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ABSTRACT 

Detection strategies that allow for simple, rapid, cost efficient and sensitive monitoring of 
proteins and their interactions with biomolecules are of great importance in drug development 
and diagnostics. This thesis describes the development of bioanalytical applications based on 
the tunable self-assembly of gold nanoparticles functionalized with a de novo designed 
polypeptide. Strategies for protein affinity sensing and for detection of several fundamentally 
important biological processes have been investigated, including Zn2+-mediated coordination 
between polypeptides and low molecular weight chelants and protease and phosphatase 
activity. 

A Zn2+ responsive synthetic polypeptide designed to fold into a helix-loop-helix motif and 
dimerize into a four-helix bundle has been used to control the stability and self-assembly of 
gold nanoparticles. This polypeptide has a high negative net charge at neutral pH as a 
consequence of its many glutamic acid residues, efficiently preventing folding and 
dimerization due to charge repulsion. Zn2+ coordination provides a means to trigger folding 
and dimerization at neutral pH. The polypeptide can be readily attached to gold nanoparticles 
via a cysteine residue in the loop region, retaining its folding properties and responsiveness to 
Zn2+. The polypeptide functionalized gold nanoparticles display excellent colloidal stability 
but aggregate reversibly after addition of millimolar concentrations of Zn2+. Aggregates are 
dense with a defined interparticle distance corresponding to the size of the four-helix bundle, 
resulting in a distinct red shift of the localized surface plasmon resonance band. 

Three completely different strategies for colorimetric biosensing have been developed, all 
being based on the same responsive hybrid nanomaterial. In the first strategy a synthetic 
receptor was co-immobilized on the gold nanoparticles together with the Zn2+ responsive 
polypeptide. Protein analyte binding to the receptor could be detected as this interaction 
sterically prevented aggregation induced by Zn2+. In the second strategy the reduction in 
colloidal stability caused by specific proteolytic cleavage of the immobilized polypeptide was 
exploited to monitor the enzymatic activity. The third strategy utilized the sensitivity of the 
system to small variations in Zn2+ concentration. The presence of low molecular weight 
chelants was found to influence the mode of aggregation, both by sequestering Zn2+ and 
through the formation of ternary complexes involving the polypeptides, which prevented 
dimerization and thus aggregation. This approach was further developed into a generic 
concept for phosphatase detection exploiting the different affinity of enzyme substrates and 
reaction products for Zn2+.  
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The flexibility of the different detection schemes enables detection of a large number of 
analytes by exploiting the tunable stability of the nanoparticles and the possibilities to 
effectively decouple the recognition event and the nanoparticle stability modulation. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Proteiner är ytterst viktiga komponenter i våra kroppar där de utför många olika funktioner, 
såsom katalys av kemiska reaktioner, molekylära transporter, signalering eller uppbyggnad av 
cellulära strukturer. Dessutom kan ett sjukdomstillstånd vara kopplat till 
koncentrationsförändringar hos vissa proteiner, så kallade sjukdomsmarkörer. Proteiner 
interagerar med varandra och med andra biomolekyler. För att studera dessa interaktioner 
används ett stort antal bioantalytiska metoder som kräver omfattande laborativt arbete eller 
dyra instrumentella verktyg. Baserat på framsteg som gjorts inom nanomaterialområdet har på 
senare tid nya analysmetoder utvecklats som är snabba, känsliga och billiga. Speciellt 
intressant är utvecklingen av nanomaterial som kan ge en gradvis färgförändring på grund av 
en proteininteraktion, vilket i princip gör det möjligt att se proteinernas interaktioner med 
blotta ögat. Dessa kolorimetriska detektionssystem är dessvärre ofta skräddarsydda för en 
specifik interaktion eller det protein man avser att studera.  

Denna avhandling visar hur man på ett innovativt sätt kan använda ett och samma 
nanomaterial för att detektera och analysera flera olika typer av proteiner och för att studera 
deras funktion. Detta är speciellt intressant eftersom dessa strategier kan användas dels för att 
undersöka hur potentiella läkemedel påverkar ett proteins funktion, dels för att upptäcka 
sjukdomsmarkörer i ett tidigt skede och på så vis underlätta behandlingen. 

Nanomaterialet som behandlas i avhandlingen består av små syntetiska proteiner, så kallade 
peptider, som kemiskt bundits till en nanopartikel av guld. Peptiderna har utformats för att 
parvis interagera med varandra så att de bildar en specifik tredimensionell struktur. 
Interaktionen sker inte spontant utan initieras i närvaro av zinkjoner. Guldnanopartiklarna är i 
storleksordningen 20 nanometer (20 miljarddels meter). Material som reducerats till 
nanometerstorlek kan uppvisa förändrade eller helt nya egenskaper. Guld är till exempel inte 
längre metalliskt gult utan vinrött men kan också anta en blå-grå nyans om partiklarna 
klumpar ihop sig och bildar aggregat. 

Genom att fästa peptiderna på guldpartiklarnas yta kan närvaro av zinkjoner få peptiderna att 
interagera med varandra, vilket leder till att partiklarna aggregerar och ger upphov till en 
färgförändring. Flera variationer av detta fenomen har använts för att skapa olika typer av nya 
bioanalytiska verktyg. Genom att fästa ytterligare peptider på partikelns yta som har till 
uppgift att känna igen ett specifikt målprotein och binda det till ytan av partikeln försvåras 
den zinkberoende aggregeringen eftersom det skrymmande proteinet är i vägen. Den 
uteblivna färgförändringen gör att närvaro av målproteinet i en lösning kan upptäckas. En 
annan egenskap hos vissa proteiner som utnyttjats i avhandlingen är deras förmåga att fungera 
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som katalysatorer i kemiska reaktioner. Detta är möjligt i de fall där start- och slutmaterialet i 
reaktionen binder zinkjoner olika starkt och därmed påverkar den fria zinkkoncentrationen i 
lösningen i olika grad. Partiklarna reagerar och ger en färgförändring som beror på denna 
koncentration vilket kan användas för att detektera proteinet men också för att studera hur det 
påverkas av olika läkemedel. Ett flertal ytterst viktiga reaktioner i kroppen har denna 
påverkan på en zinklösning, bland annat reaktioner som berör den biologiska energibalansen 
och är fundamentala för allt liv. Nanomaterialet har även använts för att detektera en 
sjukdomsmarkör för salivkörtelcancer och för att studera hur biomolekyler interagerar med 
syntetiska proteiner med hjälp av zinkjoner. 
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CHAPTER 1 

Introduction 

In 1959 Richard Feynman gave a now famous lecture where he envisioned a near-future 
where the entire 24 volumes of the Encyclopedia Britannica could be written on the head of a 
pin by manipulating mater at the nanoscale.1 This talk gave birth to the scientific area of 
nanotechnology but it took several decades before it came into focus and became the intense 
and flourishing research field it is today. Nanotechnology is a truly interdisciplinary field of 
science and encompasses chemistry, biology, physics, electronics and material science. It 
concerns the design, characterization and use of systems and devices in the size range of 1 -
100 nanometers where one nanometer is a billionth of a meter or 10-9 meters. Feynman 
accurately predicted that; “at the atomic level, we have new kinds of forces and new kinds of 
possibilities, new kinds of effects”.1 Nanomaterials do indeed display unique physical, 
chemical, mechanical, and optical properties as compared to the corresponding macro-scale 
materials and these properties can be tuned as they scale with the size of the materials.2-3 
Furthermore, forces that are less pronounced at the macro-scale can become dominant at this 
incomprehensibly small scale. These forces can, if the components constituting the 
nanomaterial are properly designed, be used to assemble novel and functional architectures 
with sub nanometer precision. This highly precise way to assemble nano-sized entities into 
larger functional structures is frequently occurring in nature and is fundamental to all aspects 
of life. Nature is thus a great source of inspiration for the field of nanotechnology as many of 
the assemblies found there involves nano-sized macrobiomolecules for which the assembly 
process has been perfected over millennia.  

Nanomaterials are predicted to revolutionize electronics and materials science due to their 
many intriguing and novel properties. Many of these materials have also demonstrated 
interesting properties for sensing applications as they can be designed to be responsive to 
small alterations in their physicochemical surroundings and simultaneously provide 
mechanisms for transducing such effects into readily detectable signals. Nanomaterials are 
thus ideally suited for the sensing of macrobiomolecules as their presence or catalytic activity 
can influence the surrounding of the material in many different ways. Nanomaterials, and in 
particular functionalized nanoparticles, have consequently been extensively used for 
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development of novel and highly sensitive detection strategies for important biomolecular 
analytes providing valuable assays for diagnostics and drug development. The nanoparticles 
can be designed to be responsive to a wide range of biomolecules including proteases, which 
can be disease markers for the common cold to cancers and ADIS,4-5 or to significantly 
smaller entities such as toxic metal ions.6 The assay response is most often but not always 
directly linked to the molecular recognition event. More flexible assays can be obtained by 
monitoring changes or species generated indirectly as a consequences of recognition.7 It is 
further possible to design detection schemes that not rely on the subtle changes in the 
physicochemical surrounding of the nanoparticle but instead changes its entire morphology as 
a response to biorecognition, enabling ultrasensitive detection of the analyte.8-9 

The aim of the work presented in this thesis has been to explore the use of nanomaterial-
assembly as a means for sensing. The focus has been on how to use biomolecular forces, in 
particular polypeptide folding, to control the assembly process in a predictable and tunable 
manner. The assembly mechanisms have further been linked to the presence of certain 
biomolecular species to allow for their detection and characterization. Several different 
strategies for sensing have been explored for detection of a range of different targets, from 
small molecular chelants to enzymes and the fundamentally important processes they 
participate in. 

The nano-sized material used throughout this thesis consists of gold nanoparticles 
functionalized with a Zn2+ responsive polypeptide. The polypeptide is designed to fold and 
dimerize and does so in the presence of Zn2+. Gold nanoparticles functionalized with this 
polypeptide can readily and reversibly be assembled by the addition of Zn2+ which yields 
dense aggregates with a well-defined interparticle distance. The unique optical properties of 
the gold nanoparticles allow for an easy assessment of the aggregates as the solution gradually 
changes color as a consequence of a decreased interparticle distance. Several fundamentally 
important biological processes that influence the particles directly or that affect the Zn2+ 
induced aggregation have been investigated in the included papers, I-IV.  
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The following chapters are intended to put the work into a broader context and to provide an 
introduction to the nanomaterial used in the different papers. A schematic summary of the 
work presented in this thesis is illustrated in figure 1.1. In short: Chapter 2 gives an 
introduction to the field of bionanotechnology and the forces that can be used to assemble 
nanomaterials. Chapter 3 deals with protein and polypeptide composition, structure and 
folding. Chapter 4 describes polypeptide design, synthesis and functionalization. Chapter 5 
concerns cations and their interactions with biomolecules with a focus on Zn2+. Chapter 6 
deals with gold nanoparticle synthesis, colloidal stability and their unique optical properties. 
Chapter 7 describes how polypeptides can be immobilized on the surface of gold 
nanoparticles and how they can be used to control colloidal stability. Chapter 8 concerns 
bioanalytical sensing with a focus on colorimetric sensors. 

 
Figure 1.1 Schematic illustration of the outline of this thesis according to content of the chapters. 
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CHAPTER 2 

 Bionanotechnology and Self-Assembly 

This chapter provides a short introduction to bionanotechnology; the scientific area where 
nanotechnology and biology meet. It also describes the forces that can be used to assemble 
novel architectures using rather simple components. 

2.1 Supramolecular chemistry 

Supramolecular chemistry can be described as the association of two or more chemical 
species by solely intermolecular forces and hence differs from traditional chemistry which 
focuses on the covalent bond. Jean-Marie Lehn described supramolecular chemistry as 
“chemistry beyond the molecule” in his Noble lecture in 1988.10 As a distinct field of science 
it dates back to the 1960s but the concept of a “supermolecule” held together by non-covalent 
interaction predates even further and the term “Übermoleküle” was coined in the 1930s.11 
Supramolecular interactions in nature are plentiful and inspirational, and are a necessity for 
life. Numerous of weak interactions govern biological functions such as protein-receptor 
substrate recognition, protein-protein assembly, cellular recognition, translation and 
transcription of DNA. The non-covalent forces at play can be divided into the following 
groups based on their different physical origin:  

Electrostatic interactions: Is defined as a strictly Coulombic attraction or repulsion between 
two charge entities consisting of ions or dipoles. The electrostatic interaction can be further 
divide into sub-classes depending on the nature of the charges: ion-ion, ion-dipole and dipole-
dipole interactions ordered in declining binding strength. The interactions involving a dipole 
are orientation specific whereas the ion-ion is not.12 

Hydrogen bonding: Is in its simplest form a specific type of a dipole-dipole interaction 
between a polarized hydrogen atom and an electronegative moiety, which most often is an 
atom. In supramolecular chemistry the hydrogen bond is of paramount importance, not just 
because of its strength, but for its different but defined directionalities.13  

π-interactions: Similar to the electrostatic interactions a π-system generates a dipole moment 
that can interact with the face of another π-system (π-π-interaction) or cation (π-cation 
interaction) resulting in an attractive force. 
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Van der Waals interactions: Fluctuations in the electron distribution of a molecule give rise to 
a temporary dipole which can polarize contiguous molecules to oscillate in union, creating a 
net attractive force. These forces are typically very weak and decline rapidly with distance but 
if the surface area is large these forces can become considerable.13 

Hydrophobic effects: This force relates not to the interactions between the supramolecular 
components but rather to the solvation of them in an aqueous solution.a  

These are the most predominant non-covalent forces that are utilized for the assembly of 
supramolecular architectures. Individually they may be too weak for the successful 
association of two chemical species but typically multiple interactions act in a concerted 
fashion, which can substantially improve the overall binding strength beyond the sum of its 
separate parts.  This is referred to as cooperativity where two or more binding sites have a 
synergistic effect on the overall binding strength compared to when the binding sites act 
independently of each other. Another important factor is the complementarity of the chemical 
species both in terms of size and shape of the interaction sites but also with respect to the 
relative spatial arrangement the chemical moieties involved in the interactions. A high degree 
of complementarity also increases the selectivity, i.e. the discrimination between competing 
chemical species, allowing for a more predicable outcome which can be crucial in the 
assembly of supramolecular entities.12 

Supramolecular chemistry can be divided into two major categories: host-guest chemistry and 
self-assembly. The distinction is typically based on the size of the involved chemical species. 
In host-quest chemistry, the larger of the two species is called “host” and envelopes the 
smaller “guest” species forming an inclusion complex. The biological equivalent could be the 
interaction between an enzyme (host) and its substrate (guest) or in terms of coordination 
chemistry a chelating agent and a metal ion. When the interacting species are of similar size 
and none of the species acts as a host for the other the association is referred to as self-
assembly.12  

2.2 Molecular self-assembly 

Molecular self-assembly is the spontaneous association of two or more chemical species into 
ordered structures and patterns without human intervention.14-15 The assembly process is 
directed by the chemically information encoded into the covalent framework of the individual 
components. If more than one type of interactions exists between the associating species a 
stepwise formation occurs with the optimization of the most stabilizing interaction first.12 

a The hydrophobic effect is described in more detail in chapter 3.1 which concerns protein folding. 
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Since supramolecular systems are held together by non-covalent interactions they are 
inherently dynamic, allowing for rearrangement of components to form the most 
thermodynamically stable structure. This is an important feature as “mistakes” can be 
corrected. It also means that if the reaction conditions are altered the equilibrium of the 
system may shift, favoring the individual chemical species as the most thermodynamic stable 
product, resulting in a disassembly of the unstable architecture.14-15 Self-assembly offers a 
general strategy for the fabrication of ordered nanostructures from relatively simple 
components.  

2.3 Nanotechnology and bionanotechnology 

Nanotechnology was defined by the Royal society in 2004 as the “design, characterization, 
production and application of structures, devices and systems by controlling shape and size at 
nanometre scale”.3 If nanoscience is the study of the properties arising from these materials 
then nanotechnology is the exploitation of them in various applications. Nanotechnology has a 
huge potential in the development of stronger and lighter materials as well as miniaturization 
of electronics etc. However by observing Nature, the true power of nanomaterials can be 
realized; with its spectacular supramolecular nanoscale machines and architectures 
spontaneously constructed from smaller entities by self-assembly.16 One example is the 
arrangement of the two different proteins forming the virus capsid of the tobacco mosaic 
virus. The capsid takes the shape of a protecting cylindrical vessel that envelope the RNA. It 
is formed by the self-assembly of precisely 2130 coat-proteins in a well-defined pattern that is 
encoded by the supramolecular interactions involved.17-18  Another striking example is the 
ATP synthase protein complex, which is composed of several proteins associated by non-
covalent forces forming not only one, but two rotary motors, where the second one works in 
reverse. The first motor utilizes the hydrogen gradient of the mitochondria to rotate, 
transferring the rotational energy into the second motor, forcing it to go backwards hence 
creating a generator which produces chemical energy for the cell in the form of ATP.19 This is 
where the field of bionanotechnology finds its inspiration. 

Bionanotechnology is the field of science where nanotechnology and biology meet and aims 
at the development of devices and materials for e.g. sensors, drug delivery and tissue 
engineering applications. Many of the molecular components used are directly adopted from a 
biological context or designed with inspiration from the structure and function of 
biomolecules. Molecular self-assembly is a truly interdisciplinary field of science where 
biology, chemistry and physics converge in order to decipher and use the forces that govern 

7 
 



CHAPTER 2 
 
the assemblies in a controllable and predictable way. Molecular self-assembly has emerged as 
a very attractive route for bottom-upa fabrication of nanomaterials. 

Several astonishing steps have already been taken using both proteins and DNA as templates 
in the construction of nanomaterials. The specific base pairing in DNA makes it a suitable 
molecular component for self-assembly as the specificity offers a route for achieving a 
predictable and tunable outcome of the assembly process, i.e. programmability.20 The 
programmability in combination with well-established protocols for synthesis of 
oligonucleotides has facilitated the realization of a range of DNA-based nanostructures such 
as rotary DNA nanomachines,21 and DNA arrays,22 and have led to the development of the 
field called DNA origami. In DNA origami 2-D,23 and 3-D DNA architectures are 
fabricated,24 that indeed can be functional. One intriguing example is a 7000 nucleotides long 
single stranded DNA sequence that self assembles into a nano-sized box with a lid that can be 
opened when a DNA strand complimentary to the “lock” of the lid is added.25 DNA can also 
be combined with other nano-sized components such as nanoparticles resulting in so called 
spherical nucleic acid (SNA) where the highly specific recognition of a complementary 
strand is retained, which in turn can be used to control the specific assembly of the SNAs.26-27  

Proteins are, with respect to composition, significantly more complex than DNA, and do not 
possess the same obvious programmability. They are on the other hand more versatile in their 
structures and functions.b Proteins are extensively used in biosensors because of their ability 
to selectively recognize other proteins and organic molecules. This recognition attribute, 
found in for example receptors and antibodies, can also be used to trigger nanoparticle 
assembly.28-29 Proteins are typically not very robust and may irreversibly lose their native 
structure and hence functionality because of changes in their physicochemical environment, 
such as increasing temperature, drying, high or low pH, or in the presence of a solid substrate. 
However, shorter sequences of amino acids, so called peptides, can provide a more robust 
option to proteins that also can be produced synthetically. Peptides can be designed to adopt 
secondary structures and structural motifs similar to proteins but are less sensitive to changes 
in their surroundings since any unfolding is typically reversible.30-31 As they are chemically 
synthesized non-natural species can be readily introduced making them even more versatile 
and flexible.32  Peptides have been used in numerous interesting applications, including 
assembly of supramolecular nanofibers,33 responsive hydrogels,34 nanotubes,35  and for 
assembly of nanoparticles.36-37  

a Bottom up was defined by the Royal society as “involves the assembly of smaller sub-units (atoms or 
molecules) to make a larger structure” in contrast to the top-down approach which was defined as “starting with 
a block material, and etching or milling it down to desired shape”.3 
b A more in-depth description of the composition and structure of proteins can be found in chapter 3. 
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2.4 Nanocomposites and hybrid nanomaterials 

The combination of organic and inorganic components led to the development of composites 
materials in the mid-20th century. These materials showed new and improved properties not 
necessarily found in either of the starting materials. Composite materials are often based on a 
polymer (organic) which forms the matrix around micrometer sized inorganic components.38 
The constituents are chosen and combined to accentuate the desired properties and to diminish 
the unwanted once to make materials that are lighter, stronger and more flexible as compared 
to the starting materials. Synthetic composites often fall flat when compared to those found in 
nature, which are not only ordered at the micro level but through the entire size range from 
nano to meso.39 This gives the natural occurring composites found in for example shell, bone 
and teeth mechanical properties not accessible via traditional synthesis-strategies. 
Additionally, most natural occurring composites are multi-functional. Bone for example, 
consists of a mixture of calciumphosphatea and collagen and does not only act as a support for 
the body but also provides a site for blood cell formation. As the size of both the organic and 
inorganic components decrease, the surface to volume ratio increases dramatically and the 
interface between the constituents becomes more and more important and starts to define the 
material.40 The forces connecting the components can either be of a strong covalent nature or 
in the form of weak supramolecular interactions.41 Composites joined by supramolecular 
forces may display properties such as self-healing due to the reversibility of interaction taking 
place at the interfaces. This is a common trait in natural occurring composites where the 
components are in the size range of approximately <50 nm and often held together by non-
covalent interactions. 39 Synthetic composites that consists of nano-sized components have 
also been realized and are utilized in for example contrast agents,42 smart coatings,41 and 
biosensors.43 These materials can broadly be divided in two sub categories: nanocomposites 
and hybrid nanomaterials. In nanocomposites at least one of the components, either the 
organic or inorganic, is in a defined size range in the order of nanometers, or has components 
that is continuously repeated with a separation in the nanometer range,44 whereas in hybrid 
nanomaterial all components are nanosized.45 The border between these definitions is 
however fluid and they are often used interchangeably. Several suitable build blocks can be 
used as the inorganic component such as metallic nanoparticles, nanoparticles of 
semiconductors (quantum dots) and nano-sized flakes of clay. The organic component can be 
a polymer but also a biomolecule such as DNA, protein or peptide.40, 46-47 In this thesis a 
hybrid nanomaterial is extensively used where polypeptides are combined with metal 
nanoparticles. 

a [Ca3(PO4)2] 
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CHAPTER 3 

Structure of Proteins and Protein Folding 

Proteins are a class of biomolecules with a fundamental importance in biological systems. 
They have numerous critical roles in the cell and its surroundings, from the catalytically tasks 
of the enzymes to the protective role of the antibody. No other group of biomolecules is as 
versatile and spectacular in its rather simple yet ingenious design. All proteins are essentially 
linear heteropolymers, constructed from a library of twenty different amino acids covalently 
linked to a continuous polymer chain with a specific sequence and three dimensional 
structure. The linkage between individual amino acids is called the amide bond or peptide 
bond and is formed by a condensation reaction between the carboxylic acid group of one 
amino acid and the amino group of the next one, forming a linear polymer denoted as a 
polypeptide chain (Figure 3.1). During the formation of the amide bond one molecule of 
water is released for each linkage formed and the remaining part of the condensed amino acid 
is hence called a residue. 

The amide bond exhibits some special features because of the overlap between lone pair of 
the nitrogen and the carbonyl π-bond, giving it a double bond character. This makes the amide 
bond length shorter and imposes restrictions on the rotation compared to an σ-bond, locking it 
in a planar conformation either as trans or cis isomer at physiological conditions. In proteins 
the trans form is dominant since it its energetically more favorable but the cis form does 
occur on rare occasions.48 Even though the peptide bond increases the rigidness of the 
backbone, the polymer can still rotate around the bonds connecting the α-carbon and the 
rotation is defined by the dihedral angles (Phi, Φ and Psi, Ψ, Figure 3.1).  

There are essentially only two factors that differentiate proteins from each other: the number 
and composition of amino acids. The number of amino acids in a protein varies widely where 
the largest consists of several thousand amino acid residues but a more commonly occurring 
size is 200-500 residues.49  
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Figure 3.1 Formation of a dipeptide by covalently linking two amino acids by the reaction of a carboxylic acid 
and an amine functionality producing a water molecule as a byproduct. The chemical properties of individual 
amino acids are defined by their R-groups (Rx) and are situated on the α-carbon. Dihedral angles (Phi, Φ and Psi, 
Ψ) define the conformation of the polypeptide backbone whereas the amide bond constitutes a more rigid part of 
the backbone. 

The other main factor that differentiates proteins from each other is the types and order of the 
amino acids. There are twenty natural occurring amino acids with different chemical 
properties defined by their R-group situated on the α-carbon (Figure 3.1). They can be divided 
into three main groups based on these properties; charged, polar and non-polar. It is the 
precise sequence of these chemical properties that encodes for structure and function of each 
individual protein and is denoted as its primary structure. The possible combinations are 
infinite and far from all lead to a protein with a defined structure and function.  

The polypeptide backbone can adopt localized and defined structural conformations as a 
direct consequence of its amino acid sequence. This overall increase in structural order is 
called secondary structure. Two main types of secondary structure exist, the parallel 
alignment of the polypeptide backbone termed β-sheet and a spiral arrangement termed α-
helix (Figure 3.2). Both types are stabilized by hydrogen bonds in the main chain and leads to 
a segment of the backbone with a common set of Ψ and Φ angles. The lack of a secondary 
structure is referred to as a random coil. 

The Ψ and Φ angles in a β-strand are typically fully extended giving it a conformation that is 
not stable on its own but requires additional stabilization. This is achieved by aligning several 
β-strands into a sheet allowing for an extensive hydrogen bonding network between the 
backbone carbonyl (C=O) of one amino acid residue with the amino group (N-H) on an 
adjoining strand (Figure 3.2a). The alignment of the individual strands can be parallel or 
antiparallel with respect to the direction of the primary structure of the flanking strand. The β-
sheet can be composed of segments distant from each other in the primary structure or even 
from separate proteins.49 

The α-helix in contrast to the β-sheet is an isolated structure with intramolecular interactions 
that may support its own structural conformation although a single α-helix is typically only 
marginally stable. The spiral pattern of the backbone is achieved when a stretch of 
consecutive amino acid residues have Ψ and Φ angles of approximately -50° and -60°, 
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respectively. The ideal α-helix has 3.6 amino acids per turn extending it 5.4 Å for each 
complete consecutive gyration. The polypeptide backbone of the α-helix is closely packed 
allowing for favorable van der Waals interactions within its interior. The R-groups are 
projected outwards from the helical backbone, minimizing interfering sterical interactions. 
The polar amide groups are neutralized by hydrogen bonding as they otherwise would be an 
unfavorable factor in the hydrophobic interior of the helix. The carbonyl group in each residue 
in the α-helix forms hydrogen bonds with the amino group n+4 aligning the dipole moment of 
the hydrogen bond along the axis of the helix, resulting in a significant net dipole moment. 
Many α-helixes are amphiphilic with non-polar R-groups at one face of the helix and polar or 
charged R-groups in other positions. The resulting coherent hydrophobic surface propels the 
helix to associate with a similar helix or with another non polar surface to minimize its 
exposure to the aqueous environment. Two helixes associated in this manner is said to form a 
motif which is a level of organization between the individual secondary structure elements and 
the tertiary structure of a domain that may comprises the entire folded state of a protein.  

 

Figure 3.2 Secondary structural motifs a) two strands forming a β-sheet (PDB entry 1ZY650). b) A helix-loop-
helix motif consisting of two α-helixes joined by a loop region (PDB entry 2GP851). c) A four-helix bundle 
consisting of two associated helix-loop-helix motifs forming a tertiary structure (PDB entry 2JUA52). Structures 
were acquired from the protein data bank (PDB)53 and visualized using polyview.54 

A helix-loop-helix motif is significantly more stable than an isolated helix being comprised of 
two helixes parallel aligned and joined by an unstructured loop region (Figure 3.2b). The most 
common helical tertiary structure is the four-helix bundle, composed of four amphiphilical α-
helices that form a tightly packed structure with almost parallel arrangement of the helixes, 
effectively hiding any hydrophopic residues from the surrounding water  (Figure 3.2c). It may 
be comprised of four isolated helix segments from the polypeptide backbone or from the 
association of motifs such as two helix-loop-helix motifs.55 
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3.1 Protein folding 

From a thermodynamic point of view, the process of protein folding can be described as an 
energy landscape with the shape of a course funnel where the depth and width of the funnel 
corresponds to the enthalpy (∆H) and entropy (∆S) of the system, respectively.56 At the initial 
phase the polypeptide chain exists as a random coil situated at the top of the funnel with high 
entropy due to its large number of random conformational states. As the protein folds and 
progresses down through the funnel it passes several discrete structural conformations called 
molten globules characterized by an almost intact secondary structure but lacking the final 
native like arrangement of these structural elements. As the protein folds into its native state 
the tertiary arrangement of secondary structure are finalized as a dense structure situated at 
the bottom of funnel, corresponding to the lowest enthalpy.  

The forces that govern protein folding are essentially the same as those involved in formation 
of supramolecular assembliesa and it is the sum of these interactions that determines the 
overall stability of the native folded state. A polypeptide chain existing as a random coil 
possesses a high conformational entropy due to its nearly infinite number of possible 
conformations arising from rotations around single bonds. Folding of the polypeptide main 
chain creates a rigid structure decreasing the conformational entropy and this loss must hence 
be compensated for. Favorable interactions such as van der Walls and electrostatic 
interactions as well as intramolecular hydrogen bonding in the folded state partly compensate 
by increasing the enthalpy of the system. It is however not only thermodynamics of the 
protein that needs to be considered but also that of the surrounding solvent. The solvatisation 
of an unstructured polypeptide chain in aqueous solution forces water molecules to adopt an 
order network around hydrophobic residues, which decreases the conformational entropy of 
the solvent. Folding and burial of these residues in the structural elements of the protein 
releases the water molecules compensating for some of the lost entropy related to the 
decreased conformational freedom in the native state. This effect is commonly denoted as the 
hydrophobic effect and is a key element in the thermodynamics of protein folding.48 

Due to the trade of between enthalpy and entropy, described by equation 3.1 the native state is 
only marginally stable with a Gibbs free energy (∆G) difference of 5-15 kcalmol-1 

corresponding to about three hydrogen bonds at physiological conditions.55 

 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆         (3.1) 

a Forces that govern supramolecular assemblies are described in chapter 2. 
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3.2 Circular dichroism spectroscopy 

The structure of a protein can be determined by several methods where nuclear magnetic 
resonance (NMR) spectroscopy and X-ray crystallography give structural data at the highest 
resolution. However, these methods are very time consuming and complicated to perform. 
Circular dichroism (CD) spectroscopy gives less information but is on the other hand rapidly 
performed and often used for peptide and protein secondary structure characterization.57-59 In 
CD spectroscopy the sample is irradiated with circularly polarized light and the difference in 
absorption of the left- and right-handed circularly polarized components is detected. Optically 
active or chiral entities such as the amide bond in a polypeptide backbone absorb these 
components to different extents depending on the two dihedral angles ϕ and ψ. Absorption by 
the amide bond occurs in the far-UV region, below 240 nm, and can be used to identify the 
secondary structure elements of the polypeptide as each such element gives a characteristic 
spectrum. The spectrum of β-sheet has a minimum at 216 nm and a maximum at 195 nm, an 
α-helix has two pronounced minima at 208 and 222 nm and a maximum at 190 nm whereas a 
random coil has a minimum at 198 nm (Figure 3.3). 

 

 

Figure 3.3 CD-spectra in the far-UV region of a β-sheet (♦), an α-helix (●) and a random coil (○). 
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Two components (right- (R) and left-handed (L) polarized light) have unequal extinction 
coefficients (ε), the difference (∆ε) is related to the difference in absorption (∆A) of the two 
components according to the Lambert-Beer relation: 

 

∆𝐴 = 𝑙 ∗ 𝑐 ∗ ∆𝜀         (3.2) 

 

where l is the optical path length and c is the concentration of the sample. As the two 
components of the incident light are absorbed to different extents, the observed light becomes 
elliptically polarized. CD is thus described in terms of elliptictiy (Θ) which is the angle 
between the major and minor axis of the ellipse defined by the vector sum of the R and L 
components. CD is measured as a function of wavelength and ∆A is related to Θ for each 
wavelength according to: 

 

Θ =  𝑙𝑛10∗180∗∆𝐴
4𝜋

≈ 33 ∗ ∆𝐴        (3.3) 

 

For proteins and polypeptides, the mean residue ellipticity [Θ] is commonly used and is 
related to Θ according to:  

   

[Θ] = Θ∗𝑚𝑟𝑤
10∗𝑙∗𝑐

          (3.4) 
 

where mrw is the mean residue weight of the amino acids constituting the polypeptide or 
protein in g/mol, l is the optical path length in cm and c is the concentration in g/ml. 
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CHAPTER 4 

Synthetic Peptides 

Synthetic polypeptides can fully or partly be based on natural occurring motifs or be de novo 
designed, having no natural precursor. The last alternative allows for the synthesis of peptides 
with new functions and properties not necessarily found in nature and have become a reality 
as increasing insights to the rules that govern protein folding have been unraveled. It is now 
possible to design de novo peptides that adopt an ordered secondary structure such as β-
sheets,34, 60 or α-helices when the peptide is free in solution61. It is also possible to design 
polypeptides that folds into a helical structure as a result of an interaction with a surface,62-63 
or with a complimentary peptide.30, 64 Alternatively, helices can be formed  in response to 
external stimuli such as change of pH,36 change of temperature,65 or  the presence of metal 
cations.66-67 In this thesis de novo designed polypeptides are utilized in all papers. 

4.1 JR2EC 

The 42 amino acid synthetic polypeptide JR2EC used in this thesis belongs to a family of 
helix-loop-helix polypeptides de novo designed by Lars Baltzer et al. and dimerizes into 
antiparallel four-helix bundles in the presence of a charge-complementary peptide (Figure 
4.1a). JR2EC was originally designed by Johan Rydberg and Sarojini Vijayalekshmi and 
further refined by Karin Enander and Daniel Aili who introduced a cysteine residue in its loop 
region to allow for immobilization onto gold substrates.30, 64 The structure of JR2EC in its 
folded state can be visualized by utilizing a heptad repeat (abcdefg)n patterna, where each 
letter corresponds to an amino acid position in the final fold (Figure 4.1b). Since an α-helix 
has 3.6 amino acids per turn the incorporation of a specific amino acid at approximately every 
fourth position will create a face running along the entire cylindrical length of the helix and 
the chemical nature of this face will be determined by the properties of the chosen amino acid. 
This principle was exploited in the design of JR2EC. 

a Also commonly referred to as a helical wheel representation. 
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Figure 4.1 a) Four-helix bundle with an antiparallel alignment. b) The heptad repeat pattern is illustrated as a 
top-down view of the antiparallel four-helix bundle and couples the primary structure of the individual 
polypeptides to the tertiary structure of the final fold. The dashed line represents the dimer interface between the 
two helix-loop-helix motifs. c) Primary structure of JR2EC. Figure b) redrawn from 68. 

In the a and d positions hydrophobic residues such as Ala, Leu and Ile were chosen. These 
residues form the hydrophobic core of the four helix bundle, the formation of which is a key 
driving force in the folding of the peptide. Residues in positions b and e make up the interface 
between monomers and are predominantly Glu, while hydrophilic residues in the c and g 
positions create the solvent exposed face. The primary structure of JR2EC is shown in figure 
4.1c. 

Due to the high Glua content of the peptide it has a net charge of -5 at neutral pH and charge 
repulsion effectively prevents dimerization and folding. By lowering pH below 6, these 
charged residues become protonated and the polypeptide rapidly homodimerizes and folds 
(Figure 4.2a). Folding can also be induced at neutral pH by introducing a complementary 
peptide termed JR2KC that is identical to JR2EC in its primary structure except that all Glu 
residues have been exchanged for Lys. JR2KC exhibits a net charge of +11 at neutral pH and 
is hence complementary in terms of charge towards JR2EC. The mixture of these two 
peptides in a 1:1 stoichiometric relationship leads to heterodimerization and folding with a 

a The one letter abbreviation for Glu is E. 
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dissociation constant of 20 µM, according to a circular dichroism spectroscopy analysis.64 The 
complex formation has been further characterized by ultracentrifugation as well as NMR 
spectroscopy.30 The utilization of JR2EC and JR2KC for fiber formation but also to assemble 
nanoparticles is described in more detail elsewhere.69 Neither of these strategies was used in 
this thesis, instead a third possibility was employed which relies on the homodimerization of 
JR2EC induced by metal cations. Several di- and tri-valent metal cations had previously been 
demonstrated to induce folding and dimerization of JR2EC at neutral pH (Figure 4.2b).37 Of 
these species Zn2+ was found to induce the highest degree of helicity and was utilized for this 
purpose in papers I, III and IV. However, not all metal cations induce folding of JR2EC, 
including the common enzymatic cofactors Mg2+ and Ca2+. This tendency to discriminate 
between cations and still be responsive to Zn2+ is an important feature in paper IV. 

The polypeptide JR2EC contains a cysteine residue which acts as a chemical handle that can 
be utilized for site specific and direct thiol-dependent immobilization on gold substrates. This 
residue is positioned in the loop region of the helix-loop-helix motif in order to minimize its 
effect on the dimerization properties of the polypeptide when immobilized (Figure 4.1c). This 
immobilization strategy was utilized in all papers for functionalization of both gold 
nanoparticles in papers I-IV and planar gold surfaces in papers I-II. 

 

 

Figure 4.2 a) CD-spectra of JR2EC (▲) and JR2KC (∆) at pH 7, where both polypeptides reside as random coil 
monomers. The mixture of JR2EC and JR2KC (○) at pH 7 leads to heterodimerization and folding into a four-
helix bundle. Homodimerization of JR2EC as a result of exposure to a pH of 4.5 (●). b) Homodimerization of 
JR2EC  can also be induced by Zn2+ (○) whereas Mg2+ (♦) and Ca2+ (∆) fail to induce folding and are comparable 
to buffer only (□). Figures redrawn from 69. 

19 
 



CHAPTER 4 
 

4.2 KE2C 

In paper I a synthetic receptor was utilized which binds the metalloenzyme human carbonic 
anhydrase II (HCA II). This receptor was design by Karin Enander and consists of a 
polypeptide termed KE2C which is post-synthetically modified with a benzenesulphonamide 
derivative (C6),a an inhibitor of HCA II (Figure 4.3).70-71 Similar to JR2EC, this helix-loop-
helix peptide is 42 amino acids in length and was designed to homodimerize and fold into a 
four-helix bundle. At neutral pH, it has a net change of -0.9, implying considerably less 
charge respulsion than in JR2EC, and can consequently homodimerize. This polypeptide was 
originally used in biosensor applications and did at that point also contain a fluorescent 
reporter group which could convey the binding of HCA II as an optical signal. This combined 
recognition and reporting system was further elaborated by varying the benzenesulphonamide 
derivative, tailoring the affinity towards HCA II in order to create an affinity array.32 In this 
thesis the polypeptide-benzenesulphonamide receptor with the highest affinity towards HCA 
II was utilized, but the fluorescent reporter group was omitted. KE2C was tethered to gold 
nanoparticles via the cysteine residue in the loop region as a recognition element in paper I. 

 

Figure 4.3 Primary structure of KE2C-C6 with a benzenesulphonamide derivate conjugated to the Lys residue in 
position 34.  

4.3 Peptide synthesis 

Solid phase peptide synthesis (SPPS) was introduced in 1963 by Merrifield et al.72 In SPPS 
the C-terminal amino acid is anchored to an insoluble solid support and the peptide is 
elongated by the sequential coupling of activated amino acids. This approach allows for the 
convenient removal of soluble by-products as well as excess reagents by filtration without the 
loss of peptide as it is tethered to the solid support. SPPS was rapidly automated by Merrifield  
after its invention increasing its utility even further with higher yields and shorter synthesis 

a  A more in-depth description of post-synthetically modifications is given in chapter 4.4. 
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time.73 This technique is not limited to the synthesis of linear polypeptides as branched as 
well as circular peptides may be produced, consisting of both natural and unnatural amino 
acids.74 Vast combinatorial libraries have also been synthesized using this technique.75 The 
upper limit for SPPS is about 100 amino acids with the limiting factor being the yield in each 
coupling step.76 The yield normally exceeds 99% but when very long peptides are synthesized 
erroneous sequences rapidly accumulate. This problem can however be circumvented by 
employing ligation techniques that allow for conjugation of separate peptide segments into 
full length proteins.77-78 

In SPPS polystyrene beads cross-linked with a low degree of divinylbenzene is often 
employed as the solid support.72 The beads are further functionalized with linkers that can 
anchor the C-terminal amino acid to the support. The low degree of cross-linking allows the 
polymer to swell and accommodate the growing peptide as well as allow for rapid diffusion of 
reagents throughout the entire bead.  

Both the α-amino group and reactive side chains need to be protected during the coupling 
steps in order to avoid uncontrolled polymerization of the amino acids. The α-amino group 
can be protected either with an Fmoca group, which can be removed by a mild base such as 
piperidine or morpholine, or a Bocb group, which can be removed by a strong acid such as 
TFA. In this thesis an Fmoc based protection strategy has been exclusively employed. 
Protection of reactive side groups can be achieved by a large number of different protection 
groups but they usually have in common that they can be removed simultaneously as the 
polypeptide is cleaved from the solid support.  

The cyclic approach of SPPS is described in Figure 4.4 where the first amino acid is initially 
attached to the solid support via a linker. Fmoc deprotection makes the α-amino group 
accessible for peptide elongation. The α-carboxylic group of the second amino acid is 
activated for efficient coupling. In this thesis TBTUc in combination with the base DIPEAd 
was used as activating reagents, however a large number of different activator reagents are 
available. A large excess of the activated amino acid is then used to drive the reaction to 
completion and unreacted reagents can then be removed by washing. The cyclic procedure 
with Fmoc removal and subsequent coupling is then repeated until the last amino acid has 
been attached.  The N-terminus can then be either acetylated with acetic anhydride as in 
KE2C or left as an amine group as in JR2EC. The final polypeptide is then deprotected and 

a Fluorenylmethyloxycarbonyl 
b Tert-butyloxycarbonyl 
c O-(7-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate 
d Diisopropylethylamine 
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cleaved from the solid support by treatment with trifluoroacetic acid (TFA). Cleavage can 
yield either a carboxyl acid or an amide functionality in the C-terminus depending on the 
linker used. During cleavage scavengers such as trisiopropylsilane (TIS) are added to trap 
reactive species released during side chain deprotection preventing them from undergoing 
unwanted side-reactions with the polypeptide. After cleavage the solid support is removed by 
filtration and the TFA is evaporated. The crude polypeptide is then precipitated in cold ether, 
resuspended and lyophilized. 

4.3.1 Peptide purification 
Purification of the crude polypeptide is conventionally performed using reversed phase high-
performance liquid chromatography (RP-HPLC). In this technique a hydrophobic stationary 
phase is used, commonly consisting of hydrocarbon functionalized silica particles. A polar 
solvent, usually a mixture of water and acetonitrile, isopropanol or methanol is commonly 
used. The solvated polypeptide is passed through the stationary phase and depending on the 
polarity of the polypeptide it will interact more or less with stationary phase and elude 
accordingly. HPLC can be coupled to several detection techniques. UV detection was used in 
this thesis as the amide bonds of the polypeptide main chain can absorb light at around 230 
nm.  

4.3.2 Peptide identification 
The identification of the polypeptide was performed using matrix-assisted laser desorption 
ionization time of flight mass spectrometry (MALDI-TOF MS).79-80 In this technique the 
sample is co-crystalized with a matrix elementa and evaporated in a high-vacuum chamber 
using a laser. The sample molecules become positively charged due to proton transfer from 
the acidic matrix species and can then be accelerated in an electric field. As mainly mono-
charged species are formed with a low degree of fragmentation their size can be determined 
based on their flight time to reach the detector. 

  

a Such as α-cyano-4-hyroxycinnamic acid 
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Figure 4.4 Schematic illustration of SPPS. Top: The first amino acid is attached to the solid support via a linker. 
Right: Fmoc deprotection makes the α-amino group accessible for a further coupling. Left: Coupling step 
elongates the peptide. Bottom: Cleavage from the solid and side chain deprotection gives the final peptide. Rx: 
Amino acid side chain, Px: Amino acid side chain protection group.  
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4.4 Peptide functionalization 

Polypeptides synthesized via SPPS can as previously mentioned be both cyclic and 
branched,74 but also functionalized with carbohydrates,74 fluorescent probes or recognition 
elements for a specific target.71  This is commonly achieved by utilizing an orthogonal 
protection strategy. An amino acid that can selectively be deprotected without affecting other 
protection groups present in the polypeptide is referred to as an orthogonally protected amino 
acid. This strategy was employed for the post-synthetically modification of the polypeptide 
KE2C, allowing for the selective incorporation of a NHSa activated benzenesulphonamide 
derivative at Lys 34. The Lys residue was protected with an Allocb protection group which 
could be orthogonally deprotected by a treatment with Pd(PPh3)4

c. This polypeptide, KE2C-
C6, was used as a synthetic receptor for HCA II in paper I (Figure 4.3).  

4.4.1 Click chemistry 
An alternative to the use of orthogonal protection groups is to use the N-terminal amine after 
the final Fmoc deprotection step for functionalization of polypeptides. This strategy was used 
to realize a synthetic receptor, similar to KE2C-C6 but with the possibility to introduce the 
recognition element after peptide immobilization on gold nanoparticles, with the intention to 
create a highly versatile and generic sensor platform. This approach relied on the copper (I) 
catalyzed reaction between azide- and an alkyne moiety termed Huisgen´s 1,3-dipolar 
cycloaddition for peptide functionalization (Figure 4.5a). This reaction was awarded “click 
chemistry” status by Sharpless et al. for its high selectivity, benign reaction conditions 
requirements, high thermodynamic driving force, otherwise inert chemical functionalities and 
its very high yield.81  

In this approach an azide derivate was conjugated to the N-terminal of JR2EC (JR2EC-Az) 
before the final deprotection and cleavage step (Figure 4.5b). A wide range of different 
reducing agents for Cu (II) to Cu (I), catalysts, pH values, copper sources, buffers and other 
solvents were investigated to evaluate the best strategy for “clicking” an alkyne derivate to the 
polypeptide in solution.  The best result where achieved at a surprisingly simple set of 
conditions where no added catalyst and only low concentrations of reduction agentd where 
required. By using HEPESe buffer, which can reduce the copper source Cu(II)SO4 to Cu (I) 
but do so only in the presence of suitable ligands,82 which presumably azide- and alkyne 

a N-hydroxysuccinimide 
b Allyloxycarbonyl 
c Tetrakis(triphenylphosphine)palladium(0) 
d Ascorbic acid 
e N-(2-hydroxyethyl)-piperazine-N-ethanesulfonic acid 
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moieties are as they coordinates Cu (I) during the cycloaddition. Accordingly a very fast and 
efficient coupling was achieved. 

Three different alkyne containing sensing elements where conjugated to JR2EC-Az while in 
solution; a biotin derivate which interacts strongly with streptavidin (Figure 4.5c), a shorter 
version of the peptide fragment excised from the tobacco mosaic virus coat protein (TMVP) 
that was utilized in paper I which is recognized by the antibody fragment Fab57P (Figure 
4.5d), and a benzenesulphonamide containing compound similar to the one present in KE2C-
C6 for the recognition of HCA II (Figure 4.5e). The MALDI-TOF spectra presented beneath 
each alkyne derivate in Figure 4.5c-e show the progress of the reaction after 30 minutes at 
room temperature with a stoichiometric ratio of JR2EC-Az:alkyne derivate of 1:2. This click 
chemistry approach for attaching recognition elements to JR2EC-Az while tethered to gold 
nanoparticles was, however, never realized as the alkyne containing derivatives were found to 
readily adsorb unspecifically to the particles spoiling their functionality. 

 

Figure 4.5 a) Huisgen´s 1,3-dipolar cycloaddition between an azide and an alkyne moiety catalyzed by Cu (I). b) 
The N-terminal of JR2EC was functionalized through an amide coupling with an azide containing carboxylic 
acid compound. c) Biotin- d) TMVP- e) benzenesulphonamide derivatives containing alkyne functionalities with 
their corresponding MALDI-MS spectrum below for the reaction with JR2EC-Az.  
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CHAPTER 5 

Metal Cations and Biomolecules 

Metal cations in biological systems are of profound importance as they can add key features 
to bioorganic molecules that they alone cannot accommodate. The main factor that determines 
their various functional roles is the strength of the interaction between the cations and the 
biomolecules they ligates.83 Na+ and K+ generally interact weakly with organic ligands and 
are hence ideally suited for generating ionic gradients and maintaining osmotic balance. Na+ 
and K+ are hence extensively used for this purpose for the generation of membrane potentials 
and for the propagation of nerve signals. The cations; Mg2+, Zn2+ and Ca2+ frequently interacts 
with biomolecules as they form moderately stable interactions and are commonly used to 
stabilize the folded structures of proteins. Ca2+, also serves as a secondary messenger in 
cellular signaling.83 The metal ions of copper and iron forms strong interactions with 
biomolecules and are extensively found in proteins and protein complexes involved in oxygen 
transports. They are also involved in numerous redox reactions as the catalytic cation in 
metalloproteins.83 

5.1 Metalloproteins 

Metal cations are an integrated cofactor in more than forty percent of all known proteins 
acting as a compliment to the natural occurring amino acids.84 The role of the metal ion 
differs from protein to protein and type of cation, ranging from stabilization of the native state 
to participating in enzyme catalysis. Alkaline metal ions such as Na+ and K+ often play a vital 
role in signaling transduction by interacting with a protein receptor invoking a response.85 
Transition metals with a interchangeable valance state such as Fe, Mn and Cu often facilitates 
electron transfer in redox reactions while Ca2+, Mg2+ and Zn2+ participate both in structural 
stabilization of proteins and the catalytic activity of non-redox enzymes.84 Zn2+ alone is 
present in more than a thousand eukaryotic transcriptions factors as the DNA binding zinc 
finger motif.86  

The metal ion binding site of metalloproteins are characterized by a shell of hydrophilic 
residues situated inside a grove or cavity within the protein, usually expelling the solvent at a 
successful ligation of the metal ion. The inner hydrophilic shell that ligates the cation is often 
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further embedded in an outer hydrophobic shell creating a binding site with a high 
hydrophobic contrast.87 Most metalloprotein has a mononuclear binding site and selectively 
ligates one metal cofactor to attain its native fold or catalytic activity. Human carbonic 
anhydrase II (HCA II) is an example of a mononuclear metalloprotein involved in the 
respiratory process binding a single Zn2+ atom that is essential for its reversible hydration of 
CO2. HCA II was used as a model protein in paper I (Figure 5.1a). The ligated Zn2+ acts as a 
Lewis acid and lowers the pKa of a ligated water molecule making it prone for a nucleophilic 
attack on a CO2 molecule.88 Metalloproteins are not restricted to a single mononuclear 
binding site and can contain several metal ions capable of providing different functionalities. 
The matrix metalloprotease matrilysin (MMP-7) utilized in paper II contains four binding 
sites in each domain. Two of them are selective for Ca2+ and have a purely structural role and 
two are selective for Zn2+. One of the Zn2+ biding sites is catalytically active and one is of a 
structural character (Figure 5.1b).89 MMP-7 plays a critical role in the physiological and 
pathological degradation of extracellular matrix and share the same metal ion binding pattern 
as HCA II with three His residues and a water molecule coordinating the Zn2+ in the active 
site.  Metalloproteins are also not restricted to a single metal ion in the catalytically active site 
and may comprise of a multitude of metal cofactors working synchronously during the 
catalytic process. The catalytic site of alkaline phosphatase (ALP) consists of a catalytic 
metal triad, with two Zn2+ and an Mg2+ with different chemical surroundings working 
sequentially in the hydrolysis of phosphate monoesters (Figure 5.1c). This process is explored 
in paper IV.90 

 

 

Figure 5.1 Crystal structure of a) carbonic anhydrase II (PDB entry 1CAC91) b) matrilysin (PDB entry 1MMP89) 
and c) alkaline phosphatase (PDB entry 1ED890) with cofactors Zn2+ (grey), Ca2+ (blue) and Mg2+ (green). All 
metal ions have been enlarged for clarity. 
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5.2 Attributes of zinc(II) 

Zn2+ is a very common element in metalloproteins, as illustrated above, both as a stabilizer of 
structural motifs and for providing catalytic related functions.92 The reason for the prevalence 
of Zn2+ is because it has a completely saturated d-shell giving it several beneficial properties 
in terms of coordination geometry and range of possible ligands. This electron configuration 
implies that Zn2+ has no ligand field stabilization energy in any coordination mode. Meaning 
that it has no preferred ligand arrangement over others, which is a common situation for other 
metal ions with only a partially filled d-shell.86 Zn2+ also lacks any redox activity under 
physiological conditions and readily undergoes fast ligand substitutions. It is also considered 
as a borderline acid in terms of hard-soft acid base theory allowing for a broad spectrum of 
possible ligands. Several amino acid side chain functionalities can hence function as potential 
ligands, ranging from the soft thiolate group of cysteine to the hard carboxylates groups of 
aspartate and glutamate, as well as the imidazole group of histidine.86, 93 The interaction with 
hard ligands even extends to the interaction with carbonyl functionalities in side chains and in 
the polypeptide main chain as well as in substrates and inhibitors, a property otherwise not 
commonly encountered in the binding site of other metal ions.92 Zn2+ also interacts with both 
water and the hydroxyl ion, which is a key feature in many of its catalytic roles in enzymes.  

5.3 Zinc(II) - biomolecule interactions 

The interactions between cations and smaller biomolecules compared to the metalloproteins 
are also essential for various cellular functions but can also have a negative impact on the 
bioavailability of cations such as Zn2+. For instance, presence of high concentrations of 
strongly chelating species such as phytic- and folic acid (vitamin B9) in diet can severely 
affect the amount of metal ions available (Figure 5.2a), reducing the nutrition value of food 
and feedstuff. Zinc deficiency caused by presence of high concentrations of phytic acid in 
food can cause a range of pathological conditions in humans, especially in small children and 
adults already suffering from malnutrition.94-97 Both these chelants are found in high 
concentrations in plants and plant seeds, such as grain,98 and are commonly associated with 
Zn2+-deficiency in developing countries. Phytic acid in particular can also form ternary 
complexes,93, 99 sharing the central metal ion with another ligand to create a full coordination 
sphere. This property in combination with is high concentrations in certain diets can also limit 
the available protein-content as proteins can be enveloped by a network of polynuclear 
complexes of phytic acid and cations.99 
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Figure 5.2 Chemical structures of common low molecular weight biomolecular chelants in their protonated 
forms. 

The effects on Zn2+ induced particle aggregation by phytic- and folic acid, as well as the 
biologically relevant chelant oxalic acid, was investigated in paper III. In this paper the 
commonly used chelating agent EDTAa was also included as a reference compound (Figure 
5.2a). The main effect on colloidal stability was caused by the ability of some of these 
compounds to form ternary complexes with the immobilized polypeptide. This property 
enabled phytic acid to be 300 times more efficient at modulating colloidal stability than the 
much stronger chelant EDTA. 

Metal cation also interacts with NTPsb such as ATPc and GTPd (Figure 5.2b). In fact, 
virtually all reactions involving NTPs also involves metal cations directly coordinated to the 
nucleotide or as integrated cofactors in the enzymes that hydrolyze them.100 The high-energy 
phosphate ester bond in NTPs makes them the primary energy carriers in the cell and they are 
thus substrates in a countless number of metabolic reactions. Their hydrolyzed derivatives 

a Ethylenediaminetetraacetic acid 
b Nucleoside 5´-triphosphate 
c Adenosine 5´-triphosphate 
d Guanosine 5´-triphosphate 
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also coordinate cations but to a smaller extent as the number of inorganic phosphates groups 
decrease. The logarithmic stability constants (log K) for these complexes with the common 
enzymatic cofactors Zn2+, Mg2+ and Ca2+ are shown in table 5.1. The high energy phosphate 
ester bond is also present in pyrophosphate (PPi) which in higher organisms is generated by 
NTP hydrolysis. PPi can in certain lower organism act as a substitute for NTPs under 
anaerobe condition, whereas in higher organisms it has a critical role in regulating 
extracellular calcification.101  

All mono-, di- and tri 5´-nucleotides forms monomeric (1:1) complexes with divalent cations 
(M) while PPi mainly forms [M(PPi)2] complexes.102-103 They all have in common that their 
hydrolysis produces inorganic phosphate (Pi), which forms insoluble complexes in the form of 
[M3(PO4)2].104 The logarithmic solubility constant (log Ksp) for these complexes can be found 
in table 5.1. Pi generation as a consequence of NTP or PPi hydrolysis can markedly reduce the 
available cation concentration in a solution, due to the insolubility and stoichiometric ratio of 
the complexes formed. Enzymes that hydrolyze NTPs or PPi can thus be detected based on the 
reduction of the soluble metal ion content in a sample. This concept was developed for 
monitoring of phosphatase activity using the chelants in figure 5.2b as substrates in paper IV, 
where the concomitant effect on the Zn2+ concentration in the sample was exploited to 
produce a colorimetric response using the Zn2+-responsive polypeptide functionalized gold 
nanoparticles. 

Table 5.1 Logarithmic stability and solubility constants. 

 Log K Log Ksp Reference 

 Zn2+ Mg2+ Ca2+ Zn2+ Mg2+ Ca2+  

ATP  5.16 4.29 3.91 - - - 102 

ADP  4.28 3.36 2.95 - - - 105 

AMP 2.38 1.62 1.48 - - - 105 

Adenosine  0.24 - - - - - 105 

GTP  5.52 4.31 3.96 - - - 102 

GMP  2.65 1.73  1.54 - - - 106 

Pi
  - - - -31.49 -25 -32.68 104 

PPi
  11.0 - - - - - 103 
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CHAPTER 6 

Colloidal Gold 

The history of gold nanoparticles dates back to the 5th or 4th century BC in Egypt and China, 
where it was used for staining of glass and ceramics giving them an extraordinary colorful 
appearance.107 During the middle-ages alchemist where able to prepare “soluble gold” or 
“colloidal gold” and called it “an elixir of life”.108 The effects where perhaps a bit exaggerated 
as none of the users are alive today. It was through the discovery of “aqua regia”, Latin for 
“royal water”,a that bulk gold could be reduced to HAuCl4

b
, which could be dissolved in an 

aqueous solution.108 Soluble gold was used for the treatment of all sorts of illnesses, from 
melancholia to hearth problems. Originally these solutions seldom contained colloidal gold 
but rather the salt-form if they contained any gold at all. As time progressed, more 
standardized methods for the preparation colloidal gold were described. However, the 
negative effects of these treatments also became apparent and the use of colloidal gold in 
medicine became less popular. The so called Lange colloidal gold test was though still in use 
until the mid-20th century for diagnosis of syphilis.109  

In the middle of the 19th century Michael Faraday formulated the foundation of the modern 
colloidal science by using a more scientific approach. He developed a new synthesis method 
for obtaining stable suspensions of colloidal gold and further used it to form thin films.110  He 
also investigated the optical properties of colloidal gold and observed that if he applied 
mechanical pressure to the films they underwent a reversible color change. It was however 
Graham that a few years later coined the term “colloid”.111  

During the latter half of 20th century, intense investigations lead to the development of new 
synthesis methods for obtaining gold nanoparticles and more detailed studies on their 
physicochemical properties such as shape and size dependent optical, magnetic and electronic 
properties were performed.112-116 A more in-depth knowledge of the nature of gold 
nanoparticles has led to their reintroduction into medicine as diagnostic tools,117-120 and 
therapeutic agents,119-121 but also into other fields of science such as chemistry, electronics 
and material science. 

a A mixture of nitric acid and hydrochloric acid, preferably in the ratio of 1:3. 
b Hydrogen tetrachloroaurate 
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6.1 Gold nanoparticle synthesis 

Just like the procedures used by the middle-age alchemists, modern gold particle synthesis is 
often based on the gold(III) derivate HAuCl4.107-108 When dissolved in water it can be reduced 
to yield nearly spherical particles. This geometry is preferred as it has the smallest surface 
area and hence the lowest energy.122 The mono-dispersity and size of the particles are two 
important parameters that need to be controlled in order to give a useful material. 

  

Figure 6.1 a) Schematic presentation of gold nanoparticles prepared by the reduction of HAuCl4 by citrate. b) 
Electron micrograph of a 20 nm gold nanoparticle obtained using high-angle annular dark-field (HAADF) 
imaging scanning transmission electron microscopy (STEM). 

One of the most common methods for the preparation of colloidal gold is the reduction of 
HAuCl4 by citrate in a water solution (Figure 6.1). This method was established by 
Turkevitch and  later refined by Frens and yields particles of a pre-chosen size between ~10-
150 nm.112-113 The size of the particles can be controlled by varying the HAuCl4 to citrate 
ratio. Citrate acts both as a reduction agent and as an anionic stabilizer by forming a 
multilayer around the final particle, giving it an overall negative charge. This method has two 
distinct advantages, where one is that the stabilizing citrate can be readily replaced allowing 
for easy functionalization of the particle and the other one is that biomolecules can be used for 
functionalization since the synthesis is performed in an aqueous medium.26, 123 Unmodified 
particles prepared by this route are sensitive to changes in ionic strength and pH of the 
surrounding media but also towards organic contaminants which can cause irreversible 
aggregation.124 All gold nanoparticles used in this thesis are produced via citrate reduction of 
HAuCl4, although using different protocols. In paper I a procedure first described by Storhoff 
was used which produced 13 nm particles,125 in paper II the protocol described by Frens was 
used giving particles of 17 nm whereas in paper III-IV commercially available citrate 
stabilized nanoparticles particles were used which had a size of 20 nm. 
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6.2 Optical properties of gold nanoparticles 

Gold nanoparticles exhibit several interesting optical properties that make them useful in 
numerous fields of science and they have been extensively used for sensing applications. 
Their interaction with visible light is a source to a phenomenon called local surface plasmon 
resonance (LSPR) which gives a suspension of spherical gold nanoparticles its characteristic 
deep wine-red color.  The wavelength of the incident light is significantly larger than the size 
of the particles, which thus experience the electromagnetic field as homogeneous. This causes 
the electrons in the conduction band at the nanoparticle surface to collectively shift from their 
equatorial position. A restoring force consisting of the subsequent columbic attraction in 
combination with the oscillating electromagnetic field of the incident light, which when in 
resonance, causes the electrons to collectively oscillate with respect to the metal core (Figure 
6.2).2, 122, 126-128 

 

Figure 6.2 Schematic illustration of a metal sphere interacting with the electric field of light, inducing a local 
surface plasmon resonance. Redrawn from 2. 

The energy required to move the electrons from their equilibrium positions result in light 
being absorbed. For a 20 nm gold nanoparticle this absorption occurs around 525 nm, which 
is in the green range of the visible spectrum (Figure 6.3). Red light is absorbed and scattered 
to a significantly lower extent, why the suspensions appear red. Several factors influence the 
frequency at which the electron oscillates such as metal composition, size and shape of the 
nanoparticles but also the refractive index of the surrounding medium. Local refractive index 
changes, caused by for example adsorption of a biomolecule on the particle surface, can hence 
be identified as the resonance mode changes and consequently shifts the LSPR band. The 
magnitude of the shift varies with both the refractive index of the adsorbed layer and its 
thickness. This effect can be used in refractive index sensors but the size of the shifts is 
typically quite small for spherical gold nanoparticles although higher sensitivities can be 
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obtained utilizing different shapes and noble metal compositions of the particles.129-131 A 
much larger shift is however observed when the interparticle distance is decreased and the 
electric field generated by the oscillating electrons starts to overlap.  The resulting shift in the 
LSPR band is highly dependent on the size and density of the aggregates and can be dramatic. 
For 20 nm gold nanoparticles the position of the extinction peak (λmax) can be red-shifted 
from ~525 nm to ~615 nm which corresponds to a color change of the suspension from red to 
blue/grey (Figure 6.3). These shifts occur gradually and can be roughly described by an 
exponential function of the interparticle distance, where denser aggregates with smaller 
interparticle distances results in larger shifts.132-134 This phenomenon is termed plasmon 
coupling and can be used for sensor applications if the change in colloid stability can be 
linked to the presence of the species intended for detection. Plasmon coupling is used in all 
four papers included in this thesis as a transducer mechanisms resulting in a tunable 
colorimetric response for the detection of various proteins, biomolecules and enzymatic 
reactions.   

 

 

Figure 6.3 UV-visible spectra and corresponding electron micrographs of a) dispersed and b) aggregated gold 
nanoparticles. 
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6.3 Colloidal stability 

Solid nanoparticles dispersed in a liquid medium continuously undergo Brownian motion and 
frequently collide. It is the balance between the attractive and repulsive forces between the 
particles that determine if they separate again or aggregate. Colloidal suspensions that can 
resist aggregation and remain dispersed are said to be stable. A stable colloidal suspension is 
often preferred but it is however very useful to be able to control the stabilizing mechanisms 
in order to assemble the particles in a controllable fashion. This part of the thesis describes 
some of the most important forces that determine the stability of the colloid. The forces dealt 
with are divided into DLVO related forces which includes; van der Waals and electrostatic 
forces, and non-related DLVO forces which include steric and hydration forces. 

6.3.1 DLVO forces 

The classical work of Derjaguin and Landau in 1941 and of Verwey and Overbeek in 1948 
formed the basis for the DLVO theory.135 It describes colloidal stability as the sum of the van 
der Waals interaction which is attractive in its origin and the electrostatic interaction which is 
repulsive. The electrostatic part of the DLVO theory arises as a consequence of accumulation 
of ions around the particle. Particles are usually charged either as a result of ionization of 
surface groups or by preferential adsorption of ions. In an electrolyte solution counter ions are 
attracted to the surface in order to balance the preexisting surface charge creating the Stern 
layer. The homogeneously charged Stern layer attracts a second layer of counter ions which 
are only loosely associated. This layer is the diffuse electric double layer and is the source of 
the repulsive force in the DLVO theory (Figure 6.4a). The magnitude of this force is highly 
dependent on the surface charge i.e. the ability to attract a diffuse electric double layer and the 
concentration of electrolytes in the solution. As the interparticle distance is decreased and the 
volumes occupied by the diffuse electric double layer starts to overlap the configurational 
entropy of the counter ions is decreased which leads to an osmotic repulsion. The attractive 
component, the van der Waals forces are always present and always attractive between two 
similar particles and will be predominate at very short distances. An idealized case is 
described in figure 6.4b where a highly charged particle in a diluted medium experiences an 
energy barrier that effectively prevents aggregation. A decreased surface potential or a higher 
electrolyte concentration will cause the sum of the forces to generate at secondary potential 
minima. If the energy barrier at contact remains too high to be exceeded the particle may 
reside in the local secondary minima or remain dispersed. At a concentration of electrolyte 
known as the critical coagulation concentration the interaction energy will be negative (W < 
0) and the particles will aggregate and the colloidal suspension is referred to as unstable.135 
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Figure 6.4 a) Schematic illustration of the electrostatic double-layer. b) Interaction energy (W) as a function of 
distance (D) according to DLVO theory. Figure 6.4b adopted form 135. 

6.3.2 Non-DLVO forces 

The DLVO theory assumes that the interacting particles have well defined and sharp 
boundaries which rarely is the case as particles in more complex solutions readily absorbs 
macromolecules giving them a diffuse appearance with properties depending on the adsorbed 
species. Consequently, the macromolecules can have a profound influence on the overall 
colloidal stability and can contribute both positively and negatively to the stability depending 
on their properties. Compression of this layer of adsorbed molecules as a result of decreased 
interparticle separation will result in a repulsive force commonly referred to as steric 
repulsion. The magnitude of the repulsion depends on the surface coverage, density and size 
of the adsorbed layer. The steric repulsion occurs as a result of the loss of conformational 
freedom experienced by the compressed layer and is considered as an entropic force.135 The 
magnitude of this force also depends on how the adsorbents interact with each other and with 
the solvent. A favorable adsorbent-absorbent interaction increases the attractive force between 
particles whereas a strong adsorbent-solvent interaction increases the particle stability.  

All surfaces that are submerged in an aqueous medium will impose an ordering of the water 
molecules at the interface. Depending on the water-surface interactions, displacement and 
reorganization of the water molecules as a consequence of reduced interparticle distance can 
exceed the DVLO forces at short distances. This repulsive force referred to as the hydration 
force can be monotonic as well as oscillatory in nature.136 
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6.4 Gold nanoparticles stabilized by JR2EC 

It is the sum of the forces described above that defines the overall stability of a colloidal 
system. The magnitude of some of them can be tuned by changing physicochemical 
parameters such as pH or electrolyte concentration, which primarily will affect the 
electrostatic repulsion leaving other forces unchanged. In order to trigger aggregation of the 
particles the sum of the forces must be shifted from stabilizing to destabilizing and there are 
numerous methods to achieve this, using both specific and unspecific interactions. In this 
thesis the polypeptide JR2EC was immobilized on nanoparticle and was utilized for 
modulating the stability of the colloids. JR2EC provides several possibilities to tune the 
colloidal stability. 

Gold nanoparticles modified with JR2EC are remarkably stable and can withstand conditions 
that unmodified particles would not, such as physiological salt concentrations, repeated 
centrifugations and many different buffers. The stability is a combination of both the steric 
stabilization by the 4.6 kDa polypeptide and electrostatic stabilization as a consequences of its 
relatively high negative net chargea. This combination is often referred to as electrosteric 
stabilization and is a common method to stabilize colloidal systems.26, 137 Immobilized JR2EC 
retains its responsiveness to Zn2+ and acidic pH values. Exposure to either results in a rapid 
and extensive particle aggregation.37 To investigate the influence of folding on the Zn2+ 
induced aggregation Aili et al. designed a polypeptide (JR2ECref) that was identical to JR2EC 
in all aspects except that all L-Ala residues were replaced by D-Ala. This peptide was not 
expected to fold under any circumstances and consequently showed no secondary structure in 
the presence of Zn2+ or at acidic pH values. Gold nanoparticles functionalized with this 
reference polypeptide did not respond to Zn2+ indicating that folding indeed was a 
requirement for the Zn2+ induced aggregation.37 It is however likely that it is a combination of 
effects that causes the aggregation in the presence of Zn2+ where electrostatic repulsion 
probably needs to be somewhat reduced for the particles to interact.  

This colloidal system is highly sensitive to the Zn2+ concentration and aggregation occurs in a 
defined concentration interval. The Zn2+-concentration dependency is further described in 
chapter 7.2 and was used in paper I, III and IV. In paper II another approach was used which 
did not involve Zn2+ as the modulator of colloidal stability. Instead the electrosteric 
stabilization was reduced by enzymatic digestion of JR2EC. 

 

a JR2EC has a net charge of -5 at pH 7. 
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CHAPTER 7 

Polypeptide Functionalized Gold Nanoparticles 

Immobilizing polypeptides on nanoparticles to form stable and functional hybrid 
nanomaterials involves numerous different challenges that depend on the properties of the 
individual components. Characteristics of the polypeptide that contributes are mainly its net 
charge, amino acid composition, size and conformation.138 The compositional diversity of a 
polypeptide, taking into account the various properties of the different amino acids, makes it 
very complex to predict how the molecule will adsorb on a surface. Multiple interactions are 
often  formed between the peptide and the surface which can have a significant influence on 
both the conformation and structural flexibility of the peptide backbone, which hence will 
influence its function and possibilities to interact with other biomolecules.47 A polypeptide 
with a defined secondary structure may lose structure as a consequence of its interaction with 
the interface, or if designed accordingly it may actually fold as a result of this interaction.62 
The characteristics of the nanoparticles that influence the interaction are their composition, 
size, curvature, shape and crystallinity.47 The adsorption of molecules on solid substrates can 
be divided into physisorption and chemisorption. Physisorption leaves the chemical species of 
the adsorbate and the surface intact and is the result of van der Waals, electrostatic and 
hydrophobic forces. Chemisorption involves a chemical reaction between the adsorbate and 
the surface, generating a new chemical bond.139  

In this thesis the conventional chemisorption strategy for the immobilization of organosulfur 
deviates onto gold surfaces have been extensively employed. The bond formed between a 
thiol or disulphide and a gold substrate can be described as a slightly polar covalent bond.140 
Lateral diffusion and rearrangement of adsorbed sulfur derivates on a flat gold surface can 
lead to the formation of self-assembled monolayers (SAMs). Well organized SAMs can form 
as a result of stabilizing intermolecular interactions, such as van deer Waals forces, that in the 
case of alkane thiols can yield SAMs with almost crystalline structure.141 SAM formation on a 
spherical gold nanoparticle abide by the same principles, however, as the space occupied by 
the adsorbate changes from a cylindrical volume on a flat surface to a conical volume on a 
spherical surface lateral interactions are decreased. The available conical volume is related to 
the curvature of the particle and hence its size. The increased volume available allows for a 
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more flexible conformation of the adsorbates and may also lead to an increased ratio of 
adsorbates per surface gold atom.142  

Synthesis of gold nanoparticles via the reduction of HAuCl4 by citrate as described in chapter 
6.1 produces citrate stabilized particles. In order to functionalize these nanoparticles the 
citrate layer must be removed, hence a ligand exchange reaction must take place. 
Consideration must be taken to the resulting loss of stability and a suitable replacement 
adsorbate must be used to avoid aggregation. 

7.1 Immobilization of JR2EC onto gold nanoparticles  

Immobilization of the polypeptide JR2EC onto gold nanoparticles was accomplished using 
the thiol group found in the cysteine residue located in the loop region of the polypeptide. 
Replacement of the stabilizing citrate molecules by JR2EC produced gold particles with 
impressively high colloidal stability. Functionalization was easily performed by incubating 
citrate stabilized gold particles with 100 μM JR2EC in a citrate buffer for at least eight hours. 
Repeated centrifugations and buffer exchanges afforded a convenient way of removing excess 
non-immobilized polypeptides, which could be reduce to the low pM range without reducing 
the stability of the colloid. The high colloidal stability further enabled the use of a range of 
different buffers throughout the different papers. Additionally, the polypeptide functionalized 
particles proved surprisingly resistant to adsorption of various proteins such as IgG, HCA II, 
ALP, PPase and apyrase, however physiological concentrations of abundant proteins like 
HSA (~1 mM) do cause unspecific adsorption. 

Immobilization of KE2C and the synthetic receptor KE2C-C6 onto gold nanoparticles could 
be performed using the same conditions as described for JR2EC without any noticeable 
complications. 

7.2 Zinc(II) induced aggregation 

The immobilization of the polypeptide JR2EC on gold nanoparticles creates a highly flexible 
hybrid nanomaterial which can be assembled by three different strategies: (i) the addition of 
the disulfide linked JR2KC which can heterodimerize with the tethered JR2EC bridging 
adjacent particles,143 (ii) lowering the pH below 6 induces aggregation as consequence of a 
reduced electrostatic repulsion resulting in homodimerization of peptides tethered to particles 
in contact,36 and (iii) that relies on the Zn2+ mediated aggregation, for which the mechanism 
have previously described in chapter 6.4 and that has been extensively utilized in this thesis.  
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Aggregation induced by Zn2+ occurs in a rather narrow concentration span and leads to an 
extensive redshift of the plasmon band from ~527 nm to ~610 nm for 20 nm particles (Figure 
7.1a), resulting in a clearly visible color change which saturates within minutes. By plotting 
the difference in the LSPR peak position (λmax) as a function Zn2+ concentration the 
concentration dependency for the aggregation is clearly illustrated in Figure 7.1b, with the 
most profound changes occurring in the interval of 1 – 1.5 mM. Addition of Zn2+ above 2 mM 
does not cause further changes in the LSPR band as dense aggregates have already formed 
(Figure 7.1b and c). The responsiveness of the particle system to small variations in the Zn2+ 
concentration within this interval can be used to study several mechanisms that affect the 
concentration, such as the presence of chelators or reactions where reactants and products 
coordinate Zn2+ to different extents. Aggregation induced by Zn2+ is also reversible and 
removal of the Zn2+ causes the particles to become redispersed once again. This is 
demonstrated in paper III where addition of chelating agents readily disrupts the formed 
aggregates by sequestering the Zn2+ to an extent corresponding to their affinity for Zn2+.  
 

 

 
Figure 7.1 JR2EC functionalized gold nanoparticles exposed to 0 - 4 mM Zn2+. a) UV-visible spectra, dashed 
line indicates absence of Zn2+. b) ∆λmax as function of [Zn2+]. c) Electron micrograph of particles in the presence 
of 2 mM Zn2+. 
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CHAPTER 8 

Gold Nanoparticles in Bioanalytical Applications 

Detection strategies that enable simple, rapid, cost efficient and sensitive monitoring of 
proteins and their interactions with biomolecules are of great importance in drug development 
and diagnostics. The detection of a disease marker in an early state of a pathological condition 
can facilitate treatment whereas the monitoring of an enzymatic reaction can be used for both 
screening of potential drug-candidates as well as allow for detection of the enzymes and their 
catalytic activities. 

Gold nanoparticles have extensively been used for this purpose due to their chemical 
inertness, high-surface-to-volume ratio, accessible functionalization and optical properties. 
The first use of a gold nanoparticle based assay was for the diagnostics of syphilis in the early 
twentieth century where altered proteins in cerebrospinal fluids were detected. This test 
however proved unreliable and is not in use today.144 Gold nanoparticles were reintroduced 
several decades later as labels in electron microscopy where antibodies conjugated to the 
particle surface functioned as recognition elements.145-146 The last twenty years have 
witnessed an astonishing increase of gold nanoparticle based assays and sensors as new 
methods for their synthesis, functionalization with a large repertoire of recognition elements 
and innovative detection schemes have been developed. In general, a recognition element, 
which often is a biomolecule, binds the target analyte whereas the particles acts as transducer 
elements that report this event by giving rise to a detectable signal. In the case of gold 
nanoparticles the signal generation is often optical in origin due to the unique optical 
properties.  Two distinctly different approaches can be used for biodetection were the first 
relies on the changes in refractive index that occur upon binding of an analyte to a recognition 
element attached to the particle.2, 128 As the frequency at which local surface plasmon 
resonance conditions are fulfilled is dependent on the refractive index at close vicinity to the 
particle surface the binding event results in a small change that consequently shifts the LSPR 
peak position and intensity. The magnitude of the shift is typically small (a few nanometers) 
and is dependent on the noble metal composition, size and shape of the nanoparticles. The 
second approach can be described as distance dependent detection, where the optical signal 
arises due to overlap of the electric field generated by the oscillating electrons in LSPR. This 
effect called plasmon coupling starts to occur at an interparticle distance of less than one 
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particle diameter and produces much larger shifts compared to those observed for refractive 
index sensors.147 The key concept in this type of assays is to induce aggregation either as a 
response to binding or by an external stimulus. If properly designed, simple and highly 
sensitive sensors can be produced where the readout can be performed by the naked eye. The 
first use of this distance dependent color changes was in sol particle immunoassays developed 
by Leuvering et al. several decades ago.148-149 The assays of that time combined particles with 
antibodies as the recognition elements where multivalent binding to an antigen produced 
cross-linked particles. Due to sheer size of the antibodies the interparticle distance could 
never be smaller than about ~45 nm which consequently only produced minor color changes. 
Even though these types of assays where refined it was not until two decades ago that the true 
potential of distance dependent sensor could be realized into what is now commonly referred 
to as colorimetric sensors or assays. 

8.1 Colorimetric assays 

Mirkin et al. pioneered these types of assays by conjugating thiolated single stranded 
oligonucleotides to gold nanoparticles producing spherical nucleic acid (SNA) and could 
induce aggregation by the addition of complementary strands.26 The precision in the self-
assembly mechanism governing the aggregation was such that even single base pair 
mismatches could be detected.125 This innovative approached lead to the development of 
many DNA based colorimetric assays, and later came to encompass detection strategies for 
other types of analytes such as amino acids,150 carbohydrates,151 enzymes,7, 152 and also metal 
ions.6 Many of these detection schemes rely on the use of non-functionalized gold 
nanoparticles where the presence of a target analyte either induces or prevents aggregation. 
Scrimin et al. design a rapid method for the detection of protease activity where a peptide with 
a cysteine residue at each end was incubated with a sample; in the absence of the protease 
upon addition of non-functionalized particles the peptides cross-linked the particles whereas a 
digested peptide would not.5 This strategy enabled detection of the proteases thrombin and 
lethal factor Xa in the nanomolar range. Another approach was described by Li et al. where 
alkaline phosphatase activity could be detected based on that the substrate adenosine 5’-
triphosphate (ATP) and its hydrolyzed derivates could function as a stabilizing capping agent 
and prevent salt induced aggregation to different extents.153 These types of assays are very 
simple and rapidly performed but they are however sensitive to the presence of 
macromolecules in the sample that can adsorb to particle surface and are also prone to 
unspecific aggregation, both which can generate erroneous results. More robust assays can 
generally be developed using functionalized particles, as they can be design to withstand 
unspecific aggregation and unwanted adsorption of macromolecules. Even more versatile and 
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in some cases generic assays can be developed if aggregation modulation can be successfully 
decoupled from the recognition event. Polypeptides has emerged as promising alternative to 
DNA in colorimetric assays as they have a more versatile chemical composition and because 
of that a wider scoop of functions and can be tailored both to function as recognition 
elements,71, 154 and as assembly mediators.143, 155-156  

8.2 Colorimetric protein sensing 

A common theme in colorimetric assays is that the recognition event is directly coupled to the 
stability of the particles and binding consequently triggers aggregation. As nanoparticle 
stability can be compromised by unspecific interactions or increased salt concentrations false 
positive results may arise. If the interaction with the analyte instead prevents aggregation this 
type of errors may be avoided. By immobilizing a receptor to the particles surface, binding of 
the target analyte may provide a steric obstruction that consequently will prevent aggregation. 
This approach relies on an alternative modulator for particle stability that is independent on 
recognition moiety and thus allows for the receptor-analyte pair to be exchanged creating a 
versatile sensor platform. This concept was developed in paper I where stability modulation 
was achieved by the Zn2+ responsiveness of JR2EC functionalized gold nanoparticles (Figure 
8.1a). The validity of the approach was demonstrated using two different receptors, the 
polypeptide KE2C-C6 which is selective for HCA II and a polypeptide derived from tobacco 
mosaic virus coat protein (TMVP) which interacts with an antibody fragment (fab57P). Both 
analytes could be detected in the low nanomolar range as binding prevented the formation of 
dense aggregates induced by Zn2+ (Figure 8.1b). 
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Figure 8.1 Schematic illustration of a) aggregation induced by Zn2+, strategies used for the detection of b) HCA 
II and fab57P, c) MMP-7, d) chelants such as phytic acid and e) phosphatases including ALP, apyrase and PPase 
utilizing their natural substrates.  

48 
 



Gold Nanoparticles in Bioanalytical Applications 
 

8.3 Colorimetric protease sensing 

Sensors and assays that can monitor protease activity can be used both as diagnostic tools and 
for the evaluation of potential drugs candidates. Proteases are a large class of enzymes that 
have a central role in regulatory pathways by hydrolyzing other proteins which makes them 
useful as prognostic indicators for various pathological conditions,47 whereas drugs that target 
protease activity can be used to treat numerous diseases ranging from the common cold to 
cancers and ADIS.4 Proteases cleaves the amide bond in the polypeptide main chain and is 
often highly specific to what sequence is digested. In some cases an elevated concentration of 
a protease can be an indicator for a pathological condition such as in the case of the 
metalloproteinase matrilysin (MMP-7), where an increased concentration is an indicator for 
salivary gland cancer.157 In paper II a colorimetric assay for MMP-7 was developed that relies 
on the cleavage of the polypeptide JR2EC. MMP-7 digests JR2EC at two specific sites 
reducing the polypeptide to about a third of its original size and also decreases its net charge 
from -5 to -1 at neutral pH. Gold nanoparticles functionalized with JR2EC accordingly 
aggregated in the presence of MMP-7 due to decreased electrosteric stabilization (Figure 
8.1c). Inhibition of protease activity by depriving the metalloprotein of its metal cofactors 
with EDTA or the addition of the inhibitor II which binds to the catalytic zinc ion prevented 
digestion of JR2EC and the particles consequently remained dispersed. This assay proved 
very rapid as a colorimetric response was obtained within minutes with a detection limit of 
about ~5 nM which is well in line with the lowest values commonly displayed by salivary 
gland cancer patients.  

8.4 Colorimetric zinc-protein-chelant sensing 

Real-time monitoring and characterization of metal-protein-chelant interactions is challenging 
but important as these types of interactions are plentiful in biology and medicine. For example 
the coordination of Zn2+ by proteins and other organic molecules is essential for numerous 
biological processes such as in metabolism, enzyme catalysis and signal transduction.158 
Resent findings also suggests that protein-zinc-protein interactions are an important factor in 
amyloid formation associated with Alzheimer’s disease and that zinc-chelants can be used to 
modulate amyloid plaque formation.159-160 Furthermore the presence of small molecular 
chelators such as phytic acid in diet can have a profound effect on the bioavailability of Zn2+ 
and affect critical zinc-protein interactions.97 These types of interactions were probed in paper 
III utilizing the colorimetric response of Zn2+ induced aggregation of JR2EC functionalized 
gold nanoparticles. The effect of four different chelants on the Zn2+ induced aggregation was 
investigated and the aggregational state of the particles and hence the color of the suspension 
was found to correlate with the concentration, zinc binding affinity and coordination number 
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of the chelants. The most important factor was concluded to be the coordination number 
where species like phytic- and folic-acid could form zinc-peptide-chelant complexes 
enveloping the particles in extensive networks that sterically prevented aggregation (Figure 
8.1d). 

8.5 Colorimetric phosphatase sensing 

A general problem in the design of colorimetric assays is that the recognition event is often 
directly coupled to the stability modulation mechanism. New assay strategies are thus 
required for each new type of substrate or enzyme of interest. In paper IV a generic strategy 
was developed for the detection of phosphatase activities using their natural substrates where 
stability modulation was completely decoupled from the enzymatic activity. Phosphatases 
hydrolyze the high-energy phosphate ester bond in nucleoside 5´-triphosphatses (NTPs) and 
their derivates as well as pyrophosphate (PPi) and hence play a critical role in regulatory 
pathways. These phosphate containing compounds have in common that they all coordinated 
metal ions and virtually all reactions involving NTPs also involves metal ions directly 
coordinated to the nucleotides or as integrated cofactors in the hydrolytic enzymes.100 Even 
though the coordination capacity varies between the different phosphate containing 
compounds they all produce inorganic phosphate (Pi) when hydrolyzed which have a higher 
coordination capacity towards Zn2+ than the starting materials. The [Zn3(PO4)2] complex 
formed is virtually insoluble and increasing the concentration of Pi can effectively deprive a 
solution of its Zn2+-contents. The concentration of Zn2+ in a sample will thus be markedly 
reduced as a consequence of phosphatase activity towards NTPs and PPi. As JR2EC 
functionalized gold nanoparticles are sensitive to the Zn2+ concentration and produce a 
proportional colorimetric response they can be used to monitor these types of reactions. This 
was demonstrated using three different phosphatases; alkaline phosphatase (ALP), apyrase 
and pyrophosphatase (PPase) catalyzing the hydrolysis of ATP/ADP/AMP, ATP/GTP and 
PPi, respectively (Figure 8.1e). All phosphatases were studied as a function of concentration 
and could be detected in the low nanomolar range. The detection strategy was further used for 
both characterization of substrate specificity and for inhibitions studies giving dose responsive 
correlations that fitted well with previously reported values. 
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Summary of Papers 

 

PAPER I 
 
D. Aili, R. Selegård, L. Baltzer, K. Enander, B. Liedberg, ”Colorimetric Protein Sensing by 
Controlled Assembly of Gold Nanoparticles Functionalized with Synthetic Receptors”, Small 
2009; 5, 2445-2452. 
 
This paper describes a strategy for colorimetric sensing of proteins using polypeptide 
functionalized gold nanoparticles. Protein recognition was accomplished using a polypeptide 
sensor scaffold (KE2C-C6) that specifically bound the target protein analyte, human carbonic 
anhydrase II (HCA II). Co-immobilization of a secondary polypeptide (JR2EC) enabled Zn2+ 
induced aggregation as a consequence of folding and dimerization at the particle interface. 
The extent of the aggregation and the colorimetric shift was correlated to the concentration of 
HCA II and concentrations down to ~15 nM could be detected. Binding of HCA II to the 
synthetic receptor prevented aggregation whereas in its absence a major red shift of the 
plasmon band occurred. The versatility of the detection strategy was further demonstrated by 
implementing a second recognition system where an antibody fragment could recognize and 
bind a short peptide segment from the tobacco mosaic virus coat protein that was immobilized 
on the nanoparticles.  
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PAPER II 
 
P. Chen, R. Selegård, D. Aili, B. Liedberg, “Peptide Functionalized Gold Nanoparticles for 
Colorimetric Detection of Matrilysin (MMP-7) Activity” Nanoscale 2013; 5, 8973-8976. 
 
Gold nanoparticles functionalized with the polypeptide JR2EC demonstrate excellent 
colloidal stability because the peptide provides both electrostatic and steric stabilization. The 
metalloprotease MMP-7, which is biomarker for salivary gland cancer, digests JR2EC at two 
specific sites, reducing the size and net charge of the immobilized polypeptide. The 
proteolytic digestion of JR2EC destabilized the particles, which consequently aggregated. The 
resulting colorimetric shift was proportional to the concentration and activity of MMP-7 and 
enabled detection down to ~5 nM.  
 

 
PAPER III 
 
W. C. Mak,† R. Selegård,† M. Garbrecht, D. Aili, “Probing Zinc-Protein-Chelant Interactions 
using Gold Nanoparticles Functionalized with Zinc-Responsive Polypeptides”, 2014, 
Submitted. (†Equal contribution) 
 
JR2EC functionalized gold nanoparticles was used as a real time model system for probing 
Zn2+-mediated interactions between low molecular weight chelants and polypeptides. The 
JR2EC functionalized gold nanoparticles aggregated extensively in the presence of Zn2+, as a 
result of dimerization and folding, resulting in a redshift of the plasmon band. Chelants 
affected the model system differently depending on their concentrations, affinity towards Zn2+ 
and coordination number, which was reflected by the magnitude of the shift of the plasmon 
band. The effects of four different chelants were investigated; phytic acid, folic acid, oxalic 
acid and EDTA. The formation of ternary complexes between Zn2+, chelant and the 
immobilized JR2EC which interfered in the dimerization and thus prevented aggregation was 
found to be an important factor that significantly decreased the colorimetric response. 
Redispersion of aggregated particles was also investigated and was found to correlate with the 
affinity of the chelants for Zn2+. 
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PAPER IV 
 
R. Selegård, K. Enander, D. Aili, ”Generic Phosphatase Activity Detection using Zinc 
Mediated Aggregation Modulation of Polypeptide-Modified Gold Nanoparticles”, 2014, 
Submitted. 
 
This paper describes a generic bioassay for phosphatase activity detection using Zn2+-
responsive polypeptide (JR2EC) functionalized gold nanoparticles. The enzymatic 
degradation of phosphate containing substrates produces inorganic phosphate as a byproduct 
which markedly reduces the concentration of available Zn2+ in a solution. This was 
transduced into an optical signal using the Zn2+-induced aggregation of JR2EC modified gold 
nanoparticles. The versatility of this assay was demonstrated using three different 
phosphatases; alkaline phosphatase, pyrophosphatase and apyrase, and five different 
substrates; ATP, ADP, AMP, GTP and pyrophosphate. Phosphatase activity was studied both 
as a function of time and enzyme concentration, and all phosphatase could be detected in the 
low nanomolar range. The assay was further used for both characterization of enzyme 
substrate specificity and effects of inhibitors on the enzymatic activity. 
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CHAPTER 10 

Future Outlook 

Almost two decades after Mirkin´s first description of colorimetric gold nanoparticle based 
assay,26 published in 1996, the field is still evolving and encompasses assays for most classes 
of biomolecules, however the need for new rapid and accurate sensors that are easily 
interpreted are still present and perhaps greater than ever before.  

In this thesis a glimpse of the possible applications of polypeptide assembled hybrid 
nanomaterials is described. The use of JR2EC decorate nanoparticles as components in 
bioanalytical assays have proven to be a viable option as the attained nanomaterial possesses a 
high colloidal stability that can easily and specifically be tuned. Its further use in sensor 
applications is easily imagined, however small alterations to the strategies already 
demonstrated would allow for detection of new analytes, and improvements can always be 
made: 

In paper I a versatile approach was demonstrated that can easily be applied to 
more relevant targets by immobilizing alternative receptors. 

In paper II a relevant target is already chosen but the assay must be further refined 
to address unspecific adsorption of proteins present in saliva that occurs in live 
samples. Testing of the assay using clinical samples from patients suffering from 
cancer is planned.  

In paper III the particle systems response to the presences of chelants is 
investigated and can be further extended to include additional chelants to study 
how they interact with proteins. 

In paper IV the generic approach to determine phosphatase activity can easily be 
extended to any reaction that causes a change to the coordination capability of the 
sample, regardless if its enzymatically catalyzed or not. It further does not matter 
if the change is an increase or decrease as it is only a question of setting the initial 
concentration of the starting material to an appropriate value. This assay is also 
suitable for high-throughput drug screening. 
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For the time being I leave these further refinements of the particle based assays to others, as I 
plunge head-deep into the promised land of hydrogels. In this project which will be conducted 
in the group of Daniel Aili, I will develop a generic click-chemistry-based strategy for 
covalent grafting of JR2EC and its complementary polypeptide (JR2KC) and carbohydrates to 
biocompatible polymers, that will enable straightforward synthesis and self-assembly of 
biofunctional and responsive peptide-polymer hybrid hydrogels. The overall aim of the 
project is to develop a set of mutually compatible building blocks (peptides, polymers and 
bioactive motifs) for modular bottom-up fabrication of biofunctional hydrogels. 
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