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Abstract 

Protecting the environment and remediating it from the consequences of anthropogenic 

activities has become an important challenge in today’s world. Advancements in the field of 

catalysis, as an integral part of sustainable and green chemistry, play a major role in the 

development of new environmentally benign technologies to achieve this. In this regard, the 

field of nanotechnology opened up new possibilities for the design and synthesis of robust 

enzyme mimics (nanozymes) that fulfill the criteria of a green catalyst. In particular, gold 

nanoparticles (Au-NPs) functionalized with catalytically active peptides (Pep-Au-NPs) have 

proven to be a promising strategy towards the creation of artificial enzymes with remarkable 

properties in molecular recognition and catalysis. However, the field is still in its infancy. 

To extent the contemporary insights into the field of Pep-Au-NPs and establish first 

design rules, one part of the research conducted in this thesis deals with the systematic study of 

design principles of Pep-Au-NPs. More specifically, research was focused to systematically 

elucidate the effect the position of the catalytic center along the peptide sequence has on the 

catalytic properties of the corresponding Pep-Au-NP assemblies. A correlation was found 

between the hydrophobic nature of the employed substrate and the region in which catalysis 

takes place within the generated peptide-monolayer. 

The other two studies included in this work were directed to broaden the application 

scope of these conjugates. First, Pep-Au-NP were studied in their ability to act as a 

multifunctional cascade catalyst that performs two sequential reactions on a given substrate. By 

utilizing the hybridity of the system, a peptide-monolayer was established that catalyzed ester 

hydrolysis, while the Au-NP surface functioned as an efficient hydrogenation catalyst. The 

reaction was performed as a one-pot reaction in aqueous solution.  

Second, a Pep-Au-NP was designed to function as an artificial carbonic anhydrase (CA) 

mimic for the conversion of CO2 to HCO3
- in water. The artificial CA was able to catalyze CO2-

hydration and showed superior catalytic activity over the unconjugated peptide variant. 

Recycling of the Pep-Au-NP was possible without significant loss in activity even after 

treatment at elevated temperatures.  

 The results of this work, on the one hand, contribute to the rational design and synthesis 

of Pep-Au-NPs as artificial nano-enzymes; on the other hand, provide proof-of-concepts that 

Pep-Au-NPs are able to perform reactions applied in environmental-friendly processes. 

  



 
 

x 
 

Kurzzusammenfassung 

Der Schutz der Umwelt und die Sanierung dieser von den Folgen anthropogener Aktivitäten ist 

zu einer wichtigen Herausforderung in der heutigen Welt geworden. Fortschritte auf dem 

Gebiet der Katalyse, als integraler Bestandteil einer nachhaltigen und umweltfreundlichen 

Chemie, spielen dabei eine wichtige Rolle bei der Entwicklung neuer umweltfreundlicher 

Technologien. In dieser Hinsicht eröffnete das Gebiet der Nanotechnologie neue Möglichkeiten 

für das Design und die Synthese von robusten Enzymnachahmungen (Nanozymen), welche die 

Kriterien eines „grünen“ Katalysators erfüllen. Insbesondere Goldnanopartikel (Au-NPs), die 

mit katalytisch aktiven Peptiden (Pep-Au-NPs) funktionalisiert sind, haben sich als 

vielversprechende Strategie zur Schaffung künstlicher Enzyme mit bemerkenswerten 

Eigenschaften hinsichtlich molekularer Erkennung und Katalyse erwiesen. Das Feld steckt 

jedoch noch in den Anfängen. 

Um die aktuellen Erkenntnisse des Gebiets der Pep-Au-NPs zu erweitern und erste 

Designregeln festzulegen, befasst sich ein Teil der in dieser Arbeit durchgeführten Forschung 

mit der systematischen Untersuchung der Entwurfsprinzipien von Pep-Au-NPs. Insbesondere 

konzentrierte sich dieser Teil auf die systematische Aufklärung des Einflusses der Position des 

katalytischen Zentrums entlang der Peptidsequenz auf die katalytischen Eigenschaften der 

entsprechenden Pep-Au-NPs. Es wurde eine Korrelation zwischen der hydrophoben Natur des 

verwendeten Substrats und der Region gefunden, in der die Katalyse innerhalb der erzeugten 

Peptidmonoschicht stattfindet. 

Die beiden anderen in dieser Arbeit enthaltenen Studien zielten darauf ab, den 

Anwendungsbereich dieser Konjugate zu erweitern. Zunächst wurde untersucht, ob Pep-Au-

NPs als multifunktionelle Kaskadenkatalysatoren fungieren können, wobei zwei 

aufeinanderfolgende Reaktionen an einem Substrat durchführt werden. Unter Ausnutzung der 

Hybridität des Systems wurde eine Peptid-Monoschicht hergestellt, welche die Esterhydrolyse 

katalysierte, während die Au-NP-Oberfläche als effizienter Hydrierungskatalysator fungierte. 

Die Reaktion wurde als Eintopfreaktion in wässriger Lösung durchgeführt. 

Zweitens wurde ein Pep-Au-NP als künstliche Carboanhydrase (CA) zur Umwandlung 

von CO2 in HCO3
- in Wasser entwickelt. Die künstliche CA war in der Lage, die CO2-

Hydratisierung zu katalysieren und zeigte eine verbesserte katalytische Aktivität gegenüber der 

nicht konjugierten Peptidvariante. Das Recycling des Pep-Au-NP war auch nach Behandlung 

bei erhöhten Temperaturen ohne signifikanten Aktivitätsverlust möglich. 



   

xi 
 

Die Ergebnisse dieser Arbeit tragen zum einen zum rationalen Design und zur Synthese von 

Pep-Au-NPs als künstliche Nanoenzyme bei; Auf der anderen Seite sollten Sie nachweisen und 

aufzeigen, dass Pep-Au-NPs in der Lage sind, Reaktionen durchzuführen, die in 

umweltfreundlichen Prozessen angewendet werden. 
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1 Introduction 

The field of catalysis plays an important and indispensable role in today’s modern world. 

Catalysts are involved in 85-90% of all industrial chemical production processes[1] and find 

frequent application in environmental technologies, including pollution control or water 

treatment.[2–5] Independent of the field of application, the fundamental goal of a catalyst is the 

facilitation and acceleration of a chemical transformation with high activity and selectivity. A 

desired product is thereby accessed in high quantity with minimal energy consumption and 

limited purification procedures.[1] The development of new catalysts is therefore a continuous 

process to create innovative technologies that are economical and in the best case also 

ecological and sustainable. The application of new catalysts enables the improvement of our 

standards of living and industry and tackles existing or newly emerging challenges.  

While decades ago, one of the greatest challenges was the advancement of the 

industrialization, one of the most urgent challenges today is preserving or remediating the 

environment from the associated consequences of the industrialization.[6] The extensive and 

large-scale use of chemical compounds, including fossil fuels, various hydrocarbons (e.g., 

aliphatic, aromatic, halogenated), nitroaromatic compounds, solvents, and heavy metals as well 

as the concomitantly produced and (in)correct disposal of chemical waste, significantly 

contribute to the pollution of the soil or water.[7] Consequently, large parts of natural 

ecosystems, e.g., the one at the coastal region western of the Urals, are at moderate to high risk 

of irreversibly perishing.[6,8] Furthermore, anthropogenic activities have caused a rapid rise in 

the emission of greenhouse gases (GHGs), such as CO2, into the atmosphere with an ascending 

trend.[9–12] CO2, as the most abundant GHG in our atmosphere, plays a central role in irreversible 

and adverse environmental changes,[13] including global warming,[10,14] and the acidification of 

the global ocean.[15–17] According to the Intergovernmental Panel on Climate Change (IPCC), 

human activities led to an increase in global temperature of approximately 1 °C, compared to 

pre-industrial levels, with a likely increase to 1.5 °C between 2030 and 2050 (Fig. 1.1).[18] In 

fact, even at temperature increases of 1.5 °C, long-term climate-related consequences are severe 

and expected to be, e.g., temperature extremes,[19,20] droughts[21,22] and desertification,[23] as 

well as loss and extinction of certain species on land (specifically, insects, plants and 

vertebrates) or marine species in aquatic ecosystems.[18] Moreover, increasing losses of ice 

sheets in Antarctica and Greenland are predicted, which results in a rise in sea level and 

concomitant flooding of islands and coastal regions. Around 7% of the terrestrial land masses 

is predicted to undergo a transformation from one ecosystem to another.[18] The IPCC strongly 

recommends the limitation of CO2 emission to prevent further warming of the earth to 2 °C by 
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2100, since the magnitude of the mentioned environmental consequences is predicted to further 

increase.[18]  

 

Figure 1.1: Observed monthly global mean surface temperature (grey line) and estimated range of anthropogenic 
global warming (solid orange line and shading). Future trend of global warming if the current rate of warming 
continues is shown as orange dashed arrow and horizontal orange error bar. Adapted and modified from IPCC, 
2018: Global Warming of 1.5 °C.[18]  

To prevent or minimize environmental pollution and CO2 emission, researchers increasingly 

adapted the concept of “green chemistry”.[24] This term summarizes the development of 

sustainable and ecofriendly chemical technologies and methodologies. In this regard, the 

subfield of “green catalysis” emerged as an integral part of green chemistry. Green catalysis is 

an area of research with major opportunities for the design of new catalysts, or the application 

of existing catalysts to enable environmentally benign technologies. For instance, natural 

enzymes are highly efficient and selective catalysts and are considered to be intrinsically green 

as they are biodegradable and non-hazardous.[25] Although enzymes have been structurally 

characterized since the early 20th century, only over the last decades, have they been 

(re)discovered and applied in, e.g., chemoenzymatic cascade reactions or enzymatic CO2 

capture systems. These applications enable the reduction of chemical waste production in 

organic syntheses and minimize the emission of CO2 in industrial processes, respectively. 

However, enzymes are complex biomolecules and as complex is their structure-function-

relationship, which strongly responds to changes in their environment.[26] Hence, the 

application of enzymes in industrial processes or chemical synthesis is considered to be rather 

limited, as the applied conditions in industry deviate from the natural ones (i.e., high 

temperatures, extreme pH, organic solvents). To some extent, scientists have developed 
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techniques to circumvent those limitations, for example, by applying directed evolution the 

importance of which was acknowledged with a Nobel Prize in chemistry in 2018.[27,28] Another 

approach is the construction of artificial enzymes. The approach is based on the deciphering of 

important structural motifs of enzymes that account for the remarkable catalytic properties, and 

the translation of those into valid synthetic models. The resulting artificial enzymes ideally 

exhibit rate constants and selectivities similar to their natural analogues, while being more 

robust towards harsh experimental conditions, recyclable and synthesizable at low-cost on a 

large scale. Ronald Breslow pioneered and coined the field in the early 1960s by utilizing 

cyclodextrins as enzyme mimics. Since then, various approaches based on polymers or 

peptides, as well as supramolecular or organometallic chemistry were used to create artificial 

enzymes.[29–31] Nowadays, the field of modern nanotechnology and -research further expanded 

the toolbox for the design of inorganic nanoparticles (NPs) as robust enzyme mimics, referred 

to as nanozymes. Nanozymes possess unique electronic- and physicochemical properties. They 

have a size-regime similar to natural enzymes (~2-10 nm), and a high surface-area-to-volume-

ratio, thus, a large contact area for substrate conversion. Furthermore, nanozymes are robust 

solid heterogeneous catalysts, which enable a facile separation from reaction mixtures and 

recycling. Lastly, their surface can readily be functionalized with a variety of organic ligands.  

In this regard, gold nanoparticles (Au-NPs or gold nanozymes) have been intensively 

studied, due to their unique size-dependent optoelectronic[32,33] and intrinsic catalytic 

properties,[34,35] their tunable stability,[36] biocompatibility,[36–38] and their straightforward 

synthesis and surface modification. Au-surfaces are readily functionalized, e.g., by thiolated 

ligands, which assemble with high affinity at the Au-surface via stable S-Au bonds,[39] forming 

a (functional) ligand-monolayer. The high local ligand density at the Au-NP surface generates 

new cooperative and synergistic effects between functional groups. Those conjugates have 

shown remarkable properties in catalysis[40,41] and molecular recognition.[42,43]  

In this context, the application of peptides further extended the possibilities to design functional 

gold nanozymes (peptide-Au-NPs = Pep-Au-NPs). Peptides possess unique sequence 

dependent specific recognition and catalytic properties and their modular structure combined 

with the existing toolbox of natural and non-natural amino acids allows to easily diversify and 

fine-tune catalytic properties of the peptide-monolayer.[44] The confinement of peptides at the 

Au-NP surface induces close interactions between individual side chain residues, which leads 

to novel enzyme-like properties, such as the perturbation of pKa of functional groups, the 

execution of novel catalytic mechanisms and improved substrate interactions.[45,46]  
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The development of Pep-Au-NP catalyst is still at an early stage and their potential is largely 

undiscovered. Therefore, the present work will elaborate on the design and synthesis of novel 

Pep-Au-NPs as artificial enzymes and on their potential application in green technologies. 

Specifically, Pep-Au-NPs will be highlighted in their function to act as multifunctional catalysts 

for chemoenzymatic cascade transformations and catalysts for the conversion of CO2, 

respectively. A simplified summary of the applied concept and workflow is shown in Fig. 1.2. 

 

 

Figure 1.2: Schematic depiction of the concept and workflow applied in the projects of the present work. 
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2 Green chemistry and catalysis 

Green chemistry is a concept first formulated in the 1990s which is defined as the “design of 

chemical products and processes to reduce or eliminate the use and generation of hazardous 

substances.”[47,48] The application of this concept is an important aspect in modern chemistry 

and chemical engineering as it is an essential goal to ensure that further generations of materials, 

chemicals and energy (sources) are more sustainable to previous generations.[49] Therefore, 

continuous research is required for the discovery and design of new, cost-effective materials 

and processes to remediate polluted environments, or first and foremost, prevent environmental 

pollution. The framework of green chemistry is based on twelve principles that were described 

in 1998 by Paul Anastas and John Warner (Table 2.1).[47] In summary, these principles present 

a cohesive guideline towards the creation of processes designed across all stages of chemical 

life-cycle that minimize the use of toxic solvents or avoid the generation of hazardous residues 

or byproduct.[50] To achieve this, it is vital to use renewable or benign materials together with 

a good energy and atom economy.  

Table 2.1: The twelve principles of green chemistry according to Paul Anastas and John Warner.[47,48] 

1. Waste prevention instead of remediation 7. Use of renewable feedstock/materials 

2. Atom efficiency 8. Efficient synthesis (avoid derivatization) 

3. Less hazardous/toxic chemical synthesis 9. Catalysis 

4. Safe and sustainable chemicals by design 10. Degradation of chemical products 

5. Use of innocuous solvents and auxiliaries 11. Analytical methods for pollution control 

6. Energy efficiency 12. Inherently safer processes (less accidents) 

 

Catalysis as one of the twelve principles presents an important field of research for the 

development of new methodologies and processes with high efficiency, decreased energy 

consumption that are atom efficient and produce little waste. Catalysts are also referred to as 

the solution to pollution.[51] The application of a catalyst greatly reduces the energy input of a 

reaction by lowering the energy required for the conversion. Moreover, catalysts reduce the 

produced waste of a reaction by avoiding the usage of stoichiometric amounts of reagents.[48] 

This also implies an overall lower necessity of feedstock. A negative example that demonstrates 

the advantages of a catalyst, is the reduction using NaBH4 (Scheme 2.1).[52] NaBH4 is an 

established reducing agent in organic chemistry that functions as a hydride donor to, e.g., reduce 
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ketones and aldehydes to the corresponding alcohols. Stoichiometric amounts of NaBH4 are 

required for a quantitative conversion, which results in additional waste production.[53] By 

contrast, the catalytic hydrogenation of ketones using a palladium catalyst on active carbon 

(Pd/C) and H2-gas proceeds in a non-stochiometric manner and no additional waste is produced. 

In total, significantly less chemicals, thus feedstock is required, and waste production is 

minimized.  

 

Scheme 2.1: Comparison between stoichiometric and catalytic reduction of ketones to the corresponding 
alcohols. 

Catalysis also opens up new avenues to solve synthetic questions and enable efficient 

routes towards valuable products that are otherwise not accessible or only accessible by 

challenging reactions.[48] The development of the Grubbs catalyst presents such an example.[54] 

The developed ruthenium-complex enabled a facile way of olefin metathesis, a powerful C-C-

double-bond forming reactions that is still widely used. The facilitation of metathesis reactions 

presented an innovative approach towards valuable unsaturated compounds, which was 

acknowledged with the Nobel Prize in chemistry in 2005. Based on that, a variety of new 

synthetic routes and strategies were developed and are still under development.[55] In total, the 

development of the Grubbs catalyst entailed considerable environmental benefits.[48] 

Another key aspect in green chemistry and catalysis is the transition to environmentally 

benign solvents or no-solvent systems. In most chemical synthesis and processes, solvents 

account for most of the produced waste and recovery of solvents is often linked to energy 

intensive distillations.[48,56,57] On top of that, the used solvents are often toxic, corrosive, 

flammable and volatile or water soluble which greatly increases their exposure and danger to 

natural ecosystems on land, water and air. Thus, various green alternatives are under 

consideration, including super critical fluids, ionic liquids or simply water.[48,58] 

Water is the most abundant solvent on our earth and is considered to be the “universal 

solvent”[48,59,60] with a lot of advantages. It is non-flammable, non-toxic and non-polluting, thus 
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does not pose any harm to the environment or contaminates formed products.[58] It is cheap and 

readily available on a large scale, which makes the use of water as a solvent ecologically and 

economically attractive.[61] Moreover, organic reactions, such as the Diels-Alder reaction 

performed in water can even be accelerated by utilizing the hydrophobic effect,[62] which brings 

suitable substrates into close proximity. Additionally, when the formed product is insoluble in 

water, purification can readily be performed by filtration. Despite the advantages, applying 

water as a solvent in organic synthesis also has its drawbacks. For example, many organic 

compounds are only poorly soluble or insoluble in water, which greatly limits the substrate 

scope.[63] Besides, undesired side reactions, including hydrolysis, racemization or 

polymerization are also possible.[64] Another downside resides that mostly extraction-based 

purification steps are performable, as the evaporation of water is energy intensive.[64] However, 

solutions to these drawbacks are already addressed at in various research groups.[63,65,66] 

Water has great potential to become the staple solvent for green chemistry. As a result, 

suitable catalysts and catalytic processes functioning in aqueous solutions are increasingly 

developed. In this context, the application of enzymes or nanocatalysts as artificial enzymes 

presents a great alternative to conventional chemical catalysts. 
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3 Enzymes: natures green catalysts 

Enzymes are nature’s own highly evolved biocatalysts that speed up almost all metabolic 

processes in living organisms under mild conditions to enable life on the time scale as we know 

it. They present the best example of a green catalyst, as they are  non-toxic, biodegradable and 

originate from renewable sources (plants, animals, microorganisms).[67] Furthermore, enzyme 

catalysis functions in aqueous media, at atmospheric pressure and ambient temperatures, while 

showing exceptional efficiency and high regio-, chemo- and stereoselectivity.[68–70] Hence, 

enzymatic reactions are considered to be clean with little to no side-reactions or by-products, 

which in total minimizes energy consumption and waste production. Such advantages are 

difficult to achieve using conventional chemical catalysts.[69] Moreover, when designed 

accordingly, enzymes catalyze the synthesis of complex macromolecules, like polysaccharides 

cellulose[71,72] or hyaluronic acid.[73] Furthermore, immobilization of enzymes also enables their 

facile recycling, which improves their cost-efficiency and removes a drawback of enzymes 

being homogenous catalysts.[74] Also, given sufficient robustness and compatibility, enzymes 

can be used in conjunction with chemocatalysts to enable new green chemoenzymatic cascade 

processes for multistep syntheses in one-pot (see section 3.2.2).  

To date, more than 3000 different enzymes have been discovered and as numerous is 

their spectrum of catalyzed reactions. Depending on the chemical transformation they 

accelerate, natural enzymes can be classified into six main categories, i.e., Oxidoreductases, 

Transferases, Hydrolases, Lyases, Isomerases and Ligases.[75] In addition to these reaction 

classes, enzymes can also be mutated and engineered, for example, by applying directed 

evolution, to further diversify the enzymatic toolbox, to also include non-natural reactions like 

epoxide opening, cyclopropanation, carbene transfer reactions[27] and others. Besides, 

nowadays most enzymes are readily and widely accessible, and their catalytic mechanisms, 

which are strongly related to their enzyme structure (see section 3.1), have been increasingly 

unraveled.[69] Therefore, enzymes - mostly hydrolases and oxidoreductases - find application in 

their natural or mutated form in current industrial processes, including food, pharmacology, 

paper, textile industry, and more.  
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3.1 Structure-function-relationship exemplified by the carbonic anhydrase 

Enzymes are generally considered to be proteins, with an exception being RNA-based 

ribozymes.[75] Enzymes are large biomolecules that consist of one or more linear chains of 

several tens to several hundred amino acids (primary structure) linked together by peptide bonds 

that constitute the protein backbone. The primary structure is precisely sequenced, which 

predetermines the complex and specific intramolecular non-covalent interactions, including 

ionic- and Van-der-Waals-interactions, or hydrogen-bonding with specific residues or the 

protein backbone that lead to higher ordered structures. This results in defined, local structural 

motifs, such as α-helices or β-sheets (secondary structures) that are primarily formed by 

hydrogen bonding within the protein backbone. In water, these structures spontaneously arrange 

and fold into an intricate three-dimensional tertiary structure or in case of a multi-subunit 

enzyme into a quaternary structure. An overview over the protein structures is given in Fig. 3.1. 

The folding process is primarily driven by the hydrophobic effect, i.e., increasing hydrophobic 

interactions between non-polar residues, while decreasing the interaction between hydrophobic 

amino acids and water. This results in the release of solvating water molecules and increases 

the overall entropy of the system. As a result, a sophisticated protein architecture, where 

specific regions for protein-protein- or protein-ligand-interactions, cofactor and substrate 

binding or catalysis are developed.  

 

Figure 3.1: Graphical overview over the four levels of protein structures exemplified by the structure of DNA 
polymerase III subunit β (PDB code: 4TRT). 

Within the folded enzyme structure, a small region is developed, referred to as the active 

site. The active site is responsible for substrate accommodation, binding, and catalysis. It is 

usually located in the interior of the folded protein structure in a small pocket or tunnel[76] and 

contains a conserved arrangement of catalytically relevant amino acids. These residues define 

the topology of the active site region in terms of solvation of functional groups, presence of 



3 Enzymes: natures green catalysts 
 

10 
 

structural water molecules and overall polar/hydrophobic character.[77] Moreover, they are 

responsible for the substrate-binding interactions and account for the remarkable substrate 

specificity and stereoselectivity of an enzymatic reaction. Residues present in the active site 

engage in multiple weak interactions with the substrates (i.e., hydrogen bonds, Van-der-Waals-, 

electrostatic-, hydrophobic- or π-π-interactions) to form a stable but reversible (non-)covalent 

enzyme-substrate-complex. The substrate is tightly positioned and oriented and the 

corresponding orbitals steered to optimally overlap with the corresponding catalytic competent 

moieties[78,79] to promote transition state interactions and -stabilization. As a result, enzymes 

greatly decrease the activation energy of a reaction and efficiently convert a substrate with rate 

increases of 106-1012,[69,80] compared to the uncatalyzed reaction. Since enzymes reversibly 

catalyze a certain reaction, they do not affect or alter the thermodynamics of a reaction, e.g., 

equilibrium constants, even though equilibrium may be attained faster.  

The catalytic mechanisms performed by enzymes, such as nucleophilic, covalent, 

general acid/base or redox catalysis, strongly depend on the nature of the enzyme and its 

catalytic center. Catalysis can be executed either directly by amino acid side chains, for 

example, the catalytic Asp-His-Ser triad of serine proteases like chymotrypsin,[81] or can be 

achieved by coordination of a metal cofactor that acts as the catalytically competent unit. 

Regarding the latter, several amino acid residues, including the ones of His, Tyr, Cys, Glu or 

Asp have been identified to coordinate to various metal ions (i.e., Mn, Ni, Co, Fe, Cu or Zn).[82] 

Those residues (primary coordination sphere) and other residues of the active site (secondary 

coordination sphere) generate a microenvironment around the metal center, which enables 

substrate recognition, orientation, fixation and catalytic conversion,[82–85]  analogous to non-

metal containing enzymes as previously mentioned.  

The active site of enzymes and their sophisticated composition of functional groups does 

not only facilitate substrate binding and conversion, but also the release of product and transfer 

of, e.g., solvent molecules or protons in and out of the catalytic cavity to revert into the initial 

state.[86]  

An extensively studied enzyme that merges the above-mentioned information into a 

concrete example, is the human Carbonic anhydrase II (hCA II), whose structure-function-

relationship also plays an important role in section 3.2.1 and section 7.4. The hCA II belongs 

to the overall enzyme class of lyases and is a naturally occurring zinc metalloenzyme that 

efficiently and reversible catalyzes the hydration of CO2 into hydrogen carbonate (HCO3
-) and 

H+. The hCA II consist of 260 amino acids that form 9 α-helices and 18 β-strands, which 

assemble into a complex tertiary structure (Figure 3.2A).[87]  
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Figure 3.2: (A) Structure of human carbonic anhydrase II (PDB code: 1CA2) showing His64, His96 and His119 
coordinating a Zn(II) (grey). α-helices are shown in green and β-strands in blue. (B) Illustration of the active site 
of hCA II showing amino acid side chains that comprise the hydrophobic region (green) and the hydrophilic region 
(blue).  

The active site of hCA II is located 15 Å deep within a conical groove of the enzyme structure 

and contains a zinc-ion (Zn(II)) that is coordinated by three His imidazole (His94, His96 and 

His119), which form the catalytic Zn(II)-center.[88] The bound Zn(II) acts as a Lewis-acid that 

significantly lowers the pKa of an associated water molecule, referred to as WZn,[89] down to 

approx. 7, which enables the conversion of CO2 by a highly nucleophilic Zn(II)-bound-

hydroxide mechanism at neutral pH (Scheme 3.1).[88,90]  
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Scheme 3.1. Reaction mechanism of CO2-hydration executed by the Zn(II)-bound hydroxide of hCA II. 

The active site cleft is further divided into a hydrophobic binding site and a hydrophilic region 

(Fig. 3.2B).[89,91] The hydrophobic binding site contains non-polar amino acids Val121, Val143, 

Val207, Leu198, Trp209 and Thr199-CH3 which engage mainly in Van-der-Waals-interactions 

with the apolar substrate CO2 to facilitate diffusion into the catalytic cavity and accelerating it 
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towards the Zn(II)-center.[89,92] After different intermediate states along the binding process, 

CO2 is ultimately directed to linearly orient to and interact with the Zn(II)-ion, which maximizes 

the polarization of the CO2 carbon, making it more susceptible for the incoming nucleophilic 

attack.[92] This leads to extraordinarily high first-order rate constants of CO2-hydration (kcat) 

of ~106 s-1 and second-order rate constants (kcat/kM) approaching the diffusion limit of 

~108 mol-1 s-1
.
[93] Fascinatingly, with hCA II nature has evolve a catalyst whose catalytic 

process is only limited by fundamental physical phenomena, such as diffusion or proton transfer 

processes. Although these processes being rate determining, they are also optimized and sped 

up by various sequential processes within the enzyme structure in order to minimize their effect 

on catalysis. Specifically, the transfer of generated protons out of the active site into the bulk 

solvent is performed in an elegant fashion by residues of the hydrophilic region. 

The hydrophilic region mainly consists of polar amino acids Tyr7, Asn62 and Asn67, His64, 

and of Thr199-Oγ1, as well as Thr200-Oγ1 that elaborately interact with water, to form a dynamic 

hydrogen-bonded solvent network.[89,94] This intricate network facilitates the release of HCO3
- 

and plays a key role in solvent and proton shuttle processes to regenerate the functional catalytic 

Zn(II)-center.[95,96] It was identified that the imidazole of His64, located approx. 8 Å away from 

the Zn(II)-center, is a vital residue for the proton transfer process. It extends into the active site 

cavity and orchestrates the process by concurrently changing its imidazole conformation into 

two rotameric states: the “Hisin”-state, that accepts protons and points into the active site; the 

“Hisout”-state that donates a proton to the bulk solution and points out of the active site (Fig. 

3.3).[89,97]  

 

Figure 3.3: Depiction of the ordered hydrogen-bonded water network (red) and the His “in & out” rotation of 
His64 during the proton shuttle process. Adapted from Ref.[97]. Copyright © 2010, American Chemical Society. 
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During the initial phase of CO2-hydration, WZn is activated by releasing a proton, to generate 

the Zn(II)-bound-hydroxide. The proton is transferred through two localized water molecules 

to the Nπ of His64 in its Hisin-state. The resulting protonated imidazole of His64 is said to be 

electrostatically repelled from the positively charged Zn(II), which leads to the conformational 

rotation into the Hisout-state and structural changes in the solvent network.[98]
 Subsequently, the 

bound proton is released into the bulk solution and the imidazole flips back into the Hisin-state. 

Zn(II) plays an important role in the proton shuttle process as it was shown, that in the absence 

of Zn(II), His64 resides predominantly in the Hisout-state and is associated with additional water 

molecules.[89]  

The formed polar product HCO3
-, is released through the hydrophilic region, while 

rearrangements of water molecules take place to regenerate the catalytic center.[89,99,100]  That 

is, a water molecule in the vicinity of the metal-center binds to Zn(II), forming the new WZn. 

Additional water is recruited from bulk solution and the former well-ordered hydrogen-bonded 

solvent network rearranges and replaces vacant water positions in the cavity. The active site 

reverts into the initial state and a new cycle of CO2-hydration begins.  

The structure of hCA II – or of enzymes in general – evolved over billions of years and is 

still adapting to this day. Each individual amino acid is carefully positioned and has a direct or 

indirect impact on the structural stability and catalysis. Even single substitutions can be 

detrimental to the catalytic activity. This was demonstrated by site specific substitutions of 

amino acids Leu198 and Val143, which are responsible for substrate association and are located 

at the entrance and base of the hydrophobic cleft of hCA II, respectively. Nair and Christianson 

substituted Leu198 for polar amino acids Glu, Arg and His or less hydrophobic amino acid 

Ala.[101] The substitution of Leu198 and its isobutyl group for the smaller methyl group of Ala 

led to a notable decrease in catalytic efficiency kcat/KM by 3-fold. The substitution of Leu198 

for Glu, Arg and His severely diminished catalytic efficiency kcat/KM by 19-fold, 17-fold and 

10-fold, respectively.  

An even greater effect on the catalytic efficiency has the substitution of Val143 for bulky 

amino acids Phe and Tyr as demonstrated by Fierke et al.[102] A substitution of Val143 for Phe 

or Tyr renders hCA II catalytically inactive. The sterically demanding phenylalanine ring 

occludes the binding pocket, which leads to a loss of substrate association site. Besides, also 

moderate substitutions of Val143 for Leu or Ile reduced kcat/KM by factors of 6 and 8, 

respectively. Moreover, even small alterations in the structure of amino acids that are only 

indirectly involved in the catalytic process can significantly reduce the catalytic efficiency. For 

example, the substitution of Gln92, which is involved in the hydrogen-bonding network of the 
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active site, for slightly smaller Asn led to a 4-fold decrease in kcat/KM.[103] Tab. 3.1 summarizes 

the selected single amino acid substitutions performed in hCA II and their effect on catalysis. 

Table 3.1: Summary over selected single amino acid substitutions performed in hCA II and their effect on kcat/KM.  

Wild-type residue Replaced by… Effect on kcat/KM 

Leu198[101] Ala 3-fold decrease 

 His 10-fold decrease 

 Arg 17-fold decrease 

 Glu 19-fold decrease 

Val143[102] Phe catalytically inactive 

 Tyr catalytically inactive 

 Leu 6-fold decrease 

 Ile 8-fold decrease 

Gln92[103] Asn 4-fold decrease 

The structure-function-relationship of hCA II (and of enzymes in general) is not only 

susceptible to modifications in the primary structure but is also sensitive to changes in their 

environment. hCA II exhibits highest kcat/KM values at approx. pH 8.[104] Small deviations from 

this pH in both directions (i.e., higher or lower than 8) cause a decrease in catalytic efficiency. 

While even greater pH alterations cause ionizable groups to considerably change their 

(de)protonation state, which destabilizes the protein structure and catalytic activity is decreased 

or obliterated. Furthermore, chemical denaturants like (chaotropic) salts,[105] acids, bases, or 

organic solvents[106] have a similar effect on the enzyme structure, as important interactions 

(hydrogen bonds, electrostatic or hydrophobic interactions) between functional groups are 

either not formed or disrupted.  

The enzyme structure is also susceptible to physical influences like temperature changes. It 

was shown that hCA II is stable up to approximately 40 °C and retains up to 90% of its 

activity.[107,108] However, further elevation of the temperature to, e.g., 60 °C and higher causes 

the interactions that keep the enzyme structure together to break. Consequently, hCA II 

denatures and catalytic activity is lost.[109]  

The hCA II is just one example among many natural enzymes that possess a sophisticated 

structure-function-relationship and concomitantly exceptional catalytic properties. Owing to 

their high catalytic efficiency, outstanding regio-, chemo-, and stereoselectivity, as well as their 

intrinsic environmental friendliness, enzymes increasingly find application in industry and 

organic synthesis. However, due to their frailty in unnatural milieus, reactions and technologies 

must be designed accordingly.  
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3.2 Examples of green applications  

The following two sections provide an overview over the state of the art of two fields of research 

in which enzymes play key roles: enzymatic post-combustion CO2-capture processes and 

chemoenzymatic cascade reactions. Both approaches were developed and are still pursued with 

the overall intention of decreasing the release of pollutants or emission of GHGs into the 

environment. 

 

3.2.1 Post-combustion CO2-capture  

CO2 as the most abundant green-house gas in our atmosphere, plays a central role in 

anthropogenic, irreversible and adverse environmental changes,[13] including global 

warming,[10] and the acidification of global oceans (see section 1). Since industrial combustion 

processes produce billions of tons of CO2 annually, widely implementable technologies need to 

be developed[110] that, in the best case, prevent the formation of CO2 or capture the produced 

CO2 in cost-efficient ways. Several approaches have been developed and investigated in order 

to capture CO2 from flue gas mixtures[111] produced by power plants, cement plants, or other 

industry, after combustion processes. Such technologies are referred to as post-combustion 

carbon capture (PCCC) methods.[110] The released flu gas composition after combustion process 

usually consists of only 10–20% CO2 together with O2, N2, H2O vapor and traces of various 

nitrogen (NOx) and sulfur oxides (SOx).[112,113] Thus, selective PCCC methods are required that 

exclusively capture CO2 from flue gas streams in order to isolate it with high purity to enable 

its use as a valuable feedstock. CO2 finds application as a shielding gas in welding systems,[114] 

as a refrigerant in industrial refrigerator systems,[115] or as a C1-building block in chemical 

synthesis of methanol,[116] formate,[117], cyclic carbonates or urea,[118] to name a few.  

One of the most effective approaches towards selectively capturing and isolating CO2 are 

scrubbing methods, such as the amine scrubbing. In the amine scrubbing, CO2 is chemically 

absorbed by amine solvents in a countercurrent fashion in an absorber column and is 

subsequently released in a desorption process (Fig. 3.4).[108,119] The absorber column is 

commonly packed with a porous material, which increases the contact surface between the gas 

and solvent.[120,121] A frequently used solvent for the removal of CO2 in such a process is 

monoethanolamine (MEA).[122] MEA is extremely efficient and selective in removing CO2 by 

forming stable carbamates at elevated temperatures (30 – 50 °C), is inexpensive and available 

on a large scale. However, MEA is corrosive and the regeneration of CO2 from these carbamates 
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for subsequent processes is highly energy intensive due to the high temperatures (> 120 °C) 

needed, and therefore accounts for up to 80% of the operating costs.[119,123] 

 

Figure 3.4: Simplified flow sheet for the capture of CO2 using monoethanolamine in a CO2-capture plant. 

Thus, a multitude of other solvents that lower the stripping costs of CO2 are under 

consideration, including sterically hindered[124] and tertiary amines,[125,126] chilled ammonia[127] 

or aqueous carbonate solutions (K2CO3),[128] with the latter being the environmentally most 

benign. While many of these alternative solvents are able to reduce the energy required for CO2-

stripping, suitable catalysts are required, that promote the absorption rates of CO2 from running 

gas streams into the liquid.[108,119] In this context, enzymes, specifically CAs are considered as 

highly efficient and selective catalysts for the interconversion of CO2 to HCO3
- in water as 

described in detail in section 3.1.  

The proof-of-concept that CAs catalyzes the hydration of CO2 in vitro on a laboratory 

scale was shown by Bond et al.[129] However, exposing CA to the harsh, denaturing operation 

conditions of a CO2-absorption process, including high temperatures, high ionic strength, high 

pH and high shear-stress,[130] as well as the presence of potentially inhibiting pollutants from 

the flue gas mixture, requires comprehensive efforts in reaction and protein engineering and 

(bio)chemical studies. Bond et al. addressed the inhibition of NOx and SOx pollutants, by 

studying the catalytic activity of bovine CA (BCA) in presence of SO4
2-

 and NO3
-.[131] CO2-

hydration was monitored using the delta-pH method, which monitors the changes in pH over 

time upon reaction of CO2 with H2O to H+ and HCO3
-. Hence, CA-activity can be assessed by 

following the decrease in pH over time. BCA showed excellent activity in presence of low 

concentrations (<0.1 M) of NO3
- and SO4

2- in Tris-buffer pH 7.8, while significant inhibition is 

observed at higher concentrations of both pollutants. Similar results were obtained by Lu et 
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al.[132] CA kinetics in aqueous 20 wt% K2CO3/KHCO3 solutions remained unchanged in 

presence of SO4
-, NO3

- and Cl- at concentrations of up to 0.9 M, 0.2 M and 0.7 M, respectively. 

However, the emission of NOx and SOx is strictly controlled, and a CO2 scrubber would be 

probably be connected in succession to a sulfur scrubber.[131] Thus, high concentrations of these 

pollutants are unlikely and only low concentrations within the non-inhibiting range are 

expected. In other words, CA remains intact at relevant concentrations of pollutants present 

within the capture process. 

A much greater challenge for the use of CAs in PCCC processes is their lack of 

thermostability at elevated temperatures which are applied in scrubbing systems, especially in 

the CO2 stripping process. Most CA strains isolated from mammals or prokaryotes are known 

to lose their catalytic activity at temperatures between 55 – 65 °C[119] which outright prevents 

their application in industrial scrubbing processes. In order to tackle this problem and 

successfully implement CAs into valid PCCC processes, the following three approaches are 

under consideration (Fig. 3.5).  

 

Figure 3.5: Overview over the advantages and disadvantages of the three approaches that are under consideration 
to implement CAs into CO2-capture systems. (1) Thermostable CAs (SspCA; PDB code: 4G7A); (2) CAs 
engineered by directed evolution; (3) enzyme mimcs (Zn(II)-cyclen; PDB code: 3L8Y). 

The first approach includes the application of heat stable CAs occurring in thermophilic 

microorganism. The Capasso group was able to clone and purify a thermostable α-CA, named 

SspCA, from thermophilic microorganism Sulfurihydrogenibium yellowstonense living in hot 

springs at temperatures of 70-110 °C.[133,134] SspCA showed high degree of thermostability for 

several hours at 70 °C,[133] and only showed declines in activity after 2 hours at 100 °C, while 

BCA was unstable above 50 °C (Figure 3.6).  
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Figure 3.6: Assessment of CO2-hydration activity of (A) SspCA and (B) BCA II after incubation for a fixed time 
at the indicated temperatures. Adapted from Ref.[135]. 

Furthermore, SspCA was immobilized within a polyurethane (PU) foam, which 

increased its stability as SspCA maintained its activity after incubation at 100 °C for 50 h.[135] 

Moreover, the immobilization within the PU foam greatly increased the long-term stability of 

the enzyme. The embedded SspCA was stable up to one month at 25 °C without decreasing its 

activity.[136] PU-SspCA was then applied for the capture of CO2 under conditions close to a 

post-combustion-system by using a three-phase trickle-bed reactor. The system was operated 

with a countercurrent flow of 20% CO2 gas in N2 and H2O similar to an amine scrubbing set-

up. However, only a moderate conversion of CO2 of approx. 40% was achieved.[136]  

In an attempt to facilitate the recovery of SspCA from capture processes, Perfetto et al. 

conjugated the enzyme to magnetic Fe3O4-nanoparticles.[134] Compared to the free variant, 

SspCA did not show decreases in activity after operation at 70 °C for 80 h (Figure 3.7). 

Regarding long-term stability, Fe3O4-SspCA was stable for 30 days at 25 °C, analogous to 

PU-SspCA. However, by utilizing the ferromagnetic properties of the Fe3O4-nanoparticles, 

recovery of Fe3O4-SspCA was possible by simply using a magnet or applying an 

electromagnetic field.  

A patented, more efficient, heat-stable CA strain was obtained from Bacillus clausii, 

which retained 80% of its activity after incubation in bicarbonate solution for 15 mins at 

60 °C.[137] At an enzyme loading of 0.6 g/L and gas stream 15% CO2, this CA was able to 

extract >99% CO2, compared to 33% without the enzyme.[137,138] Furthermore, in a 1% MEA 

solution, CO2 absorption was also increased by 2-fold.  
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Figure 3.7: CO2-hydration activity of SspCA and bCA bound and unbound to magnetic Fe3O4-Nanoparticles. 
Adapted from Ref.[134]. 

Heat stable CAs from thermophilic microorganism present a promising approach in 

order to circumvent the inadequate thermostability of natural CAs. However, partial drawbacks 

of all naturally occurring CA types is said to be their high cost and lack of stability in aqueous 

media containing relevant concentrations (ca. 50% v/v) of amine-based solutions that are 

considered as benign alternatives to MEA, such as Methyldiethanolamin (MDEA).[138] 

Nevertheless, amine solvents are not a prerequisite for PCCC methods as aqueous K2CO3 

solutions are also under consideration. So far, no relevant application using naturally occurring 

thermophilic CAs has been reported. 

The second approach towards the application of CA in PCCC involves the use of protein 

engineering. In particular, directed evolution introduced a powerful tool to evolve a potential 

CA variant towards resistance to environmental stresses that are present under industrial 

conditions. A great example of using directed evolution to enable CAs for PCCC methods is 

given by the company “CO2 Solutions inc.” of Québac, Canada in 2015, who were able to 

successfully commercialize their CA-mediated CO2-capture process.[139] They targeted a CA 

from thermophilic bacteria that exhibited relevant initial thermostability for directed evolution 

using an in-house, screening procedure. Due to company secrets no detailed information on the 

screening procedure nor the initially used CA and its respective modifications are available. 

The evolved CA was implemented into a large-scale pilot system near Montreal, Canada in 

Salaberry-de-Valleyfield (short: Valleyfield) in 2015 (Fig. 3.8A).  
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Figure 3.8: (A) Photo of the CA-mediated CO2-capture demonstration unit of CO2-Solutions inc. (B) Activity 
profile of modified CA employed during the demonstration of the plant over a period of approx. 45 days.[139] 

The Valleyfield project was the largest enzyme-based CO2-capture study ever 

performed and was used to sequester 10 tons CO2/day (tpd) CO2 from a natural gas fired steam 

generator over the period of 150 days. The process ran using 1.45 M aqueous K2CO3 as the 

primary solvent in which the enzyme is homogenously dissolved, without any immobilization. 

The evolved CA variant was demonstrated to be stable and active over more than 45 days under 

process conditions (Figure 3.8B). Adaptive CO2 capture rates in the range of 65–95% were 

achieved and the purity of the isolated CO2 was 99.95%. In fact, the obtained CO2 has a level 

of purity for immediate usage as a C1-building block in chemical synthesis and only modest 

treatment is necessary to enable its use in food or beverage industry. Moreover, 

technoeconomical-analysis revealed a total cost of captured CO2 of $28.00/ton,[139] which is 

significantly lower compared to previous MEA-scrubber with capture costs of 51-82$ per 

ton.[122] In addition, by using water as a non-corrosive solvent, no solvent degradation or 

formation of hazardous compounds was observed, no solvent treatment was necessary during 

the process and the relatively low amounts of produced wastewater were directed into the 

surrounding sewer systems.[139] Deployment of further demonstration system for the 

sequestration of CO2 in larger scales of up to 30tpd and 300 tpd CO2 for extended periods of 

10 years has already been initiated in Saint-Félicien (Québec) and Alberta, respectively.  

The application of CAs, together with joint efforts in biology, chemistry and engineering 

enabled the development of a CO2-capture technology that is a superior and highly 

environmentally benign alternative to conventional PCCC based on amine solvents. However, 

a scale-up of the CA-based systems and the associated CA production is required to enable the 

implementation into medium and large power plants that emit at the least 150 000 – 500 000 
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tons CO2 per year. Furthermore, the system needs to be tested over periods of years to 

sufficiently assess the enzymes long-term stability and life cycle/cost-efficiency. 

The last approach used to overcome the limitations of CA (or enzymes in general) is a 

biomimetic approach. Instead of using CA as the active catalyst, it is used as a model for the 

design and manufacturing of new robust artificial enzymes. Scientists are continuously 

designing and developing novel artificial enzymes to obtain widely applicable, low-cost 

alternatives to enzymes, with high activity and selectivity that are readily synthesized and 

modified, also on a large scale. In the context of CO2 capture, most of the mimics developed 

and studied are small molecules that mimic the active site of CA by using different macrocyclic 

or tripodal ligands for the coordination of metal ions, such as zinc, cobalt, copper and nickel.[140]  

One of the most efficient and robust CA mimics is the cyclic polyamine 1,4,7,10-

Tetraazacyclododecan (cyclen, Fig. 3.9A).[108,141] Cyclen is a small molecule that mimics the 

catalytic center of CA by acting as a multidentate ligand to form the corresponding chelate 

complex with a Zn(II)-ion. The resulting catalytically active Zn(II)-cyclen, shows great 

resemblance to the naturally occurring 3-His-Zn(II)-center found in natural CAs. Compared to 

the natural analogue, Zn(II)-cyclen shows greater robustness towards harsh experimental 

conditions, such as high temperatures up to 130 °C, high pH (>12) and nearly saturated salt-

concentrations (45% w/w K2CO3) as determined by a laboratory scale CO2-capture set-up.[108] 

Zn(II)-cyclen shows around one-third of the activity of a CA III isoform.[142] however, its 

activity is inhibited with increasing concentrations of formed hydrogen carbonate (product 

inhibition). To address the product inhibition, electron-donating ligand environments have been 

proposed to promote hydrogen carbonate dissociation from the metal center. Based on that, 

Lippert et al. reported a water-soluble, electron donating, imine containing salen-like ligand 

that coordinates Zn(II)-ions (Fig. 3.9B).[143] The Zn(II)-complex proved to be robust and 

exhibited rate constants larger by two orders of magnitude, compared to zinc cyclen.[143] An 

overall increase in CO2-absorption of up to 34% was observed, which theoretically correlates 

to a reduction in absorber tower volume of approx. 30% and a significant reduction in capital 

cost of 15%. Nevertheless, a general disadvantage of this ligand scaffold are the potential 

hydrolysable imine groups.  

In 2016 Kelsey et al. circumvented this problem, by using a bis(hydroxyphenyl) 

phenanthroline ligand (Fig. 3.9C).[13] The ligand shares similarities in coordination of the metal 

ion to the previous ligand but contains no hydrolyzable imine groups.[13] The respective Zn(II)-

complexes were studied for CO2 hydration in a post-combustion environment, using 

concentrated primary amine solutions. In comparison to the uncatalyzed reaction, the 
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phenanthroline complex showed a 25% increase in CO2 absorption and a similar rate constant 

to the salen-based complex by Lippert et al.[143] Despite the advantages, solubility issues arose 

using the phenanthroline ligand. Therefore, undesired additions of acetonitrile or pyridine into 

the sorbent solvent were necessary to solubilize the catalyst.[13] Albeit, the progress in designing 

small molecule CA mimics, that can be used under industrial conditions, their structural 

complexity and the related catalytic efficiency cannot compete with natural CAs.  

 

 

Figure 3.9: Scaffolds for the complexation of Zn(II) to mimic the catalytic center of CA: (A) cyclen; 
(B) imine-containing salen-ligand; (C) phenantroline-ligand; (D) α3DH3 three-helix bundle (PDB code: 2A3D). 

In this context, Cangelosi et al. showed the advantages of using a more complex peptide 

scaffold as a CA mimic.[144] For that, a de novo designed peptide consisting of 73 amino acids 

(Fig. 3.9D) reported by DeGrado[145] that folds into a three-helix bundle was modified by 

incorporating three histidine residues into the primary structure. The modified peptide binds 

Zn(II) with high affinity through the three histidine imidazole rings. The resulting ZnIIα3DH3 

metalloenzyme catalyzed the hydration of CO2 under physiological conditions better than any 

small molecule model of CA. The resulting metalloenzyme catalyzed the hydration of CO2 

under physiological conditions better than any small molecule model of CA to that date. The 

reason for the exceptionally good catalytic efficiency is said to be the more complex peptide 

architecture and developed secondary coordination sphere, in which hydrogen bond networks 

and cooperative effects are established. Nevertheless, the stability of ZnIIα3DH3 is dictated by 

the frailty of the peptide backbone, which limits their application in industry, similar to natural 

CA. Hence, the design of artificial enzymes as CA mimics demands strategies that carefully 

combine both, a robust backbone and elaborate active sites structures in order to withstand harsh 

conditions, while maintaining reasonable catalytic activity. 
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3.2.2 Chemoenzymatic cascade reactions  

The field of catalysis made tremendous progress over the last decades in developing novel 

catalysts for various industrial relevant processes. However, even to date, catalytic processes 

are designed to include only one chemical transformation at a time.[146] Since every single 

reaction step requires specific reaction conditions (solvents, additives, temperature etc.), 

methods of isolation and subsequent transfer of the product to the next reaction vessel, multistep 

syntheses are connected to considerable waste production and energy consumption.[147] In an 

attempt to minimize these ecological and economical drawbacks, the field of catalysis 

increasingly turned towards multistep processes in aqueous media, in which two or more 

catalysts are used in tandem to act on a given substrate, thus, enabling two or more reactions in 

one pot (Fig. 3.10).[148] As a result, no work-up steps of intermediates or transfer of chemicals 

is needed, which reduces the overall waste production, operating time and production cost.[149] 

Moreover, toxicity or instability of intermediates can be circumvented[150] and unfavorable 

reaction equilibria can be prevented by immediately converting the unfavored intermediate,[151] 

which results in an overall higher yield of the desired end-product.[152]  

 

 

Figure 3.10: Comparison between the concepts of “Classic” multi-step processes and catalytic one-pot processes 
and a list summarizing the advantages and disadvantages of catalytic one-pot reactions. Drawn according to Gröger 
and Hummel.[149] 

Despite the vast advantages, a major challenge in designing such reactions is associated with 

the compatibility of different catalysts or individual reaction steps under a single set of reaction 

conditions.[148,149] Therefore, several aspects need to be considered: pH, temperature and solvent 
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stability of all compounds; cross-inhibitions or poisoning of catalysts due to metal-

cofactors;[153] cross-reactivity of substrates, intermediates and products.[154,155]  

In literature, multistep one-pot reactions are frequently described with terms such as 

tandem,[156] domino[157] or cascade reactions.[158] The terms are either used synonymously or 

with a different meaning. In order to clarify the terms and introduce a coherent system, 

Rudroff et al. suggested in 2018 to classify all multistage one-pot syntheses, where two or more 

reactions take place, and the product of the first reaction serves as the substrate of the second 

reaction, as “cascade reactions”.[148] Overall two modes of cascade reactions are possible: first, 

the “concurrent mode” in which reaction conditions remain unchanged throughout the whole 

synthesis; second, the “sequential mode”, where catalysts or key components are added after 

the first reaction. Concurrent cascade reactions are further subdivided into domino, tandem and 

compartmentalized tandem reactions. Domino reactions apply only one catalyst that catalyzes 

the multistep synthesis, whereas tandem reactions apply two or more catalysts for the desired 

synthesis. In both cases, no temporal or spatial separation of the respective catalysts take place. 

In contrast, compartmentalized tandem reactions make use of spatial and temporal separation 

of different catalysts,[148] by encapsulating and protecting one of the catalytic units in, e.g., gels 

or polymers within the reaction mixture, thus preventing mutual inactivation or 

incompatibilities arising from solvents. Fig. 3.11 provides an overview over the suggested types 

of cascade reactions. 

 

Figure 3.11: Different terms for one-pot cascade reactions defined by Rudroff et al. The number of catalysts is 
given from 1-n. The hourglass indicates temporal separation and a dashed line within the illustrated reaction vessel 
(green box) indicates also spatial separation in form of compartmentalization. Drawn according to Rudroff et 

al.[148]  

Among various possibilities of different cascade systems, the combination of biocatalysis and 

chemocatalysis (metal- and organocatalysis) in aqueous media, so called chemoenzymatic 
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cascade reactions, emerged as an ecologically and economically appealing concept in organic 

synthesis.[148,149,153] Specifically, enzymes in conjunction with metal-catalysts complement their 

unique reaction scope.[148,149] While enzymes are typically used for asymmetric conversions of 

functional groups in a specific position of a molecule; metal-catalysts find frequent application 

in C-C-bond forming reactions including metathesis, cross-coupling (Suzuki, Heck etc.) and 

hydrogenation reactions. In combination, chemoenzymatic cascade reactions enable facile 

routes towards valuable products, without the necessity of protecting groups or harsh reaction 

conditions.  

In the following, examples will be provided to give an overview over the field of 

chemoenzymatic cascade transformations and their potential in green synthesis. Although, 

some of the described reactions might not be directly relevant for the current thesis, they 

illustrate the concept of cascade transformations, which is utilized in one of the projects of this 

work (see section 7.1). 

The first example is the successful combination of olefin metathesis and biocatalysis in 

water. This combination presents an attractive and environmentally friendly tool in organic 

synthesis as it provides a route towards asymmetric unsaturated compounds in one pot. Gröger 

and co-workers demonstrated a sequential cascade one-pot approach towards unsaturated cyclic 

acids, such as cyclic malonic acid monoesters, which can be transformed into non-natural amino 

acids having a quaternary carbon center (Scheme 3.2).[159]  

 

Scheme 3.2: Chemoenzymatic one-pot process combining olefin metathesis using Grubbs II catalyst (blue) with 
an enzymatic ester hydrolysis catalyzed by pig liver esterase (green). Drawn according to Tenbrink et al.[159] 

The starting material diallyl malonate 1 was first converted into product 3 by a ring-closing 

metathesis using Grubbs II catalyst 2. Interestingly, water turned out to be the preferred solvent 

for this reaction, enabling the reaction to proceed with high efficiency and excellent conversion, 

with only low catalyst loadings of 0.2–0.5 mol%. Immediate reaction of 3 with pig liver esterase 

(PLE) transformed the in-situ formed intermediate selectively into the monoester 4 with high 
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yield (94%) and high optical purity, without the formation of side-products. Further, studies 

showed that the two catalysts are highly compatible as PLE activity was not influenced by the 

chemocatalyst.  

Next to olefin metathesis, cross-coupling reactions are an important type of organic 

transformations in industry. The joint effort of the Gröger and Hummels group led to the first 

example of an aqueous one-pot two-step process in which a Suzuki cross-coupling reaction was 

combined with an asymmetric biocatalytic transformation (Scheme 3.3).[160]  

 

Scheme 3.3: Chemoenzymatic one-pot process combining a Suzuki cross-coupling reaction (blue) with an 
enzymatic (S)-alcohol dehydrogenase-reduction (green). Drawn according to Burda et al.[160] 

In the first step, biaryl ketone 7 was obtained by Suzuki cross-coupling of aryl-ketone 5 and 

boronic acid 6 catalyzed by [Pd(PPh3)2Cl2]. Then, after adjustment to neutral pH, 7 is converted 

to the corresponding biaryl alcohol (S)-8 in a NADH-mediated biocatalytic step using alcohol 

dehydrogenase ((S)-ADH). Early attempts to perform the reaction were unsuccessful, however, 

after careful studies of the impact of individual components, boronic acid was found to be the 

key inhibitor of ADH. Thus, excess 6 needed to be avoided and the reactions has to be 

performed in a sequential mode. That is, after completed Suzuki cross-coupling and absence of 

boronic acid, (S)-ADH was added and (S)-8 was obtained in high yield (91%), with >99 % ee.  

Aside from metal complexes, Boffi et al. reported another interesting approach of a 

chemoenzymatic two-step one-pot synthesis by utilizing metal nanoparticles as the 

chemocatalytic component.[161] Perfluoro-tagged Pd-NPs with a diameter of 3.6 nm were 

immobilized on fluorous silica gel by fluorous interactions. The immobilized Pd-nanoparticles 

were then used as catalyst for the Heck reaction of, e.g., aryl iodide 10 with allylic alcohol 9 to 

the corresponding ketone 11 in water (Scheme 3.4). The formed product 11 was subsequently 

converted in an enantioselective (R)-ADH-catalyzed reaction to the corresponding chiral 

alcohol (R)-12 with high yield (~90%) and excellent enantiomeric excess (>99% ee) without 

intermediate workup. The Pd-NPs were stable over eight rounds of recycling and did not leach 

into the reaction medium. 
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Scheme 3.4: Chemoenzymatic one-pot process combining a Heck reaction (blue) with a biocatalytic (R)-alcohol 
dehydrogenase-reduction (green). Drawn according to Boffi et al.[161] 

A similar approach was reported by San et al. by creating a nanohybrid catalyst 

consisting of Pt-NPs conjugated to an oligomeric esterase (EST).[162] The EST-Pt-NP conjugate 

enabled hydrogenation reactions and ester hydrolysis in aqueous solutions in one pot. EST self-

assembles into cube-like structures, in which channels for ester hydrolysis are established. Pt-

nanoparticles with diameters in the range of 2-3 nm were directly grown onto the outside of the 

assembled EST architecture, thus, both catalysts were fully accessible to the substrate. Using 

the EST-Pt-NP conjugate, the multi-step synthesis of acetaminophen (paracetamol, 16), a 

broadly used antipyretic, was readily accessible using cheap starting material 

4-nitrophenylacetate (4-NPA, 13) as staring material (Scheme 3.5).  

 

Scheme 3.5: Chemoenzymatic one-pot route towards acetaminophen 16 by pairing an enzymatic ester hydrolysis 
(green) with a Pt-NP-catalyzed reduction (blue). Drawn according to San et al.[162] 

13 is first converted by an enzyme-catalyzed ester cleavage to 4-nitrophenol (4-NP, 14) and 

acetic acid. Subsequently, in presence of NaBH4 as a hydride donor, 14 is readily converted to 

4-aminophenol (4-AP, 15) by a Pt-NP-catalyzed hydrogenation reaction. After that, acetylation 

using acetic anhydride (Ac2O) leads to the desired product 16. An important part of the 
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multi-step reaction is the generation of acetic acid in the ester hydrolysis and the acidification 

of the reaction medium. Weakly acidic aqueous conditions are known to enable acetylation 

reactions by acetic anhydride, thus, avoiding the use of any organic solvents. The cascade 

reaction is also performable in a concurrent mode by simply mixing all the components in water, 

leading to an efficient conversion to 16 within 10 minutes and 96% yield. Furthermore, EST-

Pt-NP conjugate was compared to the individual catalysts, i.e., assembled EST and citrate-

stabilized Pt-NPs, respectively. Interestingly, the conjugated variant EST-Pt-NP was superior 

in both, ester hydrolysis and hydrogenation reaction, indicating synergistic effects between the 

enzyme and nanoparticles. For EST it was suggested that binding of the Pt-NPs to the surface 

induces slight conformational changes in the enzyme structure, which was indicated by small 

alterations in the respective CD-spectrum. It was proposed that the conformational changes of 

the protein result in more exposed and accessible substrate binding sites. Thus, binding and 

conversion of 4-NPA is facilitated, which in total leads to the observed increased rates of 

reaction, compared to the individual components.  

Besides (transition) metal catalysts, organocatalysts present another powerful type of 

chemocatalysts. Recent advances in asymmetric organocatalysis led to the development of 

various catalytic methodologies towards enantiomerically enriched or pure products. Pairing 

these methods with biocatalysis enables the formation of complex stereoselective products.  

Gröger and co-workers pioneered the field by showing the first example of a sequential 

organoenzymatic cascade reaction for the production of 1,3-diols with great diastereomeric 

ratios and enantioselectivity (Scheme 3.6).[163]  

 

Scheme 3.6: Chemoenzymatic one-pot process combining an organocatalytic aldol reaction (blue) with an 
enzymatic (R)-alcohol dehydrogenase-reduction (green). Drawn according to Rulli et al.[163] 

A peptidic Pro-Leu-based catalyst (S, S)-19 was used as the organocatalytic component as it 

was shown to catalyze the enantioselective aldol reaction of 17 and 18 to give aldol product 

(R)-20 also in water. This opened up the possibility for a subsequent enzymatic conversion as 
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(R)-20 was reduced in a following step by addition of (S)-ADH to give the respective 1,3-diol 

(1R, 3S)-21 with good conversion (89%) remarkable diastereoselectivity (>25:1 (anti/syn)) and 

enantioselectivity (>99% ee).  

 The supreme discipline in chemoenzymatic cascade reactions, which is considered to be 

a major long-term goal, is the successful combination of more than two catalysts in one-pot. 

Although very difficult to design, the Kieboom group combined metal-, organo- and 

biocatalysis into an aqueous one-pot process for the synthesis of 4-deoxy-D-glucose 

derivatives 26 from D-galactose 22 (Scheme 3.7).[164] In the first step, 22 is selectively oxidized 

by the enzyme D-galactose oxidase in conjunction with the enzyme catalase to the geminal diol 

intermediate 23. A following dehydration catalyzed by L-proline (L-24) transforms 23 into the 

α,β-unsaturated aldehyde 25. 25 then undergoes a Pd-catalyzed hydrogenation to be reduced to 

the final product 26. This example illustrates the potential and power of cascade reactions as no 

stochiometric amounts of reagents or protecting groups are needed during the whole synthesis. 

 

Scheme 3.7: Chemoenzymatic one-pot process combining a biocatalytic oxidation (green) with a L-Proline 
catalyzed reduction (blue) and a subsequent Pd/C-catalyzed hydrogenation (blue). Drawn according to Kieboom 
et al.[164] 

In summary, chemoenzymatic cascade reactions in aqueous media has proven to be a promising 

approach for the design of efficient and environmental-friendly multistage syntheses. However, 

the compatibility of individual catalysts or reaction steps remains a major challenge and needs 

to be assessed and optimized for each catalyst composition. In addition, stability and recycling 

of (mostly) biocatalysts will play a major role in reaction engineering. Compartmentalization 

and immobilization of biocatalyst are expected to be a future trend.[149] Furthermore, an ultimate 

goal in catalyst design is the development of single multifunctional catalysts that combines, 

e.g., chemo- and biocatalysis in one unit, while being robust and easily recoverable from a 

reaction mixture.
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4 Nanozymes: alternatives to natural enzymes  

Catalysis is an integral part of sustainable and green chemistry, but it is considered that 

nanotechnology makes catalysis “greener”.[165] The field of nanocatalysis rapidly advanced 

within the last decades, as the advantages of using nanometer sized heterogenous catalyst 

became increasingly evident. The advantages include high catalytic activities and selectivities, 

while the catalyst is robust and easily separable from a reaction mixture.[166] Owing to the 

combination of these aspects, nanocatalysis is frequently referred to as the bridging gap between 

homogenous and heterogenous catalysis.[167] 

In particular, nanomaterials with enzyme-like activities have attracted considerable 

research attention as cost-efficient alternatives to natural enzymes. In this context, the collective 

term “nanozyme” is used to encompass and describe a large number of inorganic nanomaterials 

with enzyme-like activities.[168] Within the past decade, the field of nanozymes has rapidly 

grown, which is also reflected by the exponential number of publications in this field (Fig. 4.1).  

 

Figure 4.1: Number of publications in the field of nanozymes from 1992 until the end of 2018. Figure 
reproduced with permission from Ref.[169], which was initially adapted from Ref.[30]. 

Several hundred types of nanomaterials have been studied and were found to 

intrinsically mimic the activity of one or several natural enzymes, mostly oxidoreductases or 

hydrolases. To obtain these artificial nano-enzymes, various approaches have been reported, 

which include the application of carbon-based nanomaterials (fullerenes, carbon nanotubes, 

graphene oxide), metal-organic-frameworks, metal-oxide- (iron, cerium, vanadium, copper) 

and noble-metal-nanoparticle (Au, Pt), to name a few. A comprehensive summary over the 

different archetypes of nanozymes and their catalytic activities is shown in Table 4.1.  

Due to the vast number of different nanomaterials and origin of their respective catalytic 

properties, the term “nanozyme” will be used to refer to metal nanoparticles (NP) with enzyme-

like characteristics only, if not specified otherwise. 
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Table 4.1. Overview over archetypal nanozymes and their respective enzyme-like activities. 

Type of Nanomaterial Enzyme-like activities 

Noble metal-based (Functionalized) Gold 
nanoparticles 

Catalase,[170] esterase,[45,46,171] glucose 
oxidase,[172–174] nuclease,[175] 
nitroreductase,[176]  peroxidase,[177] 
silicatein,[178] superoxide dismutase[170] 

Platinum nanoparticles Catalase,[179] peroxidase,[179] superoxide 
dismutase[180] 

Metal-oxide-based Iron oxide nanoparticles Catalase,[181] peroxidase[181–184] 

 Ceriumoxide 
nanoparticles 

Catalase,[185] oxidase,[186,187] 
peroxidase,[188] phosphatase,[189] 
superoxide dismutase[190] 

 Vanadium oxide Peroxidase[191,192] 

Carbon-based Fullerenes Superoxide dismutase,[193] 
nuclease[194,195] 

 Graphene oxide Peroxidase[196] 

 Carbon nanotubes Peroxidase[197,198] 

 Carbon nanodots Peroxidase[199] 

Miscellaneous Metal-organic 
frameworks 

Peroxidase,[200] phosphotriesterase,[201] 
hydrogenase,[202] carbonic anhydrase[203] 

 CdS-Pt nanoparticles Alcohol dehydrogenase,[204] nitrate 
reductase,[205] nitroreductase[206] 

 PtPd-Fe3O4 Peroxidase[207,208] 

 

Nanozymes possess unique material/composition- and size-dependent physicochemical 

properties.[169] Thus, nanozymes possess the potential to overcome the limitations of natural 

enzymes (Tab. 4.2).[209] To be specific, the core structure of nanozymes mainly consists of 

clustered metal atoms, which form robust nanoparticles. They show high stability under harsh 

environmental conditions (high temperatures, pH changes) and durability for long-term storage. 

In contrast to natural enzymes, nanozymes can readily be separated from a reaction mixture by, 

e.g., filtration. Therefore, less purification steps are needed, and the catalyst can readily be 

recycled, hence, increased cost-effectiveness. Moreover, because of their nanometer size, 

nanozymes have a high surface-area-to-volume-ratio, thus, large number of exposed, high-

energy surface atoms for efficient catalysis. Since the surface-area-to-volume-ratio depends on 
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the size and shape of the nanoparticles, catalytic activity can readily be tuned by changing those 

parameters.[210,211] In addition, the NP-surfaces can be functionalized with various ligands, 

which presents another aspect of affecting the chemical and physical properties of those 

particles.[212] Depending on the properties of the applied ligand molecules, the ligand-shell can 

bring about increased stability of individual particles,[213] biocompatibility[214] or additional 

catalytic activity[215] and molecular recognition.[216] Besides, nanozyme synthesis is considered 

to be straightforward and (depending on the material) accessible at low cost, in an 

environmentally benign manner,[217] also on a large scale.  

Table 4.2: Comparison between natural enzymes and nanozymes. 

 Advantages Challenges 

Enzymes High activity High cost 

 High selectivity Large-scale production 

 Biocompatible Long-term storage 

 Broad spectrum of biocatalysis Limited stability 

 Broad range of applications effortful separation and purification 

 Protein engineering possible Limited use under harsh conditions 

  Recycling (immobilization needed) 

Nanozymes High activity (also tunable) Limited substrate specificity 

 Tunable reaction type Inconclusive reaction mechanisms 

 Multienzyme mimic Control over size, shape, composition 

 High stability and robustness  Missing reference materials 

 long-term storage Ambiguous nanotoxicity  

 Low-cost  

 Mass-production  

 Recycling possible  

 Facile surface functionalization   

 Unique size-dependent properties 
(fluorescence, magnetic- and 
electric properties etc.) 

  

 

Due to these advantages, nanozymes have also proven to be superior over conventional artificial 

enzymes and contributed to various fields of (environmental) research,[169,218] including 
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biosensing,[219–222] therapeutics,[223–225] and pollutant removal.[226–228] Albeit, the tremendous 

progress in the young field of nanozymes and their implementation into valid processes, there 

are still challenges that need to be considered, which have been comprehensively summarized 

by Liang and Yan.[169] One of these challenges is the establishment of basic design principles. 

So far, there is no set of design rules in order to rationally design and predict the properties of 

nanozymes based on their material, size, shape and ligand layer. Moreover, characterization of 

nanozymes in terms of appropriate kinetic models needs to advance to include appropriate 

kinetic models that precisely describe the catalytic processes at their surface. However, this is 

not straightforward as the exact structure-function-relationship and mechanisms of nanozymes 

has only been partly unraveled. Liang and Yan pointed out, that a frequently used method to 

describe nanozyme kinetics originate from enzymology, like the Michaelis-Menten-Theory. 

But, nanozymes considerably differ from enzymes, as they are heterogenous catalysts, in which 

catalysis is mainly executed by surface atoms and adsorption mechanisms.  

Another valid challenge concerns the effect of nanozymes on the environment or 

biological systems.[169] So far, the field lacks comprehensive, reliable, systematic investigations 

of cytotoxicity, uptake, biodistribution and immune responses, which generally limits their (in 

vivo) application. However, the field is rapidly advancing, and various research groups already 

address those challenges. 
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5 Gold nanozymes: prospecting for artificial enzymes 

Gold, the shiny, bright yellow noble metal, was considered to be chemically inert for a long 

time. In fact, it is the only metal with an endothermic oxygen chemisorption energy, i.e., it does 

not bind oxygen on its surface, thus preventing it from participating in oxidation 

reactions.[229,230] However, in 1987, the pioneer work by Haruta et al. demonstrated that 

nanosized gold cluster are indeed capable of performing efficient catalysis, such as the 

oxidation of CO to CO2 under mild conditions – at atmospheric pressure and ambient 

temperatures.[231] Up until today, this finding stimulates extensive research on gold 

nanoparticles (Au-NPs) and their potential to function as green catalysts for various 

transformations under mild conditions. However, what remains to be a matter of debate is the 

origin and nature of their distinct catalytic properties at the nanoscale.[230] In particular, the 

identification of occurring active species and valence states during catalysis are not entirely 

understood as numerous parameters influence Au-NP catalysis.[35] The consensus is that the 

size and shape of the particles, significantly dictate the catalytic activity, as an adequate number 

of low-coordination surface atoms is needed.[232] Additionally, quantum effects become more 

pronounced at the nanoscale. Specifically, the quantum size effect (quantum confinement 

effect) leads to discrete energy transition levels (Fig. 5.1A),[233] thus, Au-NPs possess various 

redox states, e.g., 15 in hexanethiol functionalized Au-NPs with a diameter of 1.6 nm.[234] The 

discrete energy levels are said to considerably affect the catalytic performance.[235]  

 

Figure 5.1: A) Energy levels of a bulk material semiconductor compared to a nanocrystal semiconductor. Splitting 
of conduction and valence bands into discrete energy levels due to the quantum confinement effect and 
semiconductor band gap increases with decreasing size. Modified and drawn according to Ref. [233] B) Comparison 
between unsupported Au-NPs and oxide-supported Au-NPs and the effect on catalysis. Drawn according to 
Ref.[236]. 
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Furthermore, Au-NPs are frequently immobilized onto high-surface-area oxide supports,[237] 

such as TiO2, ZrO2, Fe3O4 or NiO. The nature of those supports is also considered to influence 

the electronic properties of Au-NPs, thus, catalytic activity (Fig. 5.1B).[35] 

Over the years, the repertoire of Au-NP-catalyzed reactions has been extended to 

include also hydrogenation and other oxidation reactions. Au-NPs were found to intrinsically 

mimic the activities of natural oxidoreductases, including catalase, superoxide dismutases, 

nitroreductases, peroxidases or glucose oxidases (see Table 4.1). Specifically the latter two 

enable Au-NPs to be applied, e.g., in glucose meters for the detection of glucose in blood,[238,239] 

or in the control of water pollution, by efficiently oxidizing nonbiodegradable and carcinogenic 

dye pollutants, such as phenol,[240] bisphenol A,[241] methyl blue[242] and acid orange[243] from 

wastewater. Another enzyme-like activity of Au-NPs that bears great potential in pollution 

control and organic synthesis is the nitroreductase activity, which will be elaborated in detail 

Section 5.2.1. 

Other than facilitating catalytic reactions at the metal surface, Au-NPs are also viable 

and robust templates for the conjugation and multivalent presentation of suitable catalytically 

active ligands on their surface. The anchoring of ligands onto Au-surfaces and the nature and 

strength of the interaction follows Pearson’s hard-soft acid-base (HSAB) concept for a soft 

Au(I) surface.[244] Thus, amines and carboxylates as hard bases are able to reversibly adsorb to 

the surface by Van-der-Waals interactions resulting in a labile surface coating. By contrast, 

thiol-ligands as soft bases directly and irreversible react with the Au-surface. The application 

of thiols to functionalize Au-surfaces is widely applied and investigated. It involves 

chemisorption of the thiol to the Au-surface, subsequent deprotonation of the sulfhydryl-

group[245] to yield a thiyl-radical (R-S•) and formation of a stable Au(I)-thiolate-bond 

(40 – 50 kcal/mol).[246,247] The resulting thiol-functionalized Au-NPs are commonly referred to 

as monolayer-protected gold clusters (Au-MPCs). These clusters possess a dense ligand-shell 

which have been shown to perform various catalytic processes by cooperative interactions 

between functional groups present within the appropriately designed ligand-layer. Thus, 

Au-MPCs were shown to mimic the activity of enzymes, such as nucleases,[248] silicateins[178] 

and esterases.[215] In particular, the usage of peptides as ligands to generate Pep-Au-NPs further 

broadened the spectrum of complex monolayers and concomitant intricate interactions 

achievable within these systems.[45,46,171] So far, Pep-Au-NPs have been shown to possess 

esterase activity and distinct catalytic properties, compared to other Au-MPC systems, which 

will be outlined in detail in section 5.2.2. 
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An important optical property of Au-NPs, which is not directly related to catalysis, however 

applied in conjunction with catalysis as a useful analytical tool, is the localized surface plasmon 

resonance (LSPR). The LSPR is a collective oscillation of conduction electrons localized across 

the Au-NP.[249,250] That is, when the diameter of an Au-NP is smaller than the wavelength of 

incoming light, conduction electrons are collectively excited by the electric field of incoming 

photons. The resonant excitation leads to a collective polarization and movement of the 

conduction electron cloud across the Au-NP relative to an equilibrium position (Fig. 5.2A). Due 

to Coulomb attraction, the electron cloud is pulled into the opposite direction, leading to an 

oscillating electron movement (surface plasmons). For Au-NPs, resonance conditions are 

satisfied by light in the visible spectrum,[251] for example 520 nm for Au-NPs with a diameter 

of 7 nm (Fig. 5.2B). Therefore, Au-NPs are usually observed to have an intense red color. 

However, the LSPR is influenced by various parameters that change the structure or electronic 

nature of the surface, like size and shape, interparticle distance or dielectric constant of the 

surrounding medium (solvents, ligand-shell).[249,251] To be precise, changes in size and shape of 

the particle, lead to alterations in surface geometries and associated electric field density, 

causing a shift in the resonance frequency. 

 

Figure 5.2: (A) Schematic illustration of surface plasmon resonance in plasmonic gold nanospheres. (B) UV/vis-
absorption spectrum of a gold nanoparticle with a diameter of 7 nm showing the plasmon resonance maximum at 
520 nm. 

Moreover, surface plasmons of Au-NPs at close proximity are able to interact with each other. 

As a result, plasmon oscillations are coupling and lower energy is necessary in order to excite 

the plasmon assembly, which results in a significant shift of the excitation wavelength into the 

red.[252] Therefore, aggregation of Au-NPs can readily be observed by changes in color form 

red to blue.  

Another important aspect is the influence of the surrounding medium on the plasmon 

frequency. Depending on the polarizability or dielectric constant of the surrounding medium, 
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the oscillating charge density on the metal surface is attenuated leading to a change in plasmon 

frequency. More significant is the effect of adsorbed or bound molecules onto the Au-surface 

that change the electronic density of the surface, thus, altering the plasmon frequency. 

Generally, the nature of the LSPR and the responses to external stimuli present the fundamental 

principles in using Au-NPs as sensitive (colorimetric) sensors.[249,251] 

 

 

5.1 Synthesis and surface functionalization 

Over the years, numerous synthetic strategies, including “top-down”- and “bottom-up”- 

protocols have been applied in order to understand and control the size and shape, as well as 

surface functionalization of gold nanozymes.[253] “Top-down”-strategies apply physical-

chemical methods in order to degrade bulk material into small nanosized particles, whereas 

“bottom-up”-approaches are associated with wet chemical methods, such as the reduction of a 

gold precursor to elemental gold particles.[254] In the following, emphasize will be placed 

primarily on “bottom-up”-approaches using liquid phase synthesis for the generation of Au-

NPs and Au-MPCs as they present the most prominent route.  

The most applied methods towards the synthesis of Au-NPs are based on the reduction 

of an Au(III)-salt (usually HAuCl4) to elemental Au0 by a reducing agent, such as citric acid, 

ascorbic acid, sodium borohydride (NaBH4) or others. In either case, the basic principle 

involves the reduction of Au(III)-ions to elemental Au-atoms. The Au-atoms cluster and pack 

in a face-centered cubic (fcc) structure and form the nuclei for the subsequent growth of Au-

NPs.[255] The formed “naked” nanoparticles are not colloidal stable, due to their high surface 

energies originating from large surface area and correspondingly high number of surface atoms 

with unsaturated coordination. Thus, Au-NPs minimize their surface energy by forming 

undesired agglomerates/aggregates. In order to prevent the aggregation process and achieve 

colloidal stability, ligands are added to the reaction dispersion that bind to the high energy 

surface and stabilize the formed particles either sterically[256] or electrostatically (Fig. 5.3) .[257]  

In case of steric stabilization, the bound ligand physically prevents the aggregation of 

individual particles by shielding the particle surface and acting as spacers. By contrast, 

electrostatic stabilization prevents aggregation of individual particles by Coulomb repulsion 

between similarly charged particles. For electrostatic stabilization to occur, sufficient charge 

density needs to be present at the ligand-solvent interface. 



5 Gold nanozymes: prospecting for artificial enzymes 
 

38 
 

 

Figure 5.3: (left) Depiction of unstabilized Au-NPs and their aggregation in order to minimize the surface energy. 
(right) Au-NPs stabilized either by extended ligands that sterically hinder the clustering auf Au-NPs or by charged 
ligands that electrostatically stabilize Au-NPs by Coulomb repulsion. 

The colloidal stability of electrostatically stabilized particles can be estimated by measuring the 

zeta potential of the functionalized particles. A zeta potential of ± 40 to 60 mV is usually 

associated with good colloidal stability.[258–260] Commonly applied stabilizing ligands are, e.g., 

thiols, such as dodecanethiol or cysteamine, polyvinylalcohol (PVA), polyvinylpyrrolidone 

(PVP), sodium citrate, polymers, including polyethylene glycol (PEG) of various length or 

quarternary ammonium surfactants like cetyltrimethylammoniumbromide (CTAB).[251]  

To date, the most popular approach towards colloidal stable Au-NPs, due to its 

simplicity, is the Turkevich strategy,[261] also referred to as “citrate method”. The method was 

first introduced in 1951 by Turkevich et al. and was refined by Frens in the following years.[262] 

In this synthesis, an aqueous solution of HAuCl4 is mixed with sodium citrate at elevated 

temperatures (Fig. 5.4A). The citrate molecules act as a weak reducing agent and stabilizing 

ligand at the same time, resulting in stable spherical Au-NPs with a narrow size distribution and 

a sizes regime of around 10 - 20 nm.  

The convenience of this method stems from the fact that the size of Au-NP is strongly 

dependent on the ratio of reducing agent to gold precursor and used temperature. Thus, size of 

the particles can readily be adjusted by changing those parameters. Since the synthesized 

particles are capped with citrate molecules, ligand-exchange reactions are required in order to 

obtain thiol-functionalized Au-MPCs. Numerous strategies have been reported to exchange 

citrate for various ligands like alkane-thiols, polymers, peptides etc. In particular, the direct 

one-step ligand-exchange presents a simple ligand displacement strategy. The citrate-capped 

Au-NPs are physically mixed with the desired thiol-ligand in one pot. Due to their high binding 

affinity for the Au-surface, thiols gradually displace the citrate molecules from the gold surface 

over time. The efficiency of the displacement is related to the reaction time and ratio of citrate 

to thiol ligand. However, incomplete ligand-exchange reactions have often been reported. 

Another possible downside of the direct ligand-exchange is the occurrence of unstable Au-NPs, 
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due to a decrease in surface potential owing to the fast exchange of highly charged citrate 

molecules for often less charged thiols.  

In 1994, Brust and Schiffrin reported a direct route towards thiol-functionalized Au-

NPs. The Brust-Schiffrin method utilizes a two-phase system of an aqueous solution of HAuCl4 

and toluene (Fig. 5.4B). The toluene phase contains dodecanethiol as stabilizing ligand and 

tetraoctylammonium bromide (TOAB) as a phase-transfer agent. TOAB transfers AuCl4
--ions 

into the toluene phase, which are subsequently reduced by a strong reducing agent (NaBH4) to 

yield spherical Au-NPs. The formed particles are immediately stabilized by strongly bound 

dodecanethiol molecules. Due to the strong nature of the Au-thiol-bond, the synthesized Au-

MPCs are stable in various organic solvents without significant aggregation, enabling the facile 

characterization and further functionalization of these conjugates. Using the Brust-Schiffrin 

method, particle size can readily be controlled by the thiol/gold ratio, temperature, 

concentration of NaBH4 and rate of addition. Despite its groundbreaking success in the 

synthesis of Au-MPCs, the method is limited to non-polar thiols, as they need to solubilize in 

the toluene phase.  

Given this background, various modified strategies of the Brust-Schiffrin methods have 

been developed in order to enable the facile synthesis of Au-MPCs functionalized by a wide 

spectrum of different thiols (Fig. 5.4C). The basic principles remain the same, i.e., Au(III)-salt 

being reduced by a strong reducing agent NaBH4. However, instead of a two-phase system only 

one-phase (mostly aqueous media) containing the stabilizing thiol is present. In case of an 

aqueous reaction system, the pH needs to be considered as it affects the 

protonation/deprotonation of the thiol-groups, thus, binding kinetics and possible charges at 

ionizable groups and their stabilizing effects. The control over the size of formed Au-NPs 

follows the same rules as the Brust-Schiffrin method.  

With this strategy, numerous Au-NPs of different sizes have been synthesized that are 

exclusively coated with water soluble polymers, DNA, antibodies, antigens, proteins, peptides 

and more. The composition of the monolayer is also readily diversified by applying two (or 

more) different thiol-ligands during Au-NP synthesis, which results in mixed-monolayer 

protected Au-NPs that feature properties of both ligands. Zheng and Huang for example 

synthesized an Au-MPCs with a mixed-monolayer of tiopronin modified with biotin as a 

capture component and tri(ethylene glycol) as a shielding component.[263] 
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Figure 5.4: Summary of synthesis strategies to stable Au-NPs.  

  

The mixed-monolayer was able to specifically bind to streptavidin, while the tri(ethylene 

glycol) efficiently prevented unspecific protein binding to the Au-surface.  

In general, conjugated thiol-ligands are also replaceable by other thiols using a ligand-

exchange protocol, analogous to citrate-capped Au-NPs. In order to efficiently displace an 

anchored thiol from the Au-surface, the free thiol needs to exhibit a higher binding affinity for 

the surface. This can be achieved, for example, by multivalent binding, applying di- or trithiols 

to replace a monothiol ligand. Otherwise an excess of free thiol is required to drive the 

displacement reaction.[251] 
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5.2 Enzyme mimics 

5.2.1 Intrinsic nitroreductase activity 

Nitroreductases (NR) belong to the class of oxidoreductases and catalyze the NADH-mediated 

sequential reduction of nitroaromatic compounds to the corresponding aromatic amines. NR 

have been extensively studied due to their broad substrate scope, which is an attractive property 

for potential applications in bioremediation[264–266] and in organic synthesis, since nitroaromatic 

compounds are readily available and their amine analogues are valuable synthons for the 

production of agrochemicals, pharmaceuticals and dyes.[267]  

The NR-catalyzed biochemical transformation of nitro compounds to the respective 

amines proceeds through a series of two-electron reductions by a ping-pong mechanism 

(Scheme 5.1).[267] That is, NADH binds to NR and transfers two electrons to it. Then, NAD+ 

dissociates from the enzyme and the nitro substrate binds to the reduced NR. The substrate is 

then reduced itself in a 2-e--2-H+ (solvent protons) transfer mechanism.[268] Subsequently, 

NADH again replaces the substrate and reduces the NR and the process iterates. The nitro-

group of an aromatic ring is thereby sequentially converted into the corresponding nitroso, 

hydroxylamine and finally the amine compound.[267]  

 

Scheme 5.1: Ping-Pong mechanism for the NR-catalyzed reduction of Nitro compounds to the corresponding 
amine. 

So far, the most promising chemocatalytic approaches towards the selective hydrogenation of 

nitroaromatic compounds to the aromatic amines includes the usage of transition metal 

catalysts, such as Pt and/or Pd supported on active carbon or alumina, Raney nickel, Ru and Rh 

among others.[269] However, some of the studied catalysts often show low chemoselectivity, in 

particular, when other reducible groups, such as olefins are present.[270] In this regard, Au was 

studied as a potential metal for this type of reactions since it was shown that Au exhibits 

different adsorption properties for olefins and nitro-groups compared to Pd or Pt surfaces.[271,272] 

Thus, Au-NPs as a redox active catalyst were studied as potential NR mimics to enable the 

selective hydrogenation of nitro compounds into amines.  

Au-NPs supported on solid oxide supports, such as AuNP/TiO2 or AuNP/Fe2O3 were 

applied as catalysts for the H2-mediated reduction of 3-nitrostyrene, 4-nitrobenzonitrile, 4-
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nitrobenzaldehyde or 1-nitro-1-cyclohexene to the corresponding amines. The Au-NP catalysts. 

showed exceptionally good chemoselectivities for the conversion of these substrates without 

modifying double-bonds, nitriles or carbonyls.[272] However, the process requires reaction 

conditions, such as H2-pressures of 9 bar and temperatures of 120 °C. Thus, several other cheap 

and easily accessible reducing agents/hydrogen donors like NaBH4, hydrosilanes or ammonium 

formate (HCOONH4) were studied in order to perform the reduction under milder 

conditions.[273,274] 

NaBH4 has been thoroughly investigated as a potential hydrogen donor agent as Au-NPs 

are able to activate it for the selective reduction of aromatic nitro compounds to the respective 

amines under atmospheric pressure and ambient temperatures. 

 Fountoulaki et al. demonstrated the substrate scope of the NaBH4-mediated 

transformation and selectively converted various nitroarenes into the respective amines 

(Tab. 5.1).[273] Mesoporous titania supported Au-NPs (Au-NP/MTA) were used as the catalyst 

in conjunction with NaBH4 or hydrosilane 1,1,3,3-tetramethyl disiloxane (TMDS) as hydrogen 

donors. Since both reducing agents gave similar reaction outcomes, results of NaBH4-assisted 

hydrogenation will be emphasized only. The studied nitro aromatic substrates contained various 

electron withdrawing (carbonyls, halogens, nitriles), donating (amines, alkoxy, hydroxy) or 

reducible functions (carbonyls, olefins). Au-NP/MTA showed high chemo- and regioselectivity 

for the transformation of the nitro group as no competing reductions or dehalogenations were 

observed. The high selectivity renders the use of protecting groups unnecessary, which further 

underlines the potential of Au-NPs for green syntheses.  
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Table 5.1: Nitro aromatic substrates studied by Fountoulaki et al.[273] that were converted into the corresponding 
amines using Au-NP/MTA as the active catalyst and NaBH4 as the reducing agent. 

Nitro compound Amine product Time [h] Yield [%] 

  

1 94 

  

1 97 

  

1 92 

  

3 90 

  

3 95 

  

1 92 

  

3 95 

  

1 94 

  

1 97 

  

1 98 

  

6 94 

  

8 90 

  

3 93 

  

0.3 98 

 

Further studies have been directed towards understanding the reaction mechanism of the NR 

activity of Au-NPs. For that, model reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) 

was chosen and studied.[275] The consensus is that the reduction by BH4
- follows a Langmuir-

Hinshelwood mechanism (Fig. 5.5). That is, BH4
--ions reversible transfer hydrogen to the Au-
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surface, generating surface-hydrogen-species accompanied by the adsorption of 4-NP. 4-NP is 

then reduced in two fast consecutive steps by bound hydrogen-species to the hydroxylamine 

intermediate and subsequently to 4-AP in a rate-determining step. Since the hydrogenation 

mechanism takes place exclusively at the Au-surface, hydrogenation activity can be tailored by 

particle size and bound ligands.  

 

Figure 5.5: Langmuir-Hinshelwood mechanism for the NaBH4-mediated Au-NP-catalyzed reduction of 4-NP to 
4-AP. 

The impact of surface coatings on hydrogenation activity of Au-NPs was investigated by 

Satapathy et al.[276] Various Au-NPs with sizes ranging from 13 – 15 nm, stabilized by CTAB, 

PVP and citrate were synthesized and applied for the NaBH4-mediated reduction of 4-NP to 

4-AP. Hydrogenation kinetics of the respective Au-NPs significantly differed from another. 

That is, CTAB-capped Au-NPs showed highest rates of hydrogenation of 4-NP and followed 

both zero-order (k0 = 0.418 M min-1) and first-order reaction kinetics (k1 = 0.938 min-1). By 

contrast, citrate-capped Au-NPs only followed first-order reaction kinetics with a 4-fold lower 

activity (k1 = 0.243 min-1). By replacing citrate for CTAB ligands, zero-order kinetics 

(k0 = 0.345 M min-1) were obtained. Whereas replacement of citrate for PVP retained first-order 

reaction kinetics (k1 = 0.587 min-1) while catalysis improved by 2-fold.  

In summary, the adsorbed ligand shell significantly influences the capability and 

reaction kinetics of Au-NPs to reduce aromatic nitro compounds to the respective amine. 

Therefore, hydrogenation activity can be tuned by changing the bound ligand. However, the 

impact of the ligand shell on the catalytic activity, especially the impact on the reaction order, 

is not yet understood and is subject of further studies.  

An alternative reducing agent to NaBH4 or TMDS is ammonium formate (HCOONH4). 

Ammonium formate is a cheap, selective and ecofriendly hydrogen donor.[277] Lou et al. applied 

HCOONH4 in combination with Au/TiO2 in the selective hydrogenation of a wide range of 

different aromatic nitro compounds in ethanol.[274] Similar to the work by Fountoulaki et al.[273] 
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nitroarene substrates employed, contained various reducible groups (e.g., alkenes, aldehydes, 

ketones, esters, nitriles, O-benzyl units) that did not undergo any modifications or 

transformations during the catalytic process. Again, the Au/TiO2 was highly chemo- and 

regioselective for the conversion of the nitro group without observable side-reactions. Further 

studies were directed to unravel the reaction mechanism using ammonium formate as the 

reducing agent. It was then proposed that HCOONH4 performs a transfer hydrogenation to 

generate surface bound hydrogens (Au-H) as the active species, identical to the mechanism 

proposed for NaBH4. The hydrogen species then reduces the co-adsorbed nitro-compound to 

the hydroxylamine intermediate and subsequently to the amine.  

In additional experiments, Lou et al. exploited the fact that HCOONH4 in aprotic 

solvents like acetonitrile functions as a formylation agent.[274] As a result, a one-pot cascade 

reaction was designed as a green approach towards the reductive N-formylation of aryl nitro 

compounds in acetonitrile (Scheme 5.2).  

 

Scheme 5.2: One-pot process by combining Au-NP-catalyzed reduction of aromatic nitro compounds with 
HCOONH4-mediated formylation of the in-situ formed amines.[274] 

The aromatic nitro compounds are converted into the corresponding amines in an Au-NP-

catalyzed, HCOONH4-mediated step. The resulting amines are then immediately converted into 

the N-formylated derivatives without work-up in one pot. On the one hand, this study shows 

the high regio- and chemoselectivity achievable by using Au-NPs as hydrogenation catalysts; 

on the other hand, it represents a clever and highly atom efficient reaction design for the 

production of N-formanilides from aromatic nitro compounds.  
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5.2.2 Peptide-gold nanozymes as esterase mimics 

The following section contains elements (figures and text passages) published in a review 

article entitled “Catalytically Active Peptide-Gold Nanoparticle Conjugates: Prospecting for 

Artificial Enzymes” written by Dorian J. Mikolajczak, Allison A. Berger and Beate Koksch.[278] 

These elements were partly adapted, however, rewritten and modified in order to maintain a 

consistent style in the present work. 

The immobilization of peptides, with their sequence dependent specific recognition and 

catalytic properties onto Au-NPs, with their robustness and high stability, as well as other 

outstanding size-dependent physicochemical properties,[279] presents a promising field for the 

design of artificial enzymes. The conjugation of peptides onto Au-NPs (Pep-Au-NPs, Fig.5.6), 

and the resulting high peptide density induces close interactions between individual functional 

groups. Therefore, new hydrogen bond and/or charge-relay networks are established, which in 

total lead to distinct properties in catalysis, with the most prominent being the enhancement of 

catalytic activities. Furthermore, peptides are readily accessible at low-cost by solid-phase-

peptide-synthesis (SPPS) and their structure can be easily modified by the choice and 

incorporation of (un)natural amino acids. Thus, reactivity and substrate interactions of the 

ligand shell can be easily fine-tuned.[44]  

 

 

Figure 5.6: Snapshots of Au-NPs with diameters of 5, 10 and 25 nm functionalized with peptide CFGAILSS. 
Snapshots below show the simulated peptide arrangements and β-sheet formation (yellow arrows). Adapted from 
Colangelo et al.[280] 
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The field of catalytically active Pep-Au-NPs was pioneered by Scrimin and co-workers in 

2005,[46] by reporting an esterolytically active Pep-Au-NP system consisting of a mixed-

monolayer of undecanethiol-modified His-Phe-OH dipeptide 1, immobilized onto Spherical 

Au-NPs functionalized by a monolayer of a water soluble N-(3,6,9-trioxadecyl)-8-

sulfanyloctanamide (HS-C8-TEG) (Figure 5.7, left). The resulting Pep-Au-NPs are referred to 

as Au@1. The minimalistic His-Phe-OH sequence was chosen as the catalytic component as 

His presents an important amino acid present in the active sites of numerous esterases. His 

having a side chain pKa around 6 is able to perform covalent, as well as efficient general 

acid/base catalysis together with other functional groups, such as carboxylic acids.[281,282] 

Therefore, 1 fulfils the most rudimentary requirements to function as an esterase mimic and 

presents a model system to study cooperativity effects between functional groups within the 

peptide-monolayer.[46]  

Au@1 and its peptidic N-acetylated control variant (Ac-1, Fig. 5.7, left) were studied in 

their ability to hydrolyse ester substrate 2,4-dinitrophenyl butyrate (DNPB, Fig. 5.7, left). At 

identical reaction conditions (including peptide concentration), Au@1 shows rate 

improvements more than one order of magnitude greater compared to the Ac-1-catalyzed 

DNPB hydrolysis at elevated pH >7, and rate improvements greater by two orders of magnitude 

at pH <7.  

After further investigation of the catalytic process by generating an activity versus pH 

profiles for Ac-1 and Au@1 (Fig.5.7, right), pKa values of nucleophilic species involved in the 

catalytic processes were determined. The rate profile of Ac-1 indicates the presence of a single 

nucleophile with a pKa of 6.6, which was assigned to the His-imidazole, as expected. 

 

 

Figure 5.7: (Left) Peptides, peptidic ligands and substrates used by Scrimin and co-workers.[46] (Right) Dependence 
of Log of second-order rate constant k2 on pH for the Ac-1 (○) and Au@1 (●) catalyzed hydrolysis of DNPB. Inset 
showing the ratio of the second order rate constants on pH. Adapted with permission from Ref.[46]. Copyright 2005, 
American Chemical Society. 
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Whereas, the pH profile of Au@1 indicates the generation of two nucleophiles one having a 

pKa of 4.2 and the other 8.1. The first pKa was assigned to the C-terminal carboxylate of the 

phenylalanine whereas the second was assigned to the His-imidazole, which is 1.5 units higher 

than in control variant Ac-1.[46] Since the anchoring of 1 to the gold surface took place in a 

directed manner through S-Au bonds, the outer most layer of Au@1 consists for the most part 

of C-terminal carboxylate anions. The resulting high local negative charge density favours the 

protonation of the proximal imidazole by electrostatic interactions, thus, increasing its pKa. As 

a result, ester cleavage of DNPB by usual His-imidazole catalysis was ruled out and an 

alternative cooperative carboxylate-imidazole mechanism for the ester hydrolysis was 

proposed. In this cooperative mechanism, a C-terminal carboxylate acts as a general base, 

deprotonating a surrounding water molecule, thus generating a nucleophilic hydroxide ion that 

initiates the ester cleavage. The newly present imidazolium ion (His with increased pKa) of the 

peptide-monolayer assists in the catalytic process by stabilizing the generated negatively 

charged intermediate of the ester hydrolysis by strong hydrogen bonding, leading to the 

observed rate enhancements of Au@1 at pH >7.[46] Rate accelerations in the pH regimes <7 are 

attributed to the carboxylate anion that contributes to DNPB ester hydrolysis as an active 

nucleophile. Both the proposed cooperative carboxylate-imidazolium and nucleophilic-

carboxylate mechanisms are said to be absent in unconjugated peptides.[46]  

In 2007, Scrimin and co-workers extended the field of Pep-Au-NP catalysts by 

substituting 1 of the previously reported system, with a rationally designed, more complex 

peptide 2 (Fig. 5.8, left).[171] 2 consists of 12 amino acids and its peptide design was rationalized 

as follows: His again functions as the central catalytic moiety by enabling imidazole catalysis 

and is present at an intermediate position within the peptide sequence. Thus, after 

immobilization onto the Au-NPs, His is buried inside the resulting monolayer, in a less solvated 

region, analogous to the active sites of natural enzymes. Moreover, positively charged amino 

acids Lys and two Arg were incorporated for two reasons: first, to contribute to the stabilization 

of the negatively charged transition state of the ester hydrolysis and, together with His, to enable 

nucleophilic and/or general acid/base catalysis; second, to further stabilize the individual Pep-

Au-NPs due to electrostatic repulsion between the terminal Arg residues. Hydrophobic residues 

such as Phe and Ala were incorporated in proximity to the His in order to enhance substrate 

binding and bring about proximity effects by hydrophobic interactions.[171] 2 was immobilized 

onto the surface of HS-C8-TEG functionalized Au-NPs, analogous to aforementioned Au@1 

resulting in Au@2 with a ligand ratio of HS-C8-TEG to 2 of 3:1 as determined by 1H-NMR.[171]  
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Catalysts Au@2 and the S-acetylated control variant Ac-2 were studied in the ester 

hydrolysis of DNPB. The results were compared to dipeptidic Au@1. At low pH regimes, 

Au@1 and Au@2 behaved similarly, due to the carboxylate being an active nucleophile in both 

Pep-Au-NP systems. However, up to pH 5, Au@2 exceeds the catalytic efficiency of Au@1 by 

almost one order of magnitude. This corresponds to 3000- and 500-fold rate accelerations 

compared to the unconjugated control variants Ac-1 and Ac-2, respectively. At pH 10, rate 

improvements of Au@2-catalyzed ester hydrolysis was up to 40-fold higher, compared to Ac-

2. The aforementioned cooperative carboxylate-imidazolium mechanism evoked by the high 

peptide density of the peptide-monolayer was suggested to be the most likely explanation for 

the rate improvements.[171] 

 

 

Figure 5.8: (Left) Schematic depiction of Au@2 studied by Scrimin and co-workers.[171] (Right) Dependence of 
logarithm of second-order rate constant on pH for the Ac-2 (♦) and Au@2 (●) catalyzed DNPB hydrolysis. Adapted 
with permission from Ref.[171] Copyright 2007, WILEY-VCH Verlag GmbH & Co. KGaA. 

Further, activity versus pH plots of Ac-2 and Au@2 were generated and compared (Fig. 5.8, 

right).[171,283] A rather complex rate profile was obtained for Pep-Au-NP Au@2, indicating three 

pKa of 4.2, 7.1 and 9.9. Those were assigned to the C-terminal carboxylate, the His imidazole 

and the phenol group of Tyr, respectively. The overall higher rate improvements of Au@2 at 

elevated pH was explained by the presence of the contributing nucleophile with a pKa of 9.9. 

Despite His being buried inside the peptide-monolayer, it still shows a 1.1 unit higher pKa than 

unconjugated Ac-2. Hence, it was still suggested that the carboxylate and the His residues are 

spatially in close proximity.[171]  

Since, the His is buried inside the monolayer and is flanked by hydrophobic amino acids 

Ala and Phe, further studies of Au@2 were directed to investigate the accommodation and 
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hydrolysis of ester substrates that differ in their hydrophobicity. Thus, more complex 

4-nitrophenyl esters of Z-protected amino acids leucine (Z-Leu-ONp) and glycine (Z-Gly-ONp) 

were applied as substrates. The results indicated that Au@2 shows indeed different kinetics for 

the more hydrophobic Z-Leu-ONp compared to Z-Gly-ONp and DNPB. Up to a certain 

concentration threshold, the hydrolysis of Z-Gly-ONp and Z-Leu-ONp catalyzed by Au@2 was 

shown to proceed with similar efficiency.[171] Above that concentration threshold, the 

nucleophilic attack of the His imidazole becomes more efficient for hydrophobic Z-Leu-ONp. 

The increased nucleophilicity of the imidazole is explained by the accommodation of 

Z-Leu-ONp within the peptide-monolayer. Z-Leu-ONp penetrates into and resides within the 

peptide-monolayer, which leads to the exclusion of water. This in turn increases the 

hydrophobic and nucleophilic character of the region around the catalytic His. In addition, the 

formation of an intermediate, most likely the acetylated imidazole, was observed. Despite these 

changes in catalysis, the overall catalytic process did not proceed faster, since the breakdown 

of the acetylated imidazole is said to be rate limiting.[171] 

These two examples by Scrimin and co-workers demonstrated that the conjugation of 

peptides onto the surface of Au-NPs leads to distinct properties that resemble properties of 

natural enzymes. Pep-Au-NPs are able to evoke effects, such as the perturbation of pKa of 

functional groups due to confinement effects, modulation of catalysis according to the 

hydrophobic nature of the substrate and the execution of new catalytic mechanisms that greatly 

increase the catalytic efficiency of a peptide over a broad range of pH.  

An advantage of applying peptides as ligands for the functionalization of Au-NPs is 

their ability to adopt sequence dependent, defined secondary and tertiary structures or to 

assemble into highly ordered structures. Given this background, the Koksch group studied the 

structure-function relationships of Pep-Au-NPs by disrupting the self-assembled peptide 

arrangement surrounding the nanoparticles by induced coiled-coil formation (Fig. 5.9).[45]  

For that, two peptides that originate from the parallel, heterodimeric 

IAAL-E3/IAAL-K3 coiled-coil system[284] were chosen, designed accordingly and synthesized 

(Fig. 5.10A).[45] The IAAL-E3 derived peptide, namely E3H15, features a His in a central 

position of the Glu-rich peptide sequence (E3H15) to generate esterolytic activity and promote 

previously mentioned carboxylate-imidazole interactions when conjugated to Au-NPs. The 

catalytically inactive complementary peptide K3 remained unmodified. Both peptides are 

specifically designed in a way that one peptide alone does not display a defined secondary 

structure or conformation. 
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Figure 5.9: Concept of disrupting the multivalent peptide arrangements of the peptide-monolayer by coiled-coil 
formation as reported by Koksch and co-workers.[45] Copyright © 2017, American Chemical Society.  

However, mixing of the two specifically designed peptides in aqueous media induces 

hydrophobic and electrostatic interactions between the two peptide chains, which lead to the 

formation of α-helices that wrap around each other to form an α-helical coiled-coil bundle 

(Fig. 5.10B).[285] α-helix formation was verified by CD-spectroscopy (Fig. 5.11A) showing two 

new ellipticity minima at 222 and 202 nm. 

E3H15 was conjugated to Au-NPs by performing a one-phase synthesis as described in 

section 5.1, to give spherical Au@E3H15 exclusively covered with E3H15.  

 

Figure 5.10: (A) Peptide sequence of E3H15 and K3 and the respective helical wheel representation. (B) Coiled-
coil structure of E3H15/K3 and the positions of catalytically competent His and Glu residues (PDB code: 1U0I). 
Copyright © 2017, American Chemical Society. 
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Saturation kinetic experiments were performed using model ester substrate 4-NPA to 

study the effect of immobilization on catalytic activity. The results were analyzed according to 

the Michaelis-Menten theory (Fig. 5.11B). Immobilization of E3H15 leads to an increase in 

catalytic efficiency (kcat/KM) of more than one order of magnitude compared to the 

unconjugated variant. The increase in kcat/KM can be attributed to changes in the catalytic 

mechanism for the ester hydrolysis, as mentioned for Au@1 and Au@2.[46]  

Further experiments were conducted to probe the effect of changing peptide 

conformation on the esterolytic activity of Au@E3H15 and E3H15, when mixed with 

equimolar K3. CD-spectroscopy revealed no defined secondary structure for the individual 

peptides of Au@E3H15, E3H15 and K3 by themselves (Fig. 5.11A). However, the addition of 

K3 to Au@E3H15 and E3H15, respectively, results in the formation of α-helical coiled-coil 

structures.[45] Saturation kinetic experiments were conducted with coiled-coils comprised of 

Au@E3H15 in the presence of K3. An overall 85% decrease in kcat/KM was observed for 

Au@E3H15/K3, whereas only a slight decrease in kcat/KM was observed for the unconjugated 

coiled-coil variant of E3H15 in the presence of K3 (Fig 5.11B).[45]  

 

Figure 5.11: (A) Normalized CD-spectra of E3H15 and Au@E3H15 in the absence or presence of K3. B) 
Saturation curve of 4-NPA hydrolysis catalyzed by E3H15 and Au@E3H15 in the absence or presence of K3. 
Adapted with permission from Ref.[45]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA. 
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The significant decrease in catalytic efficiency upon addition of K3 to Au@E3H15 were 

attributed to a combination of effects within the monolayer. The presence of Lys-rich K3 within 

the Glu-rich E3H15-monolayer might lead to changes in pKa values, as the positive charge of 

the Lys counteract any pKa effects evoked by negatively charged Glu of E3H15. Consequently, 

the proposed cooperative imidazolium-carboxylate mechanism is diminished, and rate 

improvements are decreased. Moreover, after coiled-coil formation, the peptides are involved 

in defined, more rigid α-helical coiled-coil architectures. Thus, flexibility of residues/functional 

groups to form intermolecular binding grooves or access beneficial orientations for substrate 

interactions are decreased or hindered. In addition, within coiled-coil structures, position and 

orientation of individual amino acids and residues is predefined. Possible intramolecular 

interactions of particular residues necessary for catalysis to occur (e.g., histidine and glutamate) 

is decreased. In any case, the formation of α-helical coiled-coil structures on the surface of Au-

NPs results in lower rate improvements.[45]  

In conclusion, the results of the Koksch group highlight the importance that peptide 

topology has on the catalytic activity of Pep-Au-NPs. Although, not directly apparent from the 

CD-spectroscopic experiments, peptides do possess an internal organization within the 

assembled monolayer, the perturbation of which results in notable losses in catalytic efficiency.  

The field of peptide-gold nanozymes, where catalysis is performed by the peptide-monolayer, 

is largely undiscovered, which is also reflected by the number of publications in this field (three 

publications, excluding the publications of this thesis). Despite that, the results indicate a 

promising field of research for the design of new artificial enzymes as there is much to be 

learned and applied. 
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6 Aim of this work 

The current work focuses on a strategy that combines peptides and gold nanoparticles (Au-NPs) 

as a new approach to create robust and recyclable nano-enzyme mimics (nanozymes) for the 

application in green technologies, specifically, post combustion CO2-capture systems. For that, 

novel histidine containing peptides will be designed that mimic the active site of naturally 

occurring zinc metalloenzyme carbonic anhydrase (CA). By confining these peptides to the 

surface of robust Au-NPs a dense peptide-monolayer is generated and multiple, primary Zn(II) 

coordination sites per single nanoparticle are created. The high density of peptides on the 

nanoparticle surface will generate an additional secondary coordination sphere that potentially 

assists in the catalytic process by favorable binding interactions with the substrate. The 

generated peptide-gold nanoparticles conjugates (Pep-Au-NPs) are to be studied in their ability 

to convert CO2 to HCO3
- in aqueous media and alternative amine solvents and their 

thermostability as well as solvent compatibility is to be assessed. 

All peptides will be synthesized by means of solid-phase-peptide-synthesis (SPPS). 

Conjugation of peptides onto Au-NPs will be performed by applying peptides as ligands for the 

stabilization of in situ formed Au-NPs during the reduction of gold salt HAuCl4 by reducing 

agent NaBH4. The successful conjugation of peptides onto Au-NPs will be verified by 

IR-spectroscopy and size and shape of the resulting Pep-Au-NPs will be determined by 

transmission electron microscopy (TEM) and UV/vis-spectroscopy. The average peptide 

loading per nanoparticle will be assessed by supernatant analysis via UV/vis-spectroscopy. 

Saturation kinetic measurements using 4-nitrophenylacetate (4-NPA) will be performed to 

validate the successful functionality of the coordinated Zn(II) centers. Lastly, CO2-hydration 

will be investigated using the delta pH-method. 

 



  7 Published work 

55 
 

7 Published work 
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7.1 Peptide-Gold Nanoparticle Conjugates as Sequential Cascade Catalysts 

 

D. J. Mikolajczak, B. Koksch, ChemCatChem 2018, 10, 4324–4328. 

 

Submitted: 14 June 2018; First published: 20 July 2018 

Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[286] 

The published work is available online. (https://doi.org/10.1002/cctc.201800961) 

 

7.1.1 Contributions of Authors 

Beate Koksch and I developed the general concept of this project. Beate Koksch supervised the 

project. I wrote and Beate Koksch revised the manuscript. I performed the syntheses of the 

studied compounds and carried out all experiments and analysis. 

 

7.1.2 Rationale and summary of the project 

As described in section 3.2.2, the combination of bio- and chemocatalysis has proven to be a 

powerful tool for the development of efficient and ecological one-pot processes in water. 

However, a main challenge remains to be the compatibility of the individual catalytic 

components for individual reaction steps. Therefore, the development of a single 

multifunctional catalyst that performs two consecutive reactions on one substrate under a given 

set of aqueous reaction conditions presents a highly attractive approach. Previous works 

addressed this challenge by, for example, combining polymers[287] or enzymes[288] together with 

noble metal nanoparticles to generate hybrid cascade catalysts. In this project, we approached 
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the design of a multifunctional catalyst by creating an artificial nano-enzyme that combines 

both, peptide catalysis (esterase activity) and gold nanoparticle catalysis (hydrogenation).[286] 

The advantage of this approach is that the developed peptide-monolayer dictates important 

properties of Au-NPs such as solubility and stability, thus, compatibility of both catalysts in a 

given medium (here: aqueous solution) is ensured.  

The peptide component was designed to possess esterase activity while being able to 

sufficiently stabilize Au-NPs after conjugation. Truncation of our previously established 

esterolytically active E3H15 peptide led to peptide E1H8 that only comprises important amino 

acids required for ester hydrolysis and Au-NP conjugation and stabilization (Fig. 7.1).  

 

Figure 7.1: Schematic illustration of studied peptide E1H8 conjugated to a Au-NP and its primary structure. Amino 
acids and moieties competent for Au-conjugation (red), ester hydrolysis (green) and electrostatic stabilization 
(yellow) are highlighted in colored boxes.  

The synthesis of Au-NPs and simultaneous conjugation of E1H8 to the nanoparticles 

was achieved by the NaBH4-mediated reduction of gold salt HAuCl4 in presence of E1H8 as 

the stabilizing ligand. Spherical Au-NPs coated exclusively with E1H8, referred to as 

Au@E1H8, were obtained with a mean diameter of 6.8 ± 1.7 nm (determined by TEM) and an 

average peptide density of 2.44 peptides/nm2 (determined by supernatant analysis), which is 

comparable to literature values.[45,280,289] 

Au@E1H8 was studied for its potential to function as a cascade catalyst. For that, model 

substrate 4-NPA was chosen to undergo two transformations: a peptide-catalyzed ester 

hydrolysis of 4-NPA to 4-NP; a Au-NP-mediated hydrogenation in the presence of NaBH4 to 

reduce 4-NP to 4-AP (Fig. 7.2). Formation of the respective products was monitored by UV/vis-

spectroscopy utilizing the different absorption maxima of 4-NP (λmax = 405 nm) and 4-AP 

(λmax = 300 nm).  

Saturation kinetics were performed for (Au@)E1H8-catalyzed ester hydrolysis in order 

to determine kinetic parameters kcat and KM. In summary, no catalytic activity was observed for 
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the unconjugated E1H8, whereas Au@E1H8 showed a sigmoidal saturation profile and 

significant activity for the hydrolysis of 4-NPA with a catalytic efficiency 

kcat/KM of 58.74 ± 4.17 M-1 s-1. Furthermore, the sigmoidal behavior for the dependence of 

4-NPA hydrolysis on increasing substrate concentrations, indicates positive cooperativity in 

substrate binding. Further studies are necessary to elucidate the mechanism behind this 

behavior.  

 

Figure 7.2: Concept of studied catalyzed cascade reaction performed by Au@E1H8 on 4-NPA.  

Upon completion of 4-NPA hydrolysis, addition of NaBH4 to the reaction mixture initiated the 

Au-NP-catalyzed conversion of 4-NP to 4-AP. A quantitative reduction of 4-NP to 4-AP 

occurred with first-order rate constants k1 of 3.01 min-1 and 0.83 min-1
 for Au-NP 

concentrations of 1 nM and 0.1 nM, respectively. Control experiments using citrate-capped Au-

NPs mixed with E1H8 revealed Au@E1H8 to be the superior hydrogenation catalyst. 

Comparison to literature values suggested that the established peptide-monolayer contributes 

to the rates of hydrogenation at the Au-surface. We proposed, that the peptide-monolayer 

interacts with 4-NP molecules by hydrogen bonding and/or electrostatic interactions, which 

increases the residence time of 4-NP near the Au-surface. Upon initiation of the surface-

catalyzed hydrogenation reaction, 4-NP molecules are already in proximity to the activated 

surface-hydrogen species, which in total increases the rate of conversion.  

Recycling of the catalyst was only possible after ester hydrolysis, whereas immediate 

work-up was required after the hydrogenation reaction in order to prevent aggregation and 

precipitation of Au@E1H8. 

Au@E1H8 presents the first example of a Pep-Au-NP that functions as a multifunctional 

catalyst for sequential cascade reactions in water in one pot. The conjugation of E1H8 to Au-

NPs did not just combine both components, but evoked synergistic effects that greatly increased 

the catalytic activity of each individual catalyst, respectively. 
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7.2 Tuning the Catalytic Activity and Substrate Specificity of Peptide-

Nanoparticle Conjugates 

 

D. J. Mikolajczak, J. Scholz, B. Koksch, ChemCatChem 2018, 10, 5665–5668. 

 

Submitted: 17 September 2018; First published: 12 November 2018 

Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[290] 

The published work is available online. (https://doi.org/10.1002/cctc.201801521) 

 

 

7.2.1 Contributions of Authors  

Beate Koksch and I developed the general concept of this project. Beate Koksch supervised the 

project. I wrote the manuscript and Beate Koksch revised it. Jonas Scholz synthesized the 

peptides. I synthesized the peptide-gold nanoparticle conjugates and carried out all experiments 

and analysis. 

 

7.2.2 Rationale and summary of the project 

So far, the design of peptide-gold nanozymes, in which catalysis is executed by the peptide-

monolayer, is performed based on rational design and trial-and-error experiments. However, 

designing an appropriate peptide-monolayer that also shows the desired catalytic properties is 

hard to predict. The assembly and orientation of individual peptides at the nanoparticle surface 

is not fully understood and less so are the intrinsic properties and interactions that are evoked 

due to the dense packing of peptides. There is no set of design rules, which can be applied to 

anticipate the catalytic properties or extent of catalytic activity of Pep-Au-NPs.  

In this context, we performed the first systematic study on Pep-Au-NPs as we 

investigated the effect the location of the catalytic center relative to the Au-surface has on the 

catalytic activity of these conjugates. The rationale behind this study was that the flexibility of 

individual peptide chains, within a densely packed peptide-monolayer, varies as they are highly 

constraint proximal to the Au-surface and more flexible at the end of the monolayer. This 

feature consequently affects the local peptide-density and potential cooperative effects between 

peptides and substrate. Moreover, it was shown that the dense packing of ligands near the Au-

NP surface leads to the exclusion of water. Thus, a solvation gradient exists that gradually 
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increases with distance from the Au-surface. Given this background, we wanted to utilize these 

intrinsic properties of the self-assembled peptide-monolayer in order to find the optimal 

position for catalysis and tune the substrate specificity of these conjugates, based on the 

differences in solvation of individual regions. 

For that, three peptides were designed, namely E3H8, E3H15 and E3H22 (Fig. 7.3). 

Each peptide sequence consists of three repetitions of seven amino acids (heptad repeat 1-3) 

and is identical except for the location of the catalytic residues. In total, three different 

esterolytically active peptides were generated that only differ in the position of the catalytic 

histidine center and region in which catalysis takes place when conjugated to Au-NPs. The 

regions are defined as surface proximal, intermediate and surface distal for E3H8, E3H15 and 

E3H22, respectively.  

 

Figure 7.3: Peptide sequence of E3H8, E3H15 and E3H22 showing the position of the catalytic histidine and the 

respective catalytic components for ester hydrolysis (green). 

Owing to the peptide design, the only parameters that potentially influence the catalytic activity 

of the peptide-monolayer are size of the Au-NPs, peptide loading and region in which catalysis 

takes place.  

The first two parameters are related to the synthesis of Pep-Au-NPs and the batch-to-

batch variation was kept as small as possible. E3H8, E3H15 and E3H22 were conjugated to 

in situ formed Au-NPs, synthesized by the reduction of HAuCl4 using NaBH4. The resulting 

spherical Pep-Au-NPs are referred to as Au@E3H8, Au@E3H15 and Au@E3H22. All three 

Pep-Au-NPs were similar in size (6.6 ± 1.5 nm, 6.3 ± 1.1 nm and 6.5 ± 1.4 nm) and had a 

similar peptide density (1.48 pep/nm2, 1.41 pep/nm2 and 1.44 pep/nm2), as determined by TEM 

and supernatant analysis, respectively. Therefore, significant differences in catalytic efficiency 

can be attributed primarily to the location in which catalysis takes place.  

Kinetic experiments were conducted by applying five substrates of different 

polarity/hydrophobicity, namely 4-NPA and Z-protected nitrophenyl esters (Z-L-X-ONp) of 

amino acids Gln, Ala, Phe and Leu. Saturation kinetics were performed only with highly soluble 
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4-NPA, whereas kinetic studies were conducted under pseudo-first-order reaction conditions 

for Z-L-X-ONp amino acids.  

The results revealed that highly hydrophobic substrates Z-L-Leu-ONp and Z-L-Phe-

ONp are most efficiently cleaved in the least solvated surface proximal region of Au@E3H8. 

Considering, that His is flanked by aliphatic amino acids Ala, Leu and Ile, we explained the 

superior activity of Au@E3H8 by the increased hydrophobic character of the surface proximal 

region, due to the exclusion of water. Z-L-Leu-ONp and Z-L-Phe-ONp penetrate the peptide-

monolayer and have a greater affinity for the surface proximal region to engage in favorable, 

stabilizing hydrophobic interactions. The stabilized substrates are kept in place for the 

subsequent conversion.  

 

Figure 7.4: Schematic illustration of solvation differences (water molecules, blue) and spatial interactions between 

peptide chains (black arrow) and their effect on positive cooperativity (green, trendline) and substrate specificity 

(blue trendline), when catalysis is performed in that region. 

In contrast, less hydrophobic 4-NPA, Z-L-Gln-ONp and Z-L-Ala-ONp were most 

efficiently cleaved by Au@E3H15 in the intermediate region of the monolayer. We explained 

this finding by comparing the three regions in terms of two parameter. First, constraint of 

peptide chains, which is associated with the effective peptide-density and cooperativity effects 

and is gradually decreasing from surface proximal to surface distal. Second, the amount of water 

present in each region, which is required for the ester hydrolysis and is increasing from surface 
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proximal to surface distal. In brief, the surface proximal and distal region both present extremes 

regarding those parameters. Whereas, constraint of peptides and solvation of residues is 

seemingly more balanced within the intermediate region of the monolayer as it is not highly 

solvent exposed, nor deeply buried. We drew an analogy to the active site of natural enzymes, 

which is usually located in a pocket or groove of the folded protein architecture. Within this 

sheltered pocket, rigidity of the protein scaffold as well as orientation and solvation of 

functional groups is optimal for substrate accommodation and conversion.  

In conclusion, we found that rates of Pep-Au-NP-catalyzed ester hydrolysis correlate 

with the region at which catalysis takes place and polarity of the chosen ester substrate. Highly 

hydrophobic ester substrates were found to be more efficiently hydrolyzed in the surface 

proximal region, whereas less hydrophobic substrates are most efficiently hydrolyzed in the 

intermediate region of the peptide-monolayer. This finding is of importance, as it shows that 

the construction of Pep-Au-NP catalysts does not solely need to focus on the design and features 

of the peptide chain, but as importantly needs to consider effects and properties evoked by 

developed peptide-monolayer. Moreover, it offers the possibility for fine-tuning specificity of 

such catalysts.
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7.3 Peptide-Gold Nanoparticle Conjugates as Artificial Carbonic Anhydrase 

Mimics 

 

D. J. Mikolajczak, B. Koksch, Catalysts 2019, 9(11), 903, 1-11. 

 

Submitted: 24 September 2019; First published: 29 October 2019 

Published by MDPI, Basel, Switzerland.[291]  

The published work is available online. (https://doi.org/10.3390/catal9110903) 

 

 

7.3.1 Contributions of Authors  

I developed the general concept of this project. Beate Koksch supervised the project and refined 

it. I wrote the manuscript and Beate Koksch revised the manuscript. I performed the syntheses 

of the studied compounds and carried out all experiments and the related analysis. 

 

7.3.2 Rationale and summary of the project 

As described in section 3.2.1, the enzyme carbonic anhydrase has been extensively studied due 

to its potential application in PCCC systems. However, the natural enzyme structure does not 

possess the required stability to withstand the applied conditions of a CO2 capture system, thus, 

preventing its application therein. In order to circumvent the frailty of the protein scaffold, 

artificial CAs have been developed, based on small molecules that mimic the catalytic center 

of CA and catalyze the hydration of CO2 to HCO3
-, while showing greater robustness towards 

harsh reaction conditions. Albeit, the progress in designing such CA mimics, their structural 

complexity and catalytic efficiency cannot compete with their natural analogue. To address the 

low complexity of small molecule CA mimics, this project focuses on a new strategy that 

combines peptides and Au-NPs as an approach to create a complex and robust artificial CA. 

Specifically, Au-NPs will function as a durable substitute for the protein scaffold, while tailored 

peptides are confined to the Au-surface generating a complex self-assembled peptide 

monolayer (see section 5.2.2) that executes the hydration of CO2 to HCO3
-
.  

Considering the results of the previously described project (section 7.2) and the structure 

of the active site cleft of natural CA (section 3.1), a peptide was designed that not only mimics 

the catalytic metal center but the active site as a whole. We utilized the brush-like nature of the 
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peptide-monolayer and designed peptide IHQ-NP (Figure 7.5). IHQ-NP evolved around the 

IHIHIQI (IHQ) peptide sequence reported by Rufo et al.,[292] which contains alternating 

hydrophobic residues and His in positions i and i+2 and assembles into parallel β-sheet 

structures. Within the parallel β-sheet structure, three His-imidazole bind a Zn(II)-ion to form 

a catalytically active interstrand 3-His-Zn(II)-center that is embedded into a hydrophobic 

environment, analogous to the active site of CA. In addition, a hydrophilic region was 

incorporated adjacent to the hydrophobic region in the solvent exposed region of the monolayer 

to facilitate solvent recruitment and proton shuttle.  

The formation of β-sheet structures and concomitant development of 3-His-Zn(II)-

center of IHQ-NP in solution or when conjugated to Au-NPs (Au@IHQ-NP) is a prerequisite 

for catalysis and was verified by CD-spectroscopy. Subsequently, kinetic experiments were 

performed by studying the esterase and CA activity of IHQ-NP and Au@IHQ-NP in presence 

and absence of Zn(II). The background reaction was always accounted for. 

 

Figure 7.5: (Top) Peptide sequence of IHQ-NP. (Bottom) Structure of IHQ-NP and its designed hydrophobic 

(green) and hydrophilic (blue) region, as well as the formed 3-His-Zn(II)-center after formation of the parallel β-

sheet. 

IHQ-NP and Au@IHQ-NP both showed increased kcat/KM of ester hydrolysis of model 

substrate 4-NPA in presence of Zn(II). The increased kcat/KM primarily results from a 2- and 

3-fold increase in turnover number kcat, respectively, strongly indicating a change in catalytic 

mechanism to the more rapid Zn(II)-bound hydroxide mechanism.[292]  
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IHQ-NP and Au@IHQ-NP were studied as catalysts for the hydration of CO2 using the 

delta pH method. While in absence of Zn(II) only marginal CO2-hydration activity was 

observed for IHQ-NP and Au@IHQ-NP, the presence of Zn(II) led to significant improvements 

in rates of CO2-hydration of approx. 21% and 55%, respectively, compared to the Zn(II) 

containing Tris buffer control. Intriguingly, Zn(II)-Au@IHQ-NP showed a considerably greater 

rate of CO2 hydration compared to unconjugated Zn(II)-IHQ-NP. So far, rate accelerations 

evoked by the peptide-monolayer have only been observed for ester hydrolysis reactions. This 

example shows that such rate improvements are also applicable to reactions performed by metal 

centers and might be a general effect of the peptide-monolayer. However, IHQ-NP was 

designed to fully unfold its catalytic potential after conjugation to Au-NPs, by developing 

specific regions (hydrophobic and hydrophilic region) within the peptide-monolayer that assist 

the catalytic process. Thus, dissection of the observed rate improvements in ester hydrolysis 

and CO2 hydration into individual contributions is not straightforward. 

Further reusability studies revealed Zn(II)-Au@IHQ-NP to maintain 94% of its CO2-

hydration efficiency over at least five rounds of recycling. In order to reset the pH to the initial 

value of 8.9, Zn(II)-Au@IHQ-NP was treated at least 1 hour at 60 °C. Thus, Zn(II)-Au@IHQ-

NP is thermostable at least up to this temperature. 

 In conclusion, we herein presented the proof-of-principle that Pep-Au-NPs can be 

designed to function as recyclable metalloenzyme mimics and execute the hydration of CO2 in 

aqueous solution. These results are of significance, since metalloenzymes constitute a large 

class of natural enzymes that perform a variety of reactions, including phosphodiester and 

amide bond hydrolysis or alcohol (de)hydrogenation reactions and more. The inclusion of the 

reaction spectrum of metalloenzymes opens up new possibilities to study Pep-Au-NPs, e.g., in 

further cascade reactions. 
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8 Summary and Outlook 

The covalent conjugation of peptides onto the surface of gold nanoparticles presents a 

promising approach towards complex self-assembled systems that function as artificial 

enzymes with distinct properties in catalysis and substrate binding. The current work dealt with 

the extension of fundamental design principles of Pep-Au-NPs and the evaluation of their 

potential to be applied as catalysts in cascade reactions and CO2-capture systems. 

The following sections summarize the individual projects included in this thesis and provide an 

outlook on future studies.  

Peptide-Gold Nanoparticle Conjugates as Sequential Cascade Catalysts 

Summary: Pep-Au-NPs are organic-inorganic hybrid nanomaterials in which catalytically 

active peptides are conjugated to the surface of inorganic Au-NPs, which serve as robust 

templates. However, Au-NPs have been demonstrated to catalyze a variety of hydrogenation or 

oxidation reactions at their Au-surface. Given this background, we utilized the hybridity of Pep-

Au-NPs to generate a multifunctional cascade catalyst for one-pot syntheses in water.  

A truncated variant of our previously established esterolytically active E3H15 peptide, 

referred to as E1H8, was chosen as the peptide component. The developed E1H8-monolayer 

surrounding the Au-NP (Au@E1H8) possessed esterase activity and was used to catalyze the 

hydrolysis of model ester 4-NPA to 4-NP. In a subsequent step, without work-up, NaBH4 was 

added to the same reaction dispersion, initiating the Au-NP-mediated hydrogenation of 4-NP 

to 4-AP. Au@E1H8, showed greater rates of reaction for both, the ester hydrolysis and 4-NP 

hydrogenation, compared to either unconjugated E1H8 or unconjugated E1H8 physically mixed 

with citrate-capped Au-NPs. Thus, immobilization of E1H8 to Au-NPs evoked synergistic 

effects that even accelerate catalytic mechanisms executed by the Au-surface. It is suggested 

that the peptide-monolayer engages in hydrogen-bonding and/or electrostatic interactions with 

the diffusing 4-NP molecules. Therefore, 4-NP molecules are kept in proximity to the Pep-Au-

NP and residence time of 4-NP around the Au-surface is increased, which results in overall 

improved rates of hydrogenation.  

Recycling of Au@E1H8 was possible only after 4-NPA hydrolysis; whereas, after 

addition of NaBH4 and complete hydrogenation, immediate work-up is required to prevent 

aggregation and precipitation of Au@E1H8.  

Outlook: Future studies should focus on expanding the repertoire of potential one-pot cascade 

reactions. Peptide catalysis offers a broad reaction spectrum to choose from, including Friedel-
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Crafts-alkylation, asymmetric aldol reactions, Michael additions or Baylis-Hillman reaction, to 

name a few. Coupling these with, e.g., selective oxidation or hydrogenation reactions catalyzed 

by metal NPs could introduce synthetic routes towards valuable products, while avoiding the 

necessity of protecting groups and excessive work-up steps.  

Furthermore, molecular dynamic simulations should be performed in order to elucidate 

the factors that lead to the observed rate improvements of Au@E1H8. So far, all catalytic effects 

evoked by the conjugation of peptide onto Au-NPs have only been hypothesized based on 

results of kinetic experiments.  

 

 

Tuning the Catalytic Activity and Substrate Specificity of Peptide-Nanoparticle Conjugates 

Summary: Within the scope of this project, we systematically investigated the effect the 

location of the catalytic center relative to the Au-surface has on the catalytic properties of Pep-

Au-NPs. For that, three esterolytically active peptides, namely E3H8, E3H15 and E3H22 have 

been designed and synthesized, that only differ in their position of the catalytic His residue. 

Consequently, after conjugation to Au-NPs catalysis is executed in three different regions, 

referred to as surface proximal, intermediate and surface distal, for Au@E3H8, Au@E3H15 

and Au@E3H22, respectively. The three Pep-Au-NPs have been studied in their ability to 

cleave five ester substrates (4-NPA, Z-L-Gln-ONp, Z-L-Ala-ONp, Z-L-Phe-ONp and Z-L-Leu-

ONp) that differ in their hydrophobic nature. In conclusion, rates of Pep-Au-NP-catalyzed ester 

hydrolysis were found to correlate with the region in which catalysis takes place and the 

hydrophobicity of the chosen substrates. That is, hydrophobic substrates Z-L-Phe-ONp and 

Z-L-Leu-ONp were found to be most efficiently cleaved by the surface proximal region of 

Au@E3H8, while more hydrophilic substrates 4-NPA, Z-L-Gln-ONp and Z-L-Ala-ONp were 

hydrolyzed most effectively at the intermediate region of Au@E3H15. This correlation was 

explained by comparing the different regions in terms of solvation, peptide-peptide and peptide-

substrate interactions. Briefly, aliphatic amino acids flanking the catalytic His in the surface 

proximal region are in a less solvated states. Thus, highly hydrophobic substrates increasingly 

accumulate in the surface proximal region to engage in favorable hydrophobic interactions, 

which results in overall higher rates of hydrolysis, compared to the intermediate or surface distal 

region. On the other hand, the intermediate region is seemingly more balanced in terms of 

solvation of functional groups, rigidity of the peptide scaffold and cooperative effects between 

peptides, which leads to superior rates of hydrolysis for less hydrophobic substrates. Altogether, 
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the results point towards the importance of intrinsic effects within the peptide-monolayer that 

needs to be taken into consideration when designing Pep-Au-NP catalysts.  

Outlook: Further systematic studies should be directed to elucidate the effects of the peptide 

length and loading on the catalytic properties of Pep-Au-NPs. These parameters dictate the 

overall peptide topology, in terms of rigidity or flexibility of the monolayer and spatial 

proximity of peptide chains, thus, potential interaction networks. Furthermore, size-dependency 

of Pep-Au-NP catalysis should be systematically examined as it dictates the total amount of 

peptide able to bind to the surface. Also, in case of spherical NPs, the size also influences the 

curvature of the sphere and affects the formation and extent of peptides to adopt secondary 

structures, e.g., β-sheets.[280] 

 

 

Peptide-Gold Nanoparticle Conjugates as Artificial Carbonic Anhydrase Mimics 

Summary: So far, Pep-Au-NPs have only been designed and applied as esterase mimics to 

cleave organic ester bonds of model ester substrates. However, to consider Pep-Au-NPs as 

catalysts for (green) applications, for example, in CO2-capture systems, their reaction scope 

needs to be extended. Therefore, this work dealt with the design and synthesis of a stable Pep-

Au-NP that mimics the catalytic activity of zinc metalloenzyme carbonic anhydrase (CA).  

 For that, a modified variant of reported Zn(II)-binding IHIHIQI (IHQ) peptide was 

designed and used, referred to as IHQ-NP. IHQ-NP comprises three regions that were designed 

for Au-NP conjugation and mimicry of the active site cleft of natural CA when densely 

conjugated to Au-NPs. Unconjugated IHQ-NP, as well as the conjugated variant (Au@IHQ-

NP) assembles into parallel β-sheet structures as determined by CD-spectroscopy and by virtue 

of the IHQ design, an interstrand 3-His-Zn-binding site is developed, analogous to the catalytic 

center of CA.  

Kinetic assays were performed by applying IHQ-NP and Au@IHQ-NP in presence and 

absence of Zn(II) as catalysts for the hydrolysis of model substrate 4-NPA monitored by 

UV/vis-spectroscopy, and for the hydration of CO2 followed by the delta pH method. For both 

reactions a significant increase in catalytic activity was observed in presence of Zn(II), 

indicating the successful development and function of the 3-His-Zn(II)-center within the 

β-sheet structures of IHQ-NP and Au@IHQ-NP, respectively. Compared to unconjugated 

IHQ-NP, Au@IHQ-NP showed a 2-fold higher catalytic efficiency kcat/KM for the hydrolysis 

of 4-NPA, and increased rates of CO2-hydration by more than 2-fold. Thus, conjugation of 
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IHQ-NP to Au-NPs not only established CA activity within a Pep-Au-NP but significantly 

accelerated the catalytic process, compared to the unconjugated variant. 

Furthermore, Au@IHQ-NP was applied and recycled five times for the hydration of 

CO2 and maintained at least 94% of its catalytic activity, even after treatment at 60 °C over at 

least 1 h. The results provide a proof-of-concept that Pep-Au-NPs can be designed to also mimic 

metalloenzyme activity within their peptide-monolayer, while being robust and recyclable. 

Outlook: Kinetic experiments under stopped-flow conditions should be performed in order to 

obtain quantitative kinetic parameters of CO2-hydration and to enable comparison to literature 

reported systems.  

The peptide design should also be refined, since the formation of extended β-sheet fibrils 

of the IHQ-NP sequence was observed at neutral to basic pH during the synthesis of Au@IHQ-

NP, which made the determination of exact peptide loading by supernatant analysis inaccurate. 

Careful adjustment of the pH was required in order to prevent aggregation and precipitation of 

IHQ-NP. In order to avoid daunting handling of the peptide, the design should either include a 

Zn(II)-binding domain, which is not based on amyloidogenic peptide sequences, or fibril 

formation should be suppressed or limited by, e.g., destabilization of β-sheets due to 

electrostatic repulsion by flanking amino acids bearing charged functional groups.  

 Moreover, to lower the production costs of Pep-Au-NPs and enable large-scale 

production, the Au-NP should be substituted for low-cost alternatives, such as silica- or 

magnetic Fe3O4-NPs. However, these strategies require different chemistries for peptide-NP-

conjugation. 
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