increase the O2 level. Therefore, hematite 

nanozymes were integrated in various concentrations into PVA membranes via 

electrospinning. To retain the fiber scaffold in the presence of water, the membrane 

was cross-linked to form a stable fibrous gel. After cross-linking, the membrane 

showed high water permeability and hence, provided a good accessibility of 

hydrophilic compounds to the embedded hematite nanozyme particles. The 

encapsulated hematite showed a high catalase-like activity and quickly converted 

H2O2 into O2. When incubating fibroblasts at a H2O2 concentration of 50 µM, the 

catalytically active membrane efficiently reduced the H2O2 concentration and enabled 

undiminished cell proliferation. Thanks to this catalase-like activity, the hybrid 

nanofibrilous gel could be used for improving the wound healing process. 
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3.2.7 Supporting Information 

 

Figures 

 

Figure S1. SEM images of crosslinked PVA mats containing 0% (a), 19% (b) and 58% (c) of hematite 

nanoparticles. 

 

 

Figure S2. Dynamic wettability of the crosslinked PVA mat containing 0% (a), 19% (b), and 58% (c) 

of hematite nanoparticles. 
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Figure S3. Absorption spectra of EuTc and EuTc-HP. 
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Figure S4. Relative fluorescence intensity (reflecting the H2O2 level) after 5 minutes reaction with 

native catalase enzyme. 
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Figure S5. Fluorescent intensities of living cells after incubation with different adding materials (H2O2, 

electrospun membranes without nanoparticles, and membranes with high loading of nanoparticles). The 

negative control sample is the cells incubated without H2O2, membranes or nanoparticles. 
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Catalase assay1 

To investigate the catalase activity of natural catalase enzyme and hematite containing 

PVA fiber meshes, the following solutions were used.  

A) MOPS buffer solution (10 mmol·L-1): The appropriate amount of MOPS 

sodium salt was dissolved in 800 mL of MilliQ water and the pH was set to 

6.9. The volumetric flask was filled up to 1 L with MilliQ water and the 

solution was homogenized. 

B) EuCl3 solution (6.3 mmol·L-1 of Eu3+): 115.3 mg of EuCl3∙6 H2O were 

dissolved in 50 mL of A) 

C) Tetracycline hydrochloride solution (2.1 mmol·L-1): 50.5 mg of tetracycline 

hydrochloride were dissolved in 50 mL of A) 

D) EuTc solution: 5 mL of solution B) and 5 mL C) were mixed and filled up to 

50 mL with A). 

The fibers were placed in a 96 well plate, and the assay was conducted following 

the procedure described below. In addition, control measurements were done with 

native catalase. In this case, A solution of native catalase (0.1 mg·mL-1) was used. 

 

References 

(1) Wu, M.; Lin, Z.; Wolfbeis, O. S. Determination of the Activity of Catalase Using 

a europium(III)-Tetracycline-Derived Fluorescent Substrate. Anal. Biochem. 2003, 

320 (1), 129–135.  

  



3. Results and Discussion 

 

126 

 

3.3 Nanozymes in Fibrous Membranes with 

Haloperoxidase-Like Activity  

The following chapter describes the preparation of cerium oxide nanorod containing 

fibrous membranes with a catalytic activity similar to native haloperoxidases. It is 

possible to facilitate the reaction of Br- and H2O2 to HOBr. HOBr can block the cell to 

cell communication of bacterials. Hence, artificial compounds with an activity similar 

to native haloperoxidases can inhibit the bacterial adhesion on different surfaces and 

precent the biofouling process. We explored in polyvinyl alcohol embedded 

nanozymes to overcome the disadvantages of “free” particles in solution. 

The cover picture was designed during the project in cooperation with all authors.  

 

 

Detailed authorship contributions are attached in the Appendix (chapter 5.3.4). A great 

thank goes to Simone Mendler for her support with the bacterial tests, Gunnar Glasser 

for help with SEM imaging and Stefan Schuhmacher for artwork support.  
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3.3.1 Abstract 

The bromination of organic compounds in nature is inter alia induced by hypohalous 

acids like HOCl or HOBr. Hypohlaous acids in native environments are formed by the 

oxidation of halides with hydrogen peroxide. In nature the reaction is catalyzed by the 

vanadium haloperoxidase enzymes. Hypohalous acids can inhibit the quorum sensing 

of microorganisms, which is a key step in the biofilm formation and thus in the 

biofouling mechanism. The presence of native haloperoxidases or material with 

similar activity on vulnerable surfaces can thus inhibit the biofouling and increase their 

life time. To mimick the catalytic activity of native haloperixdase, CeO2-x nanorods 

were prepared. Free or dispersed nanorods are difficult to fix on surfaces, especially 

when they are movable, because of leaching effects. To overcome this problem the 

CeO2-x nanorods were embedded in polymer matrix via electrospinning. The nanorods 

cocooned in the polymer fiber mesh can still produce hypohalous acids, in presence of 

halides and hydrogen peroxide, due to their water swellabilty. In addition to the 

catalytic activity an increase of mechanical stability can be achieved with the presence 

of CeO2-x nanorods. 

3.3.2 Introduction 

Electrospinning is a scalable and versatile technique to obtain nanofibrous materials 

with variable porous structures and controllable fiber diameters.1-2 The nanofibrous 

materials can be further functionalized and mechanically enhanced by integrating 

nano-objects, e.g. nanoparticles and nanocapsules, during or after the electrospinning 

process.3-4 Additionally, the electrospun nanofibers can orderly arrange into 

hierarchical structures by controlling their alignment.5-6 These attributes make 

electrospun nanofibers attractive for applications such as tissue engineering,7, 

wearable electronics,8 and water purification.9  

However, material processed by electrospinning, as many other materials, can suffer 

from biofouling. This is especially critical when the materials are used in an 

environment containing microorganisms. Biofouling is the nonspecific surface 
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adhesion of microorganisms.10 This can be detrimental to the performance of the 

materials, such as reducing the efficiency of membranes,11 causing corrosion on 

metallic surfaces12 and bacterial infections on implanted medical devices.13 Cleaning 

the nanofibrous surfaces to remove the adhered layer is difficult and sometimes is even 

impossible. Thus, it is essential to develop surfaces that are not susceptible to 

biofouling.  

In last decade, many strategies have been developed to reduce or avoid bacterial 

adhesion.14 A number of antimicrobial or antibiotic compounds have been integrated 

into electrospun mats to release toxic agents into aqueous environments to kill the 

surrounding bacteria.15-16 This strategy is highly efficient, but will contribute in the 

development of antibiotic-resistant bacteria strains.17 As an alternative, recently, silver 

nanoparticles have been widely used as antibacterial compounds. These nanoparticles 

can form on the nanofiber surface by post-reaction after electrospinning, 18-19 or be 

embedded into the electrospun fibers. A problem common to the use of silver 

nanoparticles or antibiotics is the decrease of the antifouling activity due to the release 

of the active compound over time, leading to materials with a limited life span.  

Besides the biocidal strategy, one of the most common methods to combat biofouling 

is to develop the surfaces to which bacteria and cells cannot adhere. For example, 

surfaces coated with poly(ethylene oxide) or with polymers with zwitterionic groups 

are known to suppress nonspecific protein adsorption and bacterial adhesion.20-21  

Another alternative to create anti-fouling surface is to draw inspiration from nature. 

For example, seaweeds have developed a unique chemical strategy against biofouling. 

Seaweeds secrete a group of enzymes, vanadium haloperoxidases, that catalyze the 

oxidation of halides (Cl−, and Br−) with hydrogen peroxide (H2O2) to form hypohalous 

acids (HOCl and HOBr).22-23 The presence of hypohalous acids is known to disrupt 

the quorum sensing of microorganisms, a process that cells and bacteria uses to 

regulate biofilm formation, the first step in the permanent biofouling of a surface. 

Thus, the release of hypohalous acids prevents the biofouling of seaweed.24  
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Recently, biomimetic strategies have been developed to replicate the role of natural 

enzymes, and a variety of nanozymes – inorganic nanoparticle-based artificial 

enzymes – have been used to address the issues of high production cost and long‐term 

instability in harsh environments.25-26 Several nanozymes have shown promises to 

prevent biofouling in marine environments. For example, vanadium pentoxide 

nanowires were able to catalyze the oxidation of Br− to HOBr in presence of H2O2.
27 

Similarly, cerium oxide nanorods displaying haloperoxidase-like activity have been 

used for anti-biofouling coatings.28  

Furthermore, the catalytic activity and stability of nanozymes can be retained by 

immobilizing them into polymer materials. Compared with the nanozyme dispersions, 

polymer-embedded nanozymes are more convenient for handling, continuous 

processing, and avoiding product contamination. The main supporting materials for 

nanozymes include microgels,29 porous silicas,30 metal-organic frameworks,31 and 

nanofibrous materials.32-33 Among these different supporting materials, polymer 

fibrous membranes have attracted sustained research interest, because the fibrous 

morphology provides a high specific surface area, which is ideal for catalytic reactions. 

For example, the immobilized gold nanoparticles within polymer nanofibrous mats 

were able to catalyze the reaction of transforming 4-nitrophenol to 

4-aminophenolreaction for many times.34 Electrospun Fe3O4 nanofibers showed a 

better peroxidase-like catalytic activity than commercial Fe3O4 nanoparticles.35 

Recently, electrospun PVA mats with hemetites nanoparticles showed the catalase-

like activity and these hybrid membranes can be used as a wound dressing material to 

regulate the H2O2 concentration in wound sites.32  

Here, we electrospun CeO2-x nanorods with polyvinyl alcohol (PVA) to fabricate 

nanofibrous mats. After crosslinking, the water-swellable PVA mats embedding CeO2-

x nanorods mimicked the haloperoxidase activity in aqueous media. The mechanically 

robust hybrid membranes were able to catalyze the oxidation of Br− and H2O2 to HOBr, 

which is similar to natural hapoperoxidase. Thanks to their haloperoxidase-like 

activity, PVA/CeO2-x nanofibrous mats are promising for developing new filtration 
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membranes and coating materials that resist biofouling in marine environment (see 

Figure 1). 

 

Figure 1. Fabrication of ceria nanorods (CeO2-x) nanofibrous mats by electrospinning. 

The hybrid mat can catalyze Br− with H2O2 to HOBr, which could be used for 

preventing surfaces from bacterial adhesion. 
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3.3.3 Experimental 

Materials 

Fomblin® Y, cerium(III) nitrate hexahydrate, sodium hydroxide, phenol red and 

hydrochloric acid (HCl, 37wt.%, AR grade) were purchased from Sigma-Aldrich 

(Germany), ammonium bromide was from ABCR GmbH (Germany), hydrogen 

peroxide solution (30%) from Roth (Germany), polyvinyl alcohol (PVA, Mw = 125000 

g·mol-1) from Polysciences Inc and glutaraldehyde (GA, 50% aqueous solution) from 

Merck KGaA (Germany). All synthesis, experiments and catalytic tests were 

conducted using MilliQ water (pH = 6.90, 18.2 MΩ). 

Synthesis of CeO2-x nanorods.  

Cerium(III) nitrate hexahydrate (2 mmol) was dissolved in 5 mL of water under an 

argon atmosphere. Then, 20 mL of a 6 M NaOH solution were added and the reaction 

mixture was stirred for 30 minutes. The mixture was transferred to the Teflon® inlay 

of a stainless steel autoclave. The autoclave was placed in an electric oven and heated 

to 373 K for 24 hours. After the natural cooling to room temperature, the precipitate 

was isolated by centrifugation (9000 rpm, 10 minutes) and washed several times with 

water and ethanol. The product was dried for 24 hours in an electric oven at 313 K.36 

Electrospinning and cross-linking of PVA/CeO2-x nanorods composites 

Dispersions with varying concentrations of nanorods were prepared by combining 

CeO2-x nanorods suspensions with a PVA solution to yield suspension containing 

10wt.% of PVA and CeO2-x nanorods for electrospinning. An ultrasonic tip was used 

to disperse the nanorods in the PVA solution (d (tip) = 6 mm; 50% amplitude; 5 s 

pulse, 5 s pause; 3 min). Afterward, the mixtures were mechanically stirred overnight 

at 900 rpm to get a homogenous dispersion. 1 mL syringe was filled with the nanorod 

and PVA mixture. Then the electrospinning process was conducted at room 

temperature with a relative humidity of 20-25% onto an aluminum foil carrier that set 

at a distance of 20 cm from the nozzle (diameter: 0.8 mm). The feeding rate was 
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0.3 mL h-1 and the applied voltages were +18 kV and 0 kV. Fibers without CeO2-x 

nanorods were prepared under same conditions. To crosslink the fibers, they were 

treated with 1 mL of a 50wt.% glutaraldehyde (GA) solution and 20 µL of a 37 wt.% 

HCl solution. The crosslinking reaction was conducted in a vacuum oven at room 

temperature and 1 mbar for 24 h. Finally, unreacted GA and HCl were removed by 

drying the samples for 24 h at room temperature. Samples for TEM analysis were 

prepared by placing a TEM grid (copper, 300 mesh) on the aluminum foil to collect 

the fiber sample for 30 seconds.  

Characterizations 

Powder X-ray diffraction (XRD) 

The solid-state analysis of the pure CeO2-x nanorods was conducted on a STOE Stadi 

P (Germany) diffractometer using the Ag Kα1 radiation. The sample was prepared on 

a perfluoropolyether film with Fomblin® Y. The data were analyzed with the EVA 

software package.  

Swelling ratio of hybrid PVA mats 

The water absorption ratio of the hybrid PVA mats was defined as the swelling ratio 

in this study. To determine the swelling ratio, the mats were dried at 50 °C under 

vacuum overnight. Then the dried mats were soaked in demineralized water in a mixer 

(HLC MKR 23, Ditabis, Germany) at room temperature for 24 hours. The weights of 

the swollen samples were measured after removing the excessive water on the mats. 

The swelling ratios of the PVA mats were calculated by the equation (1): 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊𝑆−𝑊𝐷

𝑊𝐷
× 100%          (1) 

where 𝑊𝑆 and 𝑊𝐷  are the weights of the swollen and dried samples, respectively. All 

samples were triplicate in the experiments.  
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Contact angle measurement  

The static contact angle of water on PVA fiber meshes was analyzed using a 

goniometer coupled to an IDS uEye camera. For the measurement, 5 µL droplets of 

water were deposited on the mats surfaces and the contact angle measured after 1 min.  

Morphologies of the CeO2-x nanorods and of the hybrid mats 

The CeO2-x nanorods were imaged by transmission electron microscopy using a Tecnai 

G2 Spirit TEM (FEI, Hilsboro, USA) using LaB6 crystal as the cathode, a twin 

objective and a CCD camera (US 1000, Gatan Pleasanton, USA). The sample was 

prepared by dispersing the nanorods in ethanol and dropping one drop of the dispersion 

on a carbon coated copper grid from Science Services. The morphology of the PVA 

mats were analyzed with JEM1400 transmission electron microscope (JEOL, Japan) 

and a SU8000 scanning electron microscope (Hitachi, Japan). 

Thermogravimetry (TGA).  

The content of nanorods in the PVA mats was determined by thermogravimetric 

analysis (TGA). The measurements were conducted using a Mettler-Toledo 

TGA/SDTA-851 thermo-balance (50 to 700 °C, heating rate of 5 K·min-1, nitrogen 

atmosphere, sample weight was about 10 mg). To measure the leakage of nanoparticles 

from the PVA fibers, thermogravimetric analysis was conducted on samples having 

been immersed into water for 2 weeks and dried overnight.  
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Young’s modulus of crosslinked fibers determined by atomic force microscopy (AFM)  

The Young’s modulus of single fibers was determined by measuring their resistance 

against bending by applying point loads onto freely suspended fibers. For this purpose, 

fibers were electrospun onto microstructured silicon wafers (HS-500MG height 

calibration standard, Budget Sensors, Sofia, Bulgaria), that contained regular arrays of 

square holes with 5 µm length and 0.5 µm depth. A Nanowizard IV AFM (JPK 

Instruments, Berlin, Germany) was used to image the sample in tapping mode to find 

places where a single fiber was spanning one of the square holes. Once such as freely 

suspended fiber was located, it was imaged in QI mode, where a force distance curve 

with defined maximum load of 100 nN was recorded for each of the 256 × 256 pixels 

of the image. For a circular fiber clamped at both ends, the stiffness kF (x) at position 

x is related to its Young’s modulus E by 

𝑘𝐹(𝑥) =
3𝐿3𝐸𝐼

(𝐿 − [𝑥 − 𝑥0])3(𝑥 − 𝑥0)3
       (2) 

where L is the length of the suspended fiber segment and I = πR4/4 is the moment of 

inertia of a fiber with radius R. From the QI images, we could extract the individual 

fiber radius R as well as the values of kF(x) for each image pixel along the freely 

suspended part with length L..By fitting this experimental curve of with equation (2), 

we obtained the Young’s modulus of individual fibers. The offset x0 is a fitting 

parameter to account of the small uncertainty in determining the position of end points 

of the suspended segment. The use of a clamped boundary condition is justified as the 

fibers showed strong adhesion to the silicon substrate. The same AFM cantilever was 

used for all experiments to exclude any relative error between experiments due to 

variation in spring constants. The spring constant of this cantilever was determined by 

both Sader method37 and thermal noise method38 integrated into JPK AFM software 

giving a value of  49.9 ± 3.6 N/m.  
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Haloperoxidase-like activity of PVA/CeO2-x nanorods composites 

The catalytic activity of the materials was analyzed using a previously reported 

method.28, 39-40 Briefly, the kinetic studies were conducted with pure cerium oxide 

nanoparticles, PVA fibers without cerium oxide nanorods, and PVA fibers with low 

(6wt.%), medium (14wt.%) and high (22wt.%) loading of cerium oxide nanorods. The 

PVA fibers were fixed on the bottom of the cuvette with a magnetic stir bar, preventing 

the fiber mats to float in the path of the UV beam, which would directly influence and 

distort the UV-Vis signal.  

For each measurement, the cuvette contained 4.4 × 10-3 mol·L-1 of ammonium 

bromide, 2.8 × 10-5 mol·L-1 of phenol red, 4.2 × 10-4 mol·L-1 of hydrogen peroxide and 

the 18 cm2 of mats. All solutions were prepared in water and the cuvette contained a 

final volume of 2.5 mL. In all cases, the hydrogen peroxide solution (30%) was added 

directly before the measurements. Absorption scans were recorded in intervals of one 

minute for a total duration of 5 h. 
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3.3.4 Results and Discussion 

To obtain the nanoparticles that are functional mimics of natural haloperoxidases, 

CeO2-x nanorods were prepared by hydrothermal synthesis. After the reaction, the 

products showed rod-like morphology and powder XRD revealed the nanorods to be 

made of pure CeO2-x (Figure 2a). The resulting nanoparticles were not functionalized 

with any surfactants, allowing the direct accessibility for substrate molecules to the 

catalytic sites of particle surfaces.  
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Figure 2. (a) XRD spectra of synthesized CeO2-x nanorods (NR). Inset is the TEM images of NR (scale 

bar = 200 nm). (b) TGA curves of the hybrid PVA/CeO2-x mats with different NR loading. (The curves 

from top to bottom are presented the pure CeO2-x NR, pure PVA, PVA with 6%, 14% and 22% of CeO2-x 

NR.) TEM images of PVA fibers with (c) 0%, (d) 6%, (e) 14%, and (f) 22% of CeO2-x NR (c-f: scale 

bar = 500 nm, insets: scale bar = 2 µm).  
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To integrate the nanorods in polymer materials, the suspension of CeO2-x nanorods 

were mixed in a PVA solution. Using ultrasonication ensured the complete dispersion 

of CeO2-x nanorods in the PVA solution. PVA is a water-soluble polymer, to allow the 

fibers to be used in aqueous systems, the electrospun fibers were covalently 

crosslinked with glutaraldehyde. The swelling ratio of PVA mats and PVA/CeO2-x 

mats were 192% ± 4% (see Table S1, SI). The high swelling ratio allows the absorption 

of water and water-soluble substrates penetrate into the PVA fibers to contact with the 

embedded CeO2-x nanorods. Additionally, the mats retained their physical integrity and 

no leakage of the nanorods was observed even after two weeks of immersion in water 

(Figure S1, SI). It indicates that the PVA/CeO2-x nanofibrous mats are promising 

hybrid materials for long-term use in aqueous environments. The loading of CeO2-x 

nanorods in PVA mats were checked by TGA (Figure 2b). The results show that pure 

CeO2-x nanorods are stable in the temperature range studied. However, in the same 

temperature range, the pure PVA fibers underwent decomposition between 250 °C and 

450 °C with the typical two-steps decomposition mechanism of PVA.41 Above 500 °C 

the decomposition stopped, and this indicated the formation of stable carbonaceous 

residues representing ca. 20% of the original PVA weight. All the samples containing 

PVA and the cerium oxide nanoparticles showed similar behaviors when heated under 

nitrogen, although the presence of the inorganic nanoparticle slightly improved the 

thermal stability of the hybrid material. The main difference observed in the 

decomposition curve is the solid fraction of material remaining after the complete 

decomposition of PVA. The composition of the solid residue was used to calculate the 

original loading of cerium oxide nanorods in the hybrid PVA mats with low, medium, 

and high amount of CeO2-x nanorods (respectively 6%, 14%, and 22%).From the TEM 

images (Figure 2c-f) of the electrospun fibers, it showed that the cerium oxide 

nanorods were homogeneously distributed in the fibers and did not show the presence 

of any cerium oxide nanorod aggregates suggesting the formation of a homogenous 

suspension using ultrasonication. Additionally, the nanorods were oriented along the 

fibers axis direction.  
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Figure 3. (a) Schematics of the AFM bending experiment. A point load is applied by the AFM tip onto 

the fiber that was spanning on a microgrid. (b) Young’s modulus of the PVA mats measured by the 

AFM bending experiment. (c) Dynamic wettability of the mats containing 6% of CeO2-x nanorods. 

The long-term stability of the PVA/CeO2-x hybrid mats can be influenced not only by 

the leakage of the nanorods but also by the mechanical properties of the fibers 

themselves. Therefore, the Young’s modulus of PVA fibers with different loading of 

nanorods was measured by atomic force microscopy (AFM). AFM has become a key 

method to obtained quantitative mechanical information about nanomaterials and 

nanofibers using force spectroscopy.42-43 To measure the mechanical properties of the 

hybrid PVA/CeO2-x fibers, we applied vertical point loads along freely suspendend 

fiber segments by AFM to locally probe their bending stiffness. (Figure 3a). From a 

fit of the stiffness profiles with equation (2) (Figure S2, SI), the Young’s modulus of 

the fibers was obtained.42  
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For PVA fibers without nanorods, a Young’s modulus of 0.31 ± 0.06 GPa was found. 

The addition of CeO2-x nanorods improved the mechanical properties of the fibers by 

increasing the Young’s modulus to 0.31± 0.10 GPa, 0.57 ± 0.12 GPa and 0.87 ± 0.09 

GPa in the presence of  6%, 14%, and 22% of nanorods respectively (Figure 3b, mean 

values ± standard deviations, n ≥ 5). These results demonstrate that the addition of 

CeO2-x nanorods to the PVA fibers leads to the formation of a composite material with 

improved mechanical properties.  

The wettability of the PVA mats was tested by adding a droplet of water (5 µL) on the 

surface. After 30 seconds, the contact angle of water droplet on the PVA mats was 

17.5° ± 1.1°, showing a good wettability and hydrophilicity of PVA mats (Figure 3c). 

The hydrophilic character of the PVA mats allow the fibers to swell in presence of 

water, improving further the access of the molecular substrates to the embedded 

nanorods in the PVA fibers.  
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Figure 4. Determination of the haloperoxidase-like activity of electrospun and PVA mats with different 

loadings of CeO2-x NRs in presence of H2O2 and NH4Br. (a) schematic illustration of the oxidation of 

phenol red to bromophenol blue catalyzed by CeO2-x nanorods. Insets are the photos of phenol red before 

and after reaction. (b) Time-dependent UV/vis spectra of PVA mats loaded with 6% CeO2-x, showing 

the oxidative bromination of phenol red catalyzed by CeO2-x NRs (2.8 × 10-5 mol/L of phenol red, 

4.4 × 10-3 mol/L of NH4Br, 4.2 × 10-4 mol/L of H2O2, 300 min, 23 - 25 °C). (c) Changes of phenol red 

with time on different PVA mats (0%, 6%, 14%, and 22% of CeO2-x loading).  

The haloperoxidase-like activity of CeO2-x nanorods/PVA mats were demonstrated by 

using the phenol red bromination assay. The phenol red (λmax = 432 nm) can be 

brominated with ammonium bromide (NH4Br) and hydrogen peroxide (H2O2) to 

bromophenol blue (λmax = 590 nm) (Figure 4a). This reaction can be catalyzed by the 

presence of haloperoxidase 23 or haloperoxidase-like nanoparticles.28 The stepwise 

bromination of phenol red to bromophenol red and finally to bromophenol blue can be 

monitored spectrophotometrically.44 The haloperoxidase-like reaction lead to a 

decrease of the absorption maximum at 432 and simultaneously to an increase in the 

absorption at 590 nm (Figure 4b). Control measurements were conducted in presence 

of the PVA mats without CeO2-x nanorods. These control experiment did not show any 
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change in the absorption spectra and the concentration of phenol red remain constant 

throughout the experiment, indicating that the mat itself was not able to catalyze the 

phenol red bromination (Figure S3, SI). In contrast, PVA mats containing CeO2-x 

nanorods exhibited haloperoxidase-like activity and facilitate the bromination 

reaction. The reduction in the concentration of phenol red (λmax = 432 nm) and the 

simultaneous increase in the concentration of bromophenol blue (λmax = 590 nm) 

increased with increased loading of CeO2-x nanorods (Figure 4c). The results show 

that the reaction rate increased with increasing concentration of CeO2-x nanorods in the 

PVA fibers. This indicated that the haloperoxidase-like activity of PVA mats had a 

clear dependency to the nanorods loading.  

3.3.5 Conclusions 

In summary, we demonstrated the fabrication of electrospun PVA fiber meshes, in 

which CeO2-x nanorods could be embedded during the spinning process. PVA fibers 

with different loadings of CeO2-x were produced and their catalytic activity in a 

haloperoxidase-like reaction was investigated. The nanorod containing fibers were still 

able to brominate organic compounds, like phenol red, in a haloperoxidase-like 

reaction. The still available catalytic properties of the nanorods are the basis for an 

antibacterial effect. Native haloperoxidases or artificial materials with similar activity 

can prevent the biofilm formation and thus the biofouling on vulnerable surfaces. In 

contrast to “free” nanorods in solution, which are difficult to fix on a special position, 

the nanorod containing PVA fiber meshes can easily be fixed. Investigations of the 

mechanical properties of the polymer fibers showed an increased stability in presence 

of the nanorods. Thanks to the mechanical and catalaytic characteristics of nanorod 

containing PVA fiber meshes, the material could be used to prevent bacterial adhesion 

also on flexible surfaces like tubes, which are placed under water, where a stiff paint 

break and the nanorods would leach.  
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3.3.7 Supporting Information 

Figures 

 

Figure S1. TGA curves of the CeO2-x NR/PVA membranes with different NR loadings (11% and 17%) 

before and after immersion in water for 2 weeks. 
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Figure S2. Stiffness profiles of single CeO2-x NR/PVA fibers with different NR loadings (0%, 5%, 11%, 

and 17%). The black points are the stiffness data extracted from the QI AFM images and red lines are 

fits using beam bending theory for a cylindrical fiber clamped at both ends (double clamped beam 

model, DCBM, equation (2) in main text). 
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Figure S3. Time-dependent UV/vis spectra of PVA membranes without CeO2-x nanorods loading. 

(2.8 × 10-5 mol/L of phenol red, 4.4 × 10-3 mol/L of NH4Br, 4.2 × 10-4 mol/L of H2O2, 300 min, 

23 – 25 °C).  

 

Tables 

Table S1. Swelling ratios of PVA mats with different loading of CeO2-x nanorods 

CeO2-x loading in PVA mats 0% 6% 14% 22% 

Swelling ratio 188% 196% 188% 195% 
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3.4. CeO2-x Nanorods with Intrinsic Urease-Like 

Activity 

 

In the current section a practical and time-efficient assay for measuring the catalytic 

activities of urease enzymes and their potential mimics is reported. We found that 

nanoceria (CeO2-x nanorods), facilitates the urea hydrolysis, comparable to the native 

urease enzyme.  

The manuscript was accepted as manuscript for publishing in Nanoscale (Nanoscale. 

2018, Accepted Manuscript, DOI: 10.1039/C8NR03556C). Conducted work was a 

cooperation with different colleageus. Thus, a detailed authorship contribution is 

attached in the appendix (chapter 5.3.4). 

Thank you very much Sven Kurch for help with BET and TEM measurements, Regine 

Jung-Pothmann with XRD analysis, Michael Steiert for ICP-MS, Karl-Kopp with the 

XPS experiments and Stefanie Klassen for AFM measurements.  
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3.4.1 Abstract 

The large-scale production and ecotoxicity of urea make its removal from wastewater 

a health and environmental challenge. Whereas the industrial removal of urea relies 

on hydrolysis at elevated temperatures and high pressure, nature solves the urea 

disposal problem with the enzyme urease under ambient conditions. We show that 

CeO2-x nanorods (NRs) act as the first and efficient green urease mimic that catalyzes 

the hydrolysis of urea under ambient conditions with an activity (kcat = 9.58 x 101 s-1) 

about one order of magnitude lower than that of the native jack bean urease. The 

surface properties of CeO2-x NRs were probed by varying the Ce4+/Ce3+ ratio through 

La doping. Although La substitution increased the number of surface defects, the 

reduced number of Ce4+ sites with higher Lewis acidity led to a slight decrease of their 

catalytic activity. CeO2-x NRs are stable against pH changes and even to the presence 

of transition metal ions like Cu2+, one of the strongest urease inhibitors. The low costs 

and environmental compatibility make CeO2-x NRs a green urease substitute that may 

be applied in polymer membranes for water processing or filters for the waste water 

reclamation. The biomimicry approach allows the application of CeO2-x NRs as 

functional enzyme mimics where the use of native or recombinant enzyme is 

hampered because of its costs or operational stability. 
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3.4.2 Introduction 

Urea is one of the world's most produced chemicals. 90% of the worldwide production 

of 200 million tons per year is used in the fertilizer industry. The remaining 20% is 

used as raw material for the synthesis of chemicals.1 Diesel engines require urea in 

selective catalytic reduction (urea-SCR) systems, where ammonia, converted from 

aqueous urea solutions (AdBlue®), is used as reductant for nitrogen oxides (NOx).
2,3 

Urea enters the environment through wastewater from production plants. Fertilizer 

run-off from fields and agro-breeding farms into rivers and lakes can trigger ocean 

algae blooms that are toxic to aquatic life.3-6  

The large-scale production and ecotoxicity of urea makes its premature release7-8 and 

removal from wastewater a major environmental problem.9 As a polar non-ionic 

compound urea is highly water soluble and shows little affinity to common sorbents. 

Its industrial removal relies on chemical hydrolysis, which requires complex technical 

equipment, elevated temperatures and high pressures. Catalytic and electrochemical 

decomposition or oxidation with strong oxidants are other alternatives, but have high 

operational costs.3, 9 

Nature solves the urea elimination problem through bio-catalysis with ureases. This 

group of enzymes catalyzes the hydrolysis of urea to ammonia and carbamate, which 

degrades in a second step to ammonia and carbonic acid.10,11 Native urease from jack-

beans is a nickel-dependent metalloenzyme with a catalytic rate approximately 1014 

times the rate of the non-catalyzed reaction.12 The only structural enzyme model was 

reported by Krebs and coworkers.13 

Natural ureases are encountered in bacteria, fungi and algae.14 Recombinant ureases 

are used in nitrogen containing fertilizers,1 in food chemistry for the degradation of 

ethyl carbamate in wine and sherry production,15 in anticancer therapy16 and antifungal 

applications.17 Shortcomings in large scale utilization are enzyme stability, shelf life 

and production costs. Immobilization on solid supports allows the separation of urease 

from reaction media, a strategy used in biotechnology for batch or continuous 
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processes. Immobilized enzymes show enhanced resistance to changes in reaction 

conditions (pH, flow conditions, temperature stability).18 

These drawbacks related to using natural enzymes can be circumvented using enzyme 

mimics, but only a single metal complex with low activity has been reported.13 Enzyme 

mimics based on nanomaterials are - different from natural enzymes and metal 

complexes –  cost-efficient, stable over a wide pH and temperature range, and their 

activities match - or even excel - those of their natural blueprints.19-21 However, from 

the different enzyme classes (oxidoreductases, transferases, hydrolases, lyases, 

isomerases, ligases) virtually only oxidoreductases,20-21 but no hydrolytic enzymes 

have been explored. 

From a “green” perspective, urea hydrolysis at ambient temperature is an attractive 

goal. The versatile activity of ceria as solid catalyst in organic chemistry22 and the 

enzyme-like activity of CeO2-x nanoparticles as peroxidase,23 catalase,24 superoxide 

dismutase,25,26 oxidase,27 haloperoxidase28 or phosphatase29 mimics inspired us to 

explore the urease activity of CeO2-x NRs.  

The redox activity of CeO2-x NRs is based on intrinsic lattice defects. Due to the 

associated lattice strain these defects accumulate at the particle surfaces, where they 

reversibly bind oxygen and switch between the Ce3+ and Ce4+ states.30 Lewis acid–

base properties of ceria are similarly important for activating organic molecules. Here 

Ce4+ cations can function as acidic (base adsorption) or basic sites (CO2 adsorption) 

via hydroxyl groups and surface lattice oxide anions.31 The acid-base properties of 

ceria have been demonstrated by condensation reactions that are catalyzed by Brønsted 

or Lewis acids32 or the SCR reaction of NO, O2, and NH3.
2,3  
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We demonstrate a green route to the hydrolysis of urea under ambient conditions with 

CeO2-x NRs that exhibit a high intrinsic urease-like activity, which is comparable to 

that of the native enzyme. For the analysis a timesaving method for determining urease 

activities was devised. The Ce3+/Ce4+ surface ratio, which is essential for the urease 

activity of CeO2-x NRs, was tailored by La substitution. The hydrolytic activity was 

unaffected by typical enzyme inhibitors (heavy metals). CeO2-x NRs act as acidic 

hydrolase, and they are the first reported functional urease mimic (Fig. 1). The low 

costs, high shelf-life and environmental compatibility of ceria allow a broad 

application as green enzyme substitute. 

 

Fig. 1. Schematic representation of CeO2-x NRs and their urease-like activity. CeO2-x NRs mimic 

the reactions of native urease with an activity comparable to that of native jack bean urease. While Cu2+, 

one of the strongest inhibitors, blocks the activity of native ureases completely, the CeO2-x enzyme 

mimic remained completely unaffected. 
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3.4.3 Experimental 

Chemicals. The following chemicals were used without further purification: 

Cerium(III) nitrate hexahydrate 99% from Fluka, sodium hydroxide, phenol red (PR) 

and sulfuric acid from Sigma-Aldrich, lanthanum(III) nitrate hexahydrate 99.9%, 

vanadium(IV) oxide sulfate hydrate from ABCR, bulk cerium(IV) oxide from Alfa 

Aesar, Urease from Canavalia Ensiformis (Jack bean and phosphate buffer from 

Sigma, urea and copper(II) chloride dihydrate from Acros and elemental standard 

solutions (stock concentration 1g L-1) from Merck Certipur, nickel(II) acetate 

tetrahydrate 98%, bis(acetylacetonato) dioxomolybdenum (VI), glycine, Fomblin Y 

from Aldrich, potassium bromate, sodium hydroxide from Sigma-Aldrich and TiO2 

from Degussa.  

Synthesis of CeO2-x nanorods. 2 mmol of cerium(III) nitrate hexahydrate were 

dissolved under argon atmosphere in 5 mL of water. After the addition of 20 mL of a 

6 M sodium hydroxide solution, the reaction mixture was stirred for 30  min. In the 

next step, the reaction mixture was transferred into a Teflon® inlay which was placed 

in a 50 mL stainless steel autoclave. The autoclave was placed in an electric oven 

which was heated to 373 K for 24 h. After cooling to room temperature, the precipitates 

were isolated via ultracentrifugation (9000 rpm, 10 min) and the CeO2-x nanorods 

(NRs) were washed several times with water and ethanol. The product was dried at 

333 K for 24 h.33  

Synthesis of lanthanum-substituted cerium dioxide nanorods. Cerium(III) nitrate 

hexahydrate and lanthanum(III) nitrate hexahydrate were dissolved in the appropriate 

amounts in 7.5 mL of water under argon atmosphere. After adding 10 mL of a 12 M 

sodium hydroxide solution the reaction mixture was stirred for 30 min. The solution 

was transferred into a Teflon® inlay that was placed in a 50 mL stainless steel 

autoclave. The autoclave was placed in an electric oven for 24 h at 373 K. After cooling 

to room temperature, the precipitate was isolated via ultracentrifugation (9000 rpm, 10 

min). The product was washed with water and ethanol several times. The NRs were 

finally dried at 333 K for 24 h.34  
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Synthesis of MoO3-x nanobelts. MoO3-x nanobelts were synthesized as reported 

elsewhere.35 5.5 mmol of molybdenum acetylacetonate were dissolved in 200 mL of 

water at 313 K. The solution was transferred into a 250 mL Teflon®-lined vessel. The 

vessel was sealed in a stainless steel autoclave, and the reaction was carried out in an 

electric oven for 20 h at 453 K. The autoclave was cooled naturally to room 

temperature, and the precipitate was isolated via ultracentrifugation (9000 rpm, 

10 min.). The product was washed with water several times and dried for 24 h in a 

desiccator. 

Synthesis of V2O5 nanowires. V2O5 nanowires were prepared with a method reported 

before36 with slightly modifications. 8.0 mmol of vanadium(IV) oxide sulfate hydrate 

(VOSO4∙nH2O) and 5.0 mmol of potassium bromate (KBrO3) were dissolved in 25 mL 

of water. The green reaction mixture turned red within three minutes (see Supporting 

Information). The dispersion was stirred for 30 minutes at room temperature. 

Subsequently, 2 mL of nitric acid were added over a period of one hour until the 

solvent was dissolved. The red brown solution was transferred into a 50 mL Teflon®-

lined vessel, which was set into a stainless steel autoclave. The autoclave was placed 

in an electric oven and heated to 453 K for 24 h. Afterwards it was naturally cooled to 

room temperature and the yellow precipitate was collected via ultracentrifugation 

(9000 rpm, 10 min.). The product was washed with water and ethanol for several times 

and dried for 24 h in a desiccator. 
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Synthesis of Ni(Gly)2 dihydrate. The Ni(Gly)2 complex was synthesized with a 

method reported by O´Brien.37 We changed the metal site from Cu to Ni. Ni(Gly)2 was 

synthesized by dissolving 0.2 mol of glycine (Gly) and 0.2 mol of sodium hydrogen 

carbonate in 250 mL of water at 343 K. In a separate flask 0.1 mol of nickel(II) actetate 

were dissolved in 250 mL of water at 343 K. The amino acid solution was transferred 

to the nickel(II) salt solution. After adding 250 mL ethanol the mixture was cooled to 

273 K and the precipitates were isolated by vacuum filtration. The product was washed 

with ethanol and dried for 24 h in vacuo. The isolated and purified product was 

analyzed by IR spectroscopy and elemental analysis. Yield: 19.46 g (80%) purple 

crystals. Elemental analysis calculated for NiC4H12N2O6 (242,84 g/mol): 19.78 % C, 

4.98 % H, 11.54 % N. Found: 19.73 % C, 4.95 % H, 11.42 % N. IR (ν̃): 3325, 3270, 

3168, 2980, 2936, 1573, 1434, 1405, 1348, 1301, 1181, 1091, 1048, 948, 914, 781, 

736, 673 cm-1. 

Synthesis of Gly-Ni(OH)2 nanoparticles. The synthesis of the glycine functionalized 

Ni(OH)2 NPs was conducted on a synthesis route which was reported earlier for Gly-

Cu(OH)2 NPs.38 Gly-Ni(OH)2 nanoparticles were synthesized from Ni(Gly)2. 4 mmol 

of the precursor were dissolved in 130 mL of water under constant stirring. After 

15 min 6 mL of a 1.2 M sodium hydroxide solution were added with a 12 mL syringe, 

and the reaction mixture was stirred for 120 minutes. The resulting precipitate was 

isolated via ultracentrifugation, and the product was washed several time with water 

and ethanol. The NPs were dried in vacuo for 24 h. IR (ν̃): 3639, 1584, 1394 und 

1336 cm-1. 
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Kinetic analysis of urease activity. The urease activity of the tested materials was 

measured with an Infinite 200 Pro Plate reader from TECAN and 96 well plates (clear) 

from Greiner bio-one. To determine urease activities, the following stock solutions 

were prepared in 0.066 M phosphate buffer solution (pH = 7.4). Phenol red solution: 

29.4 mg L-1; urea solution: 2.94 M; urease solution: 0.1 mg/mL; nanorod solution: 1 

mg mL-1. All measurements were conducted at 298 K. 

Kinetic analysis of urease-like activity was performed with a 96 well plate reader and 

a total volume of 300 µL for each well. Each concentration was measured three times. 

Blank measurements were conducted for all test series. Calibration was carried out for 

all tests by measuring the absorption of phenol red at 560 nm for different 

concentrations of ammonium carbonate (stock solution, 0.1 M).39  

Kinetic analysis of the catalysts was conducted by monitoring the absorption change 

at 560 nm over a period of 4 min for the nanorods and 3 min for native urease (based 

on the activities). The slope was transformed into molar concentrations of generated 

ammonium carbonate with the calibration plot. Enzyme/NR concentrations were 

varied systematically. Each well contained 100 µL of phenol red solution and 50 µL 

of urea solution. The volume of enzyme/NR solution was filled up with PBS buffer to 

300 µL. The amount of urea was varied systematically using optimized catalyst 

concentrations.  

Scanning Kinetics. The scanning kinetics was measured with a Cary Varian 5G UV-

Vis-NIR spectrometer using a 2 mL glass cuvette. The solution was prepared with 

933 µL PR solution, 467 µL urea solution, 467 µL PBS buffer and 933 µL of the 

appropriate catalyst solution. Scans were recorded in 1 min intervals over a period of 

10 min for urease and 30 min for the NRs, respectively. 
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Leaching tests. The dissolution behaviors of CeO2-x and La-doped cerium oxide 

nanorods were investigated in MilliQ water and in 2.94 M urea solution. Before the 

tests, the equipment (tubes, pipette tips, agitators) was leached in sub boiled nitric acid 

(1.3%) for one week. The membranes were previously leached in MilliQ water. The 

tubes were filled with MilliQ water or urea solution, and 1 mL of the particle stock 

solution (2 mg mL-1) were added to the membrane pipes. The pipes were fixed at the 

top of the tubes in such a way that the NP containing part of the membrane were 

immersed in the solvent. The solution was stirred throughout the experiment. After ten 

days the membrane was removed, 50 µL rhodium standard solution (employed as 

internal standard for drift correction during ICP-MS measurements; final rhodium 

concentration in samples: 5 µg L-1) and 1 mL of nitric acid were added. The tube was 

finally filled up with MilliQ water or urea solution to a total volume of 50 mL. 

Calibration (0.1, 0.5, 1, 5, 10, 15, 20, 30 µg L-1, either in MilliQ water, or urea solution 

(for matrix matching) each containing 1.3% HNO3 (v/v)) was conducted with Ce and 

La standard solutions. Rh was added as internal standard for drift correction (final 

rhodium concentration: 5 µg L-1). For blank samples either MilliQ water or urea 

solution (containing 5 µg L-1 Rh as well as 1.3% HNO3 (v/v)) were taken. ICP-MS 

measurements were conducted with an Element 2 from Thermo Scientific (Bremen, 

Germany). The following isotopes were monitored: 140Ce, 139La, 103Rh. 

Inhibition of urease-like activity. The inhibiting effect of Cu2+ ions on the catalytic 

activity of native jack bean urease, CeO2-x, Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x was 

analyzed with a 96 well-plate reader. Every well contained 50 µL of urea solution, 

100 µL of PR, 20 µL of a CuCl2 solution (0.1 mg mL-1). The solution was filled up 

with buffer to a total volume of 300 µL. The absorbance change at 560 nm, 

representing the urea degradation (analogous to the kinetic analysis) was monitored 

over a period of 3 minutes.  
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Analysis of the La content in La-substituted samples. The amount of La in the La-

doped NRs was analyzed using inductively coupled plasma-mass spectrometry (ICP-

MS). The NPs were dissolved using 1 M nitric acid. For ICP-MS measurements an 

Agilent 7900 was used.  

Transmission electron microscopy (TEM). TEM analysis of cerium dioxide, 

lanthanum doped cerium oxide, vanadium pentoxide, titanium oxide and molybdenum 

oxide nanoparticles were conducted with a transmission electron microscope FEI 

Tecnai G2 Spirit with an acceleration voltage of 120 kV, using a LaB6 kathode. TEM 

images of the Gly-Ni(OH)2 particles were taken with a Zeiss LEO 906E TEM with an 

acceleration voltage of 120 kV (Carl Zeiss, Oberkochen, Germany). 

HR-TEM analysis. HR-TEM images were recorded with a Tecnai F20 of the 

company FEI using an acceleration voltage of 200 kV. EDX analysis were carried out 

using EDAX. 

Brunauer/Emmett/Teller (BET) method. BET measurements were conducted using 

the gas adsorption setup Autosorb-6B from Quantachrome with nitrogen as analysis 

gas. The temperature during the measurements was 77 K. Data evaluations were 

conducted with the software Quantachrome ASiQWin 3.0. 

Powder X-ray diffractometry. Powder X-ray diffraction measurements were 

conducted on a Siemens D5000 diffractometer with a Ge (220) monochromator using 

Cu Kα-radiation. The data was analyzed using the EVA software package.  

Rietveld Refinements. The samples for solid state analysis were prepared on a 

perfluoropolyether film, using Fomblin® Y. Diffraction data were collected with a 

STOE Stadi P (Darmstadt) diffractometer using Mo Kα1-radiation. The data analysis 

were analyzed using the EVA software package. Rietveld refinements (for details see 

below) were done with the Topas Academic V6 (Coelho Software, Brisbane 2016).40 
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Raman spectroscopy. Raman spectra of CeO2-x and Ce1-xLaxO2-x/2 were recorded on 

a HL5R transmission spectrometer (Kaiser Optical). 532 nm laser excitation from a 

frequency doubled Nd:YAG Laser (Cobolt), operated at 6 mW laser power, was used. 

The spectral resolution is 5 cm-1, but the stability of the band position (F2g) of 

comparable ceria samples is better than 0.3 cm-1. The sampling time was 80s, and the 

spectra shown are the sum of 5 accumulations in total. Spectra are normalized to the 

intensity of the F2g band. 

XPS spectroscopy. XP spectra were recorded on a SSX 100 ESCA spectrometer 

(Surface Science Laboratories Inc.) equipped with a monochromatic Al Kα X-ray 

source (100 W). The X-ray spot size was 250−1000 μm. The binding energy scale of 

the system was calibrated using Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV from 

foil samples. Charging of the powder samples was accounted for by setting the peak 

of the C 1s signal to 285.0 eV. A Shirley background was subtracted from all spectra. 

Peak fitting was performed with Casa XPS using 70/30 Gauss−Lorentz product 

functions. Atomic ratios were determined from the integral intensities of the signals, 

which were corrected by empirically derived sensitivity factors 

Atomic force microscopy (AFM). AFM measurements were conducted with a 

Cypher atomic force microscope from the company Asylum Research (Oxford 

Instruments, UK). The microscope was equipped with a cantilever TAP300GD-G 

from Budget Sensors. The samples were prepared by adding 15 µL of a 

1.2-1.3 mg mL-1 suspension of the nanoparticles dropwise on mica. The sample was 

spin-coated with 30 rps. The microscope was used in the AC mode, recorded images 

were analyzed with the software Gwyddion. Data were levelled by deducting the 

middle plane and with a plane through three points. The color scale was stretched to 

the actual data interval. 
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3.4.4 Results and discussion 

Cerium oxide (CeO2-x) nanorods (NRs) were synthesized at 373 K from an aqueous 

solution of cerium(III) nitrate and sodium hydroxide.33 Size, morphology and phase 

homogeneity of CeO2-x was investigated by (high-resolution) transmission electron 

microscopy (HR-TEM) (Fig. 2a, b). The X-ray diffractograms (Fig. 2 c) were fully 

indexed based on the intensities of CeO2. Average NR sizes of 120 x 12 x 9 nm were 

determined from TEM micrographs (Fig. 2a) and AFM scans (Fig. S1, Supporting 

Information). The NRs consisted of smaller crystallites with sizes of 6.8 nm, as 

extracted from the Rietveld Refinements (Table S1, Supporting Information). The 

BET (Brunauer/Emmett/Teller) surface area of the CeO2-x NRs was 100.2 m2 g-1. 

Energy dispersive X-ray (EDX) spectra (Fig. S2) showed the signals of Ce without 

any metal ion impurities. HR-TEM images (Fig. 2b) showed d spacings of  0.3 nm, 

corresponding to the (111) planes of the CeO2 structure. Selected area electron 

diffraction (SAED) patterns showed distinct rings, which could be indexed to the CeO2 

structure, confirming polycrystallinity of the samples (inset to Fig. 2b). 

The urease-like activities of native jack bean urease and CeO2-x NRs were investigated 

with a spectrophotometric 96-well plate reader. Kinetic analysis of the catalyzed urea 

hydrolysis in a urease-like reaction is difficult because neither urea nor its 

decomposition products (ammonia and carbonate) absorb in the UV-Vis region. 

Therefore, urease assays are not well established. 

As urea degradation catalyzed by native urease lead to a pH increase,41 the pH change 

was monitored spectrophotometrically with phenol red.39 The kinetic studies were 

conducted in highly diluted phosphate buffered solution (PBS 0.066 M) to allow the 

analysis of high urease and urea concentrations. Monitoring small pH changes in 

buffered solution has been used in related assays.39,42 The activity of native urease in 

water could be measured for very low concentrations because urease becomes 

inactivated at high pH values. Kinetic absorption measurements (of phenol red) 

recorded as a function of time demonstrated the effect of urea degradation by native 

urease. While the intensity of the band at 434 nm decreased with time in the presence 
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of native urease and the intensity of the band at λmax = 560 nm increased (Fig. 3a), 

controls in the absence of the native enzyme or CeO2-x NRs showed no significant 

spectral change (Fig. S3). The change of absorption allowed monitoring the progress 

of the reaction after calibration with 0.1 M (NH4)2CO3 solution (Fig. S4). The linear 

calibration fit links the absorption change of phenol red (at λmax = 560 nm) and the 

generated (or added) of ammonium carbonate.39 The catalytic activities of native 

urease and the CeO2-x urease mimic were analyzed by varying the concentrations. 

Other metal oxides with high-valent acidic metal center were studied for comparison: 

MoO3-x nanobelts (characterization: Fig. S5-S6),35 V2O5 nanowires (characterization: 

Fig. S7-S8),36 commercial TiO2 nanoparticles and glycine functionalized Ni(OH)2 

(Gly-Ni(OH)2) NPs (characterization: Fig. S9-S13)38 as analogue of Ni complexes as 

structural urease mimics13 were studied concerning their ability to catalyze urea 

hydrolysis. None of these compounds showed a significant urease-like activity. 
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Fig. 2. Structural characterization of as-synthesized CeO2-x NRs. TEM (a) and HR-TEM images (b) 

of CeO2-x NRs. P-XRD diffractogram (c) with Rietveld refinement (black line) on the diffraction data 

(red dots) and difference between the measured and calculated profile (red line) for cubic CeO2-x. 
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The hydrolysis of urea could be related to the molar concentration of (NH4)2CO3. 

Higher amounts of native urease showed a faster urea degradation (Fig. S14). By 

varying the urea concentration with a fixed amount of enzyme a Michaelis-Menten 

behavior was derived for native urease (Fig. 3c). With a modified Hill plot the 

maximum reaction rate vmax = 2.3 x 10-2 mM∙s-1 and a catalytic turnover number kcat = 

2.74 x 103 s-1 (298 K) were determined. The results are in harmony with reported 

values for the native jack bean urease enzyme.43 

Investigations of CeO2-x NRs as urease mimic showed that increasing NR 

concentrations led to an enhanced urea degradation (Fig. S15). Reactions for CeO2-x 

monitored with fixed catalyst concentrations showed a Michaelis-Menten-like 

behavior, which is similar to the natural enzyme (Fig. 3d). The plotted data were fitted 

with a modified Hill-equation to derive turnover numbers based on the model of native 

enzymes.44 Catalytic turnover numbers kcat were calculated for molar NR 

concentrations, which is a common and widely used approach in enzyme 

mimetics.19,38,45,46 The kcat value is defined as a normalization of vmax to the enzyme 

concentration [E].47 The as-calculated turnover number kcat = 9.58 x 101 s-1 for CeO2-x 

is about one order of magnitude smaller than that of native urease. In addition to the 

turnover number (normalized to molar NR concentrations) we determined the catalytic 

activity normalized to the BET surface area, resulting in a turnover number of 

1.60 x 10-4 mmol s-1 m-2.28 Bulk CeO2-x showed no activity because of its lower 

surface area compared to CeO2-x nanoparticles. 
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Fig. 3. Urease activity of native jack bean urease and CeO2-x NRs. Scanning kinetics conducted with 

native urease (a) and CeO2-x NRs (b) show a decrease of the band at λ = 434 nm and the simultaneous 

increase of the intensity of the absorption band at λ = 560 nm, confirming the degradation of urea and 

the pH increase because of a urease-like activity. Both spectra are normalized. Variation of the urea 

concentrations lead to a typical Michaelis-Menten behavior for native urease (c) and for CeO2-x NRs 

(d). The recorded data were fitted with a modified Hill equation and maximum reaction rates vmax and 

catalytic turnover numbers kcat were calculated for a 8.39 x 10-6 mM urease concentration 

(vmax = 2.3 x 10-2 mM s-1; kcat = 2.74 x 103 s-1 at 298 K) (d), CeO2-x (cNR = 1.67 x 10-6 mM; 

vmax = 1.60 x 10-4 mM∙s-1; kcat = 9.58 x 101 s-1) (e) The larger error bars of the NR measurements d) 

compared to c) are caused by scattering due to settling of the not soluble catalyst. Turnover numbers of 

the nanorods are for molar particle concentrations. Kinetic data and errors are averages of three 

individual measurements.  
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Effect of surface defects on the urease-like activity of nanoceria. The catalytic 

activity of CeO2-x nanoparticles in redox processes is determined by the Ce4+/Ce3+ ratio 

at the nanoparticle surface.24,25,48 The Ce4+/Ce3+ mixed valency of cerium is associated 

with the presence of oxide surface defects. Substitution of Ce4+ by La3+ ions allowed 

“tuning” the number of defects in a quasi-stoichiometric manner.34 The Ce4+/Ce3+ ratio 

strongly affects the activity of CeO2-x. To study the effect of different Ce4+/Ce3+ 

surface ratio, lanthanum doped cerium oxide NRs with Ce/La ratios of 0.9/0.1 and 

0.6/0.4 were synthesized. After addition of sodium hydroxide, the reaction mixture 

was transferred to a stainless steel autoclave and heated to 373 K for 24 h.34 The La-

doped cerium dioxide samples were characterized in the same manner as the 

corresponding CeO2-x NRs. The composition of as-synthesized Ce1-xLaxO2-x/2 NRs was 

analyzed using inductively coupled plasma (ICP) mass spectrometry. The synthesis 

performed with a Ce:La ratio of 0.8:0.2 led to a final composition of 0.86:0.14, and a 

starting ratio of 0.6:0.4 led to a final composition ratio of 0.62:0.38 (average values 

from three individual measurements). For the sake of simplicity we use the formulae 

Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x. In the sequel, the characterization of 

Ce0.9La0.1O1.95-x is demonstrated in detail and compared with that of “undoped” CeO2-

x NRs. The analytical data for Ce0.6La0.4O1.80-x are in harmony with the second 

composition and listed in the supporting information (Fig. S16 – S21). 

EDX spectra of Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x NRs show the signals of Ce and 

La without metal impurities (Fig. S18, S22), indicating the presence of La (and Ce) in 

the sample. Average NR dimensions (acquired for Ce0.9La0.1O1.95-x) were 115 x 20 x 9 

nm and 118 x 12 x 9 nm for Ce0.6La0.4O1.80-x, based on TEM (average for  100 

particles, Fig. 4a, Fig. S16) and AFM (Fig. S23). The BET surface areas for 

Ce0.9La0.1O1.95-x NRs were 120.8 m2/g and for Ce0.6La0.4O1.80-x NRs 136.2 m2/g. 

Rietveld refinements for Ce0.9La0.1O1.95-x demonstrated that the NRs consisted of 

smaller crystallites with individual sizes of 6.9 nm. Both Ce1-xLaxO2-x/2 NR samples 

were analyzed by HR-TEM with d spacings of  0.3 nm. d spacings for the La-doped 

samples had essentially identical values as for the binary CeO2-x NRs. HR-TEM 

analysis revealed the presence of defects/vacancies preferentially at the particle 



3. Results and Discussion 

 

170 

 

surfaces (Fig. 4b and Fig. S17, red marks). This is consistent with the ionic radii of 

La3+ and Ce3+ (1.16 and 1.14 Å) which are incompatible with the 8 coordination of 

Ce4+ (0.97 Å) in the CeO2 structure.49 Charge compensation requires the presence of 

oxide defects at the particle surface. Thus, the NRs have a higher surface energy than 

the bulk material because of the incomplete coordination of the metal atoms and the 

increased surface area. SAED patterns show discrete rings, which can be indexed to 

the CeO2 structure, similar to CeO2-x (insets to Fig. 5b). The defects in CeO2-x, 

Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x NRs were probed by Raman spectroscopy 

(Fig. 5d and Fig. S20). Raman bands at 540 and 600 cm-1 are associated with oxygen 

defects indicating a higher defect density for the Ce1-xLaxO2-x/2 NRs.50 This is 

corroborated by the observed red-shift of the F2g position for Ce1-xLaxO2-x/2 NRs (inset 

of Fig. 4d). The 3d x-ray photoelectron spectra (XPS) of CeO2-x and Ce0.9La0.1O1.95-x 

NRs (Fig. 2e) show the presence of Ce in the +3 and +4 oxidation states and a larger 

amount of Ce3+ at the surface for Ce0.9La0.1O1.95-x (by comparison with reference 

compounds).51 Quantitative XPS analysis revealed a La/Ce surface ratio of 0.16 for 

Ce0.9La0.1O1.95-x and O/Ce and O/(Ce+La) surface ratios of 1.72 for CeO2-x and 1.57 

for Ce0.9La0.1O1.95-x, respectively (Tab. S2) We further determined the 

Ce3+/(Ce3++Ce4+) ratio for the Ce1-xLaxO2-x/2 NRs. While a ratio of 20.3 was found for 

the Ce0.9La0.1O1.95-x NRs, the Ce3+ portion increased for Ce0.6La0.4O1.80-x to a ratio of 

26.9. This clearly shows that an increasing La content leads to higher Ce3+ portion at 

the NR surface. 
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Fig. 4. Characterization of Ce0.9La0.1O1.95-x. Representative TEM (a) and HR-TEM (b) images of 

Ce0.9La0.1O1.95-x show the formation of NRs with d spacings of approx. 0.3 nm and the presence of 

surface defects (red districts). P-XRD diffratogram (c) with Rietveld refinement (black line) on the 

diffraction data (red dots) and difference between the measured and theoretical profile (red line) for 

cubic CeO2-x. The Raman spectra confirm an oxygen defect structure for both NP samples, which can 

be monitored based on the bands at 540 and 600 cm-1, with a higher defect density for the 

Ce0.9La0.1O1.95-x (d). The inset in d) shows the red shift of the Ce0.9La0.1O1.95-x spectra, which further 

confirms the higher amounts of defects. The sharp peak observable at 194 cm-1 could further prove the 

lanthanum doping.52 3d X-ray photoelectron spectra (e) show a higher amount of Ce3+ at the NP surface 

of Ce0.9La0.1O1.95-x. A quantitative analysis gives a La/Ce ratio of 0.15, suggesting a higher concentration 

of defects at the NP surface.  
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The urease-like activity of Ce1-xLaxO2-x/2 and CeO2-x NRs was investigated to 

understand surface property effects. In general, reactions in the presence of Ce1-

xLaxO2-x/2 had lower vmax and kcat values per NP such as per m2 BET surface area. (Fig. 

3c, f). The La-substituted ceria NRs showed a linear dependence on the catalyst 

concentration and the urea degradation was comparable to native urease and CeO2-x 

NRs (Fig. S24 and S25). The kinetic parameters obtained from steady state kinetics of 

the hydrolysis (for constant concentration of Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x 

NRs) yielded vmax = 9.5 x 10-5 mM s-1 for Ce0.9La0.1O1.95-x and a turnover number of 

kcat = 6.79 x 101 s-1. The values are slightly lower than those recorded for non-

substituted CeO2-x NRs, but higher than those for Ce0.6La0.4O1.80-x NRs (vmax = 9.0 x 

10-5 mM s-1 and kcat = 4.41 x 101 s-1). Comparison of the turnover numbers normalized 

to the BET surface area supported the results derived for molar NR concentrations. A 

urea degradation of 5.90 x 10-6 mmol s-1 m-2 was determined for Ce0.9La0.1 O1.95-x NRs, 

while the turnover for Ce0.6La0.4O1.80-x NRs was 5.66 x 10-6 mmol s-1 m-2. To fully 

interpret the catalytic activities of La-doped CeO2-x NRs two opposing trends must be 

considered. (i) La doping increases the number of surface defects and the amount of 

Ce3+ at the NR surface as probed by Raman and XPS. This leads to a higher activity 

per Ce atom.48 (ii) La-substitution reduces the total amount of Ce4+ sites at the NR 

surface. While the surface contained 33.1 % of Ce4+ in CeO2-x NRs, the value 

decreased to 30.7 % for Ce0.9La0.1O1.95-x and 17.4 % for Ce0.6La0.4O1.80-x NRs (Tab. 

S2). We found that the rate enhancing effect by surface defects could not compensate 

for the loss of activity by reducing the number of Ce4+ sites. In essence, increasing the 

Ce3+/Ce4+ ratio by La-doping did not increase the final activity per NP or m2 surface 

area. 
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Fig. 5. Urease activity of lanthanum doped CeO2-x NRs. Measurements conducted with constant 

catalyst concentrations showed Michaelis Menten-like behavior. The catalytic activities were 

investigated by monitoring the absorption change at λmax = 560 nm. Catalytic turnover numbers for 

Ce0.9La0.1O1.95-x (cNR = 1.40 x 10-6 mM; vmax = 9.5 x 10-5 mMs-1; kcat = 6.79 x 101 s-1) (a) and 

Ce0.6La0.4O1.80-x (cNR = 2.04 x 10-6 mM; vmax = 9.0 x 10-5 mMs-1; kcat = 4.41 x 101 s-1) (b) were calculated 

from a modified Hill equation. Kinetic data are for molar NP concentrations. Errors are average values 

from three individual measurements. Investigations of the effect of metal ions on the catalytic activity 

of native urease and their nanoparticle mimics show a strong inhibition of native jack bean urease by 

addition of Cu2+ (49.5 µM) (c). The results are in harmony with the reported inhibition effect of Cu2+. 

In contrast, reactions conducted with CeO2-x nanorods, Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x were not 

affected by the heavy metal (d).   
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Native urease is one of the most active and the most rate enhancing natural enzymes. 

Urea hydrolysis does not occur in the absence of ureases because NH3 elimination (kcat 

= 6.3 x 10-9 s-1) is preferred. The corresponding turnover number (kcat = 2.5 x 10-27 s-

1) was calculated by simulations. 1,2,53 While native jack bean urease led to a rate 

enhancement of 1.10 x 1030 compared to the non-catalyzed reaction, the enhancement 

with CeO2-x NRs compared to the non-catalyzed reaction was still 3.83 x 1028. 

Long-term stability of CeO2-x and Ce1-xLaxO2-x/2 NRs. For any practical application 

the stability of CeO2-x and Ce1-xLaxO2-x/2 NRs is a stringent requirement. The stability 

was assessed by immersing CeO2-x and Ce1-xLaxO2-x/2 NRs in water and urea solutions. 

A stock solution of the NRs was added to a leaching membrane, which was placed in 

a tube, containing 45 mL of MilliQ water, or 2.94 M urea solution. After ten days of 

stirring the Ce and La leaching was analyzed by ICP-MS. Neither CeO2-x nor 

Ce1-xLaxO2-x/2 NRs showed any signs of degradation or metal leaching. Based on a 

calibration curve, the Ce contents of CeO2-x after 10 days were 0.4-2 g L-1 and 

5.93-12.3 g L-1 in water and urea solution, respectively. Analytical details for CeO2-

x and Ce1-xLaxO2-x/2 NRs are compiled in Table S3-S6 (Supporting Information). 

The stability and catalytic activity of native or recombinant enzymes depends 

sensitively on factors like temperature, pH value, salt concentration or metal ions. 

While native urease is unstable under acidic and strong basic pH values as well as at 

elevated temperatures,54,55 for CeO2-x nanoparticles a wide variety of applications with 

different temperature and pH values are reported.56,57 Particularly with regard to 

moderate conditions at which enzyme is practically used and the reports on enzyme 

liability, our studies were focused on the presence of metal ions, like Cu2+. The 

hydrolytic activity of native urease is affected strongly by the presence of metal ions. 

Cu2+ is known as one of the strongest metal inhibitors of the native ureases.58 Although 

the threshold concentration for Cu2+ in tap water is set to 2 mg L-1 by the World Health 

organization, true Cu2+ concentrations in waste water can be significantly higher.59 

The effect of Cu2+ on the activity of the nanoparticle enzyme mimics was investigated 

by monitoring the change of absorption at 560 nm in the presence and the absence of 

Cu2+. A Cu2+ concentration of 49.5 µM blocked the activity of native urease 
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completely, whereas the efficiencies of CeO2-x, Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x 

were not affected significantly by in the presence of Cu2+ (Fig. 5). 

3.4.5 Conclusions 

We have shown that CeO2-x NRs mimic the enzyme activity of native jack bean urease, 

one of the most active natural enzymes, which catalyze the hydrolytic decomposition 

of urea to ammonia. Other metal oxides with high-valent metals like TiO2, V2O5, 

MoO3-x or NPs of metal complexes Gly-Ni(OH)2 (containing Ni as the metallocenter 

of native urease) did not catalyze urea degradation. CeO2-x NRs are the first functional 

urease mimic and a rare example of an enzyme mimic with strong hydrolytic activity. 

The surface properties of CeO2-x NRs were investigated by tuning the Ce4+/Ce3+ ratio 

through La substitution. Although the number of surface defects was increased by La 

substitution, the lower number of Ce4+ sites at the NR surface led to a decrease of the 

catalytic efficiency. While native jack bean urease is strongly inhibited by Cu2+ ions, 

the activity of the CeO2-x enzyme mimic remained unaffected, indicating a high 

operational stability. The stability of CeO2 NRs was demonstrated by leaching 

experiments, carried out under operating conditions in water and in urea solutions. 

These tests confirmed the long-term stability with a solubility close to the detection 

limit.  

Ceria is a side product in lanthanide production. Its low costs, high shelf-life, 

operational stability and environmental compatibility allow broad application as green 

catalyst. CeO2 NRs could be embedded in polymer membranes for water processing 

or filters for the reclamation of waste water or aquaculture systems. Our biomimicry 

approach allows using CeO2-x NRs as functional enzyme mimics where a practical use 

of native or recombinant enzyme is hampered.  
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3.4.7 Supporting Information 

Figures 

 

Fig. S1. AFM image of CeO2 NRs show a height of approx. 9-11 nm. 

 

 

Fig. S2. EDX measurements of CeO2-x NRs. 
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Fig. S3. A kinetic absorption scan of a phosphate buffered solution containing phenol red and 

urea without catalyst show no significant change of absorption neither at 434 nm nor at 560 nm.  
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Fig. S4. Calibration conducted with 0.1 M ammonium carbonate ((NH4)2CO3) solution enables the 

combination of formed or added amount of ammonium carbonate and the resulting absorption change 

at 560 nm under given reaction conditions. Calibrations were done prior to each measurement. 
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Fig. S5: Representative TEM image of nanostructured MoO3-x belts. 

 

 

Fig. S6: P-XRD analysis of nanostructured MoO3-x belts. The measured pattern fits to the reflex 

positions of MoO3 (red). 
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Fig. S7: Representative TEM image of nanostructured V2O5 wires.  

 

 

Fig. S8: P-XRD measurement of nanostructured V2O5 wires.  
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Fig. S9. IR spectra of Ni(Gly)2 complex and the amino acid glycine. 

 

Fig. S10. IR spectra of Gly-Ni(OH)2 NPs and bulk Ni(OH)2. 



3. Results and Discussion 

 

187 

 

 

Fig. S11. TEM images of Gly-Ni(OH)2 NPs. TEM images show the formation of Ni(OH)2 nanosheets 

with a diameter of approx. (10.62 ± 1.29) nm. The TEM images where tilted - 40° (A) and + 40° (B) to 

demonstrate the sheet structure. 

 

 

Fig. S12. P-XRD measurement of Gly-Ni(OH)2 NPs. Measured pattern (black) and reflex positions 

of theoprastite (red). The sheet structure, observable in the TEM images of Gly-Ni(OH)2 NPs, is further 

demonstrated by the occurrence of broad bands, due to the flat plane, and sharp bands, which appears 

because of the low thickness of as-synthesized NPs.  
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Fig. S13. TEM image of TiO2. 

 

 

Fig. S14. Variation of the concentration of native urease show that increasing enzyme concentrations 

lead to higher urea degradation. Error bars are calculated from three replications. 
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Fig. S15. Variation of CeO2-x NR concentration shows the dependency of catalyst concentration to 

substrate degradation. Increasing amount of catalyst lead to an increase of urea decomposition. Error 

bars are calculated from three replications. 

  



3. Results and Discussion 

 

190 

 

 

Fig. S16. TEM image of Ce0.6La0.4O1.80-x NRs. 

 

 

Fig. S17. HR-TEM images of Ce0.6La0.4O1.80-x NRs. The images show the presence of surface defects, 

similar to the NR sample with a composition of Ce0.9La0.1O1.95-x. The d spacings of 0.3 nm corresponding 

to the (111) plane of CeO2. 
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Fig. S18. EDX spectrum of Ce0.6La0.4O1.80-x NRs. The spectrum shows the presence of La and Ce in 

the sample, but no further metal impurities. 
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Fig. S19. XPS spectrum of Ce0.6La0.4O1.80-x NRs. The spectrum shows a higher amount of Ce3+ 

compared to the not-doped CeO2-x and to the Ce0.9La0.1O1.95-x CeO2-x nanorods. A Ce3+/(Ce3++Ce4+) ratio 

of 26.9 was calculated.  
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Fig. S20. Raman spectra of CeO2-x, Ce0.9La0.1O1.95-x and Ce0.6La0.4O1.80-x NRs. 
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Fig. S21. P-XRD measurement of Ce0.6La0.4O1.80-x NRs. The reflex positions of the measured pattern 

(black) shows a shift to higher angles, compared to the control pattern of ceryanite (red). The results are 

in harmony with the difractogramm measured for Ce0.9La0.1O1.95-x, where a detailed rietveld refinement 

was exemplarily done. 
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Fig. S22. EDX measurement of Ce0.9La0.1O1.95-x NRs. The analysis revealed the presence of La in the 

sample. The results are in harmony with XPS and ICP-MS analysis. 

 

 

Fig. S23: AFM image of Ce0.9La0.1O1.95-x NRs show a height of approx. 9-11 nm. 
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Fig. S24. Variation of the Ce0.9La0.1O1.95-x NR concentration shows an increase of urea degradation 

with increasing catalyst concentration. 
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Fig. S25. Variation of the Ce0.6La0.4O1.8-x NR concentration shows an increase of urea degradation 

with increasing catalyst concentration. 
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Tables 

Tab. S1. Data received from Rietveld refinements.  

 CeO2-x Ce0.9La0.1O1.95-x 

Device STOE Stadi P, Mo Kα1, Mythen 1K, transmission 

geometry 

Sample Prep Powder between two vinylacetate foils (15µm) 

Measruement conditions 1.5 < 2Θ/° < 70.83, resolution ΔΘ = 0.015° 

step scan, step size 1°, step time Δt =180 s 

Background Adapted 

rwp 4.95 5.82 

Gof 2.09 1.86 

Space group Fm-3m 

Lattice Parameter / Å a = 5.4071(6) a = 5.9685(2) 

Crystallite size / nm 6.8(3) 5.9(8) 
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Tab. S2. Surface composition from XPS analysis.  

  C O Ce La O/(Ce + La) 

  at% at% at% at%   

CeO2-x 9.9 57.0 33.1 - 1.72 

Ce0.9La0.1O1.95-x 8.5 55.9 30.7 4.9 1.57 

Ce0.6La0.4O1.80-x 9.6 55.7 17.4 17.3 1.60 

 

Tab. S3. Leaching of Ce of CeO2-xNRs in MilliQ water. Data are corrected against standard but not 

blank corrected, due to the low blank values. 

sample c(Ce) [µg L-1] SD [µg L-1] 

blank (1) 0.04 0.005 

blank (2) 0.03 0.003 

blank (3) 0.05 0.004 

CeO2-x (1) 0.4 0.1 

CeO2-x (3) 1.6 0.1 

CeO2-x (2) 0.8 0.1 
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Tab. S4. Leaching of Ce and La of Ce0.9La0.1O1.95-x NRs in MilliQ water. Data are corrected against 

standard but not blank corrected, due to the low blank values. 

sample c(Ce)  

[µg L-1] 

SD  

[µg L-1] 

c(La)  

[µg L-1] 

SD  

[µg L-1] 

blank (1) 0.2 0.01 0.02 0.003 

blank (2) 0.1 0.01 0.01 0.002 

blank (3) 0.1 0.01 0.01 0.002 

Ce0.9La0.1O1.95-x (1) 4.8 0.2 5.4 0.2 

Ce0.9La0.1O1.95-x (2) 3.1 0.2 6.3 0.3 

Ce0.9La0.1O1.95-x (3) 5.0 0.2 5.9 0.2 

 

Tab. S5. Leaching of Ce of CeO2-x NRs in 2.94 M urea solution. Data are corrected against standard 

but not blank corrected, due to the low blank values. 

sample c(Ce)  

[µg L-1] 

SD  

[µg L-1] 

blank (1) 0.5 0.02 

blank (2) 0.6 0.03 

blank (3) 0.4 0.02 

CeO2-x (1) 12.3 0.7 

CeO2-x (2) 8.1 0.3 

CeO2-x (3) 5.9 0.3 
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Tab. S6. Leaching of Ce and La of Ce0.9La0.1O1.95-x NRs in 2.94 M urea solution. Data are corrected 

against standard but not blank corrected, due to the low blank values. 

sample c(Ce)  

[µg L-1] 

SD  

[µg L-1] 

c(La)  

[µg L-1] 

SD  

[µg L-1] 

blank (1) 0.5 0.02 0.01 0.001 

blank (2) 0.6 0.03 0.03 0.003 

blank (3) 0.4 0.02 0.01 0.000 

Ce0.9La0.1O1.95-x (1) 6.2 0.2 9.4 0.2 

Ce0.9La0.1O1.95-x (2) 3.3 0.2 5.2 0.1 

Ce0.9La0.1O1.95-x (3) 6.7 0.4 5.5 0.2 
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Calculation of catalytic turnover numbers kcat 

Catalytic turnover numbers kcat were calculated using the equation kcat = vmax/[E] with 

vmax as the maximum reaction velocity and [E] as enzyme or catalyst concentration. 

The vmax value was obtained by fitting the recorded data of the substrate variation with 

a modified Hill equation. In the following we will show the calculation of catalytic 

activities exemplarily using CeO2-x NPs. The comparison of all tested materials is 

shown in Table S1. 

Turnover number kcat calculated for molar NP concentrations 

Turnover numbers determined for molar NP concentrations compare a defined object, 

the enzyme, with the NP, also a defined object. To calculate the molar NP 

concentrations the size of NPs is needed from TEM measurements (here: a = 120 nm; 

b = 12 nm and c = 9 nm). With an approximation of a cuboid NP structure a middle 

particle volume can be determined with: 

VNP = a x b x c = 1.30 x 104 nm3 = 1.30 x 10-17 cm3.  

Using the density of CeO2 (ρ = 7.65 g cm-3) it is possible to calculate the weight of one 

NP:  

mNP = ρ x VNP = 9.91 x 10-17 g. 

Dividing the used amount of catalyst (1.00 x 10-1 g L-1) for the measurements through 

mNP gives the amount of NPs per liter. 

NP/L = 1.01 x 1015 L-1.  

Normalizing the number of NP per liter with the Avogadro number enables the 

determination of a molar NP concentration. 

c(NP) = (NP/L)/NA = 1.67 x 10-9 mol L-1 = 1.67 x 10-6 mM 

kcat = vmax/c(NP) = 9.58 x 101 s-1 
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3.5 Selective Oxidation of Organic Sulfides with Single 

Metal Oxide and Mixed Metal Oxide Particles 

 

The current chapter describes the oxidation of various organic sulfides in an aqueous 

media with hydrogen peroxide as green oxidation agent. The oxidation can be 

catalyzed with various metal oxide particles like V2O5, MoO3-x and W18O49. An 

increase of the catalytic activity can be achieved by mixing the metal phases of 

tungsten and molybdenum. The kinetic studies of all catalysts were conducted with a 

model system based on methyl phenyl sulfide. 

The manuscript is prepared for publication. The following work was a cooperation 

with different colleagues. Hence, a detailed authorship contribution is attached in the 

appendix (chapter 5.3.5). 
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3.5.1 Abstract 

Classical heterogeneous catalysis is wide spread in uncountable industrial processes. 

Catalysts enable milder reaction conditions and higher turnover numbers, compared to 

not catalyzed reactions. In pharmaceutical synthesis, but also in natural processes the 

selective oxidation of different sulfides is an important reaction step. We demonstrate 

that single metal oxide particles like MoO3-x, V2O5 and W18O49 can facilitate the 

oxidation of methyl phenyl sulfide with hydrogen peroxide as green and biocompatible 

oxidation agent in an aqueous media. A rate enhancement could be achieved by mixing 

the metal phases in tungsten and molybdenum mixed oxide particles. A broad range 

of particles with different molybdenum to tungsten (Mo:W) ratios was synthesized and 

analyzed to find the optimum composition for the catalytic sulfide oxiation. We found 

that a Mo:W ratio of 1.6:1 showed the best performance in catalyzing the oxidation 

reaction of methyl phenyl sulfide to methyl phenyl sulfoxide or to methyl phenyl 

sulfone in presence of one or three equivalents H2O2, respectively. In addition to 

kinetic studies with methyl phenyl sulfide we further report on the oxidation of various 

sulfides and the effect of an increasing steric hindrance and of different functional 

groups. 

3.5.2 Introduction 

A myriad of researchers is focused on the omnipresent target of simplifying and 

accelerating chemical reactions. One of the most efficient and simplest way is the use 

of catalysts, compounds that are well known to enable milder reaction conditions. An 

efficient catalysis provides the possibility of converting high amounts of substrate in 

shorter time.1 It is thus not surprising that approximately 90% of all chemical 

production steps in industry are catalyzed.2 To achieve high catalytic efficiencies in 

redox processes with metal containing catalysts, there are some central requirements 

for the active species, like easily changing the oxidation states by providing a sufficient 

stability, the possibility of a reoxidation into the initial state and the reversible bond 

formation during the reaction progress, regarding to a surface catalyzed reaction 

mechanism (e.g. Langmuir-Hinshelwood).3-5 Metal based nanoparticles (NPs) or 
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microparticles (MPs) are well known as catalysts in classical heterogeneous 

catalysis,6-10 where the specific surface area of the particle is one of the main 

characteristics.11 The practical use of small metal based nano- or microparticles with 

high surface to volume ratios and pronounced densities of active surface sites is of 

particular interest. This aspect is nowadays important for every material, but it’s a key 

point especially for cost intensive catalysts like e.g. rhodium or platinum. With the use 

of small nano- or microparticles it is possible to reduce the amount of catalyst by 

obtaining high efficiencies.1,12-13 Due to the economic, electronic and coordinative 

properties, especially transition metals are promising materials.14 The natural 

availability of various transition metals, that can be found for example in the active 

site of native enzymes, which are the probably most optimized catalysts, prove their 

extraordinary properties as catalytic material. Metals like copper, nickel, iron, 

molybdenum and manganese are distinguished by high availability in nature and by 

their functionality in various biological reactions.15-18  

The oxidation of organic sulfides is a wide spread reaction step in organic synthesis, 

fine chemistry and pharmaceutical production.19-21 It is a central issue and target to 

control the reaction process and to selectively oxidize an organic sulfide (RSR) into 

the sulfoxide (RSOR) without formation of sulfone as bydproduct (RSO2R). 

Preparation steps under mild reaction conditions like room temperature or low 

amounts of reaction waste are of particular interests from an economic and ecological 

point of view.22 In the past decades various oxidation agents like periodates, tert-

butylnitrite, meta-chloroperoxybenzoic acid (m-CPBA), and peracetic acid (AcOOH) 

have been reported.20,23-25 In recent years, especially the aspect of “green” and 

harmless reactants, solvents and reaction products came into the fore in scientific 

research and industrial processes. These methods attracted a lot of attention in general 

publicity.22,26-27 Especially reaction agents that are easy and safely to handle came into 

vogue. While the use of organic compounds is often limited due to safety issues and 

elaborate product purification from residual acids, the use of hydrogen peroxide 

(H2O2) solve these problems.22,27 Hence, the oxidation of organic compounds with 

H2O2 is of high interest, in especially as the reaction products elemental oxygen (O2) 
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and water (H2O) (eq. 1), are harmless and biocompatible, which simultaneously leads 

to the reduction of reaction drop. 28-29  

2 H2O2 → 2 H2O + O2   (1) 

The oxidation of various sulfides, conducted with one equivalent of hydrogen 

peroxide, lead to the formation of the appropriate sulfoxide, the single oxidized 

species. The main target of such reactions is to control the product formation without 

producing double oxidized species like the sulfone.30 

Various transition metals are known to catalyze redox and oxygen transfer reactions 

like the oxidation of hexane or various sulfides.31-32 The maybe most prominent metal 

species is the molybdenum, which catalyzes different oxygen transfer reactions in 

nature as active site of the enzmyes xanthine oxidase (XO) and sulfite oxidase 

(SuOx).33-34 It is not surprising that researchers used the great properties of 

molybdenum for different oxidation reactions in lab as MoO3, or as center of 

molybdenum complexes.35-36 In addition to molybdenum similar properties are 

reported for the transition metals vanadium as vanadium(V) oxytriisopropoxide (VO(i-

OPr)3) and vanadium(V) amine triphenolate complexes,37-38 scandium as Sc(OTf)3,
28 

tungsten as WO3 or as tungstate complex (Na2WO4),
29,39 zirconium as zirconium 

tetrachloride (ZrCl4)
27 and titanium as titanium chloride (TiCl3)

40 or titanium 

tetraisopropoxide (Ti(Oi-Pr)4).
41 In addition to metal complexes, also natural enzymes, 

like the native vanadium chloroperoxidase, the vanadium haloperoxidase and different 

model complexes are well known to catalyze the oxidation of different substrates with 

H2O2 as oxidation agent.42-45 In general, most reports on catalytic oxidations of organic 

sulfides were conducted in organic solvents such as at elevated temperatures, whereas 

reactions in an aqueous media, solvent free or in two phase systems at room 

temperature are known, but still rare.37-45 

In addition to the above mentioned industrial importance, the oxidation of sulfur 

compounds is also present in biological processes of living organisms. The native 

sulfite oxidase, an enzyme located in the mitochondria of eukariotes, catalyzes the 

oxidation of sulfite (SO3
2-) into sulfate (SO4

2-).46 Because of the diameters once could 
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describe a native enzyme as a nanocatalyst with a natural origin. It is thus not 

surprising that enzymes and nano- or microstructured particles can catalyze similar 

types of reactions47 and it was recently reported, that artificial MoO3 NPs can mimic 

the native sulfite oxidase enzyme.48 Similar to the native SuOx a vide variety of metal 

containing enzymes are able to catalyze oxygen transfer reactions. Observing the 

mechanisms and the involved active sites of the enzymes, it is conspicuous, that 

especially molybdenum and vanadium are the most frequently occurring metal species 

in this natural processes. 

Because of the omnipresent target of simplifying and optimizing reaction processes 

and the central meaning of a selective oxidation of organic sulfides into sulfoxides, we 

explored the performance of various transition metal oxide catalysts in an aqueous 

environment using H2O2 as harmless oxidation agent. Inspired by the natural processes 

and the high frequency of the occurrence of vanadium and molybdenum, we 

synthesized and analyzed the properties of vanadium pentoxide (V2O5) and 

molybdenum oxide (MoO3-x) particles in the sulfide oxidation and because of the 

similarity of molybdenum and tungsten and further reports on WO3 and Na2WO4,
29,39 

we also investigated the properties of tungsten oxide (W18O49) particles as catalyst. To 

explore the influence of a mixed metal surface, we synthesized tungsten and 

molybdenum mixed oxide particles (Mo1-yWyO3-x), with different Mo:W ratios. All the 

kinetic studies were conducted with methyl phenyl sulfide (MPS) as representative 

organic sulfide, due to its low vapour pressure, compared to other organic sulfides. 

The reaction process was directly monitored with nuclear magnetic resonance (NMR) 

spectroscopy (Figure 1). 
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Figure 1: Schematic representation of the synthesis, the characterization and catalytic procedure 

of various single metal oxide particles and the tungsten and molybdenum mixed metal oxide 

microparticles. All catalysts were synthesized on a solvothermal route, using precursor solutions of 

appropriate metal salts. Overview TEM and SEM images, respectively, show the formation of MoO3-x 

belts, V2O5 wires, W18O49 wires and Mo1-yWyO3-x microspheres. All catalysts are able to facilitate the 

oxidation of methyl phenyl sulfide (TA) in an aqueous solution using hydrogen peroxide (H2O2) as 

biocompatible and “green” oxidation agent. The reaction progress was observed with nuclear magnetic 

resonance (NMR) spectroscopy based on the influence of an oxidation on the chemical shift of the 

methyl group.   
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3.5.3 Experimental 

Chemicals. The following chemicals were used without further purification. 

Vanadium (IV) sulfate oxide hydrate from abcr, Bis(acetylacetonato) 

dioxomolybdenum(VI), 3-(Trimethylsilyl)propionic-2,2,3,3 d4 sodium salt, 

Ethyl(methylthio) acetate, Ethanethiol and (Ethylthio)trimethylsilane from Aldrich, 

nitric acid 65% from Merck, Potassium bromate, Molybdenum (V) chloride (99.99%), 

Tungsten (VI) chloride (99.99%) and Methyl phenyl sulfide from Sigma-Aldrich, 

(Methylthio)acetic acid from Alfa Aesar 

Synthesis of tungsten oxide (W18O49) wires. The tungsten oxide wires were 

synthesized according to a solvothermal method reported earlier.49 The starting 

solution was prepared by dissolving 1.27 mmol of tungsten hexachloride (WCl6) in 

25 mL of ethanol by sonication. Then 5 mL of the precursor solution were injected 

into a 50 mL Teflon®-lined vessel containing another 30 mL of ethanol. After sealing 

the vessel in a stainless steel autoclave the reaction was started by putting the autoclave 

in an electric oven for 12 h at 453 K. After the reaction, dark blue particles were 

collected by centrifugation, rinsed with ethanol two times and dried in vacuo for 6 h 

at 333 K. 

Synthesis of molybdenum oxide (MoO3-x) belts. MoO3-x belts were synthesized in 

similarity to a procedure reported by Bai et al.505.5 mmol of Bis(acetylacetonato) 

dioxomolybdenum(VI) were dissolved in 200 mL of water and heated to 313 K for 

complete dissolving. The solution was transferred into a 250 mL Teflon®-lined vessel, 

which was placed in a stainless steel autoclave. The autoclave was set in an electric 

oven which was heated to 453 K for 20 h. After the autoclave was cooled down to the 

room temperature, the precipitate was isolated via centrifugation (9000 rpm, 10 min.) 

and the product was washed with water for several times and dried for 24 h in a 

desiccator. 

  



3. Results and Discussion 

 

210 

 

Synthesis of vanadium pentoxide (V2O5) wires. V2O5 wires were prepared using a 

method reported elsewhere.51 In comparison to the literature report, we did some small 

changes in the procedure. In brief. 8.0 mmol VOSO4 nH2O and 5.0 mmol KBrO3 were 

dissolved in 25 mL of water. The green reaction mixture changed the colour within 

three minutes from green to red (Figure S1). The dispersion was then stirred for 30 min 

at room temperature. After this time, 2 mL of nitric acid (65 %) were added over a 

period of one hour, until the precipitate was dissolved. The finally red and clear 

solution was added into a 50 mL Teflon® inlay, which was set into a stainless steel 

autoclave. The autoclave was placed in an electric oven and heated to 453 K for 24 h. 

Afterwards, it was naturally cooled to room temperature and the yellow precipitate 

was collected via centrifugation (9000 rpm, 10 min.). The product was washed with 

water and ethanol for several times and dried for 48 h in a desiccator. 

Synthesis of molybdenum tungsten mixed oxide (Mo1-yWyO3-x) microparticles. 

0.37 mmol of molybdenum (V) chloride and Y mmol (with Y = 0.37, 0.24, 0.12, 0.06) 

tungsten (VI) chloride was dissolved in 100 mL of ethanol to form a clear solution. 

The as-prepared solutions were transferred to three 50 mL Teflon®-lined vessels. After 

sealing the vessel in a stainless steel autoclave the solvothermal reaction was started 

by heating the autoclave at 453 K for 12 h in an electric oven. After the reaction, grey 

particles were collected by centrifugation rinsed with ethanol two times and dried in 

vacuum for 6 h at 333 K. In a further step, the dried samples were annealed under 

argon-atmosphere for 24 h at three different temperatures (673 K, 773 K, 873 K). 
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Catalytic Sulfoxidation of organic sulfides. All measurements were conducted in 

NMR tubes containing 700 µL in total. For the analysis stock solutions of each catalyst 

(0.014 mmol/mL) and 3-(Trimethylsilyl)propionic-2,2,3,3 d4 sodium salt (TMSP, 

5 mg∙mL-1) were prepared in deuterated water (D2O). Every sample contained 

100 µL catalyst solution, 100 µL TMSP, 0.12 mmol sulfide and 1 or 3 eq hydrogen 

peroxide, respectively. The reaction solution was filled up with D2O to achieve a final 

volume of 700 µL. Hydrogen peroxide (H2O2) was added in one portion to start the 

reaction. Kinetic studies were conducted in a period of 30 min. The TMSP was used 

as reference for all spectra and the resonance was set to 0 ppm. A splines baseline 

correction was used to minimize integration errors. The NMR spectra were evaluated 

by comparing the integrals of selected resonances. 

X-ray diffraction. Diffraction data of the single oxide particles were measured with a 

Siemens D5000 diffractometer with a Ge (220) monochromator using the Cu Kα 

radiation. The diffraction data of the tungsten and molybdenum mixed oxide particles 

were recorded using a Bruker AXS D8 discover diffractometer with a HiStar detector 

system and graphite monochromatic Cu Kα radiation. Final data analysis was done 

with the EVA software package. 

NMR measurements. NMR-spectra measurements were performed on a Bruker ARX 

400 spectrometer with a 1H frequency of 399.83 MHz. The samples were prepared like 

described in the kinetic analysis part. A script was programmed to measure a 1H-NMR 

spectrum every minute. Collected spectra were analyzed with the MestRenova NMR 

software. 
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Raman spectroscopy. All Raman spectra were measured using a Horiba Yvon Lab 

RAM HR 800 spectrometer. The spectrometer was provided with Olympus BX41 

microscope and a CCD detector system. The width of the entry gap was set to 100 µm. 

The dimensions of the focal spot were 2 x 2 µm. Further a neodymium-doped yttrium 

aluminium garnet (Nd:Y3Al5O12, Nd:YAG) laser with an emission wavelength of 

532.12 nm and a laser power of 2 mW was used. With the help of a 50x long working 

distance objective, the laser beam was focused on the previously grinded powder 

sample. Finally, the spectra were measured with a resolution of 0.5 cm-1 in the range 

of 150 – 1200 cm-1 in backscattering mode.  

Scanning electron microscopy (SEM). SEM analysis was conducted for the tungsten 

and molybdenum mixed oxide microparticles with a FEI Nova NanoSEM 600. The 

SEM had a low-voltage high-contrast-detector (vCD) and an Everhart-Thornley 

detector (ETD). The device was engaged with an acceleration voltage in the range of 

5 - 10 kV. The previously grinded powder of every sample was placed onto an 

adhesive carbon tape, which was affixed onto an aluminum stub.  

Transmission electron microscopy (TEM). TEM images were recorded using a 

Zeiss LEO 906E TEM with an acceleration voltage of 120 kV (Carl Zeiss, 

Oberkochen, Germany). The samples were prepared by drop-casting a dispersion of 

the appropriate particle onto a thin carbon film suspended on a 300 mesh copper TEM 

grid (3 mm). 

High resolution transmission electron microscopy (HR-TEM). All HR-TEM 

images were taken using a Tecnai F20 from FEI, which was operated with an 

acceleration voltage of 200 kV. 
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3.5.4 Results and discussion 

Synthesis of the single metal oxide and mixed metal oxide particles. Vanadium, 

molybdenum and tungsten oxide particles as well as the molybdenum and tungsten 

mixed metal oxide MPs were synthesized using a solvothermal autoclave synthesis. In 

brief a solution of the appropriate metal precursor salt was added into a Teflon® inlay, 

which was sealed in a stainless steel autoclave.49-51 The autoclave was placed in an 

electric oven to start the reaction process (details see experimental section).  

The morphologies of the single metal oxide particles were investigated by transmission 

electron microscopy (TEM, Figure 1) and high resolution TEM (HR-TEM). The solid 

state phase was analyzed with powder X-ray diffraction (P-XRD) measurements and 

Raman spectroscopy. In addition to single metal oxide particles, the molybdenum and 

tungsten mixed oxide particles with different Mo:W ratios were synthesized and the 

effect of a mixed metal phase on the catalytic activity in a sulfoxide reaction was 

investigated. Molybdenum and tungsten mixed oxide particles were characterized with 

scanning electron microscopy (SEM), Raman spectroscopy and P-XRD 

measurements. 

TEM measurements of the single metal oxide particles show the formation of 

vanadium pentoxide (V2O5) and tungsten oxide (W18O49) wires as well as the 

formation of molybdenum oxide (MoO3-x) belts (Figure 1). The morphological 

characterizations of the particles with TEM show a nanostructured surface, diameters 

in nanometer- and lengths in micrometer ranges (Figure 2 A - C). As-prepared 

molybdenum and tungsten mixed oxide particles formed spheres with diameters 

ranging from 0.4 – 2 µm (Figure 2 D - G).  
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Figure 2: HR-TEM images of A) MoO3-x, B) V2O5, C) W18O49 and SEM images of D) Mo0.5W0.5O2.1 

E) Mo0.62W0.38O2.3 F) Mo0.75W0.25O2.4 G) Mo0.85W0.15O2.6. Morphological characterization of single 

oxide particles show a wire- or belt-like structure with nanostructured surface. The measured diameters 

are in the nanometer range, whereas their lengths are in the range of several micrometers. In contrast 

molybdenum and tungsten mixed oxide particles are spheres with diameters ranging from 0.4 – 2 µm. 

During the measurements of the V2O5 sample electron beam induced surface damages could be 

observed. Hence, the surface in TEM image shows an inhomogeneous character. 

  



3. Results and Discussion 

 

215 

 

Investigations of the solid phase with P-XRD measurements show that the single oxide 

particles were mostly crystalline, whereas preferably broad and weak reflections were 

recorded for mixed oxide particles, proposing a less ordered and mainly non-

crystalline structure (Figure S2 - S5). 

To investigate the substitution of molybdenum with tungsten in the MoO3-x structure, 

Raman spectra were recorded for the single metal and the mixed metal oxide particles. 

The Raman bands recorded for the single metal oxide particles are summarized in the 

supporting information (Tables S1 – 3), where a detailed assignment to the 

corresponding modes is given.52-54 The occurring Ramand bands in the MoO3-x 

spectrum are in harmony with literature reports for orthorhombic MoO3 (Figure 3 A, 

Table S1).52 In the Raman spectrum of W18O49, a band broadening can be observed, 

due to a great diversity of W-O-W bond lengths, which are further explainable with a 

high amount of oxygen vacancies in a distorted ReO3 structure (Figure 3 C, 

Table S3).53 The spectra of the molybdenum and tungsten mixed oxide MPs show four 

main peaks, that get weaker with increasing Mo:W ratio. The sharpest bands can be 

observed in the Raman spectrum of Mo:W ratio of 1:1. The band with the highest 

intensity occurring at 809 cm-1 is related to the terminal v(M=O) band and the 

belonging stretching mode. O-M-O stretching vibrations of the linking oxygen atoms 

lead to a Raman band at 710 cm-1. The occurrence of further bands at 260 cm-1 and 

329 cm-1 are attributed to the O-M-O deformation mode. Generally, it is observable 

that an increasing Mo:W ratio leads to a Raman band shift to higher wavenumbers.  
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Figure 3: Raman spectra of (A) MoO3-x, (B) V2O5, (C) W18O49 and (D) Mo1-yWyO3-x with different 

Mo:W ratios. A detailed assignment of the observed Raman bands is given in the supporting 

information (Table S1-S3). The numbers given in the spectra are the wavenumbers of the maximum, 

that can be assigned to the stretching mode of the terminal v(M=O) band. 

Sulfide oxidation. As-synthesized particles were investigated on their ability of 

catalyzing the oxidation of organic sulfides in an aqueous environment with H2O2 as 

harmless oxidation agent. To analyse the catalytic activities of the different catalysts, 

methyl phenyl sulfide (MPS) was used as representative organic sulfide. All reactions 

were conducted in NMR tubes with a total volume of 700 µL and the reaction was 

monitored by 1H-NMR spectroscopy using deuterated water (D2O) as solvent. Kinetic 

studies were conducted by recording NMR spectra in an one minute range over a 

period of 30 min. The formation of methyl phenyl sulfoxide (MPSO) was observed 

based on the methyl resonances of MPS and MPSO. While the NMR signal of the CH3 

group of MPS can be observed at 1.87 ppm, the signal of the MPSO is shifted to lower 

fields (2.91 ppm) (Figure S6-S7). The shift can be explained with the -I effect of the 

oxygen atom, which binds to the sulfide. To enable a better comparability of individual 

measurements 3-(Trimethylsilyl)-propionic-2,2,3,3 d4 sodium salt (TMSP) was used 
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as internal standard and the methyl resonance of TMSP was manually set to 0 ppm. 

The kinetic analysis of MoO3-x, W18O49, and V2O5 particles demonstrated a high 

selectivity of the MPS oxidation with H2O2 to the MPSO without the formation of a 

double oxidize sulfone. While V2O5 only showed a moderate activity, W18O49 and 

especially MoO3-x demonstrated great catalytic properties (Figure 4 A - C). The 

sulfoxide formation over a period of 30 min shows the different catalytic activities and 

the formation of MPSO within the first 30 min (Figure 4 D). Control measurements 

using only H2O2 or the catalyst did not show an oxidation of TA (Figure S8 - S9). 

 

Figure 4: Catalytic studies of the oxidation of MPS with hydrogen peroxide catalyzed by (A) 

MoO3-x, (B) V2O5 and (C) W18O49. All catalysts facilitated the oxidation of the MPS in presence of 

H2O2. (D) Formation of MPSO over time. While MoO3-x and W18O49 showed the strongest activity with 

a turnover of 100% and 63.9% after 30 min reaction time, V2O5 only showed a slight activity. The 

signals observable at a chemical shift of 2.5 ppm can be explained by a two phase system, where MPS 

is partially not dissolved in the aqueous phase. A high selectivity is observable for all catalysts because 

only the single oxidized MPSO was formed. 
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Motivated by the great performance of MoO3-x and W18O49 during the kinetic studies, 

we further investigated the effect of mixing the metal phase by preparing tungsten and 

molybdenum mixed oxide particles. The particles were prepared with different Mo:W 

ratios (1:1, 1.6:1, 3:1 and 5.7:1) and their catalytic activies were analyzed with the 

above described procedure for the single metal oxide particles. It is observable that the 

Mo1-yWyO3-x particles with Mo:W ratios of 1.1, 1.6:1 and 3:1 showed the highest 

activities. Hence, we show the results of the kinetic studies here in detail (Figure 

5 A - C). The main characteristic of a heterogeneous catalyst is the surface area, which 

represents the active part. Thus, a normalization of the activities to the Brunauer 

Emmett Teller (BET) surface area is useful and necessary to identify possible 

influences of the mixed solid phase. The results of the BET measurements show a 

decrease of the surface area with increasing Mo:W ratio. The calculated and 

normalized activities demonstrate a pronounced activity of the Mo1-yWyO3-x particles 

in comparison to the single metal oxide particles MoO3-x and W18O49. Calculated data 

show that the highest turnover per minute and m2 surface area could be achieved with 

Mo0.62W0.38O2.3 (Mo:W ratio 1.6:1) (Figure 5 D). At this point it is worth to mention 

that because of the not soluble catalyst (Figure S10) and the limited solubility of MPS 

in water, the mixing of the sample solution plays a crucial role. It was possible to 

achieve a 100 % oxidation of TA to MPSO using the Mo0.62O0.38O2.3 particles within 

18 min in case the reaction mixture in the NMR tube was shaked for 10 seconds with 

a vortexxer. Without shaking the tube, a total oxidation was achieved after 32 min. 

Hence, all experiments were strictly conducted with a 10 seconds mixing step. 

To investigate a possible double oxidation of MPS to the methyl phenyl sulfone, 

studies were conducted with the same procedure in presence of three equivalents of 

H2O2 over a period of 48 h. The experiments confirmed the positive effect of a mixed 

metal phase, because after 48 h the Mo1-yWyO3-x particles show higher activities than 

MoO3-x and W18O49 particles. Control measurements conducted without catalyst but 

in presence of H2O2 only showed the formation of approx. 35 % MPSO, but no sulfone. 

Also the experiments with three equivalents of H2O2 show that the particles with a 

Mo:W ratio of 1.6:1 exhibit the highest activity (Figure S 11).  
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Figure 5: Kinetic analysis of the oxidation of MPS with H2O2 catalyzed by Mo1-yWyO3-x 

microspheres. All catalysts facilitated the observed oxidation reaction significantly by providing a high 

selectivity to the single oxidation product. NMR spectra of the reaction conducted with a Mo:W ratio 

of (A) 1:1, (B) 1.6:1 and (C) 3:1 are shown, illustrating the progress of the catalytic reaction. (D) 

Turnover numbers were calculated normalized to the BET surface area. As-calculated turnover numbers 

show that the mixed oxide particles exhibit pronounced catalytic activities compared to the single metal 

oxide particles. An optimum Mo:W ratio of 1.6:1 was determined and used for further studies. 
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In addition to the kinetic studies of the oxidation of MPS, we investigated the 

possibility of oxidizing different organic sulfides with a wide variety of functional 

groups (Table 1). For the studies the most active particles (Mo0.62W0.38O2.3) were used. 

We found, that substrates with low steric hindrance like 2-Hydroxyethyl methyl sulfide 

were oxidized after a few minutes, whereas an increase of the steric hindrance led to 

higher reaction times and finally, like for example in case of diphenyl sulfide, to a not 

possible oxidation (Table 1). In addition to the diphenyl sulfide the oxidation of 

trimethylsilyl ethyl sulfide was not successfull and reactions with ethane thiol formed 

various by-products. Nevertheless, except the three mentioned examples, all other 

substrates could be oxidized with high turnovers in short reaction times. In addition, it 

is observable, that these reactions run under high selectivity without the formation of 

any byproducts. (Figure S12-S17). The catalyzed reactions run much faster than the 

control measurements in absence of the catalyst (Figure S18-S21). Except for the 

dimethyl sulfide a double oxidation with three equivalents of H2O2 was not possible 

(Figure S22). 
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Table 1: Tested substrates for the sulfide oxidation reaction with one equivalent H2O2 and 

Mo0.62W0.38O2.3 particles in aqueous solution.  

Substrate Structure Product Time 

[min] 

Turnover 

[%] 

Selective 

Methyl phenyl 

sulfide  
 

18 100 Yes 

2-Hydroxyethyl 

methyl sulfide 
 

 
5 100 Yes 

Diphenyl sulfide 
  

720* XX X 

Dimethyl sulfide  
 

3 100 Yes 

Allyl methyl 

sulfide 
 

 
7 100 Yes 

Ethyl(methylthio) 

acetate   
16 100 Yes 

Trimethylsilyl 

ethyl sulfide  
 

30* XX XX 
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Substrate Structure Product Time 

[min] 

Turnover 

[%] 

Selective 

(Methylthio) 

acetic acid   
30 90 Yes 

Ethane thiol  XX 30 ** No 

*no reaction observable, **various byproducts like diethyldisulfide and different oxidized species 

3.5.5 Conclusion 

In conclusion we synthesized various single metal oxide particles, like MoO3-x, V2O5 

and W18O49, which catalyze the sulfide oxidation of methyl phenyl sulfide into methyl 

phenyl sulfoxide with one equivalent H2O2 as green and biocompatible oxidation 

agent. The oxidation was possible in an aqueous solution or a two-phase system, 

respectively, depending on the solubility of the organic sulfide and was further 

selective to a single oxidation reaction. Mixing the metal phase of molybdenum and 

tungsten by synthesizing Mo1-yWyO3-x microparticles, led to a significant increase of 

the catalytic turnover. We found an optimum Mo:W ratio of 1.6:1. An oxidation of 

methyl phenyl sulfide into the methyl phenyl sulfone with three equivalents H2O2 

catalyzed by MoO3-x, W18O49 and the Mo1-yWyO3-x particles was also possible and 

confirmed the Mo0.62W0.38O2.3 as the most active compound. In addition to the kinetic 

studies with methyl phenyl sulfide we used a wide variety of organic sulfides with 

different functional groups. Overall the oxidation into the sulfoxide was possible under 

a high selectivity with good product formation rates. 
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3.5.7 Supporting Information 

Tables 

Table S1. Characteristic Raman bands recorded for MoO3-x.1 

Wavenumber [cm-1] Characteristic band 

194 B2g, τ O=M=O twist 

214 Ag, rotational rigid MoO4 chain mode, Rc 

240 B3g, τ O=M=O twist 

282 B
2g

, v
as

 O=M=O wagging 

337 A
g
, B

1g
, δ O-M-O bend 

377 B
1g

, δ O-M-O scissor 

664 B
2g

, B
3g

, v
as

 O-M-O stretch 

819 A
g
, v

a
 M=O stretch 

994 A
g
, v

as
 M=O stretch 
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Table S2. Characteristic Raman bands recorded for V2O5.2 

Wavenumber [cm-1] Characteristic band 

193 A
g
, δ O=V=O wagging 

283 B
2g

, δ O-V-O bend 

306 
B

1g
, δ V

3
-O bend 

(triply coordinated oxygen) 

408 A
g
, δ V-O-V bend 

522 
A

g
, v

s
, V

3
-O stretch 

(triply coordinated oxygen) 

687 
B

2g
, v

as
, V

2
-O stretch 

(doubly coordinated oxygen) 

992 A
g
, v

s
, V=O stretch 
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Table S3. Characteristic Raman bands recorded for W18O49.3 

Wavenumber [cm-1] Characteristic band 

187 O-W-O bend 

256 O-W-O bend 

695 W-O-W stretch 

806 W=O stretch 
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Figures 

 

 

Figure S1. Colour change of the reactin mixture within the first three minutes of the V2O5 

synthesis.  

 

 

Figure S2. X-ray analysis of molybdenum oxide particles. A comparison of the measured pattern 

(black) with reflex positions of MoO3 from literature confirm the formation of MoO3-x particles. 
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Figure S3. X-ray analysis of vanadium pentoxide wires. The measured pattern (black) fits well to the 

reflex positions of V2O5 (sherbinaite). 

 

 

Figure S4. X-ray analysis of tungsten oxide wires. The measured pattern (black) fits to the reflex 

positions of W18O49.  
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Figure S5. X-ray analysis of molybdenum and tungsten mixed oxide particles with Mo:W ratios 

1:1 (black), 1.6:1 (blue), 3:1 (green) and 6:1 (red). 
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Figure S6. NMR spectrum of Methyl phenyl sulfide in D2O with 3-(Trimethylsilyl)propionic-

2,2,3,3 d4 sodium salt (TMSP) as internal standard. The chemical shift of the methyl resonance of 

TMSP was manually set to 0 ppm. 

 

Figure S7. NMR spectrum of methyl phenyl sulfoxide in D2O with 3-(Trimethylsilyl)propionic-

2,2,3,3 d4 sodium salt (TMSP) as internal standard. The chemical shift of the methyl resonance of 

TMSP was manually set to 0 ppm.  
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Figure S8. Control measurements conducted in presence of H2O2 without catalyst showed no 

oxidation of TA within 30 minutes. The chemical shift of the methyl resonance of TMSP was manually 

set to 0 ppm. 

 

Figure S9. Control measurements conducted in presence of catalyst without hydrogen peroxide 

did not show an oxidation of TA within 30 minutes. The chemical shift of the methyl resonance of 

TMSP was manually set to 0 ppm.  
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Figure S10. A photograph of the NMR tube after 30 minutes of the reaction, show the 

precipitation of the heterogeneous catalyst. 

 

Figure S11. Oxidation of methyl phenyl sulfide with three equivalents of H2O2 after 48 h in 

presence of the different catalysts. Highest activity was achieved using the mixed metal oxide particles 

with a Mo:W ratio of 1.6:1.   
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Figure S12. Oxidation of 2-Hydroxyethyl methyl sulfide with Mo0.62W0.38O2.3 in presence of one 

equivalent H2O2. 

 

 

Figure S13. Oxidation of dimethyl sulfide with Mo0.62W0.38O2.3 in presence of one equivalent H2O2. 
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Figure S14. Oxidation of allyl methyl sulfide with Mo0.62W0.38O2.3 in presence of one equivalent 

H2O2. 

 

 

Figure S15. Oxidation of ethyl (methylthio) acetate with Mo0.62W0.38O2.3 in presence of one 

equivalent of H2O2.   



3. Results and Discussion 

 

238 

 

 

Figure S16. Oxidation of (methylthio) acetic acid with Mo0.62W0.38O2.3 in presence of one 

equivalent H2O2. 

 

 

Figure S17. Oxidation of ethanethiol with Mo0.62W0.38O2.3 in presence of one equivalent H2O2.  
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Figure S18. Oxidation of dimethyl sulfide without catalyst in presence of one equivalent H2O2. 

 

 

Figure S19. Oxidation of allyl methyl sulfide without catalyst in presence of one equivalent H2O2.  
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Figure S20. Oxidation of (methylthio) acetate without catalyst in presence of one equivalent H2O2. 

 

Figure S21. Oxidation of (methylthio) acetic acid without catalyst in presence of one equivalent 

H2O2.  
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Figure S22. Oxidation of dimethyl sulfide with Mo0.62W0.38O2.3 in presence of three equivalent 

H2O2.  
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Characterization of the organic substrates 

All organic compounds were characterized by 1H NMR spectroscopy (400 MHz, D2O) 

and electrospray ionization mass spectrometry (ESI-MS). 

Methyl phenyl sulfide.  

1HNMR (400 MHz, D2O) δ 1.74 (s, 3 H), 6.43 – 6.83 (m, 5 H) 

Methyl phenyl sulfoxide. 

1HNMR (400 MHz, D2O) δ 2.88 (s, 3 H), 7.58 - 7.75 (m, 5 H) 

HR ESI-MS (m/z): [M+H+] calculated 141.0374; measured 141.0399 (M = 

140.20 g mol-1) 

Methyl phenyl sulfone. 

1HNMR (400 MHz, D2O) δ 3.25 (s, 3 H), 7.77-7.80 (m, 3 H), 7.95-7.97 (d, J = 8.15 

Hz, 2 H) 

HR ESI-MS (m/z): [M+H+] calculated 157.0323; measured 157.0323 

(M = 156.20 g mol-1) 

2-Hydroxyethyl methyl sulfide.  

1HNMR (400 MHz, D2O) δ 2.12 (s, 3 H), 2.66 – 2.72 (t, J = 6 Hz, 2 H), 3.72 – 3.80 (t, 

J = 6 Hz, 2 H) 

ESI-MS (m/z): (M = 92.16 g mol-1) 

2-(Methylsulfinyl) ethanol.  

1HNMR (400 MHz, D2O) δ 2.75 (s, 3 H), 3.01 – 3.18 (m, 2 H), 3.96 – 4.04 (t, J = 3 

Hz, 2 H) 

ESI-MS (m/z): [M + Na+] calculated 131.01, measured 131.01 (M = 108.16 g mol-1) 
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Diphenyl suflide.  

1HNMR (400 MHz, D2O) δ 6.49 – 6.64 (m, 6 H), 6.73 – 6.89 (m, 4 H) 

Dimethyl sulfide.  

1HNMR (400 MHz, D2O) δ 2.11 (s, 6 H) 

Dimethyl sulfoxide.  

1HNMR (400 MHz, D2O) δ 2.75 (s, 6 H) 

ESI-MS (m/z): to low molar mass (M = 78.01 g mol-1) 

Dimethyl sulfone. 

1HNMR (400 MHz, D2O) δ 3.16 (s, 6 H) 

ESI-MS (m/z): to low molar mass (M = 94.00 g mol-1) 

Allyl methyl sulfide.  

Bad solubility of the substrate lead to a double peak formation. Hence, the signals in 

the NMR spectrum was integrated completely. 

1HNMR (400 MHz, D2O) δ 1.82 – 2.15 (s*, 3 H), 2.97 - 3.21 (dd*, 2 H), 4.99 – 5.26 

(dd*, 2 H), 5.68 – 5.93 (dd, 1 H) 

* two signals observable due to bad solubility in water. 

Allyl methyl sulfoxide.  

1HNMR (400 MHz, D2O) δ 2.67 (s, 3 H), 3.49 – 3.58 (dd, 1 H), 3.65 – 3.77 (dd, 1 H), 

5.34 – 5.63 (dd, 2 H), 5.81– 5.99 (m, 1 H). 

ESI-MS (m/z): [M + Na+] calculated 127.02, measured 127.01 (M = 104.17 g mol-1) 
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Ethyl(methylthio) acetate.  

1HNMR (400 MHz, D2O) δ 1.28 (t, J = 3 Hz, 3 H), 2.18 (s, 3 H), 3.36 (s, 2 H),  

Ethyl (methylsulfoxyl) acetate.  

1HNMR (400 MHz, D2O) δ 

ESI-MS (m/z): [M + H+] calculated 151.0423, measured 151.0423 

(M = 150.21 g mol-1) 

(Methylthio) acetic acid.  

1HNMR (400 MHz, D2O) δ 2.16 (s, 3 H), 3.34 (s, 2 H) 

(Methylsulfinyl) acetic acid. 

1HNMR (400 MHz, D2O) δ 2.80 (s, 3 H), 3.96 (s, 2 H), 3.78 – 3.92 (d, 1 H), 3.94 – 

4.08 (d, 1H) 

ESI-MS (m/z): [M + Na+] calculated: 144.99, measured: 145.00 (M = 122.14 g mol-1) 

Ethane thiol. 

1HNMR (400 MHz, D2O) δ 1.19 – 1.36 (t, 3 H), 2.47 – 2.61 (q, 2 H) 
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4. Conclusion and Outlook 

The present doctoral thesis describes the successfull exploration of novel 

nanoparticular enzyme mimics and the investigation of their catalytic activity in 

classical heterogeneous catalysis. Each subproject was inspired and motivated by 

native enzymes, their crucial role in nature, or their practical applications in everyday 

life. As soon as the native inspiration was found, the practical strategy can be described 

in four steps. First, the chemical characteristics of the enzyme catalyzed reaction were 

monitored and interpreted, which simultaneously gave the boundary conditions for the 

possible enzyme replacement. In a second step, the selected nanoparticles were 

synthesized, and their solid phase, morphology and surface characteristics were 

characterized. With an appropriate lab assay, which was in most cases a 

spectrophotometrical method, the catalytic activity was explored and compared to the 

native enzyme. Assuming a positive result and a high catalytic activity, the practical 

application for the nanoparticles with an enzyme-like activity was explored in final 

experiments. 

It was possible to show, that nanoparticles can mimic native enzymes and they can 

overcome the limitations of using native enzymes in different practical applications. 

Nevertheless, it is important to elaborate the properties of the nanoparticles on a 

transparent way, enabling a fair comparison with their natural counterparts, but also 

with other nanoparticles that show a similar activity. The greatest difference between 

nanoparticles and native enzymes is the number of catalytic active sites. While an 

enzyme usually has one active site domiciled in a protein backbone with specific 

binding pockets, their artificial counterparts exhibit large surface areas with high 

numbers of active surface atoms. Paying attention to such imbalances, a novel 

calculation method was developed during this doctoral thesis. Using this method, it is 

possible to approximate the catalytic activity of a nanoparticle normalized to one 

surface site, following the example of the native inspiration.  
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The first project was focused on the exploration of a functional superoxide dismutase 

mimic. Superoxide radicals are the most frequently occurring reactive oxygen species 

and elevated levels lead to a broad range of serious diseases. To mimic the native 

superoxide dismutase enzyme, glycine functionalized copper(II) hydroxide 

nanoparticles were synthesized, starting with a copper glycine complex as precursor. 

As-prepared particles were characterized with x-ray diffraction measurements, 

proving the solid phase as copper(II) hydroxide, infrared and solid state nuclear 

magnetic resonance spectroscopy, investigating the surface properties and proving the 

functionalization with glycine. The superoxide dismutase-like activity of the 

nanoparticles was analyzed with a iodonitro tetrazolium chlorid based 

spectrophotometric assay. I was able to show, that glycine functionalized copper(II) 

hydroxide nanoparticles can catalyze the decomposition reaction of superoxide 

radicals with an activity higher than the native CuZn superoxide dismutase enzyme. 

The nanoparticle activity was normalized to a single particle as well as to an active 

surface site. It was further proved that the superoxide radical decomposition, catalyzed 

by the copper nanoparticles, shows characteristics of a catalytic cycle. This was 

analyzed by monitoring the oxidation state of the copper ions during the reaction 

progress. Because of the reaction mechanism of the radical decomposition, copper ions 

shuttling between the oxidation states +II and +I. Monitoring the paramagnetic shift 

of a 1H-NMR signal proved the reoxidation of the copper(I) species into the initial 

oxidation state. It is known, that high concentrations of superoxide radicals are present 

in the smoke of commercial cigarettes. While a practical use of the native enzyme is 

not possible because of the decomposition, an application of the glycine functionalized 

copper(II) hydroxide nanoparticles as part of the commercial filter system 

demonstrated a significant reduction of the radical concentration and the toxic effect 

of the cigarette smoke extract.  
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The second subproject of this thesis was focussed on hydrogen peroxide, another 

representative of the group of reactive oxygen species. Hydrogen peroxide is an 

omnipresent oxygen compound and is naturally decomposed by native peroxidases. A 

special representative of this group is the catalase enzyme, which facilitates the 

transformation of hydrogen peroxide into elemental oxygen and water. Hydrogen 

peroxide is inter alia present in the wound liquid, where elevated levels can decelerate 

the healing mechanism. The target of this project was to control the hydrogen peroxide 

level and protect fibroblasts against cell death. We fabricated hematite nanoparticle 

containing electrospun polyvinyl alcohol based nanofibrous membranes with high 

porosity and wettability. These characteristics are important to enable the diffusion of 

hydrogen peroxide into the fiber meshes and allowing the contact to the catalytic active 

hematite nanoparticles. The previously prepared hematite nanoparticles facilitated the 

decomposition of hydrogen peroxide as free particle in solution as well as embedded 

into the fiber mesh, comparable to the native catalase enzyme. Cell experiments further 

proved that the catalase-like activity of hematite containing polymer fibers efficiently 

protected fibroblasts against cell death. These characteristics could significantly 

improve the wound healing process. 

To further establish the knowledge of embedding nanoparticles in polymer fiber 

meshes via electrospinning, a third project implemented. Native haloperoxidase 

enzymes catalyze the oxidation reaction of halides with hydrogen peroxide into 

hypohalous acids. These acids can affect the cell to cell communication of bacterials 

and inhibit the formation of a biofilm, an early step of the biofouling process. Recently, 

reports on different nanoparticles, which can mimic the native haloperoxidase and 

prevent biofouling, were published. Cerium oxide nanorods were embedded into the 

PVA fibers. The nanorods were still able to form hypohalous acids in presence of 

halides and hydrogen peroxide. In addition to their catalytic properties, the mechanical 

stability of the fiber meshes increased in presence of the nanorods. The catalytic 

activity and the mechanical stability are the basic requirements for inhibiting the 

biofilm formation, even on movable surfaces like under water tubes.  
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The fourth study was focussed on the exploration of the first artificial compound for 

mimicking the activity of the native urease enzyme. Ureases are a group of enzymes 

which catalyse the hydrolysis of urea. Most studies in the field of enzyme mimics are 

focussed on the exploration of oxido reductases, whereas Lewis acid base reactions 

are rare. It was shown, that cerium oxide nanorods can mimic the catalytic activity of 

native jack bean urease with an activity comparable to the enzyme. A wide variety of 

metal oxide particles was additionally snythesized and investigated without success. 

The kinetic studies were conducted with a time efficient spectrophotometric assay, 

which could be executed with a 96 well plate reader or an UV-Vis spectrophotometer. 

The surface of cerium oxide nanorods contains Ce3+ and Ce4+ ions, which amounts are 

directly connected to the number of oxygen vacancies at the particle surface. Hence 

the ratio of Ce4+/Ce3+ strongly affects the catalytic activity. Investigations of the 

surface characteristics were conducted by tuning the Ce4+/Ce3+ ratio with a direct 

substitution of cerium with lanthanum. Raman measurements and XPS analysis 

confirmed the lanthanum doping and the increasing number of surface defects with 

higher amount of lanthanum. The catalytic efficiency of native urease is strongly 

affected by the presence of different metal ions. One of the strongest inhibitors are 

Cu2+ ions which are present in waste waters from different sources. It was found that 

even low amounts of Cu2+ can knock down the urease activity of jack bean urease, 

whereas the nanorod activity was not affected. Leaching experiments in water and urea 

solution proved the long-term stability of cerium oxide nanorods and lanthanum doped 

cerium oxide nanorods, where metal concentrations close to the detection limit were 

found. The reported trials prove the possibility of mimicking the native urease enzyme 

and substituting them for example in the water reclamation, where cerium oxide 

nanorods could be used for enabling in a higher process stability even in presence of 

enzyme inhibitors like metal ions. 
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The last project, described in this thesis, reported on the catalytic activity of different 

single metal oxide particles, like V2O5, MoO3-x and W18O49. All nanoparticles were 

previously synthesized, completely characterized and their properties as catalyst in a 

sulfide oxidation reaction were tested. The kinetic studies were conducted with methyl 

phenyl sulfide as representative organic sulfide, which was oxidized into methyl 

phenyl sulfoxide in presence of one equivalent hydrogen peroxide. The reaction 

progress was monitored online with 1H NMR spectroscopy and turnover numbers were 

calculated. It was found, that the MoO3-x and W18O49 particles showed the highest 

activity, whereas V2O5 was less active. We further found, that mixing the metal phases 

of molybdenum and tungsten significantly increased the catalytic activity. 

Mo1-yWyO3-x microparticles were prepared with different Mo:W ratios. It was found 

that Mo0.62W0.38O2.3 microparticles showed the highest activity of all tested materials 

and the reaction runs completely selective without formation of byproducts. Using the 

Mo0.62W0.38O2.3 microparticles a wide variety of organic sulfides was testing and 

primary high turnovers and high selectivities were achieved.  
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Nanoparticles with an enzyme-like activity are perfect systems for substituting their 

natural counterparts. The exploration of practical applications can currently be divided 

in two groups. First, applications, mostly in vivo, which try to mimic the native enzyme 

inside their natural surroundings, and second, applications, where the enzyme-like 

catalytic activity was used to combat environmental problems by simultaneously 

overcoming the limitations of native enzymes. The projects, described in the present 

thesis, are great examples, belonging to the second group. Because of the fact, that 

exploring nanomaterials with enzyme-like activities is still a young field of research, 

a lot of basic research must be done. As an example, the coupling of two different 

nanoparticles with unequal activities, could enable reaction cascades. In theory the 

active sites of center one would transfer a substrate A into product B, which could then 

be used as a substrate by center two for forming product C. Such cascades are 

interesting, especially in cases, where a toxic substrate A is transferred into a slitghtly 

less toxic compound B. In addition, the disadvantages like the biocompatibility of 

nanoparticles must be investigated and potentially improved. Of course, novel 

enzymes or reaction types need to be explored and the connected applications must be 

investigated and reported.  
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