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’When they excavate the modern day

They’ll find us,

The Brand New Ancients.

All that we have here

Is all that we’ve always had.

We have jealousy,

tenderness, curses and gifts.

But the plight of a people who have forgotten their myths

and imagine that somehow

now is all that there is-

is a sorry plight,

all isolation and worry

but the life in your veins

it is Godly, heroic.

You were born for greatness.

Believe it,

know it-

take it from the tears of the poets.

There’s always been heroes,

there’s always been villains,

the stakes may have changed

but really there’s no difference.

There’s always been greed

and heartbreak and ambition

and jealousy and love,

trespass and contrition-

we’re the same beings that began,

still living,

in all of our fury and foulness and friction,

everyday odysseys,

dreams vs decisions...

The stories are there if you listen.

The stories are here.’

Kate Tempest, Brand New Ancients
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Abstract

Peptide sequences can selectively bind to inorganic substrates in a process similar to the concept of

molecular recognition. This recognition can be exploited to create biosensors or materials via biomin-

eralization. Within this framework we focus on zinc oxide (ZnO) as a important representative of func-

tional oxides. ZnO is a versatile materials and used in numerous applications based on his unique

electrical properties.

We obtained 12mer binding peptides with an affinity for different ZnO facets by applying a combinatorial

biological protocol, namely phage display. We choose five peptides for further investigation, based on

their intrinsic conformational propensity revealed by secondary structure prediction and de novo tools,

with one peptide showing some preference for β-sheet and one peptide with a propensity for α-helical

conformations. These peptides are compared to other known zinc oxide binding peptides in terms

of their properties with special emphasis on their amino acid composition revealing a preference for

histidine residues and the presence of alipathic residues.

The five peptides are characterized regarding their conformational ensemble in solution via circular

dichroism (CD) spectroscopy. Their conformational ensemble in water revealed a preferentially un-

ordered conformation, which was confirmed by temperature ramping experiments. A change to dif-

ferent solvent systems (including water and methanol) leads to different conformational ensembles

(‘macrostates’).

The microstates within their confrontational ensemble are accessed by means of enhanced sampling

simulations for the two solvents. The corresponding CD spectra are calculated based on the matrix

method for each of the microstates and compared to the experimentally obtained CD spectra. First

steps are undertaken to shed light on the atomistic level of structure/spectra relation and potential rea-

sons for deviations from experiments.

In the next step the binding affinities of the five zinc oxide binding peptides are obtained after a careful

characterization of the solvent/ZnO interface. For this purpose we apply a combined approach of

atomic force microscopy imaging and vertical scanning interferometry to determine dissolution rates

for an aqueous environment and ensure the stability in methanol.

To access the free energies of adsorption we firstly adapt an optically sectioned indicator displacement

assay (O-IDA), commonly applied for biotic/biotic interactions, to the peptide/ZnO interface. This assay

iii



is tested first on six amino acids (histidine, cysteine, serine, proline, alanine and leucine) to elucidate

their binding affinities for two ZnO facets and binding configurations are investigated by Car-Parrinello

molecular dynamics (CPMD) for histidine and proline on a mixed-terminated facet. The free energies

of adsorption of the five zinc oxide binding peptides on the (0001)-Zn and the (101̄0) are determined

via O-IDA and compared to the results of single molecule force spectroscopy (SMFS) leading to a good

agreement between the two approaches.

The developed O-IDA approach allows for a transfer to other materials and biomolecules to character-

ize their binding affinity based on a careful characterization of the analyte and substrates.

In order to investigate a possible surface-induced conformational changes of peptides on ZnO surfaces,

we synthesize ZnO nanoparticles with different morphologies corresponding to different composition

of surface facets. We identify conditions which allows for the measurement of the conformational

ensemble upon adsorption. However, the interpretation of the conformational changes is challenging

due to strong multilayer adsorption.

The collection of data obtained in this thesis can be used as a starting point to design ZnO binding

peptide sequences with desired properties.
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Zusammenfassung

Peptidsequenzen können selektiv an anorganische Substrate binden, vergleichbar mit dem Konzept

der Molekülerkennung. Diese Erkennung kann dazu verwendet werden Biosensoren oder Materialien

mittels Biomineralisation zu erzeugen. In diesem Rahmen fokussieren wir uns auf Zinkoxid (ZnO) als

wichtigen Vertreter funktioneller Oxide. ZnO ist ein vielseitiger Werkstoff und wird auf Grund seiner

einzigartigen elektrischen Eigenschaften in zahlreichen Anwendungen eingesetzt.

Wir erhielten bindende Peptide, mit einer Länge von 12 Aminosäuren, mit einer Affinität für ver-

schiedene ZnO-Facetten durch Anwendung einer Methode basierend auf rekombinanten Bibliotheken,

nämlich Phagen-Display. Wir wählen fünf Peptide für weitere Untersuchungen aus, basierend auf ihrer

intrinsischen Konformationsneigung, die durch Sekundärestrukturvorhersage untersucht wird. Eines

der Peptide weist eine Vorliebe für ein β-Faltblatt und ein Peptid mit einer Neigung zu α-helikalen

Konformationen auf. Diese Peptide werden hinsichtlich ihrer Eigenschaften mit anderen bekannten

Zinkoxid-bindenden Peptiden verglichen, wobei der Schwerpunkt auf ihrer Aminosäurezusammenset-

zung liegt, die eine Präferenz für die Aminosäure Histidin und das Vorhandensein von alipathischen

Aminosäuren erkennen lässt.

Die fünf Peptide sind hinsichtlich ihres konformativen Ensembles in Lösung mittels Zirkulardichroismus

(CD)-Spektroskopie charakterisiert. Ihr Konformationsensemble in Wasser zeigt eine vorzugsweise

ungeordnete Konformation, die durch Temperaturrampen-Experimente bestätigt wurde. Ein Wech-

sel zu verschiedenen Lösungsmittelsystemen (einschließlich Wasser und Methanol) führt zu anderen

Konformationsensembles (‘Makrozuständen’).

Die Mikrozustände innerhalb des jeweiligen Konformationsensemble werden durch Computersimula-

tionen für die beiden Lösungsmittel erschlossen. Die entsprechenden CD-Spektren werden nach der

Matrix-Methode für jeden der Mikrozustand berechnet und mit den experimentell gewonnenen CD-

Spektren verglichen. Erste Schritte werden unternommen, um Licht auf die atomistische Ebene der

Struktur/Spektren-Beziehung und möglichen Gründen für Abweichungen im Vergleich zu den Experi-

menten zu werfen.

Im nächsten Schritt werden die Bindungsaffinitäten der fünf Zinkoxid-Bindungspeptide nach sorgfältiger

Charakterisierung der Lösemittel/ZnO-Grenzfläche ermittelt. Zu diesem Zweck verwenden wir einen

kombinierten Ansatz aus Rasterkraftmikroskopie und vertikaler Rasterinterferometrie, um Auflösungsraten

von ZnO in einer wässrige Umgebung zu bestimmen und die Stabilität in Methanol zu ueberpruefen.
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Um auf die freien Energien der Adsorption zugreifen zu können, passen wir zunächst einen optisch

geschnittenen Indikatorverdrängungstest (O-IDA), der häufig für biotische/biotische Wechselwirkun-

gen eingesetzt wird, an die Peptid/ZnO-Grenzflaeche an. Dieser Ansatz wird zunächst an sechs

Aminosäuren (Histidin, Cystein, Serin, Prolin, Alanin und Leucin) getestet, um ihre Bindungsaffinitäten

für zwei ZnO-Facetten aufzuklären und die Bindungskonfigurationen werden von Car-Parrinello Molekular-

dynamik-Simulation (CPMD) für Histidin und Prolin auf einer gemischt terminierten Facette unter-

sucht. Die freien Energien der Adsorption der fünf Zinkoxid-bindenden Peptide auf der (0001)-Zn

und der (101̄0) Oberflätche werden mittels O-IDA bestimmt und verglichen mit den Ergebnissen der

Einzelmolekül-Kraftspektroskopie (SMFS), was zu einer guten Übereinstimmung zwischen den beiden

Ansätzen führt.

Der entwickelte O-IDA-Ansatz ermöglicht eine Übertragung auf andere Materialien und Biomoleküle,

um deren Bindungsaffinität zu charakterisieren, basierend auf einer sorgfältigen Charakterisierung des

Analyten und der Substrate.

Um eine mögliche oberflächeninduzierte Konformationsänderung von Peptiden auf ZnO-Oberflächen

zu untersuchen, synthetisieren wir ZnO-Nanopartikel mit unterschiedlichen Morphologien, was einer

unterschiedlichen Zusammensetzung der Oberflächenfacetten entspricht. Wir identifizieren Bedingun-

gen, die die Messung des Konformationsensembles bei der Adsorption ermöglichen. Die Interpreta-

tion der Konformationsänderungen ist jedoch auf Grund einer starken Mehrschichtadsorption heraus-

fordernd.

Die Sammlung von Daten, die in dieser Arbeit kann als Ausgangspunkt für die Gestaltung ZnO bindende

Peptid-Sequenzen mit gewünschten Eigenschaften betrachtet werden.
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CHAPTER 1

TOWARDS A QUANTITATIVE

UNDERSTANDING OF BINDING PEPTIDES

INTERACTIONS WITH ZINC OXIDE

Nature has created molecules possessing functional properties in the form of self-assembly, signal-

ing, sensing, catalysis, motion, and storage. For instance, the specific binding of peptides (short se-

quences of amino acids linked together by peptide bonds) to bio-molecular receptors is fundamental for

the regulation of biological processes such as cell adhesion or antibody recognition. Furthermore, so-

phisticated structures and materials are synthesized by generating unique bio-molecules with specific

functions. They enable the control, chemical specificity, geometrical complementarity, and assembly of

well-defined nanostructures. [1]

Peptides both naturally occurring and de novo synthesized, have attracted considerable attention by

the research community due to their possible application in various fields ranging from pharmaceutics

to bioactive materials. [2–4] Their sequences are known to recognize and bind to surfaces, which has re-

sulted in the screening and identification of a vast amount of peptides with the ability to bind specifically

to a substrate of interest. This can be one of a wide range of metallic, functional oxide, mineral, and

polymer substrates. Peptides are able to interact with materials with relatively high affinity, resulting in

the generation of a strongly bound interface between the involved components.

Peptides and proteins are biomolecules commonly applied in materials synthesis, assembly, and func-

tionalization processes due to their intrinsic chemical variability and presence of conformational seg-

ments. [1] Moreover, identified peptide sequences with an inherent affinity for a material can be synthe-

sized using standard coupling strategies, and selected by applying screening methods. [4] According

to Slocik and Naik these properties make them easier to handle in comparison to proteins, but still
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1 Towards a quantitative understanding of binding peptides interactions with zinc oxide

Figure 1.1: Amino acid structure and peptide bond formation. The condensation reaction of two amino acids
creating a peptide bond (red) upon water release (blue).

provide a lot more chemical and conformational information with respect to single amino acids or DNA

bases. [1] Additionally, biomineralizing proteins are often characterized by multiple repeating peptide

domains. [5]

To give a brief definition at this point: peptides are characterized by the presence of less than 50 build-

ing blocks, which are consisting of 20 different canonic amino acids. The general structure of amino

acids consists of a central α-carbon atom (Cα), which is connected to a carboxylic acid group (-COOH),

an amino group (-NH2), a hydrogen atom and the residue R (Figure 1.1). The chemical properties of the

side chain R decide whether amino acids can be characterized as hydrophobic/hydrophilic, aromatic,

acidic or basic residues. An overview of the 20 canonic amino acids can be found in the appendix

(Figure A.1). Within peptides and proteins the amino acids are interconnected via a so-called peptide

bond between their respective amino and carboxylic group, building a polymeric chain.

Biomineralisation processes result in hybrid materials featuring physicochemical properties that can

even exceed those of synthetically engineered materials. [6] For instance, this is the case for the chiton

tooth, made of magnetite harder than any synthetic iron oxide mineral, [7] or mother of pearl, a ceramic

found in mollusc shells with unsurpassed fracture toughness. [8]

In his seminal works in 1990s, Stanley Brown exported the concept of molecular recognition to the

field of materials science with individual peptide sequences that selectively bind to inorganic min-

eral phases identified by means of biotechnological selection processes. [9] The proposed concept of

molecular recognition introduced by Brown et al. was extended further, with several other groups

contributing to the selection of a variety of sequences that recognize certain materials classes, inor-

ganic compounds or even crystallographic facets of the same material. [10] In the last decade up to

the present days the field has been expanding with impressive speed, due to the highly promising

applications that inorganic-binding peptides might open up in bionanotechnology. [11] To cite just a few

examples, inorganic-binding peptides are nowadays used to fabricate nanostructures, [11] synthesise

2



new materials exploiting their biomineralisation capabilities, [12] produce electrode materials for battery

electrodes, [13] assemble quantum dot light emitters, [14] fabricate biomimetic chemo-sensors [15] or func-

tionalise biomedical implants to bestow antifouling properties or enhanced biocompatibility on them. [16]

In the field of molecular biomimetics, selective interactions between engineered peptides and inorganic

materials can still be exploited for the growth of nanomaterials and for bio-sensing applications. [12,17]

The selection of peptide sequences has so far heavily relied on phage-display techniques (cf. Chapter

3), with the great advantage of an unbiased search among a huge number of random sequences di-

rected by bio-technological adaptation. However, the selection process gives no information about the

molecular mechanisms at the basis of the selective binding, thus preventing a predictive transferability

of the binding principles to more than one system. Despite a few notable efforts to study the funda-

mental reasons leading to material binding, [18] a rationalization of the binding driving forces in terms

of clear structure-function relationships is still missing. This is largely due to the fact that the atomistic

details of material/protein interfaces in a wet environment are hard to elucidate both experimentally

and theoretically.

Moreover, as highlighted by Shiba, [11] even a detailed knowledge of the interface features would not

be immediately sufficient to understand how the peptide recognizes the materials surface in a selective

fashion. While the number of material-binding sequences is large, at present quantitative material-

binding characterization of these peptides has been accomplished only for a relatively small number

of sequences. It is currently very challenging to determine the molecular-level structure(s) of these

peptides in the materials adsorbed state. [19]

A fundamental understanding of peptide/surface interactions is still poor, mainly because very few di-

rect experimental methods are able to determine the atomistic details of peptide/materials interfaces.

By comparison, our knowledge of biomolecular recognition (e.g. in the field of rational drug develop-

ment) heavily relies on precise structure determination by means of X-ray diffraction or nuclear mag-

netic resonance (NMR) methods. NMR is in fact one of the few techniques that has been successfully

applied to elucidate the nature of surface/peptide binding sites, for instance in the case of zinc oxide

binding peptides. [20] In this context, atomistic simulations can be of great help, although their predictive

power relies on both the precise knowledge of the physical and chemical surface features and, in case

of classical simulations, on the quantitatively accurate parametrization of the potentials employed to

describe the interactions at the hybrid bio-inorganic interfaces.

Zinc oxide

This thesis will focus on peptides biding specifically to zinc oxide (ZnO) as an important representative

within the functional oxides, due to the widespread use of crystals and nanoparticles (NPs) in numer-

ous applications. ZnO NPs are estimated to feature the third largest volume of global production after

silica (SiO2) and titania (TiO2) NPs, [21] with a worldwide production reaching 1000 tons per year in
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1 Towards a quantitative understanding of binding peptides interactions with zinc oxide

Figure 1.2: a) Supercell of ZnO with the cell parameters a and c showing the tetrahedal coordination of Zn and
O atoms and b) construction of the non-polar surfaces (101̄0) and (112̄0) from the bulk structure.

2010. [22] According to recent publications, ZnO is used for catalysis reactions, [23] for inhibition of cor-

rosion, [24] in the food industry due to its antimicrobial properties, [25] as well as in mechanical actuators

and piezoelectric devices because of its piezoelectric and pyroelectric properties. [26]Additionally, ZnO

nanostructures are applied as photocatalysts for degrading harmful contaminants such as pesticides

from ground water. [27] Furthermore, biomedical applications have been captured more and more atten-

tion, proposing the use of ZnO nanostructures for drug delivery, gene delivery, biosensing, biomedical

imaging and dermatological applications. [28]

Recent research mainly focuses on the design and applicability of ZnO nanostructures. [25,26,29] How-

ever, in terms of usage on an industrial scale, Sun et al. calculated from different literature sources that

>80 % of the worldwide production of ZnO NPs is used for cosmetics and ∼14 % for paints, [30]due to

its broad-spectrum UV absorbance. [31]

This versatility of applications is triggered by the unique properties of ZnO, which is a II-VI compound

semiconductor with a wide direct band gap of 3.347 eV (near-UV) at 2 K. [32] The high exciton bind-

ing energy (60 meV) in ZnO crystals can ensure efficient excitonic emission at room temperature. In

disordered nanoparticles and thin films, ultraviolet luminescence has been reported for the same tem-

perature range. Furthermore, ZnO is transparent to visible light and can be made highly conductive by

doping. [29]

ZnO crystallizes in the hexagonal wurtzite structure of space group P63mc. [33] The crystal structure

consists of hexagonal Zn and O planes stacked alternately along the c-axis. The anions and cations are

tetrahedrally coordinated, which is typical for covalent semiconductors. While a tetrahedral coordination

is usually found in materials with a sp3 covalent bonding nature, the already mentioned large direct

band gap of ZnO indicates the pronounced ionic aspects in the chemical bonding. Therefore, binding

within ZnO can be described as a mixture of covalent and ionic bonding. The hexagonal unit cell is
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described by two lattice parameters, a and c, in the ratio of c/a =
√

8/3 = 1.633. [26] The lattice

constants were determined to be a = 3.2499 ± 0.0001 Å and c = 5.206 ± 0.001 Å for pure ZnO (cf.

figure 1.2a). [34]

The ZnO surfaces (in an aqueous environment)

The ZnO wurtzite crystals are dominated by four low Miller index surfaces: the non-polar mixed-

terminated (101̄0) and (112̄0) surfaces and the polar zinc-terminated (0001)-Zn and oxygen-terminated

(0001̄)-O surfaces (cf. figure 1.2b). [35] Comparing the cleavage energies for this four surfaces via den-

sity functional theory (DFT) simulations, revealed the (101̄0) surface as the most stable surface with

the (112̄0) surface being only slightly higher in energy The corresponding cleavage energies are 2.3

and 2.5 J m-2 for the (101̄0) and the (112̄0) surface, respectively. The cleavage energy for the polar

surfaces (0001)-Zn and (0001̄)-O is determined to be 4.3 J m-2. [35,36] Consequently, the two non-polar

surfaces (101̄0) and (112̄0) provide 80 % of the surface present in nanostructures under atmospheric

conditions, while the polar zinc-terminated (0001)-Zn and oxygen-terminated (0001̄)-O surfaces give

the remaining 20 %. [37]

The understanding of the surface properties and the surface termination is essential for the atomistic

understanding of the binding behavior as well as the comparison between experimental approaches

and simulations. Therefore, we will highlight what is known regarding these properties in the following,

starting from the influence of an aqueous environment.

The surface/H2O interface is of fundamental interest, since water is involved in many reactions, as a

reactant, solvent or contamination. [38] For instance, Costa et al. reviewed in 2016 the adsorption of

amino acids and peptides on metals and oxides in an aqueous environment. They also highlighted the

particular influence of water molecules on the surface chemistry, the adsorbed chemical form and its

distribution on the surface. [39] Buonocore and co-workers investigated the adsorption of selected amino

acids on the dry and hydrated ZnO (101̄0) surface, by adding one to two hydration layers. The calcu-

lated binding energies using dispersion-corrected density functional theory, are strongly depending on

the absence or presence of this hydration layers. They found the highest binding energy in presence

of the hydration layer for the amino acid lysine (-65.42 kcal mol-1) and lowest energy for glutamine (-

21.72 kcal mol-1). In comparison of the binding affinity of amino acids towards the dry surface and to a

surface including the first hydration layer the binding energies are reduced by up to 35 kcal mol-1 . In

the presence of another hydration layer the binding energies are reduced up to 5 kcal mol-1. [40]

It has also been suggested that the specific recognition of materials by short peptide sequences is

mediated by the sensing of the local changes in the H2O density at the solid/liquid interface at the

molecular level. [42] Furthermore, several studies indicate the importance of the precise structure of the

water layers in proximity of the interface for the adhesion of polypeptides. [43–47]
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1 Towards a quantitative understanding of binding peptides interactions with zinc oxide

Figure 1.3: Surface structure of the mixed-terminated (101̄0) surface in contact with H2O. STM image (180
× 180 Å2) of a full water monolayer adsorbed at room temperature on the ZnO (101̄0) surface.
The water layer is comprised of long and narrow regions including different structures: (HD) the
half-dissociated monolayer with a clear (2× 1) periodicity, (M) areas that appear to have a (1× 1)
periodicity, and (IM) patches with an intermediate structure with (2× 1) periodicity, though possess-
ing a weaker corrugation. These different structures are more clearly displayed in the insets at the
top. The structural configurations of the half-dissociated monolayer and monolayer regions, respec-
tively, are shown together with the simulated STM images. Reprinted figure with permission from [41].
Copyright 2005 by the American Physical Society.

The experimental investigation of the facet specific interaction of H2O with ZnO started in 1983 us-

ing thermal desorption (TDS) and UV photoelectron spectroscopy (UPS). [48] In the following years

the investigation of the stable ZnO facets with their different terminations revealed different interac-

tion patterns including complete or partial dissociation of water leading to different kinds of hydroxyl

groups, molecular or associative adsorption and indications for H2O bilayers and multilayers, as well

as wetting. [49] These varieties obtained from experimental and computational approaches indicate the

complexity of the interactions at the H2O/ZnO interface.

The ideal (101̄0) ZnO surface (as well as the (112̄0) facet) is mixed terminated with Zn and O in

equal stoichiometry and therefore non-polar and stable, in contrast to the polar surfaces introduced in

the following. According to low-energy-electron-diffraction (LEED) these surfaces possess the same

periodicity like the bulk crystal. [50] The (101̄0) surface consists of ZnO dimers, which are one-fold co-

ordinately unsaturated acting as Lewis acid and base sites, respectively. [49] Due to the mixed type of

covalent and ionic bonding the coordinately unsaturated bonds are tilted from the surface with the zinc

atom moving inwards and the oxygen atom staying above. [35,37] The dimers therefore form character-

istic rows separated by trenches along the (112̄0) direction. [51]

The interaction of H2O with the ZnO (101̄0) surface has been extensively investigated with DFT by

Meyer et al., [52] identifying a surface pattern with (2× 1) periodicity using a coverage of a monolayer.

This result was found to be in good agreement with previous STM investigations. [36] Große Holthaus

et al. attribute the (2× 1) superstructure, including the dissociation of every second water molecule, to
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the formation of a strongly bound hydrogen-bonding network, while they found a molecular adsorption

mode is preferred at lower coverages. [53] MD simulations applying a reactive forcefield (ReaxFF) also

confirmed the occurrence of an equilibrium between molecularly and dissociatively adsorbed water for

this coverage on the (101̄0) surface. [54]

Wang et al. investigated the interaction of water with the mixed-terminated ZnO (101̄0) surface via high

resolution electron energy loss spectroscopy (HREELS) and thermal desorption spectroscopy (TDS).

Under ambient conditions the adsorption of water generates a well defined (2× 1) superstructure

based on the partial dissociation of water molecules. [55] The presence of dissociated water molecule

was confirmed on ZnO nanoparticles by infrared spectroscopy. [56] In contrast to the suggested half dis-

sociated (2× 1) monolayer structure, Newberg et al. suggested a fully dissociated (1× 1) monolayer

based on their results from synchrotron-based ambient pressure X-ray photoelectron spectroscopy

(APXPS). [57]

Dulub and co-workers examined the structuring of water on the ZnO (101̄0) surface at room temper-

ature via a combined approach of STM and DFT. They found that most of the H2O molecules are

in a lowest-energy configuration, which is the half-dissociated (2× 1) superstructure. However, they

revealed the coexistence of an energetically almost degenerate configuration which corresponds to a

fully molecular water monolayer (cf. Figure 1.3). They assumed a continuous switching between these

two states via a dynamical process of association and dissociation. [41]

In comparison to the ZnO (101̄0) surface, little is known about the polar stable surfaces of ZnO. The

stability of polar surfaces is in general a fundamental issue, where the surface atomic configurations

and their associated electronic structure are depending on the specific preparation techniques and

conditions. [58]

Ideally, the (0001)-Zn and (0001̄)-O surfaces may be viewed as planes of Zn and O, respectively, with

their coordinatively unsaturated bond found perpendicular to the surface. Their composition of a single-

ion type leads to a high density of partially occupied states. [37] Each of these Zn dangling bonds is filled

with 1/2 and each O dangling bond with 3/2 electrons. Consequently, a surface-perpendicular dipole

moment is developed, creating surfaces which are expected to be unstable and prone to reconstruc-

tions. [33,35,59]

Various microscopic models regarding stabilization mechanisms have been discussed, e.g. the cre-

ation of metallic surface states, [33] geometric reconstructions [51,61], randomly distributed vacancies, [62]

impurity atoms in the surface layers, or the presence of charged adsorbates. [35,49] Furthermore, the

preparation and observing conditions themselves might trigger a large variability in terms of the surface

structures.

The characterization of the (1× 1) terminated (0001)-Zn surface from Dulub et al. identifies via UHV

scanning tunneling microscopy nanosized islands with a size-dependent shape and triangular holes

with single-height steps. [63] Their ab initio calculations predict triangularly shaped reconstructions over
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1 Towards a quantitative understanding of binding peptides interactions with zinc oxide

Figure 1.4: Surface structure of the zinc-terminated (0001)-Zn surface in contact with H 2O. a) Phase diagram
for the ZnO (0001)-Zn in equilibrium with a humid oxygen atmosphere at 0 K. The corresponding
geometries of the stable surface structures are shown as insets and the equilibrium conditions un-
der which water would condensate on the surface are indicated by the hashed area. Reprinted
figure with permission from [33]. Copyright 2009 by the American Physical Society. b) 100 nm ×
100 nm STM images(+3.0 V, 0.04 nA) of clean and water-exposed (0001)-Zn surface. Reprinted with
permission from [60]. Copyright 2010 American Chemical society.
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a wide range of oxygen and hydrogen chemical potentials. They propose this reconstruction is electro-

statically driven and an overall decrease of the surface Zn concentration stabilizes this polar surface. [63]

A charge transfer of δ = (1− 2u)Z ≈ Z/4 has to occur to stabilize the polar surfaces from the stacking

sequence of the polar slabs, [35,64] with u being a coordinate of the wurtzite structure determining the

relative position of anions and cations along the c-axis und Z corresponds to the formal charges of Zn

and O ions, respectively.

In addition to the reported triangular phases, Torbrügge et al. obtained a coexisting (1× 1) surface

reconstruction. Furthermore, they stated that the electrostatic instability of the polar ZnO surfaces can

be abolished by a reduction of the surface charge by 1/3. This would lead to a considerably larger

reduction than the expected one of 25 % estimated from a classical ionic model. [65] Additionally, the

surface phase diagrams are found to be sensitive to temperature. [33]

Önsten et al. used room temperature scanning tunneling microscopy and photoemission spectroscopy

measurements to study the adsorption of H2O on the (0001)-Zn surface. They could observe a tran-

sition from the triangular surface structures to a disordered hydroxyl terminated phase with increasing

H2O exposure, and concluded an induced complete restructuring of the surface (cf. Figure 1.4). [60]

ZnO interfaces

Due to the versatility and widespread use, ZnO is quite likely to enter the natural environment. If

released into the environment, ZnO might be harmful because of the release of Zn2+ ions during dis-

solution in aqueous solutions. [66,67] According to Ma et al., it is widely accepted that the toxicity of

ZnO NPs is usually mediated by reactive oxygen species (ROS). [68] The uptake of Zn2+ ions and of

nanoparticle remnants by biological cells is believed to increase the level of intracellular Zn2+ and is

associated with the formation of ROS species. [69] The subsequent biological responses depend on the

relative abundance and the involved cellular pathways. [68] Moreover, the photocatalytic activity of ZnO

NPs might cause toxic actions promoting an additional generation of ROS. [68] According to Bondarenko

et al., ZnO NPs are most toxic to algae (<0.1 mg l-1), followed by crustaceans, fish, bacterium Vibrio

fischeri, and protozoa (cf. figure 1.5). [21] The sensitivity of planktonic microalgae might be particularly

important because they are a key component of the food chain in aquatic ecosystems and/or impact

the ecosystem by influencing water quality. [70] The L(E)C50 (median lethal dose/half-maximal effective

concentration) values of ZnO NPs range between 10 and 100 mg l-1 for nematodes, yeast, and mam-

malian cells. [66] Interestingly, studies of IC50 (growth inhibition) have shown a range from <1 mg l-1 to

several hundred milligrams per liter even within the same Escherichia coli species, potentially related

to the impact of particle size on the antibacterial activity of ZnO. [68]

This variability is very likely attributed to different media used in the toxicity tests. The toxicity mech-

anism is specifically influenced by the exposure medium chemistry (e.g., pH, temperature, organic

matter, and presence of anions). [68,71]
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1 Towards a quantitative understanding of binding peptides interactions with zinc oxide

Figure 1.5: Toxicity of ZnO nanoparticles to different organisms. Median lethal dose/half-maximal effective con-
centration L(E)C50 or minimal inhibitory concentration (MIC) values for all other organisms and the
deviation of minimum and maximum values are presented. Different organisms/ cells are shown by
respective pictograms and the number on the pictogram indicates the number of studies the values
are based on. Redrawn from Bondarenko et al. [21]
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Ma et al. concluded that ecotoxicity can occur at concentrations of <1 mg l-1, and thus, if ZnO dissolu-

tion reaches a sufficient level in natural environments, it might pose a significant risk to environmental

biota. The modeling of environmental concentrations is challenging because of a lack of empirical

data, especially because processes that influence the environmental concentrations such as disso-

lution, agglomeration, degradation, and complexation require a quantitative understanding that is far

from complete. [72,73] In the probabilistic environmental risk assessment of Coll et al., the comparison of

the predicted environmental concentration distribution and the predicted no-effect concentration distri-

bution for freshwater compartment overlap, indicating a high risk level. [74] However, it should be noted

that the majority of ZnO toxicity studies have been performed using pristine nanoparticles whereas

their existing applications for instance in sunscreens are commonly surfaces that have been changed

due to functionalization steps. Therefore, it might be necessary to carefully investigate the effects of

functionalization of ZnO surfaces in toxicological studies. [75,76]

Despite the potential drawbacks regarding environmental aspects, the current technological develop-

ments and the increasing ambition to miniaturize devices have initiated the development of a new

research area focusing on growth, characterization and applicability of nano structures, with ZnO be-

ing an important candidate. For instance, 1D, 2D, and 3D ZnO structures have been obtained through

solution synthesis methods. 1D ZnO structures have the most abundant and diverse configurations in-

cluding rods, [77–79] plates, [77] disks, [80] needles, [81] tubes, [82] rings, [80,83] belts, [84] wires, [84] prisms, [85]

pyramids, [86,87] flowers, [87–89] and spheres. [90] Remarkably, further modifications of the morphology

included the formation of mesoporous structures with increased surface area via biomolecules such

as amino acids and peptides. [77,88,91,92] This huge variety of crystalline ZnO nanostructures allows to

choose application-specific forms, such as ZnO nano-wires for gas sensors. [93] or ZnO nano-plates for

dye-sensitive solar cells. [94]

ZnO/biomolecule hybrid materials are also particularly interesting due to the large variety of morpholo-

gies that can be obtained by little variations of the preparation conditions. [95]Furthermore, the usage

of ambient reaction conditions leading to less energy consumption in the production process and al-

low to avoid harmful solvents (‘green’ processing conditions). [5] Some of the biomolecules used in

ZnO synthesis include gelatin, [96–98] deoxyribonucleic acid (DNA), [99] silk, [100] albumen, [101,102] ure-

ase, [103] amino acids, [91,92,104] peptides, [20,77,88,105–109] polyamines, [110,111] cyclodextrin, [112] egg-shell

membranes, [113] palm olein, [114] arabic gum, [115,116] bacteria [117,118]and viruses. [119–121]

These biomolecules might not only interact with ZnO and trigger the formation of hybrid materials, but

also interfere with the synthesis process itself by catalyzing the formation of zinc oxide [88,111,125,128–130]

and/or causing the stabilization of intermediate phases [92,123,124,126] and/or additionally modifing ZnO

morphology. [77,88,91,103,111,115,125,126,130,131]
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Figure 1.6: Effect of binding peptides on ZnO morphology. In the center reference particles, ZnO rods and
needles, formed without additives using different hydrothermal synthesis routes. [95,106,122] Radial
SEM/TEM images showing reported modifications of ZnO morphology using a variety of ZnO bind-
ing peptides, including the influence of point mutations with alanine, in different hydrothermal syn-
thesis methods; (i) Flowered nanostructures , [88] (ii) Low aspect ratio rods, [77,95,123] (iii) Platelets, [77]

(iv) Flattened needles, [106] (v) Peanut-like particles, [106] (vi) Microspheres and lower aspect ratio
rods, [123] (vii) Twinned disks, [123] (viii) Asymmetric rods, [124] (ix) Mushroom shaped, [124] (x) Desert-
rose like microspheres, [123] (xi) Twinned disks, [123] (xii) Nanowires, [125] (xiii) Layered, yarn-like and
microsphere structures, [104] and (xiv) Globular aggregates. [126] Redrawn from [127].

12



Several experimental studies have focused on the identification of specific ZnO binding peptides using

phage or cell surface display techniques. Peptides obtained through these combinatorial biological pro-

tocols have shown great potential and versatility in their ability to affect ZnO formation. However, these

approaches were phenomenologically driven and the identified sequences differ significantly between

the various studies [20,77,88,105–109] depending on the experimental conditions especially regarding the

substrate and the solvent system.

Figure 1.6 reveals the influence of the presence of binding peptides during the synthesis process on

the ZnO morphology. It is important to note how point mutations with alanine in different hydrothermal

synthesis methods can influence the morphology. This variety suggests little free energy differences

among the different morphologies, or, in other words, a flat energy landscape, whose exploration and

tuning could be possibly achieved with an accurate tuning of the sequence of ZnO binding peptides.

Precise steering of the structure and thus the properties (e.g. optical or catalytic) of ZnO/peptide hy-

brids necessarily requires quantification of the interactions at the bio-inorganic interfaces that dictate

the relative stability of the various morphological phases. Moreover, there is growing interest to un-

derstand ZnO/peptide interaction mechanisms, the consequences of such interactions and possible

applications that can be developed exploiting such interactions. [20,77,95,107,123,124,126,132]

Aim and structure of this thesis

The aim of the present thesis is to enhance the knowledge of the ZnO/peptide interactions, which are

summarized in figure 1.7. The primary questions which our investigation will address are:

i) What are the intrinsic properties of the peptide sequences and can we obtain atomistic under-

standing of their conformational ensemble in solution?

ii) Is the peptide’s binding affinity specific for different facets of ZnO and can we quantify adsorption

free energies and compare different experimental approaches for their determination?

iii) How are the peptides interacting with ZnO surfaces and which amino acids are involved, what are

the differences between the free and bound states of the peptide and can we access potential

conformational changes upon adsorption?

From a methodological point of view, Molecular Dynamic simulations are performed within our research

group, in parallel to the applied experimental approaches, which are the main subject of this thesis.

Through the combined use of experimental and computational techniques via joint observables, we

hope to obtain some atomistic understanding of the conformational ensemble of the binding peptides

and its influence on the binding behavior.

This thesis is structured as following. Subsequent to this introduction, we will introduce the methods

applied in this thesis in Chapter 2, starting from the description of fundamental interactions taking place

on the abiotic/biotic interface. Furthermore, we will highlight the experimental approaches used within

13
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Figure 1.7: Overview of factors influencing the biotic/abiotic interactions, including the binding affinity and speci-
ficity and driving forces; the conformation, surface arrangement of oligopetides as well as structural
changes upon adsorption; and surface ligand displacement.

this thesis followed by the interfacial structure determination with special emphasis on circular dichro-

ism spectroscopy. The last section gives an overview about computational approaches starting from

Molecular Dynamics up to enhanced sampling methods. Additionally, the calculation of CD spectra

from simulations via the DichroCalc approach is introduced.

In Chapter 3 we firstly aim at identifying specific binding peptides using combinatorial biological pro-

tocols for the non-polar (101̄0) single crystalline ZnO substrates (in cooperation with the University of

Stuttgart). A selection of representative peptides from the identified binders and two known binding

peptides for the (0001)-Zn surface will be used for further characterization. So far, it is not known

whether common patterns of secondary structure changes are associated with selective material

recognition by material-binding peptides, therefore the selection of peptides will be done based on

intrinsic conformational propensities of the primary structure. An experimental technique appropriate

to investigate the conformational ensemble is circular dichroism (CD) spectroscopy, which is widely-

used to quantify the secondary structures of biomolecules in liquid environments. From the modeling

point of view, prediction of the secondary structures of oligopeptides in solution might be achieved by

means of advanced-sampling molecular dynamics (MD) methods, in which the whole conformational

phase space of the molecules is sampled.

In a second step we want to investigate both the qualitative and the quantitative binding characteristics

of zinc oxide binding peptides interaction (Chapter 4). The basis of these abiotic/biotic interactions will

14



be identified experimentally. For this purpose, we apply single molecule force spectroscopy (SMFS)

and an optically-sectioned planar format indicator displacement assay (O-IDA) for biotic/abiotic inter-

actions. The binding assay was developed during multiple research stays in the working group of Prof.

Carole Perry at the Nottingham Trent University (NTU). Quantitative binding parameters (binding free

energy, adhesion forces) will be measured and compared for both approaches.

In Chapter 5 we describe the synthesis of ZnO nanoparticles with different surface contributions (per-

formed at NTU) to investigate potential changes of peptide conformation (secondary structure) after

adsorption via CD spectroscopy. This approach might be a first step to elucidate the precise nature

of the peptide/surface interactions, differentiating for instance between the direct binding sites and the

indirect action of solvent structuring or steric effects. Due to the strong absorbance of ZnO in the

UV range these experiments had to be performed with synchrotron light sources (Synchrotron Soleil,

Saint-Aubin, France).

Finally, the results of this thesis are summarized in the last chapter (Chapter 6) and an outlook towards

further characterization methods of the binding affinities as well as first steps for the assembly of

ZnO/Au composites by binding peptides is given.
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CHAPTER 2

DESCRIBING INTERACTIONS AT THE

PEPTIDE/SURFACE INTERFACE

Investigating the properties, dynamics and binding of peptides upon adsorption on abiotic surfaces

is an inherently interdisciplinary challenge. This chapter aims to introduce some of the fundamental

concepts ranging from physical chemistry, surface science, structural biology, computational chemistry,

and material science; all of which are required to get a comprehensive overview of the interactions

at the biotic/abiotic interface. [1] Indeed, Walsh described the obtained knowledge gained from these

interfacial interactions as ‘a blend of thermodynamics, kinetics and structural characterizations.’ [1]

We will firstly give an overview of the fundamental principles of interactions, before giving an overview of

the different techniques, which have been evolved to access the thermodynamic parameters and thus

allow to quantify these types of interactions. The fundamental principles and assumptions underlying

each of these methods are presented followed by examples of their application. Since we want to

compare the binding affinities of the binding peptides and the accompanying conformational ensemble

upon adsorption, we will accordingly introduce methods for the interfacial structure determination of

biomolecules, with special emphasis on circular dichrosim (CD) spectroscopy. In the last part of the

chapter we will focus on an introduction to the calculation of CD spectra from simulation trajectories.

This approach will potentially enable us to elucidate connections between the primary structure (se-

quence) of a peptide and its behavior and properties at the interface. Such links could subsequently

be transferred to bioinformatic approaches allowing for the prediction of new peptide sequences based

on a rational design approach, leading to foreseeable interfacial behavior and properties.
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2 Describing interactions at the peptide/surface interface

2.1 Fundamentals of peptide/surface interactions

This section introduces the interaction forces, which influence the interactions between the biomolecule

of interest and the abiotic substrate in aqueous media.

The peptide/surface interface is consisting of the substrate surface (e.g. ZnO single crystals as well as

nanoparticles), the solid/liquid interface and interacting peptide. [2] A complex interplay of parameters

influences the interactions at these interfaces, [3] which originate from four elementary interactions:

• Chemical bonds (overlap of electronic orbitals) [4,5]

• Pauli repulsion [6]

• van der Waals

• Coulomb

In the following we will focus on the last three, leading to the description of the adsorption, i.e. attraction

without chemical bond formation of a bio-molecules on an inorganic surface.

Peptide/particle adsorption can only occur spontaneously if the Gibbs free energy G of the system

decreases upon adsorption, independently of the underlying mechanism: [7]

∆Gads = (∆Hads − T∆Sads) < 0 . (2.1)

Here is H the entalpy, S is the entropy, T is the temperature of the system and ∆ads indicates the

variation resulting from the adsorption process at a constant temperature and pressure. To calculate

the free energy for the overall peptide adsorption, one has to consider the energy terms of all of the sub-

processes contributing to overall peptide-surface adsorption. These includes for instance contributions

due to the actual peptide/surface interactions and adsorption-induced conformational changes in the

peptide: [7]

∆Gads = (∆Gads)int + (∆Gads)conf + (∆Gads)other + ... , (2.2)

here int stands for peptide/surface interactions, conf indicates conformational changes in the protein

upon adsorption and other indicates the energy term resulting from other interactions. [8] DLVO the-

ory (named after Boris Derjaguin, Lev Landau, Evert Verwey and Theodor Overbeek) is a commonly

employed description of interactions happening at the surface. In the following we will introduce the

interactions leading to this theory.

van der Waals forces. The International Union of Pure and Applied Chemisty (IUPAC) defined van

der Waals forces as "The attractive or repulsive forces between molecular entities (or between groups
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2.1 Fundamentals of peptide/surface interactions

within the same molecular entity) other than those due to bond formation or to the electrostatic inter-

action of ions or of ionic groups with one another or with neutral molecules." [4] Van der Waals forces

originate from dipole-dipole interactions between the molecules and induce strong attractive forces. [9].

Three different types of van der Waals interaction forces have been described [10]:

• permanent dipole - permanent dipole interaction (Keesom) [11]

• permanent dipole - induced dipole interaction (Debye) [12]

• fluctuating dipole - induced dipole interactions (London) [13]

The total van der Waals interaction force results of the superposition of these subforces and is often

dominated by the London interactions.

To expand this description, which was developed at first to describe intermolecular interactions, the

forces between the molecules in the particles are combined for macroscopic bodies. Based on this

model, H.C. Hamaker described in 1937 the correlation of the London van der Waals interaction po-

tential WvdW by introducing the so-called Hamaker constant. This constant represents the pairwise

additive interaction forces between the molecules in the system and can be obtained experimentally by

different methods such as the surface force apparatus or atomic force microscopy [14–16].

The calculation of the van der Waals interaction potential was extended by Lifshitz and coworkers to

include the influence of neighboring atoms on the interactions. [9]

The origin of surface charge Different mechanisms are responsible for the origin of the surface

charge of inorganic and biological colloids in aqueous environments. As figure 2.1 points out functional

oxides can are terminated with surface hydroxyl groups (-OH) that can deprotonate (-O-) or protonate

(-OH2
+) depending on the pH of their environment. Comparably, the exposed amino and carboxyl

termini of the peptide structure can gain or lose a proton respectively, leading to positively charged

-NH3
+ or negatively charged -COO- groups [10].

Based on the mass balance equation of the equilibrium reaction, the acid dissociation constant of the

protonation Ka1 and deprotonation Ka2 of the amphoteric hydroxyl groups can be derived to obtain the

dissociation pH value [17]:

K≡MOH+
2
= Ka1 =

[≡ MOH][H+]

[≡ MOH+
2 ]

and (2.3)

K≡MOH = Ka2 =
[≡ MO−][H+]

[≡ MOH]
, (2.4)

where [≡ MOH], [≡ MO−] and [≡ MOH+
2 ] are the surface concentrations of the surface groups in

mol m-2 and [H+] the activity of the proton in mol m-3. The equations to determine the equilibrium con-
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2 Describing interactions at the peptide/surface interface

Figure 2.1: Protonation and depronation states of surface groups for proteins/peptides and surface hydroxyl
groups.

stants of the -COOH and -NH2 biomolecule surface groups can be equivalently determined. Conven-

tionally, the dissociation constants can be obtained by the negative decimal logarithm corresponding

to the pH at which half of the sites are deprotonated , the pKa value:

pKa = −log10(Ka) . (2.5)

Consequently, the surface charge density of the particle can be evaluated by considering the dissoci-

ated surface groups. The mass balance of the surface hydroxyl groups of a functional oxide particle is

given by: [17]

Ns = [≡ MOH] + [≡ MO−] + [≡ MO+
2 ] , (2.6)

where Ns is the surface density of reactive sites (sites per m2).

Combining these equations terms describing the concentrations of the different ionization states can

be derived as functions of [H+]. The concentration of protons in the medium can be approximated by

the correlating pH value:

[≡ MOH] =
Ns[H+]Ka1

[H+]Ka1 + Ka1Ka2 + [H+]2
, (2.7)

[≡ MO−] =
NsKa1Ka2

[H+]Ka1 + Ka1Ka2 + [H+]2
and (2.8)

[≡ MO+
2 ] =

Ns[H+]2

[H+]Ka1 + Ka1Ka2 + [H+]2
. (2.9)
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2.1 Fundamentals of peptide/surface interactions

If the concentrations of charged sites on the particle surface are known, the surface charge density σ0

can be calculated via [17]:

σ0 = e([≡ MO+
2 ]− [≡ MO−]) , (2.10)

where e is the elementary charge. If [≡ MO+
2 ] and [≡ MO−] are in equilibrium [≡ MOH] has a

maximum and the net surface charge is zero. This pH value is defined as the point of zero charge

(PZC), which has the following logarithmic form:

PZC =
1
2
(pKa1 + pKa2) . (2.11)

This model corresponds to a so-called 2-pK model for the amphoteric surface hydroxyl groups.

The electric double layer and zeta potential In aqueous media the surface charges on colloidal

particles establish an electric field. This field leads to a layer of oppositely charged counter-ions, which

adsorbs directly onto the particle surface building a typical immobile layer with an ongoing exchange

of ions in solution. This layer is named Stern or Helmholtz layer. The following diffuse layer consists

of mobile counter-ions and co-ions, that are in thermal motion. Both layers compensate the surface

charge of the particle and form the electric double layer [18], which is visualized in Figure 2.2.

The distribution of ions in the diffuse layer depends on the evolution of the electrostatic potential ψ

which is maximal at the particle surface. It decays linearly in the Stern layer and exponentially in the

diffuse layer with the distance from the particle surface. The ζ-potential is the potential at the shear

plane at which the bound Stern layer ends and the mobile diffuse layer begins. The ζ-potential can be

obtained by electrokinetic measurements. Similar to the surface charge, the ζ-potential is a function of

the mediums pH. The pH at which the the ζ-Potential of a surface is zero is defined as the isoelectric

point (IEP). In an ideal electrolyte-free system the IEP equates with the PZC. [9]

The Poisson-Boltzmann equation To obtain the potential distribution in the diffuse layer as a

function of the distance from the particle surface the Poisson-Boltzmann equation can be used. The

electrostatic potential ψ at a given position in the diffuse layer and the local charge density at this

distance from the surface are related by the Poisson equation: [19]

∇2ψ =
∂2ψ

∂x2 +
∂2ψ

∂y2 +
∂2ψ

∂z2 = − ρe

εr ε0
, (2.12)

where ρe is the local electric charge density in C m-3; εr is the relative permittivity of the medium; ε0 is

the permittivity of vacuum and ∇2 the Laplace operator. The local ion density can be derived using the

Boltzmann equation: [19]
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Figure 2.2: Model of the electric double layer of a charged colloidal particle in a aqueous medium.

ci = c0
i e

zi eψ
kBT , (2.13)

where c0
i is the number concentration of ion i in the bulk medium (number of ions per m3), ci the

concentration of ions of type i , kb is the Boltzmann constant and T is the Temperature and zi is the

valence of the ions. Wi = zieψ is the work required to bring the ion in solution from an infinite distance

to the position close to the particle surface, at which the potential is ψ, under the assumption that only

electrostatic work is spent while moving the ion. The local charge density ρe is the sum of all ions:

ρe = ∑
i

cizie . (2.14)

The combination of the equations 2.12, 2.13 and 2.14 leads to the Poisson-Boltzmann equation:

∇2ψ = − ρe

εr ε0
∑

i

c0
i ziee−

zi eψ
kBT . (2.15)

If it is assumed that the surface is infinitely extended and planar, and that e|ψ| ≪ kBT , the linearized

Poisson-Boltzmann equation in one dimension is achieved [19]:
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d2ψ

dx2 = ψ

(︃
e2 ∑i z2

i c0
i

εr ε0kBT

)︃
. (2.16)

By introducing the reciprocal Debye-Hückel length κ, which describes the thickness of the layer of

ions that screens the surface potential and is a function of the ionic strength of the bulk medium (I =
1
2 ∑ z2

i c0
i ):

κ =
1
xD

=

√︄
e2 ∑i z2

i c0
i

εr ε0kBT
(2.17)

and using the boundary conditions (x → 0 ⇒ ψ(x) → ψζ and x → ∞ ⇒ ψ(x) → ψ = 0) this

equation can be solved to give ψ as a function of the distance x and the Debye-Hückel length:

ψ(x) = ψζe−κx . (2.18)

In comparison a radius RS has to be included in order to determine the potential around a spherical

colloidal particles. Therefore, one derives for the surface potential:

ψζ =
σ0

εr ε0κ(1 + 1
κRs

)
. (2.19)

By using analogous boundary conditions one derives the potential ψ as a function of the distance

x = r − Rs and the Debye-Hückel length:

ψ(x) = ψζ
Rs

r
e−κ(r−Rs) . (2.20)

The attractive or repulsive interactions between charged particles depend on their overlapping double

layers. In the case of similarly charged particles this overlap causes a repulsion due to the osmotic

pressure. If the particles are oppositely charged they attract each other and therefore contribute to the

charge compensation.

DLVO theory. A combination of van der Waals forces and double-layer forces by summation was

introduced by Derjaguin, Landau, Verwey and Overbeck and is accordingly called DLVO theory [9].

WDLVO(H) = WvdW (H) + WDL(H) (2.21)

This theory allows to estimate the stability of colloidal suspensions and adsorption processes, while

correlating well with experimental results despite the assumptions for the individual calculations. [19]
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In summary, higher Hamaker constants indicate stronger attractive interactions, while higher sur-

face potentials create stronger repulsion forces in contrast to higher ionic strengths. At surface-

molecule istances larger than 1 nm, the DLVO theory is appropriate to describe the interactions be-

tween biomolecules and functional oxide substrates, so that ∆Gint in equation 2.2 can be approximated

with ∆GDLVO.

Non-DLVO forces. Here we want to gives a brief overview of forces that influence the interactions in

aqueous media and have not been considered so far:

• Steric interactions • Hydration forces • Hydrophobic interactions

The repulsive steric forces are due to steric hindrance of exposed molecules at the particle surface.

The cause of this hindrance is the Pauli repulsion between molecular orbitals. [9,19] Hydration and hy-

drophobic forces depend on the interaction of the particle surface with water molecules and are im-

portant for interactions at the biotic/abiotic interface. Israelachvili and Pashley stated that hydration

forces are based on the energy which is necessary to dehydrate interacting surfaces, which possess

ionic or polar species. This forces are generally repulsive, but show oscillations with a periodicity sim-

ilar to the diameter of a water molecule. They attributed the hydration forces to the ordered layering

of the H2O molecules upon bonding to to (hydrated) surface groups, in distances up to 6 nm. [20] Ac-

cording to IUPAC, hydrophobic forces are defined as "The tendency of hydrocarbons (or of lipophilic

hydrocarbon-like groups in solutes) to form intermolecular aggregates in an aqueous medium, and

analogous intramolecular interactions. The name arises from the attribution of the phenomenon to the

apparent repulsion between water and hydrocarbons. However, the phenomenon ought to be attributed

to the effect of the hydrocarbon-like groups on the water-water interaction." [4]

Hydrogen bonds. Hydrogen bonds play an important role for the for the configuration of peptides

and their interaction with the surrounding environment, hence we want to give a brief introduction here.

In its 2011 Recommendations IUPAC defined a hydrogen bond as "an attractive interaction between a

hydrogen atom from a molecule or a molecular fragment X-H in which X is more electronegative than

H, and an atom or a group of atoms in the same or a different molecule, in which there is evidence of

bond formation." [21] The interactions are relatively weak with interaction energies in the range of 2.4

to about 10 kcal mol-1 per bond, [22] however, the high amount of hydrogen bond donors and acceptors

in biomolecules can result in strong interactions and, furthermore, networks of hydrogen bonds can

exhibit the phenomenon of co-operativity. [21] Hydrogen bonds are at the bridge between non-bonded

and bonded interaction and therefore are difficult to estimate from density functional theory (DFT) or

other approximate methods.
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2.2 Experimental characterization of peptide/surface interactions

Over the past few decades, several experimental techniques have been developed to study peptide ad-

sorption on material surfaces. These methods include for instance single molecule force spectroscopy

(SMFS) via atomic force microscopy (AFM), fluorescence-based binding assays, adsorption isotherms,

isothermal titration calorimetry (ITC), analytical ultracentrifugation (AUC), quartz crystal microbalance

(QCM) and surface plasmon resonance spectroscopy (SPR). Within this thesis we employ the first two

techniques, which will be introduced in the following.

2.2.1 Single molecule force spectroscopy using atomic force microscopy

Atomic force microscopy is a scanning probe technique, which can provide three-dimensional high res-

olution topographic images in air as well as in liquid, including physiological buffers. Furthermore, ad-

ditional topographic informations regarding the mechanical properties or adhesion can be obtained. [23]

Additionally, AFM allows for the determination of forces between a molecule-modified probe and ma-

terial’s surfaces: this technique is called single molecule force spectroscopy (SMFS). [24–26] The de-

scription in this chapter is closely following Bizzarri and Cannistraro [27] and Hane et al., [28] if not stated

otherwise.

Background and experimental setup

Invented in 1985 by Binnig et al. AFM is a further development of their Noble prize awarded scanning

tunneling microscope (STM). It allows for the investigation of the surface interaction between a can-

tilever and the surface of conductors and insulators under standard conditions and thus extends the

application range in comparison to STM. [29,30] Additionally, it provides the possibility to measure ultra

small forces (≥ 10 pN).

Figure 2.3 gives an illustration of the experimental setup of the microscope, which is described briefly

in the following. A cantilever, which can be rectangular or V-shaped, commonly made of silicon or

silicon nitride, with a sharp tip mounted above the sample stage, is connected to three-dimensional

piezoelectric scanners to allow for its adjustment. [29] The scanners can be moved in the sub nanometer

range when a voltage is applied. The resolution in the vertical (z) direction is tenths of angstroms, and is

only restricted by thermal noise. Due to the tip curvature radius, the resolution in the x and y direction

is limited to a few nanometers. [24]Alternatively, the sample stage can be moved by the piezoelectric

translator. [24]

The tip-sample interactions, which can arise from a variety of forces (electrostatic, van der Waals,

frictional, capillary, chemical, etc.), cause a cantilever deflection. For the detection of deflections a laser

beam is used, which is reflected from the back of the probe onto a photodetector. A system of mirrors

is applied for the adjustment of the laser beam, considering the refractive index of the environmental
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Figure 2.3: Experimental setup: Atomic force microscopy from [31]

media. During the deflection of the cantilever the angle of the reflected laser beam changes leading to a

different position on the position-sensitive photodetector based on the optical lever principle. Detection

of vertical and horizontal bending of the cantilever is possible due to the four quadrants of the detector

and converted into an electrical signal. [32]

When the tip and the sample are separated by a sufficient distance, no interaction is measured between

them; while the cantilever is approaching the sample, their interaction leads to a cantilever deflection.

Within an approximate harmonic potential, the deflection of the cantilever, d , can be then converted

into a force F value using Hooke’s law:

F = keff · d , (2.22)

with keff being the spring constant of the force transducer system. Accordingly, an experiment per-

formed at a constant speed v = dd/dt (of the piezoelectric scanners) is characterized by a constant

loading rate:
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rl =
dF
dt

= keff · v . (2.23)

The intrinsic value of the cantilever spring constant kc might vary from the nominal value provided by

manufacturers. Several experimental procedures for the determination of the spring constant kc have

been developed. [24,33]One of the most commonly applied methods, implemented in many commer-

cial AFM equipments including the one used within this thesis, is based on cantilever thermal noise

analysis. [34]Within this approach, the cantilever with an unknown spring constant kc , is modeled as

a harmonic oscillator, which experiences random fluctuations due to thermal vibrations. kc can be

calculated by determining the mean square deflection ⟨d2⟩, through the equipartition theorem,

kc =
kBT
⟨d2⟩ , (2.24)

where kB is Boltzmann constant and T the absolute temperature. Noticeably, the cantilever spring con-

stant kc will be slightly modified due to functionalization of the tip for instance with biomolecules. The

calibration is performed routinely via analysis of principle modes with the commercial AFM software.

AFM imaging and imaging modes

Topographic (sample height information) AFM images are obtained by moving the cantilever across a

sample surface line by line and building up a three-dimensional image of the sample surface based

on the local attractive or repulsive forces between the tip in proximity of the sample surface. Since the

bending depends on the intrinsic properties of the cantilevers, these have a crucial influence on the

results. [29]

For using a so called constant force mode during the imaging process a desired force setpoint is chosen

corresponding to the deflection. The difference between this setpoint and the measured force is used

to change the height position of the cantilever. A Feedback Loop PI Controller is applied to observe the

cantilevers’ response due to interaction changes, caused by variations in the altitude of the surface. A

time constant is used for the integrator and a value for the proportional gain. These values control how

fast the feedback responds and need to be adjusted and optimized for different imaging conditions.

To collect an image by AFM, two main operating modes can be used: contact mode and dynamic mode.

In contact mode, the tip is brought in close proximity to the substrate working in the repulsive interac-

tion region. the images are then obtained by raster-scanning the surface via a constant force through

a feedback mechanism based on the deflection. [23,32]. The cantilever deflection, due to probe-sample

interactions, allows for a characterization of the surface at sub-nanometer resolution. However, since

the tip permanently stays in contact with the surface, damages or changes of the investigated sample

or the tip itself might occur. Furthermore, lateral forces are present while the tip moves over the surface

and leads to information about the friction between the tip and the sample. In the dynamic mode, the
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2 Describing interactions at the peptide/surface interface

Figure 2.4: Examples for AFM imaging. a) Images of two zinc oxide facets after a 12 h incubation in methanol.
Cross-sections (along the white lines) indicating the surface roughness b) Composite image con-
sisting of a fluorescence images of brain astrocytes loaded with dimercaptosuccinic acid coated iron
oxide nanoparticles and AFM images (30 x 30 µm) of individual cells. The relative position of the
nanoparticles (green fluorescence dye) to the nuclei of the glial cells (blue fluorescence dye) can be
seen.
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cantilever interacts intermittently with the sample. The tip-sample interaction crosses repulsive and

attractive regime, while oscillating close to a resonance frequency of the system. This approach is

called tapping mode or intermittent contact mode. [35] Since the probe is in contact with the sample

only at the end of its downward movement, damages due to the measurement are reduced. In addition

to the topography, this mode provides further sample properties, e.g. changes in the viscoelastic prop-

erties [36–38] and adhesive forces on the sample surface due to energy dissipation [39,40]. The obtained

type of image information strongly depend on the interaction detected by the cantilever. Thus, many

different properties of the sample can be accessed, while the topography generally forms one aspect

of the image. In the Figure 2.4 two examples of AFM imaging can be found. a) shows topographic

images of two ZnO single crystalline surfaces and b) shows an overlay of topographic images of cells

with a corresponding fluorescence image.

Single molecule force spectroscopy

The deflection of the AFM cantilever corresponds to the force exerted on the molecule tethered to

the tip interacting with a substrate. In parallel, the displacement between the surface and the tip is

measured simultaneously. More specifically, at a fixed position within the investigated x-y plane, the

z-dimension piezo-scanner is moved vertically, at a constant speed with respect toward the surface and

returns after contact to the starting position. The deflection of the cantilever, recorded as a function of

the vertical displacement z, is commonly called a ‘force curve’ or ‘force spectrum’. Upon the contact of

the functionalized tip with the surface, a ‘complex’ between the interaction partners might be formed,

provided that the biomolecules have enough flexibility and re-orientational freedom to assume the

correct mutual configuration.

Functionalization of AFM cantilevers. To study the interaction between (bio-)molecules and the

substrate of interest, the molecule is commonly tethered to the tip of the cantilever. The investigated

substrates range from abiotic surfaces to other biomolecules attached to a surface to cell membranes.

However, within the present thesis we will focus solely on the interaction of a biomolecule attached to

the cantilever tip and a pristine abiotic surface, therefore the following description focuses on this setup.

A functionalization procedure of the tip should ideally fullfill some general requirements: [41,42] (i) The

anchoring of the biomolecules to the tip has to be stable and stronger than the intermolecular forces

asociated with the complex formation. Therefore, covalent bonding is usually preferred. (ii) The intrinsic

conformation and functionality of the biomolecules must be preferentially preserved upon their immo-

bilization onto the abiotic surfaces. (iii) The interacting region of the biomolecule should remain acces-

sible upon the covalent attachment to the tip and the biomolecules should keep a sufficient flexibility

and freedom to allow for participate a recognition of the binding partner. (iv) Non-specific interactions

between a functionalized tip and the surface should be reduced to prevent the development of arti-

facts. (v) Finally, immobilization strategies should be optimized towards a single coupling of interacting
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Figure 2.5: Schematic diagram of the vertical tip movement during the approach and retract parts of a force
spectroscopy experiment. Taken from JPK [50]

partners. For this purpose, special attention should be devoted to check the environmental conditions

(including the pH, ionic strength, density and orientation of the biomolecules on the surfaces), as well

as to assure a high purity of biomolecules.

Today, cross-linkers are commonly applied to tether (bio)molecules on the tip. According to Bizzarri and

Cannistraro, the introduction of linkers has several advantages. [27] Firstly, by using linker molecules the

biomolecules are placed at some distance from the surface of the tip. This setup can prevent perturba-

tions of conformation and functionality due to a direct interaction. [43,44] Additionally, the usage of linkers

enables to distinguish more easiliy between specific and non-specific interactions, since specific un-

binding events take place st some distance from the sample surface, while the non-specific interactions

stay close to the tip-surface interface. [45,46] The presence of flexible linkers equip the biomolecules with

both an increased mobility and a conformational freedom that may lead to an optimized recognition be-

tween the interaction partners. Moreover, a flexible linker undergoes a force-extension process during

the tip-retraction. The peculiar features of this stretching process can support the discrimination be-

tween specific and non-specific unbinding events. Linkers are generally heterobifunctional molecules,

often polymers, which carry two different functional ends. One of these groups links the inorganic sur-

face and the other targets specific functional groups of the biomolecule, or of another linker. [42,47] The

most commonly applied linkers in SMFS are hetero-bifunctional polyethylene glycols (PEG). [45,48,49]

PEG is a versatile polymer, with well-characterized force-extension behavior. Furthermore, it can be

synthesized easily with different lengths and bearing different functional ending groups.

Some preparation protocols involve another functionalization step using self-assembled short spacer

molecules with one functional group suitable for a reaction with the surfaces, and another group for

reacting with linking molecules or biomolecules directly. This can include for instance the tip function-

alization with silanes, commonly applied for tips made from silicon or silicon nitride, after a chemical or

physical treatment to activate surface hydroxyl groups and removal of contamination.

Obtaining force distance curves. At the beginning of a measurement cycle, the functionalized tip

is at a sufficient distance from the substrate, with a non-bended cantilever indicating that there is

no interaction. Upon approaching the substrate, interaction forces begin to take effect leading to a

deflection of the cantilever towards the substrate for attractive forces (or away from the substrate in the
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case of repulsive forces). Upon contact of the functionalized tip with the surface a ‘complex’ between

the interaction partners forms. A further approach of the cantilever towards the surface leads to an

increasing cantilever deflection due to steric repulsion. This region in the force curve is characterized

by a linear behavior for hard surfaces and is used to convert the photodiode voltage into the cantilever

deflection via the sensitivity of the detector. [51] The approaching phase of the cantilever is stopped after

reaching a predefined setpoint value of contact force between the tip and the sample. Such a value is

commonly kept below 1 nN to avoid damaging the sample and substrate. Then, the direction of motion

is reversed and the tip is retracted from the sample with a speed that can be set at a different value

with respect to that applied in the approaching phase. During the retraction process, adhesion forces,

and/or bonds, formed in the contact phase, cause the tip to adhere to the sample up to some distance

beyond the initial contact point, and the curve shows a hysteresis. As the retraction process continues,

the spring force overcomes the interaction forces and the cantilever pulls off sharply, going to a non-

contact position. Such a jump provides a measure of the unbinding force (also called the rupture force)

between the partner biomolecules. Values of unbinding forces below 15 pN are usually assumed to

be not significant, due to the signal-to-noise ratio of commercial AFM apparata. [42]A representative

force-distance cycle is shown in Figure 2.5. During a SMFS experiment, a large number of force

curves (hundreds to ten-thousands) are acquired, repeating this vertical movement at a different (x, y)

positions leading to a mapping of the surface.

The approach of a functionalized tip towards a substrate does not necessarily lead to the formation of

a ‘complex’. Actually, an improper spatial contact between the biomolecules, or an interaction between

the tip itself and the substrate without involving the molecule of interest (attached to the tip) might lead

to non-specific interactions. In such cases, the jump-off-contact does not provide information about

the interaction force between the binding partners. Therefore, large efforts have been undertaken

to identify criteria helping to reliably identify force curves corresponding to specific unbinding events.

However, this is a difficult task, since the real curves exhibit a sort of ’zoology’ of different shapes and

trends, [52,53]including for instance non-adhesive, non-specific, specific and multiple specific events (cf.

figure 2.6 a) and b).

In general, the large intrinsic variation obtained in the force curves is based on the stochastic nature

of the unbinding process at the single molecule limit. [54] To extract reliable quantitative information,

a statistical analysis of a vast number of force curves is mandatory. In terms of the quantification of

the interactions, a crucial aspect is related to the identification of force curves associated with specific

events, leading to an exclusion of curves, which could be connected to non-specific interactions. Com-

monly, ambiguous curves are also discarded from the collection of curves to avoid the introduction of

potentially ‘misleading events’. However, such a selection should be done with caveats by applying

appropriate and reliable criteria.

Since the analysis of the force curves requires to manage a very large amount of data, it can be

significantly simplified and shortened if routine analysis procedures are implemented. To such a pur-

pose, the integration of well-defined criteria to calibrate force distance data, peak detection, histogram
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construction etc. should be implemented in an automatic procedure. [55,56]

Analysis of force distance curves When the tip is retracted from the substrate, a potential bond

formed between the interaction partners in case of specific events is abruptly broken, if the applied

force overcomes a threshold. The associated force with the bond breaking is commonly called the

‘unbinding force’ or ‘rupture force’.

The unbinding forces identified from a compilation of curves associated with specific events, are com-

monly plotted as histograms during the analysis process. The resulting distributions are usually asym-

metric and extended, consisting of single or multiple peaks. [49,60] From an histogram collecting several

specific unbinding force values, at a given loading rate, the most probable unbinding force can be ex-

tracted. [61] For a single-mode distribution, such a quantity is often evaluated from the maximum of the

distribution or, if appropriate, by a fit with a distribution function. The variability of the unbinding forces

obtained from specific could be generally attributed to different factors, including the heterogeneity in

the formation of the ‘complex’, subtle variations in the relative arrangements of the interaction partici-

pants, the presence of diverse binding sites, occurrence of multiple unbinding processes, etc. [52,62]

However, since SMFS measurements are performed in non-equilibrium (under the application of an

external force), the equilibrium energy landscape of the system is perturbed (cf. figure 2.6c) and

therefore the accessible unbinding forces changes with the rate at which the force is applied, denoted

the loading rate rl . [57]The determination of equilibrium observables from intrinsically non-equilibrium

pulling experiments can be achieved by applying rate-dependent models. [58]

In general, a quantitative description of a ‘recognition’ process requires kinetic considerations. When

two molecular species P and S with mutual affinity are brought into contact, their associated complex,

P·S, satisfies the following time-dependent equation (assuming an elementary interaction step):

d [P · S]
dt

= k0
on[P][S]− k0

off [P · S] , (2.25)

where the square brackets indicate the concentration of the molecular species, k0
on and k0

off are the

association and dissociation rates of the complex, respectively, which describe the kinetics of the in-

teraction. The k0
on parameter is mainly related to the diffusive properties of the biomolecules, with

some dependence on the distance and orientation between the partners. [63] On the contrary k0
off is

the inverse of the characteristics lifetime τ0 of the complex (τ0 = k0
off

-1), and therefore provides more

information on the specificity of the reaction. In the framework of Kramer’s theory, where the bound

and the unbound states are disjointed by an energy barrier (figure 2.6c) and a reaction is following a

specific path along a reaction coordinate, k0
off is given by an Arrhenius-like expression: [64,65]

k0
off = w · e−

∆G‡
kBT , (2.26)
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Figure 2.6: Overview about single molecule force spectroscopy. a) Schematic representation of the setup for
mapping of the substrate with a functionalized AFM cantilever. b) Representative force-distance
curves recorded between a zinc oxide binding peptide functionalized cantilever tip and the single-
crystalline ZnO substrates. c) According to the so-called Bell and Evans model [57,58] a ‘complex’
in SMFS can be described via a simple two-state model. The formed complex (bonded state) can
be found in an energy valley and is disjointed according to an energy barrier from an unbound
state. The transition state (‡ )must be crossed for the dissociation of the complex. Here, xu rep-
resents a distance between bound state and transition state, k0

off and koff are transition rates for
overcoming this energy barrier in absence of an externally applied force and upon a force F appli-
cation, respectively.∆G‡ is the activation free energy to cross the transition state and ∆Gads the
free-energy difference between bound and unbound state. Redrawn with permission from Springer
nature [59], copyright 2015.
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where ∆G‡ is the activation free energy of the reaction (i.e. the difference in free energy between the

initial state and the transition state corresponding to the highest energy to which the system must be

raised before dissociation can occur ), kB is the Boltzmann constant, T is the absolute temperature

and w is the pre-exponential factor which is usually treated as temperature independent. The reaction

between P and S will reach an equilibrium state (d [P·S]/dt = 0), by following the mass action law:

Ka =
1

Kd
=

k0
on

k0
off

=
[P · S]
[P][S]

, (2.27)

where Ka and Kd correspond to the association and dissociation constants, respectively. A high value

for Ka indicates of high affinity between the two species P and S. Considering the connection Ka =

k0
on/k0

off , it is revealed that the same Ka value could arise from different values of k0
on and k0

off . Accordingly,

two complexes could share a similar affinity, but still interact at different timescales.

Besides the detailed information obtained by SMFS about the kinetics and thermodynamics of bio-

molecules interacting with a substrates, which can complement other approaches, it allows additionally

to elucidate non-conventional aspects of interactions, such as rare events, transient phenomena, con-

formational changes and molecular heterogeneity. Nevertheless, ambiguous and controversial results

in different experimental contexts can be obtained from this techniques. [27] Challenges in this field in-

clude the reproducibility of the results, the automatization of the process as well as the optimization of

the selectivity in complex samples such as physiological fluids or soils. Furthermore, challenges can

arise in the interpretation of the molecular force data for ‘complexes’ due to the absence of a direct way

to determine the actual number of interacting molecules for a corresponding force measurement. [66]

One approach to overcome this problem is to compare results from AFM-based force spectroscopy

to thermodynamic measurements for the same systems obtained by another surface sensitivity tech-

nique. One example for a combined approach was presented from Thyparambil et al. and correlates

SPR spectroscopy data with the results of single molecule force spectroscopy. [67]

Models to analyze force spectroscopy results. As already mentioned, the application of an ex-

ternal force to a ‘complex’ drastically alters the energy profile of the unbinding process, consequently

SMFS measurements are performed in non-equilibrium conditions. The development of suitable mod-

els to extract information on the equilibrium properties from non-equilibrium conditions has required

large efforts.

Bell-Evans model:

The Bell-Evans model was the result of Evans’ adaptation of the work introduced by Bell in 1978 [57]

for SMFS. [58,68] This model originally postulated a proportional relationship between the rupture forces

of two cells to the natural logarithm of the loading rate rl during the retraction process. During a

single molecule force spectroscopy experiment, unbinding events are usually accessed over a range

of retraction velocities (loading rates). These obtained loading rates commonly vary between 1,000
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and 1,000,000 pN s-1. The most probable rupture force is determined from preparing a histogram of

all unbinding events at each measured loading rate. According to the Bell-Evans model, plotting the

most probable unbinding force against the correlating loading rate on a log scale is leading to a linear

connection. The associated slope corresponds to the width of the transition barrier, while the intercept

at the y-axis is related to the height of the energy barrier. [57,68] This is described from the following

Bell-Evans equation [58,68]

F (rl) =
kBT
xu

ln

(︃
rlxu

k0
off kBT

)︃
, (2.28)

where F (rl) is the most probable rupture force, kB the Boltzmann’s constant, T the absolute tempera-

ture, xu the width of the energy barrier, rl , the loading rate, and k0
off the off rate constant at zero force.

If k0
off can be determined, ∆Gads can be calculated using following equation: [58]

∆Gads = −kBTln

(︃
k0

off h
kBT

)︃
, (2.29)

where h is Plank’s constant.

Notably, the Bell-Evans model is based on a series of commonly accepted assumptions, summarized

by Bizzarri and Cannistraro: [27] (i) the loading rate within a measurement is constant, and the force is

proportional to time, i.e. F = rl · t , (ii) a single couple of interaction partners is investigated during

the measurements; (iii) the time needed for the rupture event is longer than the diffusion-based relax-

ation time and potential rebinding processes are neglected, and (iv) the pulling coordinate is implicitly

assumed to coincide with the reaction coordinate.

The phenomenological model proposd by Bell and Evans has been successfully applied to describe the

interconnection between the unbinding force and the loading rate for several examples. One example

from our group can be found in figure 2.7. However, the observation of some contradictory results

triggered modifications and further developments. [69,70]

Dudko-Hummer-Szabo model:

Szabo and co-workers modified the Bell-Evans model combining a stochastic model of a spring [70] and

additionally Kramers’ theory of diffusion [64,65] to determine kinetic constants. They further extended

the proposed model by inserting an exponential constant of 1/2 leading to a ’cusp-like’ approach to

approximate kinetic parameters such as k0
off and xu. [71]

The assumption within Bell-Evans model of a proportional relation between the unbinding force and the

log of the loading rate was found to be an oversimplification; [71] While this phenomenological approxi-

mation is valid for∆Gads → ∞, the unbinding process for realistic ∆Gads values can be described more

appropriately via Kramer’s theory of diffusive barrier crossing. The extension of the Bell-Evans model

to the Dudko-Hummer-Szabo model using Kramer’s theory leads to more reliable kinetic and ther-
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modynamic parameters. [70–72] Furthermore, Dudko considered the integration of the linker molecules

thethering the analyte to the cantilever’s tip in the loading rate calculation. [72]

Friddle-Noy-De Yoreo model:

As stated before, the Bell and Evans model assumes rebinding between the two interaction partners

is negligible during the measurements. However, during measurements performed at sufficiently slow

loading rates (in near-equilibrium conditions) relaxations are possible and rebindings might occur and

hence the unbinding force becomes almost independent on the loading rate. [57]

By challenging this assumption, Friddle, Noy and deYoreo were able to elucidate the reasons for some

misleading results obtained by dynamic force spectroscopy experiments using AFM including energy

barrier widths of orders of magnitudes less than 1 Å.

In the Friddle-Noy-De Yoreo interpretation, a system of two entities moving away from each other under

an external driving force undergoes two stages: an equilibrium stage associated with lower loading

rates in which the molecules can rebind, and another stage with higher pulling velocities in which

molecules unbind irreversibly. The equilibrium phase is corresponding to a very shallow slope and the

kinetic phase with a steeper slope, in the force F over log rl plot. The force at which the dissociation

rate and the association rate cross is given by the equilibrium equation:

Feq =
√︁

2keff∆Gads , (2.30)

where keff is the effective spring constant of the cantilever and the tethered biomolecules and ∆Gads

the height of the activation barrier. Feq is the equilibrium force for the bond-transducer system and is

approximated via,

Feq
∼= Feq + Fβln

(︃
1 +

rl · e−γ

koff (Feq) · Fβ

)︃
, (2.31)

where Feq is the equilibrium force for the bond-transducer system, Fβ is the thermal force , γ is Euler’s

constant, koff (Feq) is the dissociation rate at the equilibrium force. The thermal force Fβ is correlated

with the distance between bound state and transition state xu via:

Fβ =
kbT
xu

, (2.32)

where kB is the Boltzmann constant and T the temperature.
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Applications and examples SMFS can be used for instance for the detection of solvated analytes

in sub-nM concentration. In our group we are developing a series of strategies based on AFM Force

Spectroscopy to detect the presence of polypeptides, nucleic acids, organic molecules (adenosine,

cocaine) or inorganic ions in aqueous solutions. For instance AFM tips can be functionalized with

single-stranded oligonucleotides with sequences engineered to display very large affinities towards

Hg2+ ions. In this case the measured adhesion forces between the functionalized tips and generally

passive substrates (graphite here) change when in the presence of absence of the molecules of interest

due to a concentration dependent hairpin formation (cf. figure 2.7). With this method we are able to

detect Hg2+ in concentrations as low as 100 pM or even less. [73]

Figure 2.7: Example for single molecule force spectroscopy: Aptasensor for highly sensitive detection of mercury
ions. a) illustration of force and distance change after adding different concentrations of Hg2+. b)
The effect of loading rate on the peeling force between the aptamer and graphite in water and 1 µM
Hg2+, respectively. Fitted with the Bell-Evans model.
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2.2.2 Fluorescence spectroscopy

Fluorescence spectroscopy is a techniques widely applied, based on the interaction of light with mat-

ter. IUPAC defined fluorescence as a form of "Luminescence which occurs essentially only during

the irradiation of a substance by electromagnetic radiation" [74] with luminesence being described as

"Spontaneous emission of radiation from an electronically or vibrationally excited species not in thermal

equilibrium with its environment". [75]

Within this thesis we will use fluorescence spectroscopy in the context of a binding assay to character-

ize the binding affinity (cf. section 4.2). Here we want to highlight the fundamental principles, while the

details of the adapted assay for the abiotic/biotic interface can be found in Chapter 4.

Light is an electromagnetic wave. Therefore, it consists of an electric and magnetic field contribu-

tion, which are perpendicular to each other as well as to the propagation direction. According to the

wave-particle duality concept, light may be partly described in terms not only of particles, but also of

waves. Following the particle charateristics, photons carry energy portions (E), which are dependent

on the frequency of the light. [76,77] The relation between the velocity of light c, the frequency ν and the

wavelength λ can be described by the following equation:

c = ν · λ . (2.33)

Hence, the energy of light depends on the wavelength via:

E = h · ν = h
c
λ

, (2.34)

where h is the Planck constant.

The brightness or intensity of the light is determined by the amplitude of the wave and provides informa-

tion about the strength of the electric or magnetic field. The total energy of a molecule is composed of

the rotational and vibrational energies of an atomic nucleus and the electrical and magnetic properties

of the electrons surrounding it. [76]

At room temperature, the thermal energy is very low and does not affect the behavior of the electrons

(ground state S0, cf. Figure 2.8). However, if energy is introduced into a system by light radiation, the

electrons can be excited and by photon absorption the molecule can be put into another state [76,77] If

such a ray of light passes through the atom or molecule, both the positive nucleus and the negatively

charged electron cloud are touched by the two fields and begin to vibrate. Upon photon adsorption, an

electron can be lifted into a higher orbital, which corresponds to an electronic transition. Depending on

the magnitude of excitation, a transition to a higher vibration level takes place (within the ground state)

or a jump into an excited state of the valence electrons, chemical bond or non-bonding orbital.

The transitions between states are visualized as vertical lines in Figure 2.8 illustrating the instantaneous

nature of light absorption. Transitions occur on timescales of about 10-15 s, a time too short for heavy
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Figure 2.8: Fluorescence fundamentals. a) Jablonski diagram displaying the energy states of a molecule. b)
The spectral characteristics related to the adsorption and emission of a molecule can be related to
the size of the energy steps needed to bring a molecule from from one energy level to the other
corresponding to the adsorption and emission spectra. Each vertical line aligns the spectra with the
energy adsorbed or emitted photons. Note that in the overlap region of the two spectra some photon
are adsorbed when the vibrational level is not corresponding to the ground state and the symmetry
associated with the similarity in the transitions in vibrational states S0 and S1. c) the time scales on
which transitions take place. Reprinted by permission from Springer nature [78], copyright 2005.
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nuclei to experience motion (Franck-Condon principle), while the electron cloud follows the fields and

their frequency. [79]

If the incident photon has the same energy as the difference between the states, the atom is put into an

excited state (S1, S2, ...). [76,77] This energy is either emitted again, and the atom returns to its original

state, or the excited state is maintained as long as it leads to an energetically favorable state in the

molecule, or new bond rearrangements take place within the molecule. [76]

During fluorescence these electrons move to the lowest levels of the excited vibrational states dissi-

pating part of the energy absorbed during excitation. This process is described as internal conversion.

Fluorescence emission occurs when these electrons (in the lowest vibrational levels of the excited

state) move again to the ground state. Thus, each transition occurs at a certain wavelength associated

with the transition energy E. Within fluorescence spectroscopy the structure of the different vibrational

levels in molecules is determined based on the detection of the frequencies of light emitted. A fluo-

rescence spectrum is defined by the contribution of rotational and vibrational energy, associated with

the molecular rotation and periodic displacement out of the equilibrium position and shows a maximum

corresponding to the emission transition. In this brief overview we do not acknowledge a number of

additional interactions such as quenching, energy transfer, and solvent interactions. [79]

Fluorescence spectroscopy is a powerful technique for the characterization of interactions involving

biological entities. This is due to intrinsic fluorescence properties possessed by aromatic compounds

such as amino acids (phenylalanine, tyrosine and tryptophan). Other approaches include the usage

of fluorescence dyes, which are synthesized compounds that have some degree of conjugated double

bonds and are attached to the compound of interest or equipped with a binding affinity towards this

compound. [78]

Within our binding assay we want to investigated the interface between ZnO and our binding peptides,

therefore we apply confocal laser scanning microscopy (CLSM). CLSM [80,81] is an optical sectioning

technique used to obtain images of different focal planes with a high axial resolution and thereby

facilitating three dimensional imaging. In a normal wide-field fluorescence microscope, the total volume

of the specimen is uniformly and simultaneously illuminated and fluorescence emissions are collected.

This can also result in out-of-focus blur from above and below the specimen which can have adverse

effects on the contrast, with low signal to noise ratio and high background fluorescence. In a confocal

laser scanning microscope, these artifacts are eliminated by a pinhole (small aperture). As a result,

only the part of specimen which is in focus with both illumination and detection pinholes is observed. [82]

Parameters which are affecting confocal laser scanning microscopy include numerical aperture (NA)

and the pinhole size. Optical sectioning methods via confocal laser scanning microscopy have been

used, for instance, for immunoassays [83] and receptor ligand interaction studies [84].
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2.3 Interfacial structure determination

The understanding of the hypothesized interplay between the primary structure and the conformational

ensemble of peptides at the interface might be crucial for predicting and designing materials-binding

sequences with tailored interfacial properties. [85,86] While many inorganic binding peptides have been

identified from phage display and other experiments (cf. section 3.2), the relationship between the

peptide sequence, structure, and functional properties at the interface have not been identified yet.

The conformation of biomolecules at the interface is commonly accessed via spectroscopic approaches

including chiroptical spectroscopy techniques and nuclear magnetic resonance (NMR). NMR is in fact

one of the few techniques that has been successfully applied to elucidate the nature of surface/peptide

binding sites in the case of ZnO-binding peptides. [87]

Other approaches include for instance Fourier-transform infrared spectroscopy (FTIR) measurements.

This method is capable of delivering information about the dominant secondary structure elements via

analysis especially of the Amide-I band. [88–91] both in solution and adsorbed in deuterated solvents.

Within this thesis we will focus on the characterization of the peptide/surfaces through a chiroptical

technique. Chiroptical spectroscopy employs the differential response of chiral objects to circularly

polarized electromagnetic radiation. This sensitivity towards chiral molecules makes it an interesting

technique for the characterization of abiotic/biotic interfaces, since nearly all biomolecules and natural

products are chiral as well as the majority of drugs. [92]

Circular dichoism associated with electronic transitions (ECD, hereafter named CD) is according to

Berova et al. currently the most frequently applied technique within the chiroptical methods. It was

discovered in the mid-nineteenth century and since the 1960s a commercial instrumentation is avail-

able. [92]

A fundamental understanding of peptide-surface interaction is absent mainly because very few direct

experimental methods are able to determine the atomistic details of peptide/materials interfaces. In this

context, atomistic simulations could be of great help, however, their predictive power heavily relies on

both the precise knowledge of the physical and chemical surface features and the quantitatively accu-

rate parametrization of the potentials employed to describe the interactions at the hybrid bio-inorganic

interfaces. Therefore, whereas the use of only experiments or only simulations would probably not be

able to thoroughly address the origin of materials biorecognition, we believe that their mutual combi-

nation will lead to a great step forward in this field. In particular, all-atom molecular dynamics (MD)

simulations are able to complement the accessible indirect experimental information (e.g. the bind-

ing free energy and the adhesion forces between surfaces and peptides, or the relative amount of

secondary structure elements in dissolved or adsorbed peptides) with precise structural details.
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2.3.1 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is used for the charaterization of optically active substances, chri-

ral moleucles, due to their different adsorption of circular left and right polarized light. [93] This different

adsorption behavior of chiral molecules is attributed to different refractive indices for the two sources

of light leading to different travels at different speeds through the solution of chiral molecules and are

adsorbed to different extents at each energy. It is a widely-used method for identifying and quantitat-

ing secondary structures of biomolecules in liquid environments applying empirical methods based on

databases derived from biomolecules with both accessible CD spectra and crystal structures [94].

Experimental setup The concept of spectroscopy is based on the basic principle of electromagnetic

radiation of certain wavelength and intensity interacting with the examined sample. Upon interaction

the light can be absorbed, scattered or emitted. The electrical and magnetic components are each

represented by field vectors and are perpendicular to each other as well as to the propagation direction

of the electromagnetic wave. In natural light, all directions are existing equally distributed, in linearly

polarized light the vectors appear in one direction only, and in circularly polarized vectors, the field

vectors describe a spiral orbit around the direction of propagation [76,77,95,96]

The simplest form of spectroscopy is the measurement of absorption. Lambert-Beer’s law correlates

the molecular process of the interaction of light and matter in terms of wavelengths (equation 2.35).

Prerequisites are the homogeneous distribution of the substance in solution, which does not scatter

light and does not cause any photo reactions in the solution:

A = log10

(︃
I0
I

)︃
= ε · c · l . (2.35)

The logarithm of the ratio of incoming (I0) and outgoing intensity (I) can be calculated using the path-

length l in cm, the concentration in mol l-1 and the molar extinction coefficient ε in M-1 cm-1. [76,77]

In a CD spectroscope, non-polarized light is generated by a xenon arc lamp and in a first step linearly

polarized and then circularly polarized with the aid of a high-frequency alternating electric field. Linearly

polarized light is characterized by possessing only one orientation of the waves, for this purpose, a

filter is used, which leaves only the particular desired orientation. The photoelastic modulator (PEM)

is a piezoelectric element: a quartz glass block (a Fresnel rhombohedron) to which a thin plate of

isotropic material is attached. [97,98] Under tension, the element vibrates and induces the property of

birefringence in quartz glass. The alternating load leads to the two linearly polarized light waves, which

offset by one quarter of the wavelength to each other and are perpendicular to each other, creates

a circularly polarized light beam. [99] The PEM alternately generates a left-handed and a right-handed

circularly polarized light beam, each with the same wavelength and amplitude.

These rays interact with the sample. The speed of light in the sample changes and one polarization

component delays relative to the other. [99] The delay of one of the components by the optically active
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substance (sample) leads to a rotation of the polarization plane. This rotation is proportional to layer

thickness and concentration.

Additionally, CD exploits the respective absorption of the left and right circular polarized component,

wherein the light waves are absorbed in different amounts. The non-absorbed photons are detected

by a detector. The differential shift of light waves by absorption in the sample is reported as ellipticity

Θ, equation 2.37, where the molar absorption coefficient from the Lambert-Beer law is divided into two

mathematical terms:

A = (εL − εR) · c · l . (2.36)

Since the individual components of the light have no longer the same contribution after passing through

the sample, an elliptical distortion of the light waves is created. Depending on which of the components

has a greater deflection, the rotation of the ellipse about the axis of propagation changes with the angle

α. The tangent of the deviation of the amplitudes from before to after gives the degree of ellipticity

tanΘ = b/a, where b - small and a - big half-axis. After conversion to radians, the following relationship

is found: [93,99]

Θ = 32.98 ·∆A . (2.37)

Under the notion of the incident light beam diffracted by a filter into a linearly polarized beam and

the assumption of a second filter behind the sample cell, the effect of ellipticity is described. If the

second filter is arranged in the same way as the first one, all light falls on the detector unhindered.

However, if the second filter is rotated exactly perpendicular to the first, no light will arrive at the de-

tector. If an optically active substance is located between the filters, the necessary angle of rotation

changes in order to prevent light from reaching the detector. This rotation angle is specific for the sub-

stances. [76,95,96] The so-called Cotton effect, i.e. the CD signal, is thus the difference of the ellipticity

of the left- and right-circularly polarized light beam. [77,95,96] Simultaneously, the CD spectroscope can

measure the absorption values over the wavelength range, allowing the determination of the concen-

tration via Lambert-Beer’s law. Furthermore, the transmission and the voltage are recorded. A negative

CD signal occurs when the absorption value of the left light beam is smaller than that of the right. [93]

Circular dichroism of peptides and proteins. At the same time, the atoms in the peptide bond

take up certain angles of rotation, so that they lie in a fixed plane and represent an optically active

chromophore. [93] Groups like >C=C< (λmax : 175 nm) and >C=O (λmax : 280 nm, 190 nm) are called

chromphores since they are responsible for the colors of organic compounds.

The electrons of these compounds are energetically easily excited and transit to a higher energy level.

These transitions are visible in the CD spectroscopy, if at least one chiral chromophor is excited by

changes in the magnetic and electric dipole moment. [100]
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Figure 2.9: a) The electric dipole transition moment of the amide π → π∗ transition (µπ→π∗ ) and the magnetic
dipole transition moment of the amide n → π∗ transition (mπ→π∗ ) modified from Woody with per-
mission. [93] Illustration of the two connected dihedral angles for the peptide backbone; Φ (defined by
the C’-N-Ca-C dihedral), and Ψ (defined by the N-Ca-C-N’ dihedral). b) circular dichroism reference
spectra for secondary structure elements. Redrawn from Brahms and Brahms [103] with permission.

Upon excitation, a chiral center differently picks up left- and right-circular-polarized light, and the Cotton

effect described above arises. [99] The excitation of different structural elements leads to characteristic

CD spectra. [99] Two enantiomers always show the same Cotton effect with opposite sign. Since the

spectra are strongly related to their conformation, this instrument can be used to study the structure

of biomolecules and to reveal conformational changes. However, it needs be considered that this

technique accesses the conformational ensemble (macrostate) of the system and can not elucidate

the configuration of individual molecules. [99]

For the investigation of peptides commonly a wavelength range between 180 nm to 250 nm is used,

which is the far-ultraviolet (UV) range. The measured CD signal are dominated below 230 nm by the

excitation in the amide bond, which is characterized by a large transition dipole moment. In the wave-

length range of 250 nm and 320 nm the aromatic amino acids are excited (phenylalanine: 250-270 nm;

tyrosine: 270-290 nm; and tryptophan: 280-300 nm). Additionally, di-sulfide bridges can contribute

to the CD signal around 250 nm. [101,102]Additionally, the wavelength range in the so-called near-UV

can provide information about the tertiary structures of proteins. [99] Possible electron transitions during

energy absorption are shown in Figure 2.9.

Within the peptide bond, several orbitals overlay. A σ-binding between the atoms is created by the

overlapping of the sp2-orbitals, while π and π∗ bonds are created by the overlapping of the p-orbitals

of free electron pairs at the carbon atom.

The two other electrons are unbound on the oxygen atom and have an energy similar to the hydrogen
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atom. This results in a potential → π∗ transition [93] Multiple bonds hinder the possibility of rotation

about the binding axes.

The n → π∗ transition is related to wavelengths of around 222 nm and causes a strong CD signal upon

excitation along the nitrogen-carbon bond. [76,93] The n → σ∗ transition takes place perpendicular to the

C=O bond via an electronic dipole-transition in the plane of the carbonyl group. This tranistion is chara-

terized by an intermediate adsorption coefficient in the wavelenght region from 180 nm to 200 nm. [76,93]

The π → π∗ transition occurs along the C = O bond and creates a splitted CD response. [76,93] The

optical activity can not only take place within the chromophore, but is also induced by neighboring

compounds. [97]

In the following we will introduce the most common secondary structures found in proteins and peptides

and the associated transitions. Secondary structures are characterized by two connected dihedral

angles for the peptide backbone; Φ (defined by the C’-N-Ca-C dihedral), and Ψ (defined by the N-Ca-C-

N’ dihedral) (cf. Figure 2.9a)). This two backbone dihedrals can also be used to visualize preferentially

occupied regions for backbone dihedral angles Φ against Ψ of amino acid residues in a so-called

Ramachandran plot (cf. Figure A.3b)). [104]

α-helix: A so-called right-handed α-helix is created, if hydrogen bridging between the C-O group of

nth peptide unit and the (n+4)th N-H group as well as between the N-H group and the (n-4)th C-O

group. Between successive peptide units a 1.5 Å translation and a 100◦ rotation are observed leading

to 3.6 amino acids per rotation. [76,93] The CD spectra of an α-helical structure are characterized by two

separated minima at 222 nm and 208 nm. ε is around 100 mol1 dm3 cm1 and consists of a n → π∗

transition corresponding to an excitation of the carbonyl group in the peptide backbone (222 nm), as

well as a π → π∗ transition (208 nm). [76,93] These transitions are not associated with an electronic

dipole moment in the individual chromophores, but due to excitation of the neighboring groups. [76] The

maximum occuring at 192 nm with an ε of 7000 mol1 dm3 cm1 corresponds to the double bond of the

carbonyl-group [97] The obtained CD spectra are sensitive to the length of the α-helical structure, with

an increasing number of residues the intensities increase with an associated blue shift. [76]

β-sheet: If hydrogen bridges occur between parallel strands, so-called β-sheets form. Because these

structures are more difficult to disperse in solvents that have good UV transmission and they are dis-

persible in length, direction and plane (the leaflet is not completely in a plane, but has a concertina-like

shape), it is much more difficult to clearly interpret a CD signal. A general characteristic is a minimum

asociated with an n → π∗ transition appearing at 216 nm, a shoulder around 212 nm and a maximum

at 195 nm (π → π∗). [76] If these compounds now occur between two individual strands, so-called

β-hairpins can be observed. These can consist of parallel or anti-parallel strands. Typically, in a hair-

pin structure with strains, the nth and (n+3)th peptide units combine. The structures are less explored

and therefore difficult to distinguish from other spectra. A weak minimum at 225 nm connected with a

n → π∗ transition, a strong maximum between 200 nm and 205 nm connected with a π → π∗ transi-

tion and a instense minimum between 180 nm and 190 nm are charateristic for these structures. [76]
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Coil: This structure is also called ‘disordered conformation’ and summarizes all structures that can not

be classified in one of the above categories. Although not regular, these structures also have a defined

arrangement. These regions allow a greater flexibility of the protein to bind ions and other molecules.

The structures of the coil usually have a pronounced minimum at 195 nm and a maximum at 212 nm. It

must be differentiated between coil and random coil. [94] For a description of the spectra, the properties

of the polyproline II helix are often used. This has a minimum in the CD signal at 200 nm, and a weak

maximum at 218 nm. [94]

In a peptide, the different conformation components coexist within the macrostate. To investigate the

conformation of the peptide, the spectra can be represented by the combination of the respective

structures of pure conformations.

In order to be able to compare several peptides with each other, independently of concentration and

length of the sequences, equations 2.36 and 2.37 can be combined and normalized to the number of

amino acids N, expressing the mean residual ellipticity as:

ΘMRE =
100 · θ

N · c · l
, (2.38)

where l is the pathlength of the cuvette.

Determination of the secondary structure from CD spectra. Quantitative analysis of CD spectra

enables the determination of the protein secondary structure compounds. All methods of analyzing

CD spectra with regard to the secondary structure composition are based on the assumption that the

spectrum of a protein can be represented by a linear combination of the spectra of secondary structural

elements and a additional noise term: [99]

θλ = ∑ ϵiSλi + noise (2.39)

where θλ is the CD signal of the protein as a function of wavelength λ; ϵi is the fraction of each

secondary structure, i; and Sλi is the ellipticity at each wavelength of each i secondary structural

element. In constrained fits, the sum of all the fractional weights must be equal to one, and all of the

fractional contributions must be greater than or equal to zero.

In the past decades, numerous algorithms have been developed for the determination of the the sec-

ondary structure from CD spectra. These algorithms are based on ridge regression, [106] variable se-

lection, [107] singular value decomposition, [108] selfconsistent methods [109] and neural networks [110,111]

based on standardized, scaled, and calibrated reference spectra. [99,112] Validated reference spec-

tra are nowadays available and collected in a publicly accessible Protein Circular Dichroism Data

Bank (PCDDB). [113] However, the most populated SP175 reference dataset [114] currently available
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Figure 2.10: Approach and basis spectra according to BeStSel. a) Definition of twisting angles for anti-parallel
and parallel β- sheets. Extended basis spectra set within the BeStSel server: b) Basis spectra for
helix1, helix2, turn, and others c) Optimized basis spectra of the β-sheet components of BeStSel.
Redrawn from [105].

is not covering the conformational space compared with the structures available in Protein Data Bank

(PDB). [105,115]

The structural diversity can be recognized from different length, extent, direction, and degree of twist

and distortion of the β-sheets and the orientation of neighboring β-strands, i.e., the anti-parallel and

parallel nature. Consequently, the prediction of α/β-mixed and β-sheet-rich proteins was found to be

difficult and biased due to their spectral variety and lower spectral amplitudes including for instance

membrane proteins, protein aggregates, and amyloid fibrils. [105] This problem is related to the spectral

diversity of β-structures, which has been considered as an intrinsic limitation of the technique. [105]

Micsonai et al. investigated the β-structures of some β-sheet-rich proteins and revealed that orientation

and twist of the β-sheets have a significant influence on the observed spectral features. Hence, they

introduced a method called β-structure selection (BeStSel) for the secondary structure estimation that

takes into account the twist of β-structures. [105] The description of the twist considered in BeStSel

and the obtained /reference data set can be found in Figure 2.10. Within this thesis we will focus on

the BeStSel approach, since we could proof in a recent publication the higher suitability and reduced

errors in comparison to other approaches for short peptides obtained from phage display (for silica

surfaces). [116]
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2.3.2 Calculation of circular dichroism spectra

In the following we want to introduce one method, which allows the calculation of CD spectra for

each microstate produced from Molecular Dynamics simulation and/or enhanced sampling methods.

However, for small oligopeptides which are characterized by a broad and shallow folding/unfolding

energy landscape it is important to consider the conformational ensemble and its statistics to calculate

a CD spectrum, which is associated with the macrostate.

Calculation of CD spectra using the matrix method. The following chapter follows closely the

explanation given in the publication of Bulheller et al.. [95] In the matrix method, the peptide is divided

into M independent chromophores, with a monomer wave function ϕis for each chromophoric group

i and electronic state s. The peptide’s kth excited state wavefunction, ψk , can be written in a first

approximation as a linear combination of electronic configurations, ϕia, in which only one chromophoric

group i is in an excited state a, while the other groups are in the ground state, 0. Thus, ϕia can be

written as follows;

ϕia = ϕ10 ... ϕia ... ϕj0 ... ϕM0 , (2.40)

where ϕia is the wave function of chromophore i after the transition 0 → a, and

ψk = ck
iaϕia . (2.41)

The ground state of the peptide can be described similarly,

ψ0 = ϕ10 ... ϕi0 ... ϕj0 ... ϕM0 . (2.42)

Each transition in the peptide CD spectrum is characterized by an energy and a rotational strength,

and is related to the experimental intensity. Hence, for calculation of CD spectra, the wave functions

ψk for each electronic excited state k occurring in the spectral region of interest for the peptide is

needed. The result of such a calculation is simply an intensity and a wavelength of each transition.

The first summation is over the M chromophores; the second is over the ni electronic excitations of

each individual chromophore i , and ck
ia are expansion coefficients, which have to be determined. The

electronic excited states ψk of the peptide and their corresponding energies can be calculated by

solving the Schrödinger equation;

Hψk = Ek ψk . (2.43)

To solve the Schrödinger equation the construction of the Hamiltonian, H, is needed first, which de-

scribes the dynamic properties of the system. The Hamiltonian of a local chromophore, i , is denoted
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as Hi . The Hamiltonian of the M independent chromophores is the sum of these local chromophore

Hamiltonians. In case these chromophores are allowed to interact, the Hamiltonian of the peptide is

the sum of all local Hamiltonians, Hi , for each chromophore plus the sum of all intergroup potentials,

V̂ ij , of the entire molecule;

H =
M

∑
i=1

Hi⏞ ⏟⏟ ⏞
H0

+
M−1

∑
i=1

M

∑
j=i+1

V̂ ij⏞ ⏟⏟ ⏞
V̂

. (2.44)

A combination of the previous equations leads to an equation including the wave functions and the

coefficients ck
(i ,a) of the chromophores. A convenient conversion into a matrix formalism allows for the

calculation of the energy (the eigenvalues) and the wave functions by solving an eigenvalue problem

through matrix diagonalization. The Hamiltonian matrix is diagonalized by a unitary transformation

using the matrix U;

U−1HU = Hdiag . (2.45)

The diagonal elements, the eigenvalues, of the resulting diagonal matrix correspond to the transition

energies of the interacting system and the eigenvectors, ck
i ,a, form the unitary matrix U. These are

the excited state energies, since the ground state is set to be zero. This allows for the calculation of

the electric and magnetic transition dipole moments of the excitation from the ground state to the kth

excited state. The transition dipole moments of the non-interacting chromophores, which are denoted

µ⃗0
a and m⃗0

a, can be transformed to the interacting system using the unitary matrix:

µ⃗i = ∑
a

Uai µ⃗
0
a m⃗i = ∑

a
Uaim⃗

0
a . (2.46)

From these transition dipole moments, the rotational strengths in the interacting system can be cal-

culated. However, this approach is dependent on the knowledge of values for the elements of the

Hamiltonian matrix. Thus, wave functions and intergroup potentials for the independent chromophores

are required. The diagonal elements of the matrix correspond to the transition energies for each tran-

sition of each chromophore and the off-diagonal elements, Vij , correspond to the interaction energies

between different transitions. These interactions are the cause for the dependency of CD spectra of

peptides on their secondary structure. For the transitions 0 → a on group i and 0 → b on group j , the

matrix element, Vij , has the form:

Vi0a;j0b =
∫︂

i

∫︂
j
ϕi0ϕiaV̂ ij ϕj0ϕjbdτidτj . (2.47)
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In case the interaction between the chromophores i and j is considered as an electrostatic interaction

between two charge densities ρ with a separation distance r , the former equation can be rewritten

using V̂ ij = 1/4πε0rij ;

Vi0a;j0b =
∫︂

ri

∫︂
rj

ρia0(ri)ρj0b(rj)

4πε0rij
dτidτj , (2.48)

where ρia0(ri) and ρj0b(rj) represent the transition electron densities on the chromophores i and j

respectively, ε0 is the vacuum permittivity and rij corresponds to the separation distance between the

two chromophores.

While these matrix elements could be determined from the wave functions of each monomer using

the integral evaluation routines implemented in many quantum chemical packages, an approximation

is applied to make the calculations manageable. Using the monopole-monopole approximation, the

permanent and transition densities are approximated by point charges and the integrals are organized

as a sum of the Coulomb interactions of these monopoles: [117]

Vi0a;j0b =
Ns

∑
s=1

Nt

∑
t=1

qsqt

rst
, (2.49)

where qs and qt are the point charges on chromophores i and j , and Ns and Nt corresponds to the num-

ber of these charges on the chromophores respectively. Consequently, the matrix method calculations

are based on the magnitudes and locations of the monopoles [118,119]. These reflect the orientation and

magnitudes of the transition moments, which are crucial to derive the inter-chromophore interactions.

Since the CD calculation depends only on these monopoles and their distance and orientation to each

other, no preceding definitions of the secondary structural contributions are required.

In recent developments [120], the vibronic structure in the near-UV electronic circular dichroism spectra

of peptides has been incorporated. The incorporation of vibrational structure is within the harmonic

approximation. Five vibrational states are considered, and the energy spacing between these vibra-

tional states is derived from the vibrational frequencies of the relevant mode obtained from ab initio

calculations. The interactions between transitions are modified by a multiplication of the monopole

charges by the Franck-Condon overlap integral, fv . It is assumed that there is no interaction between

the vibrational levels of the same chromophore. The Franck-Condon overlap integral of the n → π∗

transition was taken as unity.

Vi0a;j0b =
Ns

∑
s=1

Nt

∑
t=1

qsqt fafb
rst

. (2.50)

The computation requires solely the coordinates of the atoms and the positions of the chromophores

in the peptide. Each chromophore is parameterized by a set of monopoles describing the electro-

static potential and for every group in the peptide the respective set of monopoles is superposed on
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Figure 2.11: Electronic tranitions of the amide goup in the far-UV region. The molecular orbitals visualized are
the bonding, non-bonding and antibonding π orbitals (πb, πnb and π∗) and two lone pairs on the
oxygen atom (n and n’) Adapted from [95] with permission from the PCCP Owner Societies.
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the chromophore’s atoms. Two parameter sets for matrix method calculations are available in Dichro-

Calc, an ab initio derived set, [121] and the semi-empirical set of Woody and Sreerama. [122] Since the

performed analysis is using the ab inito parameter set, the following description will focus on this pa-

rameter set. For the amide chromophore N-methylacetamide (NMA) was used as a model compound

for the parametrization. [121] The electronic spectrum of NMA in solution was calculated, implementing

the complete-active space self-consistent-field method within a self-consistent reaction field (CASS-

CF/SCRF), [123–126] combined with multi-configurational second-order perturbation theory (CASPT2-

RF). [123,126] Monopoles for a given state were determined by fitting their electrostatic potential to re-

produce the ab initio electrostatic potential for that state so a minimization least-squares deviation is

achieved. The ab initio parameter set [121] consists of 32 monopoles for the amide n → π∗ transition

all at a distance of 0.1 Å from the C, N, O and H and 20 monopoles for the π → π∗ transition, with one

charge situated at each atom center and four around each atom center at a distance of 0.05 Å (Figure

2.11). Additionally, two higher energy transitions at 129 nm and 123 nm were also parametrized.

Taking into account the charge-transfer between adjacent groups, chromophores spanning two pep-

tide bonds need to be parametrized. The calculations were carried out ab initio on NMA in different

conformations. For each chromophore, four transitions have to be taken into account. The considered

charge-transfer from peptide group 1 to 2 are n1 → π∗
2 , nnb1 → π∗

2 , n2 → π∗
1 and nnb2 → π∗

1 vice

versa. Every charge-transfer transition is described by 64 monopoles, which are located around the

positions of the C, N, O, and H atoms of the peptide bond. The construction of the off-diagonal ele-

ments for the charge-transfer transitions is more complicated than for the case of local transitions only,

since, additionally to the interactions between ground states and local excited states, charge-transfer

transitions may be localized on a single or on different dimers .

The amide group is the most important chromophore in peptide far-UV CD, nevertheless contribu-

tions from the side chains occur especially in the near-UV wavelength regions ranging from 250 nm to

350 nm [95]. The intensity changes related to this region are about two orders of magnitude lower than

in the far-UV in most cases, since usually only a few percent of the residues are aromatic groups. In

this case also an ab initio and a semi-empirical parameter set was tested, showing a more accurate

description of the valence electronic transitions of the side chain chromophores by applying ab initio

calculations. [127] Recently, the vibrational structures in the near-UV circular dichroism (CD) spectra of

proteins were taken into account. The Franck-Condon factors, which are the square of the overlap inte-

grals of the vibrational wave functions between the ground and the excited states, govern the intensity

distribution along the progression in the absorption spectrum.

For the calculation of a CD spectrum, interactions between all the different electronic excitations are

calculated, the Hamiltonian matrix is created and subsequently the rotational strengths are determined.

These values for the rotational strength of each transition create a line spectrum. However, in an exper-

imental spectrum, the transitions are broadened due to the uncertainty principle, unresolved vibronic

components and the interaction of the chromophore with its environment including other chromophores,

the solvent and potential surface interactions. Therefore, a convolution with a lineshape function is
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required due to the superposition of the shaped bands. According to Bulheller et al., the usage of

Gaussian line shapes leads to better results in comparison to Lorentzian curves. For this reason, the

CD spectra are created in DichroCalc by taking a Gaussian function of the following form: [128]

y = y0 · e−U2
0 with U0 =

λ − λ0

∆0
. (2.51)

The bandwidth or full width at half maximum height (fwhm) of this function is set in DichroCalc to a

single, fixed value of 12.5 nm. If not stated otherwise, all calculated CD spectra within this thesis are

based on the DichroCalc ab initio parameter set and four backbone transitions.

Recently, another ab initio set considering the vibrational structure of the πnb → π∗ transition has been

explicitly included. [120] The vibrational structure, which arises from the Franck Condon progression of

the πnb → π∗ transition, is one of the mechanisms that contributes to the band broadening in circular

dichroism spectra. For this vibrational contributions only two backbone electronic transitions were

considered; the πn → π∗ transition and charge transfer transitions were excluded. The calculated line

spectra including the vibrational structure are convoluted with Gaussian bands of a narrower bandwidth

of 10 nm to avoid double-counting.

Two important factors need to be noted regarding the usage of DichroCalc. Firstly, the calculations and

assumptions from DichroCalc (as for most of the structural and CD spectral descriptions in general) are

developed for proteins and do not take into account the flatter energy landscape of peptides, which,

regarding the structure, leads to a higher degree of freedom. Secondly, it has been shown that the

agreement between calculation and experiment for so-called β-II–type proteins is worse than for other

proteins, especially for the wavelength region between 190 nm and 210 nm. β-II-type proteins are

characterized by strands that are rather short or not aligned in a parallel manner but often twisted and

bent . The corresponding spectra show similarities with those of unfolded, random coil proteins. It

may be that conformational dynamics contribute to the unusual shape of the spectrum. According to

Bulheller et al., [95] the well-ordered, aligned sheets in β-I proteins and also the helices in α-helical

proteins induce a relatively rigid structure supported by main-chain hydrogen bonds. This framework

cannot be formed to the same extent in less ordered peptides such as β-II-type proteins, making them

more flexible.
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CHAPTER 3

IDENTIFYING ZINC OXIDE BINDING PEPTIDES

AND DETERMINING THEIR

CONFORMATIONAL ENSEMBLE

Within this chapter we focus on the identification of the primary and secondary structures of zinc oxide

binding peptides via a combinatorial biological protocol and on the characterization of their conforma-

tional ensemble.

The apparently simple question "what is the conformation of an oligopeptide?" is indeed very compli-

cated to answer, since the free energy landscape in the conformational phase space of oligopeptides

tends to be very flat. This corresponds to a huge variety of conformations, i.e. microstates, which

are coexisting at the same time, leading to a macroscopic state, in which the probability of occurrence

of each microstate is specified by Boltzmann statistics. Consequently, it is particularly challenging to

associate experimentally accessible macroscopic observables, such as the Circular dichroism (CD)

spectra of oligopeptides in solution or at the interface, with atomistic structural information.

Here we focus on the conformation of the identified zinc oxide binding peptides in different solutions

using a combined approach with (i) de novo secondary structure prediction server tools and (ii) exper-

imental circular dichroism spectroscopy including the analysis of secondary structural components via

the BeStSel approach. [1] To differentiate between secondary structure elements the far-UV spectral

region (170-190 nm), which requires the use of synchrotron light sources, can be very helpful. (iii) For

an atomistic understanding of the macrostate knowledge of the complete oligopeptide phase space

is necessary, which can be achieved through enhanced sampling MD techniques such as Replica

exchange with solute tempering (REST).
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

3.1 Introduction

Due to the mixed covalent and ionic binding character within zinc oxide, we will first highlight known

binding residues for divalent zinc ions from enzymes, before we shed light on the sequence of ZnO

binding peptides obtained by combinatorial biological protocols. This starting point is chosen with the

hypothesis that similar interactions and binding configuration found in enzymes could be relevant for

the interactions at the ZnO/peptide interface.

In nature Zn is one of the most frequently occuring divalent metal ions in living organisms, being an

essential nutritional component for the interaction with metabolic proteins and transcription factors. [2–4]

The binding sites for divalent zinc ions in proteins can be differentiated in a predominately catalytic or

structural role. Within the latter group important representatives are so-called zinc finger proteins. [5]

Laity et al defined zinc fingers as a small, functional domain, which requires the coordination of at least

one zinc ion to stabilize the folding structure. [6] Zinc fingers possess a widespread occurence in nature

and are coded from as much as 3 % of the coding human genome. [7] Considering the total number of

Zn interacting proteins the amount is even higher with 10 % of the human genome. [8]

The first identified classical zinc finger was discovered from biochemical studies regarding the inter-

action of the protein transcription factor IIIA with 5S RN. [9] The tetrahedral coordinated binding of the

Zn2+ ions was achieved by a pair of cysteine and a pair of histidine ligands (Figure 3.1). This arrange-

ment, which is characteristic for the Cys2His2 zinc fingers, is extended by a hydrophobic core within

the structure including the amino acids thyrosine, phenylalanine and leucine. [7] The conformation of

this domain is consisting of an anti-parallel β-sheet, in which the two cysteine moieties are arranged

and and α-helix which is including both of the histidine residues. [10] Individual zinc fingers consist of

approximately units of 30 amino acids, which are repeated within the protein. [10]

While Zn2+ in an aqueous environment is usually octahedrally coordinated with six water molecules with

bond distances between the zinc ion and the oxygen of the water ranging from 2.12-2.15 Å, it prefers a

tetrahedral coordination in zinc finger proteins and other enzymes, with some exceptions including

a 5-fold or 6-fold coordination. [5] According to Dudev and Lim the ratio between tetra/penta/hexa-

coordination for zinc finger proteins is 79 %:6 %:12 %, whereas the ratio for catalytic sites of other

proteins shows a similar amount of four and five-fold coordination, leaving only 6 % of hexacoordina-

tion. [5]

In comparison to other metal ions, Zn2+ prefers ‘softer’ ligands, therefore the binding sites within this

protein group consits commonly of histidine and/or cysteine residues, [11] which can both directly in-

teract with the Zn2+ ions. From the analysis of active site zinc ligands within enzymes using X-ray

crystallography, Vallee and Auld concluded already in 1990 that zinc forms complexes with imidizole

and thiol groups but additionally with carboxyl groups of histidine, cysteine and glutamic as well as as-

partic acids, respectively. [12] The cysteine side chains are considered to be deprotonated when bound

to the divalent zinc ion with bond distances between Zn-S(C) of 2.21-2.35 Å. [5]
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3.1 Introduction

Figure 3.1: Representative zinc coordination spheres in protein structures. From the left to right: NMR structure
of 31st zinc finger from Xenopus laevis zinc finger protein Xfin (PDB entry 1ZNF); crystal structure
of hexameric human insulin in T6 state (PDB entry 1MSO); crystal structure of tonin, a serine pro-
tease from the rat (PDB entry 1TON); D-hydantoinase from Thermus sp., a binuclear enzyme with
carboxylated lysine residue (Kcx; PDB entry 1GKP); and RNA polymerase II from Schizosaccha-
romyces pombe, the largest zinc containing X-ray structure with a molecular mass of 996.1 kDa
(PDB entry 3H0G). Wat = coordinated water molecule. Adapted with permission from [13]. Copyright
2013 American Chemical Society

The geometry and orientation of histidine in protein structures during interaction with positively charged

metal ions was found to lie in the imidiazole plane along the lone pair on the nitrogen atom. [14] The

electron affine Zn2+ ions act as Lewis acid binding sites for the nitrogen atoms of the imidazole ring of

histidine, which is the electron pair donor. [15] The bond distances within zinc finger proteins was found

to be Zn-N(histidine) 2.07-2.09 Å. [5] Histidine residues bound to the divalent zinc ion are frequently

coordinated with aspartic acid and glutamic acid residues in the second coordination sphere around

the ion.

The aspartic acid and glutamic acid residues can interact either directly or indirectly as second-shell

ligands with the divalent zinc ions stabilizing the metal ion binding. [11] The carboxylate side chains of

both residues can interact with Zn2+ via a monodentate or bidentate binding mode, with bond distances

ranging 1.8-2.0 Å and 2.1-2.4 Å, respectively. The zwitter ionic binding fashion, which is found in some

proteins, is leading to distances of 2.0 and 2.8 Å. [5] However, Dudev and Lim stated that the carboxy-

late coordination is mediated by other interactions within the complex with special emphasis on the

hydrogen bonding network within one shell and between inner and outer shells stabilizing the metal

binding site structure. [5] The amino acids serine and threonine can replace this stabilization function of

aspartic acid and glutamic acid in proteins. [5]

Besides the traditional setup for zinc fingers with an Cys2His2 configuration, other configurations are

found or engineered including for instance the presence of only cysteine residues (cf. figure 3.1)

Furthermore, the interactions of metal ions with special emphesis of Zn2+ was found to be sensitive to

pH and the dielectric properties of the solvent. [5,16,17]

In the following we will highlight some studies aiming at the complexation and coordination of single

amino acids or oligopeptides, not in a protein environment but in solution. Trzaskowski and co-workers

studied the interactions of Zn2+ ions with amino acid models and peptide fragments via Density func-

tional theory (DFT) calculations using simplified molecular models. [18] The highest affinities towards
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

the Zn2+ ion were identified for serine, cysteine, and histidine. For histidine a binding affinity in water

of -8.22 kcal mol-1 and for deprotonated cysteine residues of -16.37 kcal mol-1 were obtained. [18] In-

stead, Liao et al. simulated the coordinated bonding interaction energies between histidine and Zn2+

in water of -16.842 kcal mol-1 and a bond length of 1.95 Å via the polarizable continuum model. [19] It is

important to note that changes in the protonation states of histidine and cysteine within the simulation

of Trzaskowski and co-worker had a significant influence on the binding affinities and the coordination.

Daniel and Farrell extended the amino acid models to consider stabilization occurring from interactions

between the backbone amide N-H and S of the Zn2+ bound thiolate group. They found from natural

bond orbital (NBO) analysis of a Cys2His2 and a Cys3His complexes similar charges for the ligating

atoms (Figure 3.2a). [20] Differences can be found regarding the residence of the charge, for S a more

diffuse 3p orbital is found, while a compact 2p orbital for N is obtained. This difference has been

attributed to the repulsive force created between the thiolate ligands. The charge transferred from

the ligands to zinc, which correlates to the degree of covalency, is 0.5 e for the two complexes they

investigated, which are displayed in figure 3.2. The bonds in zinc complexes are found to be 80 % ionic

and 20 % covalent in character. [20,21] Daniel and Farrell identified from from natural population analysis

(NPA) that the majority of the charge accepted by the zinc moiety can be found in the 4s orbital. They

concluded that the predominant ionic character togehther with the spherical shape of the 4s orbital

allows for a flexible coordination sphere. [20]

Zhou et al. investigated the pH sensitivity of the interaction between histidine and the Zn2+ ion with a

combined approach of solid-state NMR spectroscopy and DFT calculations. They identified no direct

interaction under acidic conditions between them, while at pH 7.5 a favorable coordination of the Zn2+

ion could be found with two moieties interacting via the non-protonated N in the imidiazole ring, the

carboxy and amino group of each of the amino acids. At higher pH values (pH 11), this coordination

was kept under the formation of a hydrogen bonded with the neighboring water of the second now

deprotonated N. [16]

Furthermore, Trzaskowski et al. predicted relatively high affinities for proline and glutamic and aspartic

acid residues and a lower binding affinity of the peptide backbone model in comparison to water. [18]

Regarding the coordination of the Zn2+ ion, Cysteine prefers a tetrahedral conformation, while one or

two histidine moieties adopt an octahedral geometry. Upon increasing the binding partners to three or

more histidine residues, a square-planar geometry was found. [18]

Moreover, Mylonas and co-worker investigated the interactions between Zn2+ and three histidine con-

taining model 6mer peptides with two histidine residues of the proteine Histone H2A using potentiomet-

ric and 1H-NMR techniques. They observed the formation of slightly distorted octahedral complexes

consisting of the two imidazole rings and via the carboxylate oxygen of glutamic acid residues with the

peptides undergoing conformational rearrangements. In agreement with Laussac et al. they found the

complexes to be kinetically labile leading to coexisting equilibria with different donor sets as well as

distorted geometries or between coordinated and no-coordinated forms. [17,22]
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3.1 Introduction

Figure 3.2: a) Optimized structures of Cys2His2 and Cys3His models: the bond distances and charges obtained
by natural bond orbital (NBO) analysis on the metal and the ligating atoms are listed. b) identified
factors affecting coordination geometry of zinc in protein environment from left to right: orbital in-
teractions that contribute towards bonding in biological zinc complexes as well as non-bonded and
repulsive interactions that affecting the ligand arrangement. The hybridization schemes shown are
derived from natural electron configuration (NPA). Both images reproduced from [20] with permission
of The Royal Society of Chemistry.
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

3.2 Selection of zinc oxide binding peptides from phage display

The identification of the primary structure (amino acid sequence) of a peptide which possesses the

property to bind selectively and/or specifically to the substrate of interest is also commonly referred to

as genetically engineered polypeptides for inorganics (GEPI). [23]

Combinatorial biological protocols like for instance phage display (PD) as well as cell-surface display

(CSD), are versatile approaches applied to identify peptide sequences that can specifically bind to any

target material allowing for a faster, rational design. [23–26] Additionally, these display techniques enable

the identification of the genotype of the peptide that binds to the targeted material without a detailed

knowledge regarding the system. [23,27–29]

Using phages as a display host is the most commonly applied technique. [30] The filamentous bacterio-

phage M13 is the first phage used in a combinatorial biological protocol and still used most frequently

nowadays in research areas ranging from drug discovery to the identification of materials-specific bind-

ing peptides. [31,32] For this purpose, randomized peptide libraries with 109 variations of sequences en-

coding peptides of fixed lengths are inserted into the capsid genome of the phage. A peerless property

of these viruses is the direct relation of its genotype and its phenotype, therefore the chimeric peptides

are directly expressed on the surface of the coat protein pIII, which is displayed at one end of the bac-

teriophage (cf. Figure 3.3). Another outstanding property of the bacteriophages is their ability to infect

bacteria and replicate within them, which leads to their quick reproduction. [33,34]

Since the adaptation of phage display for the identification of specifically binding peptides to abiotic

materials, a huge variety of sequences for different materials could be identified. However, it has to be

noted that combinatorial biology protocols posses some drawbacks and biases associated with their

use. [23,28,35–37] Accordingly, the peptides identified might not be the strongest achievable binders for a

specific substrate.

3.2.1 Affinity selection by biopanning

For the identification of binding peptides with an affinity towards the mixed-terminated (101̄0) single-

crystalline ZnO surface, a random 12-mer peptide library expressed as fusion protein to the minor coat

protein pIII of M13 phages was used. This work was performed by Dirk Rothenstein and co-workers at

the University of Stuttgart.

The affinity selection is performed by a process known as biopanning (Figure 3.3a). Briefly, the phage

library and substrate are brought into contact and incubated in an appropriate solvent allowing the

phages displaying the chimeric peptides to bind to the substrate. In our case this will happen if the

displayed peptides have an affinity of the mixed-terminated (101̄0) side of hexagonal single-crystalline

ZnO. After the incubation time, unbound or weakly bound bacteriophages are removed by a washing

step with a suitable detergent-containing solution. The phages which are still bound to the target
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3.2 Selection of zinc oxide binding peptides from phage display

Figure 3.3: Overview of the biopanning procedure and the obtained results. a) schematic representation of the
steps included in the biopanning procedure, which are 1. Binding of the phages displaying different
peptides 2. Elimination of non-bond or weakly bond phage through washing steps and 3. Elution
and collection of strongly bond phages, 4. DNA sequencing of these phages which reveals the
peptide sequences. b) Representation of the sequences bound to the polar (0001)-Zn and (0001̄)-
O substrates. [38] Two strong binding peptides were identified [38] ZnOBP1: HSSHHQPKGTNP and
ZnOBP2: HHGHSPTSPQVR and used in this work for further investigation. c) Overview of the
sequences bond to the mixed-terminated (101̄0) substrate. A table summarizing the 45 sequences
and their properties can be found in the Table 3.1. Representations in b) and c) were produced via
WebLogo 3.5.0 . [39]

material after this step, and therefore have a potential high binding affinity, are eluted. The elution is

commonly done by disrupting ionic interactions via the exposure to an acidic buffer. [23,24,33,40] It has

to be noted that this acidic buffer might also partially denature peptides. This biopanning process

is repeated at least three times with increased washing stringency leading to an enrichment of the

phages displaying the peptides with the highest affinity for the abiotic material of interest. The obtained

phages with the desired peptide sequences are replicated by infection of Escherichia coli (E. coli).

Gene sequencing of individual phage clones is performed to identify the peptides that can specifically

and strongly bind to the target material.

For the mixed-terminated (101̄0) facet of hexagonal single-crystalline ZnO a total of 45 peptides were

isolated, showing 45 different peptide sequences (Figure 3.3 and Table 3.1).

We start the analysis of the obtained peptides with the occurrence of amino acids in their sequence.

The amino acid residue frequency of the isolated ZnO-binding peptides was altered in comparison to

the original composition of the peptide library. The percentage of the occurrence of amino acid residues

in the isolated peptide pools of the substrates compared to the unchallenged peptide library were

calculated (Table 3.2 and 3.3). Amino acids deviating more than 25 % from the observed frequency

in the naïve peptide library were considered as enriched or depleted, respectively. The basic amino

acid histidine was enriched for the mixed terminated (101̄0) surface like for the oxygen- and the zinc-

terminated substrate sides. [38] The amino acid residues which were more pronounced for the zinc-

terminated ZnO were K, D, L, and A. Similarly, K and A were enriched in contrast to L and D,
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Table 3.1: Peptide sequences obtained from Phage display, kindly provided by Dirk Rothenstein. The isoelectric
point (pI), the alipathic index, the grand average of hydropathicity (GRAVY) and the instability index
were calculated via [41].

# sequence charge pH7.5 % pI Alipathic index GRAVY instability index

13 SSYILQPNTPYP
-0.2 4.3

5.24 65.00 -0.700 87.69
23 HESYPYMSTPSR 6.75 0 -1517 140.83

28 HMPPPQALSAIT

-0.1 13

6.74 81.67 0.067 93.93
16 GAMHLPWHMGTL 6.92 73.33 0.233 76.13
26 GTSHYQIRTHEF 6.92 32.50 -1208 38.71
14 NMELHPHSLPRP 6.92 65.00 -1167 32.58
22 TDAKSRDSIHHN 6.61 40.83 -1775 71.28

66 DHTIKLIHTPQH 0.0 2.2 7.02 97.50 -0.892 8.78

29 SFYRTGPYIPNY

0.8 13

8.22 32.50 -0.808 12.77
84 TQLRNSYPNTLI 8.41 97.50 -0.667 32.43
69 FPSHSSWAMVKQ 8.76 32.50 -0.400 62.12
10 GATHATRSAMYA 8.75 33.33 -0.208 78.17
85 TNHPAVRYPLNL 8.44 97.50 -0.525 14.29
89 SWVGTLPSTTNR 9.47 56.67 -0.550 7.52

4 HSPNGHVYYKSQ

0.9 17.4

8.51 24.17 -1.608 53.31
17 HTDKLMPSAHTK 8.61 40.83 -1.167 28.04
62 HIAKHAPLFSSV 8.76 105.83 0.450 77.88
61 HKPTHNADIPLR 8.76 73.33 -1.300 48.92
74 IPRHAHKADLSW 6.92 81.67 -0.567 28.4
7 VTYGRAQISHMH 8.73 65.00 -0.433 42.75
24 RHLPNLANFHQT 9.76 73.33 -0.958 28.74
67 TSPHFIARALSL 9.44 114.17 0.575 37.14

87 HGLRSDHLKIHS

1.0 8.7

8.77 97.50 -0.950 49.32
19 HNMDRSKMPHHT 8.77 0.00 -2.025 116.73
2 HQATWQGAHHTK 8.77 16.67 -1.633 -23.79
86 HKQPAMVHHWPP 8.77 32.50 -1.233 94.38

20 AHPVTQKTSWWK

1.8 10.9

10.00 32.50 -1.175 2.38
1 GVVAKLQKHGQW 10.00 89.17 -0.475 20.62
6 MTTHPSKSRPNN 11.00 0.00 -1.908 52.52
70 SVSVGMKPSPRP 11.00 48.33 -0.475 58.24
15 TPFLSVNRWANR 12.00 65.00 -0.617 60.43

90 AFAGKKPHHALV

1.9 13

10.00 81.67 0.000 -4.19
3 HVKILSNKHLPI 10.00 51.52 0.058 51.52
63 KPHINHIKLGML 10.00 130.00 -0.100 61.97
27 KPPHPHPVKTFS 10.00 24.17 -1.258 38.07
65 SHHTLPIKKTSV 10.00 89.17 -0.525 11.86
12 HKADRLWAHALR 10.84 90.00 -0.892 31.72

5 HNIHKDRLTHKP

2.0 8.7

9.99 65.00 -1.908 102.7
9 HSTHAHPSKQGK 10.00 8.33 -1.950 28.4
68 SPHIKPKFHSHT 10.00 32.50 -1.300 62.76
75 KPPHISRTHHAL 11.00 73.33 -1.050 71.6

76 ATNYVRPRSRYF 2.8 2.2 10.90 32.50 -1.158 52.79

30 LTRKRNHKDKMM
3.8 4.3

11.10 32.50 -2.000 84.04
64 KMRQKPHIPPKI 11.26 65.00 -1.400 83.01

8 RKKKKDMQHLLR 4.8 2.2 11.17 65.00 -2.108 18.93
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3.2 Selection of zinc oxide binding peptides from phage display

Table 3.2: Probability of amino acid occurrence in
comparison to the phage library for the
(0001)-Zn surface. [38]

Amino acids in bold are chosen for further
investigation in Chapter 4

(0001)-Zn [38]

Amino acid probability

Glycine G 1.48
Histidine H 1.42
Serine S 1.41
Lysine K 1.37
Aspartic acid D 1.37
Leucine L 1.31
Alanine A 1.28

Methionine M 1.23
Isoleucine I 1.13
Arginine R 1.09
Pheylalanine F 0.97
Glutamine Q 0.88
Tryptophan W 0.87

Proline P 0.74
Asparagine N 0.70
Threonine T 0.69
Valine V 0.49
Glutamic acid E 0.2
Tyrosine Y 0.18

Cysteine C -

Table 3.3: Probability of amino acid occurrence in
comparison to the phage library for the
(101̄0) surface.
Amino acids in bold are chosen for further
investigation in Chapter 4

(101̄0)
Amino acid probability

Lysine K 3.08
Histidine H 2.01
Methionine M 1.77
Alanine A 1.56
Isoleucine I 1.39
Glycine G 1.38
Arginine R 1.35

Tyrosine Y 0.92
Proline P 0.85
Tryptophan W 0.78
Serine S 0.78
Asparagine N 0.75

Threonine T 0.74
Aspartic acid D 0.67
Valine V 0.66
Glutamine Q 0.62
Leucine L 0.62
Phenylalanine F 0.48
Glutamic acid E 0.07

Cysteine C -
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

which are depleted for the mixed terminated (101̄0) surface. Additionally, higher propensities for M, I

and R were found for the (101̄0) surface. Arginine was found to occur more frequently at the oxygen-

terminated than on the zinc-terminated ZnO surface [38].

In comparison to the amino acids which have been identified to interact with Zn2+ ions in zinc finger

proteins some similarities can be recognized, but also notable differences. While histidine is indeed en-

riched in comparison to the phage library for the (0001)-Zn and the (101̄0) single-crystalline substrate,

cysteine is not present in any of the obtained peptides. However, cysteine in usually suppressed in

phage display, due to interference with the infectivity of phage clones and the secretion of pIII fusion

proteins, respectively. [42,43] Thus, the absence of cysteine within the peptides is not indicating a low

binding affinity of the amino acid towards the substrate. Aspartic acid and glutamic acid residues were

described to interact either directly or indirectly as second-shell ligands within zinc finger proteins. In-

terestingly, aspartic acid is enriched in comparison to its frequency in the naïve peptide library for the

(0001)-Zn substrate, while it is depleted for the (101̄0) facet. glutamic acid is found to be depleted for

both substrates. Serine and threonine are described as substitutes of aspartic acid and glutamic acid in

terms of the second coordination sphere within zinc finger proteins (cf. section 3.1), nevertheless they

show a different preference for both substrates. While threonine is depleted for both substrates, serine

is enriched for the (0001)-Zn surface and shows a normal frequency in comparison to the original com-

position of the phage library. The higher agreement of the enriched amino acids for the zinc-terminated

(0001)-Zn surface (Figure 1.2) with the proposed interacting amino acids in zinc finger proteins might

be attributed to the expected higher availability of zinc at the surface. An overview of the surface

structure of ZnO single crystals has been given in chapter 1.

The amino acids H, C, S, L, A and P, which are marked in bold in Table 3.2 and 3.3, were chosen

for further investigations via the fluorescence-based optically sectioned planar format binding assay

(cf. chapter 4.2.4). Histidine and cysteine are well known to bind Zn2+ ions in zinc finger proteins (cf.

section 3.1) and while histidine is found to be enriched for the (0001)-Zn as well as the (101̄0) surface,

we still need to elucidate the binding affinity of cysteine to the single-crystalline ZnO substrates. Alanine

is enriched in comparison to the library for both investigated surfaces and is furthermore a common

candidate for point mutations in peptides. [38,44,45] The amino acids serine and leucine were enriched

for the polar surface, but were less pronounced for the mixed-terminated surface and in case of leucine

even depleted, therefore we want to elucidate the reasons for the pronounced difference in occurrence

for the amino acid leucine for the two different substrates. Serine residues contribute to the binding

in the peptide HSSHHQPKGTNP (called ZnOBP1 throughout this thesis), but did not contribute to the

binding of the peptide HHGHSPTSPQVR (called ZnOBP2 throughout this thesis). [38] Furthermore, a

high binding affinity was proposed from computational approaches (cf. section 3.1). [18] The amino

acid proline was found to be slightly depleted for the ZnO (0001)-Zn substrate [38] and feature a normal

frequency for the (101̄0) substrate. However, it shows a high probability to occur on certain amino acid

positions within the sequence (Figure 3.3) and was also recognized as a interacting amino acid within

zinc finger proteins. [18]
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3.2 Selection of zinc oxide binding peptides from phage display

Previously identified zinc oxide binding peptides

In the following we want to discuss other 12mer zinc oxide binding peptides obtained via combinatorial

biological protocols. The table 3.4 summarizes the peptide sequences obtained from 12mer libraries

and their properties, which are discussed in the following.

By applying cell-surface display, Thai and co-workers identified the sequence arginine-glutamine-

isoleucine-arginine-lysine on the ZnO (101̄0) surface. This system contains a R-X-X-R-K motif that

has been found in many specific ZnO-binding peptides by this group [46] and additionally also occurs

in [47]. Große Holthaus et al. [48] chose the pentapeptide identified by Thai et al. for an extended anal-

ysis of the binding process on the ZnO (101̄0) facet using density functional theory (DFT) based tight

binding (DFTB) simulations. According to Große Holthaus and co-workers the most pronounced inter-

actions were observed for the partially hydroxylated (101̄0) ZnO surface due to positive charge of the

considered pentapeptide. While they found the adsorption process to be dominated by the charged

residues of the peptide, the most frequent contact points arised from the Arginine residue. [48] An impor-

tant contribution of this residue concerning the binding process to ZnO surfaces was also concluded

from the experimental findings by Thai et al. [46] In addition, a study using a cell display procedure to

identify binding sequences for ZnO also found arginine to be one of four overrepresented residues in

the evaluated binding sequences. Furthermore, the enrichment of histidine, methionine and aspartic

acid has been reported. [47]

We can observe a strong enrichment of Arginine residues (three to four) and the presence of one ly-

sine residue for the zinc oxide binding sequences obtained by CSD in comparison to the sequences

obtained via PD for the (101̄0) surface. Moreover, an aspartic acid-aspartic acid (DD) dipeptide motif

can be found for two sequences identified in CSD and the amino acid histidine is occurring once for

three of the sequences. Comparing the enriched amino acids identified from PD on the single crys-

talline surface (101̄0), we see an increased presence of lysine, histidine, methionine and arginine, while

aspartic acid is depleted for this surface. On the contrary, Rothenstein and co-workers [38] identified an

enrichment for aspartic Acid for the ZnO (0001)-Zn with a lower frequency of methionine and arginine.

Große Holthaus et al. also emphasize that not only the direct interactions at the contact points have an

influence on the overall adsorption mode, but also the secondary structure of the biomolecule can play

an important role in the formation of contact points to the surface from their simulations on the ZnO

(101̄0) surface. [48]

Umetsu et al. identified the first five ZnO binding peptides using the phage display technique (EAHVM-

HKVAPRP, VSNHKALDYPTR, DSGRYSMTNHYS, ATHTNQTHALYR, QNTATAV-SRLSP). [49] The pep-

tide EM12 (EAHVMHKVAPRP) was chosen for further investigations as it revealed a stronger interac-

tion with ZnO in comparison to the other four peptides. This peptide was extended with a short linking

sequence (GGGSC) to enable the immobilization of the sequence on a gold coated plate for a binding

study involving fluorescent ZnO particles.
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Table 3.4: Literature overview of 12mer zinc oxide binding peptides. We compare the combinatorial biological protocol leading to the identification of the peptide
is highlighted (PD: phage display; CSD: cell-surface display), the isoelectric point (pI), the number of charged amino acids, the alipathic index, the
grand average of hydropathicity (GRAVY) [41] and the ZnO substrate, which was used during the biopanning procedure.

Sequence Technique pI Charge Aliphatic index GRAVY ZnO substrate Reference

VRTRDDARTHRK CSD 11.54 2 - 5 + 32.50 -2.292 ZnO particles [47]

RIGHGRQIRKPL

CSD

12.30 x 4 + 97.50 -1.142

thin films [46]VRTRDDARTHRK 11.54 2 - 5 + 32.50 -2.292
PASRVEKNGVRR 11.71 1 - 4 + 56.67 -1.417

EAHVMHKVAPRP

PD

8.86 1 - 2 + 65.00 -0.633

1 µm particles [49]

QNTATAVSRLSP 9.75 x 1 + 73.33 -0.375
ATHTNQTHALYR 8.80 x 1 + 49.17 -1.158
VSNHKALDYPTR 8.57 1 - 2 + 65.00 -1.100
DSGRYSMTNHYS 6.74 1 - 1 + 0.00 -1.575

GLHVMHKVAPPR PD 11.00 x 2 + 89.17 -0.208 nanopowder [50]

GAMHLPWHMGTL PD 6.92 x x 73.33 0.233 zinc nitrate solution [51]

TMGANLGLESPE
PD

3.79 2 - x 73.33 -0.258
powdered ZnO [52]

TMGANLGLKWPV 8.41 x 1 + 97.5 0.342

HSSHHQPKGTNP
PD

8.77 x 1 + 0.00 -2.200
polar ZnO single crystals [38]

HHGHSPTSPQVR 9.77 x 1 + 24.17 -1.608
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3.2 Selection of zinc oxide binding peptides from phage display

This study confirmed the specific interaction of the peptide with ZnO. If added to solution-based synthe-

sis of ZnO from precursors, EM12 with the GGGSC extension generated flower-like microparticles. [49]

Upon attachment to a collagen triple helix structure, the peptide could support the growth of single

crystalline ZnO nanowires with a monodisperse distribution. [53]

Another study of Okochi and co-workers aimed to determine the binding sites of their ZnO binding

peptide to ZnO substrates, by synthesis of random rotations of the amino acid sequence from EM12

fused on a cellulose membrane. More than one hundred variations of the peptide were tested against

ZnO nanoparticles. The results confirmed the importance of the amino acid Histidine for the binding. [54]

They also suggested that the binding sites on ZnO surfaces were able to sense the specific alignment

of amino acids within the peptides. The sequences HVMHKV as well as HKVAPR were highlighted to

act as ’hot spot’ regions for interaction with zinc oxide substrates. [54]

Moreover, the influence of EM12 on solution growth of ZnO crystals using Zn(NO3)2 and KOH to form

zinc hydroxide (Zn(OH)2) was investigated. The presence of EM12 during solution synthesis was found

to hinder crystal growth of ZnO along the c-axis. The addition of dipeptides from the EM12 sequence

like for instance -MH- and -HK- was also investigated and were found to suppress growth of ZnO along

the c-axis even stronger than the full peptide. [55] Sola-Rabada et al. investigated whether an exchange

of the methionine residues in the sequence would have an influence interaction behavior of the peptide

during an mineralization process. They found a signification change in the morphology of the nano-

structures from asymmetric rods to mushroom shaped morphologies associated with an in-cooperation

of the peptide. [45]

Tomczak et al. identified another ZnO binding peptide with a homology to EM12 of 67 % (GL12: GL-

HVMHKVAPPR) via phage display. [50] An extension of this peptide was introduced by adding a GGGC

sequence to the C-terminal (GT16: GLHVMHKVAPPRGGGC). [50] Solution-based synthesis of zinc

oxide from precursor Zn(NO3)2· 6 H2O was modified by adding GL12 and GT16, respectively. In ab-

sence of the peptides, ZnO nano/microparticles grew anisotropically along the c-axis leading to twinned

hexagonal rods. Partial aggregation of the particles could be observed. In the presence of GLHVMHK-

VAPPRGGGC, crystal growth was inhibited along the c-axis. With increasing peptide concentration,

the crystals developed a decreasing aspect ratio leading to hexagonal twinned platelets. [50]

Further studies on morphology modification of ZnO using GL12 and GT16 highlighted an adsorption

dependend inhibition mechanism. [56] Liang et al. found GL12 to suppress the an-isotropic growth of

zinc oxide by non-specific adsorption on both the (0001) and (101̄0) facets hindering the growth of

the crystals along both the a and c-axis. GT16 also bound to the two polar and the mixed-terminated

(101̄0) surfaces of ZnO, but adsorbed preferentially to the (0001) planes leading to a larger effect on

the growth along the c-axis. Consequently, the formation of low aspect ratio ZnO twinned platelets

was observed. [56] Limo et al. tested the substitution of basic, polar amino acids like histidine with the

alipathic amino acid alanine. This point mutation had an influence on the sequence, leading to different
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

growth mechanisms of ZnO confimed by changes in the morphology. [44]

The elaborate investigations focusing on the peptides EM12 and GL12 confirm the importance of the

amino acid histidine for the binding mechanisms towards ZnO and find indications for the importance

of lysine, methionine and arginine for the binding process, which is in agreement with Rothenstein

et al. [38] and our findings (cf. section 3.2.1). Moreover, this works suggested a strong interaction of

cysteine residues, which might be preferential towards the polar surfaces on ZnO.

Wei et al. obtained the sequence GAMHLPWHMGTL by the incubation of the phages with a zinc ni-

trate precursor at room temperature. They concluded that this peptide sequence can not only trigger

the catalytic growth of nanoparticles, but can also induce the anisotropic coagulation of primitive crys-

talline domains at room temperature to form single-crystalline nanoparticles without the presence of

complex capping reagents. [51] Golec et al. reported the isolation of some novel ZnOBPs, by screening

of a phage display library. Interestingly, significant differences of the two sequences they investigated

(TMGANLGLESPE, TMGANLGLKWPV) to the previously discussed sequences can be found. Most

notably is the absence of histidine residues within the two sequences.

In summary, histidine or other basic amino acids are prevalent in most of the peptide sequences that

interact with ZnO identified by biopanning procedures, and indications are found for the importance of

sulfur containing moieties.

The majority of ZnO binding peptides summarized in table 3.4 are characterized by a high pI (calculated

via [41]), leading to peptides with a positive net charge at the pH of common experimental setups. The

aliphatic index, which is defined as the relative volume occupied by aliphatic side chains (alanine,

valine, isoleucine, and leucine) [41] reveals, out of 15 sequences displayed in Table 3.4, only two with

a value of zero indicating the absence of these residues. These values confirm an enrichment for

alipathic residues. In comparison to the results presented in Table 3.2 and 3.3 we see indeed an

enrichment for two alipathic amino acids, leucine and alanine, for the (0001)-Zn as well as alanine and

isoleucine for the (101̄0) surface, while valine is depleted for both of the surfaces.

The GRAVY value for the peptide sequences is calculated via the ProtParam tool [41] and is the sum

of hydropathy values [57] of all the amino acids, divided by the number of residues present in the se-

quence. Interestingly for our investigated sequences, only two show positive values indicating a slight

hydropathicity, which might indicate that the (bulky) hydrophobic residues might play a subordinate role

in the binding to ZnO.

However, the high variability in sequences of peptides which can bind specifically to ZnO surfaces

is probably mediated by various detailed material properties, conditions and different applications, [52]

which are frequently not highlighted together with the reported sequences.
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3.2 Selection of zinc oxide binding peptides from phage display

3.2.2 Selection criteria and properties of the binding peptides

For the selection of the binding peptides for further investigation we start from the calculated isoelec-

tric points (cf. Table 3.1). The pI values of ZnO binding peptides calculated via Vector NTI software

(Invitrogen) from Dirk Rothenstein range from 5.00 to 11.00; 82.6 % of the peptide sequences show

pI ≥ 7.5, while only 17.4 % of the sequences have pI ≤ 7.5. The peptides were grouped into three

categories according to their calculated pI: acidic (pH 3.0-5.9), neutral (6.0-8.9), and basic (9.0-12.0),

respectively. The percentages of peptides with basic pI was 76 % and only one sequence with the

acidic pI was obtained. Almost 83 % of the ZnO-binding peptides contained at least one Histidine

residue, which is a very similar amount to the previous measurements on the polar ZnO surfaces [38].

The histidine-histidine (HH) dipeptide motif, which was found in more than 40 % of the sequences for

the polar ZnO surfaces [38] is occurring less frequently, with 15.2 %. While for peptides from the zinc-

terminated substrate an increased propensity of L neighboring a polar, uncharged amino acid residue

was identified, [38] this combination was not occurring frequently on the mixed terminated surface. In

contrast to the previously published ZnO binding peptides to the zinc-terminated (0001)-Zn or the

oxygen-terminated (0001̄)-O surface of hexagonal single-crystalline ZnO [38] neither a strong enrich-

ment of certain sequences could be observed nor a dominant binding motif (Figure 3.3 and Table 3.1).

The phage clones carrying the peptides HSSHHQPKGTNP and HHGHSPTSPQVR were found 25 and

17 times, respectively, during the biopanning procedure on the polar surfaces of ZnO of Rothenstein

and co-workers, [38] while the peptides identified for the (101̄0) substrate could only be identified once

in the procedure. Furthermore, it is important to note that during the biopanning procedures for the

polar ZnO surfaces [38] and the ZnO (101̄0) facet no cross occurrence could be found.

Due to the equal occurrence propensities revealed by the obtained sequences from phage display, the

sequences for further investigations were chosen based on different criteria. As a first step, the 45 se-

quences were analysed in terms of their stability [41] and the presence of aromatic amino acids, allowing

the concentrations measurements using UV vis absorbance at 280 nm [41] (cf.Table 3.1). Furthermore,

the aromatic residues are known to be order/structure promoting (cf. section 3.3.1). [58] Applying these

two criteria, ten sequences were suitable and subsequently analyzed regarding their structural propen-

sities based on secondary structure prediction using five differetn servers [59–63] (Table 3.5).

Comparing the prediction results from different servers, we see an increased presence of ‘structure’ for

the Chou and Fasman secondary structure prediction server(CFSSP) [59,64] with respect to the other

servers. This approach to estimate the secondary structure was developed 1974 by Peter Y. Chou

and Gerald D. Fasman and is based on analyses of the relative frequencies of conformation for each

amino acid in protein structures obtained by X-ray crystallography. Based on this information proba-

bility parameters were determined, which are used for the prediction of unknown structures. However,

the accuracy of prediction is below 60%, [65] which is significantly lower than for techniques based on

machine learning, [66] like for instance the PSI-blast based secondary structure PREDiction server
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Table 3.5: Secondary structure prediction for selected peptides from phage display. For the predictions according to the Chou and Fasman secondary structure
prediction server(CFSSP) [59,64], PSI-blast based secondary structure PREDiction server (PSIPRED), [60] consensus data mining approach (CDM) [61],
Protein Surface Accessibility and Secondary Structure Predictions (NetSurfP) [62] and Protein secondary structure prediction server (PSSpred) [63] the
results of the secondary prediction is given in a one letter code per amino acid position of the 12mer peptides, using the secondary structure elements
Helix(H), Sheet(E), Turn(T) and coil(C). Peptide sequences in bold were chosen for further investigation.

sequence CFSSP [59,64] PSIPRED [60] (CDM) [61] NetSurfP [62] PSSpred [63]

GTSHYQIRTHEF CEEEEEEECCCC CCEEEEEEEECC CCCCCEEEECCC CCCCCEEEECCC CCCEEEEEEECC

SFYRTGPYIPNY TEEETTEEECCT CCCECCCCCCCC CCCEECCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC
TQLRNSYPNTLI EECCTEEEEECC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC
TNHPAVRYPLNL CCCCCCCCCCCC CCCCEEEECCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC
SWVGTLPSTTNR CEEEEEETECCC CCECCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC

IPRHAHKADLSW CCTHHHHHHHHC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC

HQATWQGAHHTK HEEEHHTHHCCC CCCEECCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC

AHPVTQKTSWWK CCCEETEEEHHC CCCEEEECCCCC CCCCCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCC
GVVAKLQKHGQW TEHHHHHHHHHC CHHHHHHHHCCC CCHHHHHHCCCC CCCEEEHHCCCC CCHHHHHHHCCC

HKADRLWAHALR HHHHHHHHHHCC CHHHHHHHHHC CCCCHHHHHHCC CCCHHHHHHCC CHHHHHHHHHC
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3.2 Selection of zinc oxide binding peptides from phage display

(PSIPRED), [60] consensus data mining approach (CDM) [61], Protein Surface Accessibility and Sec-

ondary Structure Predictions server (NetSurfP) [62] and Protein secondary structure prediction server

(PSSpred). [63]

About 70% of the peptides identified for further analysis are identified as preferentially unordered by

the majority of servers, which is in agreement with the proposed unordered structure for binding pep-

tides. [67] According to the structure prediction results for the ten peptides, only two peptides have a

propensity for an α-helical conformation, from which one was chosen (HKADRLWAHALR). One peptide

(GTSHYQIRTHEF) with a structural propensity of β-sheet backbone conformations could be identified.

The third peptide chosen (TNHPAVRYPLNL) is featuring an unordered structure. Additionally, these

three peptides feature different charges, which might influence their binding behavior in an aqueous

environment. The two binding peptides obtained from the previous biopanning experiment on the polar

ZnO surfaces [38] both feature an unordered structure according to the structure prediction tools.

In summary, the peptide sequences selected for further investigation in this thesis were:

ZnOBP1: HSSHHQPKGTNP [38]

ZnOBP2: HHGHSPTSPQVR [38]

ZnOBP3: GTSHYQIRTHEF

ZnOBP4: TNHPAVRYPLNL

ZnOBP5: HKADRLWAHALR.

These peptide sequences contain at least one histidine residue and at least one additional basic amino

acid (with a preference for arginine). Furthermore, a minimum of one alipathic residues is present

within the sequences, with a maximum for ZnOBP5 with five residues. Therefore, these peptides fit

the description we found for previously identified 12mer ZnO binding peptides and their modifications.

It is important to note that these peptides in ddH2O revealed a tendency to form agglomerates with a

hydrodynamic diameter of >100 nm (c.f Appendix Figure A.2).

To ensure that the five sequences obtained for the ZnO (0001)-Zn and (101̄0) are not known binders for

other materials and additionally are not known to be involved in any biological processes, we searched

for sequence similarities in the biopanning data bank (BDB) [68] and additionally via the Basic Local

Alignment Search Tool (BLAST) [69] in the uniprot database. [70] Indeed, both searches and the com-

parison to the previous results could not identify any similarities indicating that the chosen sequences

are specific for their respective ZnO surfaces. However, it would be necessary to test the obtained

sequences against other substrates to confirm an exclusive specificity for ZnO.
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.4: Qualitative comparison of the binding strength of the phage clones expressing the selected five
binding peptides to the substrate they were found on ( [38] for (0001)-Zn). The binding strength
of phage clones at pH 7.5 was compared to the binding of wild-type (wt) phages expressing no
additional peptide. Values were normalized to the binding strength of wt phage (wt = 1).

Phage assay A first step to investigate the binding affinities of the chosen peptides is directly corre-

lated to the obtained phages from the biopanning procedure and was performed from Dirk Rothenstein

and co-workers at the University of Stuttgart. The determination of the binding strength of the individual

phage clones to the mixed terminated (101̄0) ZnO surface followed the description of Rothenstein et

al. for the two binders (ZnOBP1 and ZnOBP2) on the polar substrates. [38] Briefly, the phage clones

expressing either ZnOBP3, ZnOBP4 or ZnOBP5 were bound to single-crystalline ZnO (101̄0). To nor-

malize the binding strength the titer of bound wild-type (wt), namely expressing no additional peptide,

M13 phages was used (Figure 3.4). According to Rothenstein et al. the binding strength for the phage

clone displaying ZnOBP1 and ZnOBP2 increased by a factor of 2.54 and 3.13, respectively, for the

zinc-terminated single crystals. [38] For the (101̄0) substrate the highest binding affinity with a relative

binding strength of 13.6 could be obtained for ZnOBP4, followed by ZnOBP3 with a value of 9.6. The

fifth binding peptide increased the relative binding strength by 40 % in comparison to the wild-type

phage. The measurement of the surface zeta potential reveals a negative net charge at the pH of

peptide screening in comparison with Rothenstein et al., [38] for both the (0001)-Zn and the (101̄0) ZnO

substrate (cf. Appendix Figure A.4). In comparison, the IEP of the (101̄0) substrate is shifted to higher

pH values, from pH 3.5 for the polar substrates to around pH 5. The measurements in 10 mM NaCl a

net charge ranging from -35 to -40 mV, which is between the values obtained for the zinc and oxygen

terminated ZnO substrates with (0001)-Zn featuring values around 30 mV. [38].

However, it is important to note that the single-crystalline substrates are not stable during the assay,

due to the solubility of single crystalline ZnO substrates in aqueous media. [71] The dissolution will re-

lease Zn2+ ions, which might lead to complexation of the binding peptides attached to the phages.

Furthermore, the peptides are tethered via the C-terminus to the phages, which might cause inacces-
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sible side moieties and induce steric hindrance. A direct comparison to the binding affinities obtained

by other methods should be done with caveats.

3.3 Assessing the conformational ensemble

Within the previous section we have chosen five zinc oxide binding peptides with potentially different

binding affinities towards the two different single-crystalline substrates according to the phage assay.

Moreover, they might have different intrinsic conformational propensities based on their primary struc-

ture. The analysis of the amino acids composition of the binding peptides in comparison to amino acids

involved in the binding of Zn2+ ions within zinc fingers revealed some similarities but also significant

differences.

A preliminary analysis of structural propensities from the primary structure via prediction servers dur-

ing the selection procedure of the binding peptides revealed an overwhelming presence of unordered

conformations for the whole set of of peptides obtained. According to Hnilova et al., conformational

instability is a common feature of bio-molecules involved in the recognition and binding to solid mate-

rials. [67,72–74] Moreover, the inherent binding affinity of peptides is determined by the amino acid se-

quence and the secondary structure, which are believed to be a driving force for polypeptide mediated

crystal growth and regulation. Unordered, conformationally labile peptides enhance their adaptability

of interfacial features at surfaces and lead to creation of accessible side chain regimes [67]. This in-

teraction may promote changes in the secondary structure or even induce internal stabilization. We

will consider the conformational ensemble of the five ZnO binding peptides in solution here, while the

influence of the adsorption process on ZnO nanoparticles on their conformational macrostate will be

discussed in chapter 5.

The common term ’random coil’, which is used frequently to describe the unordered types of secondary

structure for peptides, is derived from an ideal polymer model introduced from Flory in 1969. [75] A

random coil consists of backbone dihedrals for each residue, which are independent of their next

neighbors in the sequence. Therefore the corresponding conformational ensemble would occupy (in

theory) the whole accessible phase space. [76,77] Hence, the peptides adopt not a well-defined native

structure when isolated in solution under near-physiological conditions [78] and reflects the behavior as

an ensemble of conformers with distributions of the backbone dihedrals Φ and Ψ for each residue. [79]

This conformational behavior has led to the proposal that some materials-binding peptides might be

charterized as ’intrinsically disordered’. [72,77]

In order to elucidate the native secondary structure ensembles of the five chosen ZnO binding peptides,

different approaches are combined. (I) De novo secondary structure prediction server tools and (II)

Circular dichroism spectra are determined experimentally and the structural components are analyzed

using the BeStSel approach. [1] (III) Molecular Dynamics as well as enchanced sampling methods are
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

applied and analyzed regarding their CD spectra and structure. This combination enable a comparison

in terms of of measured and calculated CD spectra.

3.3.1 Conformational propensities from the primary structure and de novo predictions

In the following we want to give a brief overview about different approaches used to assess the confor-

mational propensities of amino acids. According to Childers et al., two major approaches are applied

to access the intrinsic conformational preferences of amino acids; libraries of coiled regions and small

host-guest peptides. Additionally, other approaches have used the fully accessible PDB database to

access conformational propensities for each amino acid. [80–82] The advantage of taking into account

only propensities from coil regions is a reduced bias on the structural preference from the surrounding

protein conformation for short oligopeptide sequences.

First steps to characterize the intrinsic Φ and Ψ propensities from coil regions of known structures

have been undertaken more than 20 years ago. [83,84] Following the nomenclature of Swindell et al., [83]

the amino acids serine, lysine and glutamic acid have higher propensities to stay in the a/coil region

(associated with the α-helical region in the Ramachandran plot), while aspargine and proline favor

the B/coil region (associated with the β-sheet and PPII region in the Ramachandran plot) (cf. Figure

A.3b)). Histidine and threonine are equipped with similar propensities for both regions. Glycine prefers

none of these regions. [83] However, according to Jiang et al. the strategy of accessing the intrinsic

conformational propensities via this coil libraries is still prone to biases by the conformational context

within the surrounding protein structure. Therefore, they conclude that the intrinsic properties of the

amino acids are not fully accessible using this approach. [85]

Two common host-guest pentapetides are GG-X-GG and AA-X-AA, where -X- corresponds to the

guest position of the sequence in which the amino acids of interest are inserted leading to a so-called

host-guest series. [86–88] Beck et al. used the Glycine-host peptide firstly as a model of the unordered

states. [86] However, it is important to remember that the conformation of oligopeptides in solutions

consists of a dynamic ensemble in rapid equilibrium and may not converge into certain conformations

states over time. Consequently, the GG-X-GG host-guest series is considered a sufficient model for

the intrisic conformational propensiy in oligopeptide sequences due to the conformationally flexiblity of

the host. [86,87] The distribution of the backbone dihedrals Φ and Ψ for each of the investigated amino

acids can be found in the Ramachandran plots in Figure 3.5. On the contrary the AA-X-AA series were

judged to reflect the behavior within a protein structure more accurately since Alanine is introducing a

slightly higher steric hinderance. [87,88]

Childers et al. used molecular dynamic simulations with the Levitt force field and the F3C water model

to investigate the two host-guest series. Additionally, they examied the influence of thermal and chemi-

cal denaturation conditions on the occupancy of the Φ/Ψ phase space [87] and could reach an excellent

agreement of experimentally obtained chemical shifts for the same pentapeptides. [88]
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Figure 3.5: Intrinsic conformational propensities of the amino acids. The ranking of the amino acids according to the TOP-IDP [86] from order promoting to disorder
promoting: W, F, Y, I, M, L, V, N, C, T, A, G, R, D, H, Q, K, S, E, P. Ramachandran plots (populations) for the 20 naturally occurring amino acids and
their different protonation states if applicable within a GG-X-GG host-guest series obtained from a 100 ns simulation of the peptides. The fraction of
points within a bin are colored as follows: 0 ≤ gray < 0.05; 0.05 ≤ green <0.2; 0.2 ≤ blue <0.4; 0.4 ≤ red <0.8; 0.8≤ black. Ramachdran plots are
modified from [86] Copyright 2008 National Academy of Sciences
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However, when comparing simulation and experiment, it needs to be noted that many force fields

used in molecular dynamic simulations tend to overestimate the helical content of oligopeptides signif-

icantly. [89]

Even though there have been suggestions regarding the suitability of the two peptides for different

systems, a comparison of the GG-X-GG and the AA-X-AA host-guest series for the twenty amino acids

do not lead to significant differences in the coverage of the Ramachandran phase space. The average

changes accross all simulation conditions including chemical and thermal dentaturation are ∼2 % in

terms of the occupany of the phase space. [87] Childers et al. report the largest differences for tyrosine,

isoleucine, threonine and for the di-protonated state of histidine (Hip) (cf. Figure A.5 for an overview

about the protonation states of histidine). They could not observe any sensitivity regarding the different

conditions for proline, which reached a maximum sampling of 20 % of the phase space. The highest

sampling can be found for Glycine, which reached a phase space coverage ranging from 79 % to

81 %. [87] All other amino acids reached an occupancy of 48 % to 52 % of the Φ/Ψ phase space.

Comparing the two host-guest peptapeptides, the intrinsic propensities of the amino acids were found

to be only weakly dependent on the host amino acids, showing high correlation coefficients. On the

contrary, the conformational propensities are found to be influenced by the protonation state of the

amino acids. The strongest influence was found for the three different protonation states of histidine.

While for the two mono-deprotonated states (Hie and Hid) only minor changes are obtained, the di-

protonated histidine residue (Hip) showed a significantly higher affinity for the αL region.

Beck et al. [86] compared the population of the Φ/Ψ phase space obtained from GG-X-GG pentapep-

tides with MD simulations at ambient condition of proteins with varying architecture and a few thousand

structures from the nonredundant Astral40 Protein Data Bank (PDB)-derived database. [90] They found

the sampling of very similar regions for the native-state MD simulations and the experimental structures,

whereas the pentapeptides can reveal different preferences for the amino acids. The distributions of

Proline and Threonine within the Φ/Ψ phase space are the least sensitive to environmental influence.

Most other residues experienced shifts of the distributions, highlighting the importance of context in

determining conformational preferences, with the most significant changes obtained for the large non-

polar residues. The sensitivity of these residues can easlily be explanied, given their conformational

constraints associated with their burial in hydrophobic cores within proteins. [86]

Campen et al extended this view in ranking amino acids according to their tendency to promote order

or disorder. [58] This concept of order/disorder promoting amino acids was developed in the context

of intrinsically disordered proteins (IDPs). IDPs are essential participants within the cellular signaling

pathways and undergo disorder-order transitions for this purpose. [91] However, the underlying mech-

anism are poorly understood and range from induced fit (folding after association with the target) and

conformational selection (binding of a pre-folded state) as well as intermediate models. [92] The intrin-

sic conformational propensities of IDPs according to their primary sequence is found to influence their
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mechanism of binding and folding. Figure 3.5 combines the amino acids sorted by their increasing

disorder promoting properties and their occupancy of the Φ/Ψ phase space within the GG-X-GG host

guest series.

To summarize briefly the results of this literature review about the intrinsically conformational prefer-

ences of amino acids: (i) while amino acids might have some preference for specific regions in the

Ramachandran plot, they can occupy around 50 % of the Φ/Ψ phase space (with the exception of

Glycine and Proline); (ii) the results obtained from libraries based on coiled regions of proteins and

host-guest peptide simulations do not fully agree on the conformational preferences of amino acids;

(iii) the intrinsic conformational preferences of amino acids can be modulated by the protonation state

of the amino acid, the surrounding solvent and the temperature. [88]

De novo prediction

Following the previously discussed approaches regarding the intrinsically conformational propensities,

we want now to have a specific look at our five identified ZnO binding peptides by using de novo sec-

ondary structure prediction servers to gain knowledge about the conformational ensemble describing

the solvated peptides.

Starting from the amino acid sequence, de novo secondary structure predictions are firstly performed

with the PEP-Fold (PF) [93–95] server. PEP-Fold predicts first structural alphabet (SA) letters from the

sequence using a hidden Markov model approach. [96] These fragments are assembled by a greedy

procedure driven by a modified optimized potential for efficient structure prediction (OPEP) coarse-

grained force field [97] energy score followed by a clustering procedure leading to a maximum of five 3D

structures.

In a second step we use another server, which is usually very successful at the ’Critical assessment of

protein structure prediction’ (CASP) challenge. I-Tasser (IT) [98–100] is an iterative threading assembly

refinement server using a hierarchical approach, which identifies structural templates from the PDB

database. The full-length atomic models constructed by iterative template fragment assembly using

replica exchange Monte Carlo simulations. However, it is important to note that this server is explicitly

developed for the prediction of protein structures.

For the peptide ZnOBP1 the structures obbtained by de novo predictions are visualized using a molec-

ular visualization program (VMD) [101] and are shown in figure 3.6 a) and b) for PEP-Fold and I-Tasser,

respectively. Furthermore, VMD can be used for the calculation of the backbone dihedrals Φ and Ψ,

which are reported in the Ramachandran plots [101] in the same figure. Pep-Fold predicts all structures

to feature 3 to 4 amino acids in the β-sheet region and 5 to 6 amino acids in the α-helix region of the

Ramachandran plots.
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Figure 3.6: De novo secondary structure prediction for ZnOBP1 a) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the
Pep-Fold server [93–95] and b) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the I-Tasser server. [98–100]
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Figure 3.7: De novo secondary structure prediction for ZnOBP2 a) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the
Pep-Fold server [93–95] and b) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the I-Tasser server. [98–100]
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Figure 3.8: De novo secondary structure prediction for ZnOBP3 a) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the
Pep-Fold server [93–95] and b) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the I-Tasser server. [98–100]
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Figure 3.9: De novo secondary structure prediction for ZnOBP4 a) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the
Pep-Fold server [93–95] and b) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the I-Tasser server. [98–100].101
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Figure 3.10: De novo secondary structure prediction for ZnOBP5 a) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the
Pep-Fold server [93–95] and b) Visualisation [101] of the predicted structures and corresponding Ramachandran plots from the I-Tasser server. [98–100]
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3.3 Assessing the conformational ensemble

While the amino acids H4, S2, and S3 stay in the helical conformation and N11 stays in the β-sheet

region, the amino acids in the center of the peptide (H5, Q6, P7, K8, and T10) vary their conformation,

however some of these residues demonstrate preferences for a region. T10 prefers the α-helix region,

whereas Q6 and P7 preferably adopt a β-sheet conformation. G9 occupy dihedrals which not belong

to a defined conformation. For PF3 to PF5 the residue G9 takes very similar positions with positive Φ

angles. According to Smith et al. this behavior reflects the reduced steric restriction due to the missing

side chain [79]. On the contrary no clear preference of the amino acids for specific regions can be found

from the structure predictions of the I-Tasser server. Additionally, an occupancy of the left-handed αL-

helical region in the Ramachandran plot is observed for IT1 and IT3 to IT5 with two to three different

residues found in this region.

The analysis connected with the visualization in VMD for the peptide ZnOBP2 (cf. Figure 3.7) reveals

the formation of a β-hairpin for PF1 and PF3 having some α-helical conformation. For PF1 indeed 80 %

of the amino acids can be found in the region associated with β-sheet in the Ramachandran plot, with

the exception of P6 and T7, which form the loop of the hairpin. For PF3 the majority of the residues can

be found in the region associated with α-helical structures. For the structures PF2, PF4 and PF5 the

residues are distributed between the two major regions in the Φ/Ψ phase space. Within the Pep-Fold

predictions the histidine residues H2 and H4 can be found in different regions, however the usually

both stay together in the positive or negative Ψ regions. S5 and S8 stay for all five predictions in the

β-sheet region, while threonine can always be found in the α-helical region. With the exception of PF2

the residue P6 resides in the region associated with α-helical structures. In terms of the prediction

of the I-Tasser server no clear preference of the amino acids for specific regions are identified from

the structure predictions. In accordance with the results for ZnOBP1, an occupancy of the left-handed

αL-helical region in the Φ/Ψ phase space can be found for the I-Tasser predictions with the exception

of IT5. For IT1, IT2 and IT4 four amino acids resides in this region.

The visualization in VMD for the predicted structures of peptide ZnOBP3 (cf. Figure 3.8) reveals some

helical contributions for PF3 and PF5. For PF1 and PF2 70 % of the amino acids can be found in the

region associated with β-sheets in the Φ/Ψ phase space. 80 % of the amino acids occupy the α-helical

region of the Ramachandran plot for PF3. For the structures PF4 and PF5 the residues are distributed

between the two major regions in the phase space. The amino acid E11 stays for all five predictions

in the β-sheet. The amino acids S3, Q6 and I7 are also found preferentially in this region with one

exception for each of them. Four of five predicted structures from the I-Tasser server having at least

one residue in the left-handed αL-helical region of the Φ/Ψ phase space. Within this predictions E11

and S3 stay preferentially β-sheet in agreement with the PEP-Fold results. Furthermore, T2 stays in

this region for all predictions and at least one of the histidine residues can be found in the α-helical

region. The preliminary analysis using secondary structure prediction servers suggested that four to

eight consecutive residues (cf. Table 3.5) within the sequences are in a β-sheet conformation. The

minimum amount of residues included Q6, I7, R8 and T9. For PF1, PF2 and IT5 these four amino

acids indeed can be found in the corresponding region of the Ramachandran plot. With the exception
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

of IT4 at least two of these four residues can be found in this region.

The visualization of the PEP-fold server results for ZnOBP4 (cf. Figure 3.9) gives rise to some β-sheet

regions, which are supported by the occupancy of the Φ/Ψ phase space ranging from 60 % to 80 %.

The amino acids H3, V6, Y8, P9 and L10 stay in this regions for all predictions for this peptide. In

the α-helical region of the Ramachandran plot P4 and A5 preferentially stay with the exception of PF5.

Each of the predicted structures from the I-Tasser server has between one to four residues found in the

left-handed αL-helical region of the Ramachandran plot. For the distribution between the α-helical and

β-sheet region reveal no preferential distributions. The amino acid Y8 stays consistently in the β-sheet

region and H3 can be found preferentially in this region, too.

For the peptide HKADRLWAHALR (ZnOBP5) the PEP-Fold server predictions indicate 50 % to 80 %

of the residues occupying the α-helical region, which can be seen also in the VMD visualization. The

residues D4 and R5 are present in the α-helical region for all predictions. Within the predicted struc-

tures from the I-Tasser server 40 % to 50 % of the residues stay in the α-helical region with IT2, IT4

and IT5 having at least one residue in the left-handed αL-helical region in the Ramachandran plot. in

agreement with the PEP-Fold predictions the amino acids stays in the α-helical region. H9 is found in

the β-sheet region of the phase space. This high occupancy of the α-helical region for the predictions

via Pep-Fold are in agreement with the results of the secondary structure prediction servers (cf. Table

3.5). The prediction tools suggested that at least six consecutive residues are in an α-helical back-

bone configuration. However, the results of the second de novo prediction server (I-Tasser) are not in

agreement with this proposed conformation.

While we could obtain some indications for β-sheets and α-helical propensities for ZnOBP3 and

ZnOBP5, the results are not fully conclusive. For the other peptides the putative high populations of

α-helix and β-sheet region predicted for the residues do not imply significant persistent populations of

the associated secondary structures, which would require repeated values of the associated backbone

dihedrals [79].

The I-Tasser server commonly predicted at least one amino acid to reside in the αL-helical region of

the Ramachandran plot. However, up to six residues of one 12mer peptide can be found according to

the de novo predictions of I-Tasser, which might probably be an overestimation considering that they

are rare motifs in protein structures. α-helices are energetically more favorable than αL-helices due

to a reduced steric hinderance between the side-chain and the carbonyl group. [102] Consequently, an

average αL propensity of 6.4 % is estimated for all amino acids, which is reduced to 5.1 % if glycine

and proline residues are excluded. [103,104] According to the intrinsic propensities for this conformation

within a coil library, Swindells et al. suggested that the only amino acid with a preference for this region

in the Φ/Ψ phase space is Asparagine and this region can be occupied by Glycine more frequently. [83]

A tentative suggestion would be that the I-Tasser webserver is less suitable to describe the conforma-

tional ensemble of an oligopeptide. However, in the absence of a constraint of a protein surrounding,

short oligopeptides might in fact occupy the αL region more frequently.
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3.3 Assessing the conformational ensemble

3.3.2 Circular dichroism spectroscopy

After the previous study of the intrinsic conformational propensities of our five chosen peptides based

on de novo prediction servers, we now want to characterize the conformational ensemble experimen-

tally using circular dichroism spectroscopy. Within this study we will furthermore investigate the sen-

sitivity of the conformational ensemble (their conformational macrostates) towards different solvent

systems, in addition to their sensitivity towards adsorption processes investigated in Chapter 5. Re-

garding their potential usage in biomineralization applications this question is of special interest, since

different synthesis strategies can be used in different environments and a change in the conformational

ensemble might influence the binding behavior. Furthermore, section 4.1 will introduce the susceptibil-

ity of ZnO to dissolution in aqueous environments, which makes considerations for the usage of other

solvents necessary for our studies of the binding affinity.

Materials and methods

Circular dichroism (CD) experiments were performed with oligopeptides synthesized by JPT (purity

≥ 95 % Berlin, Germany). The as-purchased peptides were solvated in ddH2O (18 MΩ, MilliQ, Syn-

ergy, Millipore, Germany), methanol (MeOH, HPLC grade, 99.9 %, Sigma Aldrich) or PBS (Sigma

Aldrich), respectively, at a concentration of 10 mg ml-1, as quantified by their absorbance at 205 and

214 nm. [105,106] The first CD spectra were recorded with an Applied Photophysics Chirascan spectrom-

eter running the Pro-Data Chirascan software (v4.2.22). At least three repeat scans for each sample

were measured at 25◦C, over the wavelength range of 190 to 250 nm using intervals of 1 nm, in Suprasil

quartz cells (Hellma UK Ltd.) with pathlengths ranging from 0.001 to 0.1 cm. Additionally, CD spectra

were recorded on the DISCO beamline (Synchrotron Soleil, France) to extend the accessible wave-

length region towards lower wavelengths. At least three repeat scans for each sample were measured

at 25◦C, using a wavelength range from 170 to 260 nm with intervals of 1 nm, in CaF2 or quartz cells

with pathlengths ranging from 0.033 to 0.01 cm. The scans were averaged, the respective baseline

subtracted, and the resulting net spectra smoothed with a Savitsky-Golay filter using a smoothing win-

dow of between 5 to 10 data points, depending on the noise level.

The temperature ramping experiments were performed at a protein concentration of 1 mg ml-1 in ddH2O

and a pathlength of 1 mm, using the stepped ramp mode starting from 10◦C and increasing the tem-

peratures in steps of 5◦C up to 85◦C with a heating time of 3 min per step. At every step, three

spectra were collected and averaged. the respective baseline subtracted, and the resulting net spectra

smoothed with a Savitsky-Golay filter using a smoothing window of between 5 to 10 data points.

The mean residue ellipticity (ΘMRE ) was was calculated based on the CD ellipticity Θ, the number of

amino acids in the solvated oligopeptide, the pathlength of the used quartz cuvette and c the concentra-

tion of the oligopeptide (cf. 2.3.1, equation 2.38). [107] To estimate the contribution of specific secondary

structure components in the samples, the CD spectra were analysed using the BeStSel webserver. [1]
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Reference system and sensitivity to temperature ramping

We start our characterization of the conformational ensemble with a reference system. For this purpose

we study the five peptides in ddH2O (Figure 3.11 left panel and Table 3.6). This system allows for the

comparability of the measured results to the MD and enhanced sampling simulations, (cf. 3.3.3).

Additionally, we can compare the results to certain synthesis routes for ZnO, which are applied in

biomineralization studies. [44,50,56,108,109]

The first binding peptide HSSHHQPKGTNP shows one pronounced minimum at 199 nm with inten-

sities around 10 deg cm2 dmol−1. The analysis of the secondary structure components via the BeSt-

Sel approach (cf. Table 3.6) reveals a contribution of ≥50 % of ‘other’ to the spectra, followed by

about 25 % ‘anti-parallel β-sheet’ and ∼20 % of ‘turn’. The peptide ZnOBP2 has qualitatively a similar

shape to ZnOBP1, but the minimum position is moved to 201 nm and the intensity increases to values

≥12 deg cm2 dmol−1. Additionally, a shallow shoulder can be found in the wavelength region of 230

to 240 nm. According to BeStSel the spectrum is composed of ≥ 50 % of unordered conformations,

around 20 % originate from ‘anti-parallel β-sheet’, ≤ 20 % from ‘turn’ and of α-helical conformations.

For the peptide ZnOBP3 with the sequence GTSHYQIRTHEF a more complex spectral signature is

obtained showing positive values around 220 nm, a first minimum at 200 nm (∼ 9 deg cm2 dmol−1) and

a second minimum at 185 nm (∼12 deg cm2 dmol−1). This spectrum is described by a >50 % contribu-

tion of unordered conformation using the BeStSel approach, ≤20 % are correlating to ‘turn’ and around

20 % of anti-parallel β-sheets. However due to the uncommon spectral shape, the deviations for this

fitting are high. The binding peptide TNHPAVRYPLNL possess a broad shoulder between 210 and

230 nm and a pronounced minimum at 198 nm with an intensity of ∼18 deg cm2 dmol−1. The BeSt-

Sel approach revealed ∼55 % for unordered contributions and the presence of 24 % of anti-parallel

β-sheet. Furthermore, 13.5 % of ‘turn’ are detected and around 6.3 % helical contributions. The CD

spectrum of the peptide ZnOBP5 has slightly positive values around 220 nm and a strongly pronounced

minimum (∼ 21 deg cm2 dmol−1) at 197 nm. This peptide has according to the BeStSel analysis almost

60 % of unordered spectral contributions and similar contributions arising from anti-parallel β-sheets

Table 3.6: Analysis of secondary structure components for the CD spectra of ZnOBPs in ddH2O via BeStSel [1]

including the normalized root mean square deviation (NRMSD)

secondary structure component ZnOBP1 ZnOBP2 ZnOBP3 ZnOBP4 ZnOBP5

α-helix (%) 3.2 6.7 2.8 6.3 2.5
anti-parallel β-sheet (%) 24.8 21.1 18.6 24.0 19.5
parallel β-sheet (%) 0.7 1.3 0.3 0.6 0.0
Turn (%) 19.3 17.5 19.8 13.5 18.1
Others (%) 52.0 53.3 58.5 55.5 59.8

NRMSD (%) 3.6 2.1 9.2 5.8 5.3
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3.3 Assessing the conformational ensemble

Figure 3.11: Circular dichroism and absorbance spectra ZnOBPs in ddH2O. The left panel shows the CD spectra
for each of the binding peptides in ddH2O, respectively. The right panel highlights the corresponding
absorbance spectra recorded at a concentration of 1 mg ml-1 with a cuvette pathlength of 0.1 mm.
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.12: Spectral changes of ZnOBP5 under addition of 10 v% of 2,2,2-trifluoroethanol (TFE) in ddH2O. a)
the reference spectrum in ddH2O and b) the effect of TFE, here the reference measurement in
ddH2O is shown as a the dashed line and the bars are indicating the deviations between the two
spectra.

and ‘turns’. A minor contribution of helical structures is detected (2.5 %).

Comparing the measured CD spectra of the five zinc oxide binding peptides, all of them show a strongly

pronounced minimum in the wavelength range of 195 to 205 nm. The analysis of the secondary struc-

tures using BeStSel [1] reveals a preferentially unordered conformation in solution with contributions of

around 50% for ‘other’ for all the peptides. Independent from the secondary structure prediction we

applied before, it is importatnt to recall that such a conformational instability is a common feature of

biomolecules involved in recognition and binding. This attribute is thought to allow the peptides to easily

adapt to interfacial features (distribution of terminal groups, atomic-scale roughness, etc.), enhancing

both the direct and solvent-mediated peptide-surface interactions. [67]

It is important to note that the wavelength region below 200 nm highlights the most significant differ-

ences between these peptides besides the intensity of the pronounced minimum. The accessibility of

this wavelength region is improved by the usage of synchrotron radiation and therefore allows to differ

more precisely between them.

For the peptide ZnOBP5 an intrinsic propensity for α-helical conformations was predicted based on the

primary structure. It is well known that 2,2,2-trifluoroethanol (TFE) can help to stabilize helical struc-

tures in peptides [111,112] due to to a positive effect on the hydrogen bonding interaction and solvophobic

effects. [110] Therefore, we added 10 v% of TFE to ddH2O for this peptide to investigate the sensitivity

of the sequence HKADRLWAHALR. The results are shown in figure 3.12. The CD spectra for the pres-

ence of TFE has a broad shoulder between 215 and 230 nm, a minimum at 210 nm, which is decrease

in intensity, and a maximum at 190 nm. The BeStSel analysis of this spectra predicts a significant

increase in the anti-parallel β-sheets about 10 % while losing unordered content (α-helix: 2.0%; anti-
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3.3 Assessing the conformational ensemble

Figure 3.13: Sensitivity to temperature ramping of the ZnOBPs in H2O. The left panel shows the CD spectra for
each of the binding peptides for stepped temperature ramping from 10 to 85◦C in 5◦C steps using
a color code from purple to red, respectively. The right panel highlights the corresponding temper-
ature dependent changes of the mean residue ellipticity ΘMRE for characteristic wavelengths. Here
the minimum position of the spectra at ◦C is chosen as a reference for each of the binding peptides
and additionally, the wavelength of 222 nm, which is commonly applied for the identification of the
helical content. [110]
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

parallel β-sheet: 30.8%; Turn: 16.9%; Other: 50.4%). However, a closer look at the deviation spectrum

in figure 3.12b) reveals two minima at 220 nm and 208 nm and a maximum at 190 nm, which reminds

of the spectral signature of an α-helix.

Another characterization approach regarding the conformational ensemble of peptides is the so-called

temperature ramping. All of the selected peptides were subjected to a heating process and the associ-

ated spectra changes are summarized in figure 3.13. All of them agree in a decrease of the minimum

intensity associated with a slight red shift of the minimum position and a increase of negative intensity

for the wavelength region around 222 nm. The temperature dependent changes of selected wave-

lengths in the right panel of the figure reveal a linear relationship for all five peptides and the absence

of any melting/flexural points. This changes in the spectral patterns are in agreement with effects ob-

tained for IDPs, indicating some degree of temperature-induced formation of secondary structure. [113]

However, the BeStSel analysis for the five peptides during the temperature ramping indicates only

slight differences in the conformational composition for each of the peptides during the heating proce-

dure (cf. Appendix Figure A.6 to A.10). These findings support that the five peptides have a flat energy

landscape and can be judged as unordered in their native state.

Influence of the solvent system

In this section we want to investigate the influence of selected solvents on the conformational ensem-

ble of the five zinc oxide binding peptides, including phosphate buffered saline (PBS) solution and

methanol (cf. Figure 3.14 and Table 3.8) as well as the influence of deuterated solvents (Figure 3.15

and 3.16) and analyze the changes in the secondary structure via BeStSel.

PBS is a solvent commonly used in biotic investigations, also for protein studies. This is important to

note, since most of the descriptions in terms of secondary structure are developed in the context of

proteins in an environment including salt. However, the presence of chloride ions is responsible for

the strong absorbance in the far UV [114] and therefore for the shortening of the accessible wavelength

region with circular dichroism spectroscopy (cf. Figure 3.14 middle panel). No reliable result could

be obtained for the peptides in the wavelength region below 200 nm with our commercial CD spectro-

scope due to the overall absorbance in the system. Consequently, the informative value of the spectral

changes is limited.

All peptides except ZnOBP4 exhibit a consistent change in the wavelength range of 220 nm leading to

an increase in the negative intensities (Table 3.8). The CD spectruma of peptide ZnOBP1 is develop-

ing a shoulder in this wavelength region and a slightly increase can be observed at 200 nm. According

to the BeStSel analysis this change is associated with an slight in increase in anti-parallel β-sheets.

For ZnOBP2 the changes are more in the region of the shoulder and almost no change can be found
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3.3 Assessing the conformational ensemble

Figure 3.14: Comparison of the CD spectra of zinc oxide binding peptides in ddH2O, PBS and MeOH. Left panel
showing the CD spectra of five ZnOBPs in ddH2O. The middle panel showing the measurements
in PBS and the panel showing the measurements in MeOH, the dashed line in both panels corre-
sponds to the measurements in ddH2O and the bars are indicating the differences between the two
spectra. All spectra are averaged from three scans after baseline subtraction, the shades indicate
the deviations. The measurements in ddH2O and MeOH were performed at the DISCO Beamline
(Synchrotron Soleil), the measurements in PBS at the University of Bremen. Please note that the
different x-axes are attributed to the limitations caused by the systems absorbance.

111



3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Table 3.7: Analysis of secondary structure components for the CD spectra of ZnOBPs in PBS and MeOH via
BeStSel [1] including the normalized root mean square deviation (NRMSD)

PBS

secondary structure component ZnOBP1 ZnOBP2 ZnOBP3 ZnOBP4 ZnOBP5

α-helix (%) 3.1 3.4 3.0 0.0 0
anti-parallel β-sheet (%) 28.2 25.8 30.5 30.9 26.4
parallel β-sheet (%) 0.0 0.0 1.0 0.0 0.0
Turn (%) 16.4 17.1 14.2 15.9 18.3
Others (%) 52.2 53.7 51.3 53.2 55.4

NRMSD (%) 1.6 1.6 1.0 1.5 2.3

MeOH

secondary structure component ZnOBP1 ZnOBP2 ZnOBP3 ZnOBP4 ZnOBP5

α-helix (%) 0.0 5.7 5.6 0.0 0
anti-parallel β-sheet (%) 40.2 30.7 28.5 33.3 31.8
parallel β-sheet (%) 0.0 2.4 0.0 0.2 0.0
Turn (%) 14.5 15.5 15.9 15.7 15.4
Others (%) 45.3 45.7 50 50.8 52.8

NRMSD (%) 2.5 2.2 2.5 2.3 2.5

at the lowest accessible wavelength. The analysis regarding the secondary structure components re-

veals an increase in anti-parallel β-sheets associated with a decrease in helicity. The most significant

change can be found for ZnOBP3, which is building an intense shoulder with negative values and an

increase of the spectral intensity at 200 nm, which is associated with an increase in helicity and a loss

of anti-parallel β-sheets. The CD spectra associated with ZnOBP4 reveals a decrease in intensity in

comparison the spectra obtained in ddH2O. This decrease is slight in the wavelength region of 222 nm

and stronger pronounced at 200 nm. However, the associated change in the secondary structure ac-

cording to BeStSel is associated to an increase in anti-parallel β-sheet. In the CD spectra of ZnOBP5

a slight decrease in intensity can be observed at 222 nm leading to negative values, while an increase

at the lowest accessible wavelength can be found. According to BeStSel this spectral change is asso-

ciated with an increase in anti-parallel β-sheets with a reduction of unordered contributions.

The usage of methanol as a solvent is necessary due to the binding studies we want to perform in the

following. In the subsequent Chapter 4 an indicator displacement assay as well as atomic force mi-

croscopy based single molecule force spectroscopy will be used to characterize the binding affinity of

the peptides to two different ZnO surfaces. The surface stability is an crucial aspect for both measure-

ment approaches. Due to the solubility of the ZnO single crystalline substrates in ddH2O, [71] we also
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characterize the five ZnOBPs in MeOH. Moreover, synthesis routes for ZnO in a methanol environment

are accessible, which could be used for future biomineralization studies. [115] The corresponding results

are summarized in the right-end panel of Figure 3.14.

In comparison to the CD spectra obtained in ddH2O, the spectra obtained in MeOH show different

spectral characteristics. For all five peptides, the intensities are remarkably lower in the wavelength

region of 205 to 195 nm except for ZnOBP3, which shows a general significant different spectral pattern

(cf. Figure 3.14 and Table 3.8).

For the peptide ZnOBP1 in methanol subtle changes occur in the wavelength region of 220 nm to

240 nm, while the intensities of the minimum at 199 nm decrease to about 6 deg cm2 dmol−1. The

BeStSel analysis associated with this spectral change reveals a significant increase for anti-parallel β-

sheets corresponding to decreasing values for helical content, turns and ’other’, with increasing contri-

butions. The spectral changes for ZnOB2 in comparison to ddH2O show a slightly stronger pronounced

change between 220 nm to 240 nm and additionally an decrease of the minimum of 4 deg cm2 dmol−1

associated with a slight red shift of the minimum position. Also for ZnOBP2 the BeStSel analysis

suggests an increase in anti-parallel β-sheet structures, but less pronounced than for ZnOBP1. The

peptide ZnOPB3 undergoes a significant change in comparison of methanol and water. A shallow min-

imum at 220 nm, a stronger pronounced minimum at 208 nm and a maximum at 195 nm are observed.

The BeStSel analysis reveals an increase in helicity and a minor increase in turn during the analysis,

which are correlating with an decrease in anti-parallel β-sheets. For the peptide ZnOBP4 the shoulder

in the CD spectrum in water turns into a shallow minimum at 220 nm accompanied by a concurrent re-

duction in signal intensity and a subtle red shift for the minimum at 198 nm. The analysis of secondary

structure components attributes this to a significant increase of anti-parallel β-sheet conformation and

a slight increase in the contributions of ‘turn’. These changes are coincident with an decrease of heli-

cal structures and the presence of ‘other’. The ZnOBP5 feature the largest red-shift of the minimum at

198 nm in water associated with a strong decrease of the spectral intensities and furthermore a change

to negative values at 220 nm. BeStSel relates this changes to a strong increase in anti-parallel β-sheet

structures based on a decrease in the helical, turn and unordered content. One important difference for

the peptides is the absence/reduction of agglomerate formation in methanol solution with the exception

of ZnOBP5 in contract to their behavior in water (cf. Appendix Table A.1). The decrease of the amount

of ’other’ in methanol in comparison to water is in agreement with the simulation results od Li et al., [116]

who proposed a decrease for the PPII propensity in methanol.

For the comparison of other experimental characterization techniques, like for instance NMR, we in-

vestigated which spectral changes occur in the presence of D2O ( figure 3.15 right panel). For our five

ZnOBPs we found a sensitivity of the PPII presences of the peptides leading to increasing intensities

in the wavelength regions of 224-228 nm (increasing maxima) and 195-205 nm (increasing minima),

which is also described by Chellgren and Creamer. [117] These changes in the CD spectra are associ-

ated with minor changes in the secondary structure composition with changes smaller than 2 % with the

113



3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.15: Comparison of the CD spectra of zinc oxide binding peptides in ddH2O and D2O. Left panel show-
ing the CD spectra of the five investigated ZnOBPs in ddH2O. The right panel showing the mea-
surements in D2O, the dashed line corresponds to the measurement in ddH2O and the bars are
indicating the differences between the two spectra. All spectra are averaged from three scans after
baseline subtraction, the shades indicate the deviations. This measurements were performed at
the DISCO Beamline (Synchrotron Soleil).
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Figure 3.16: Comparison of the CD spectra of zinc oxide binding peptides in MeOH and D4-MeOH. Left panel
showing the CD spectra of five ZnOBPs in MeOH. The left panel showing the measurements in
D4-MeOH, the dashed line corresponds to the measurement in MeOH and the bars are indicating
the differences between the two spectra. All spectra are averaged from three scans after baseline
subtraction, the shades indicate the deviations. This measurements were performed at the DISCO
Beamline (Synchrotron Soleil).
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exception of ZnOBP3. This peptide shows higher deviations but possesses also a higher error in the

fitting procedure. However, this is an important finding since the comparison of secondary structures

obtained from CD spectra and techniques using deuterated solvents might be misleading. Cooperation

partners from Antwerp and Stuttgart might provide further insights with their measurements of other

chiroptical techniques and NMR investigation of the peptides. In comparison of D4-MeOH (right panel

of Figure 3.16) to MeOH no clear trend can be obtained for the presence of the deuterated solvent.

Chellgren and Creamer attributed the sensitity of the conformationl ensemble of peptides to the sen-

sitivity of the peptide’s backbone to solvent interaction. [117] D2O develops on average a higher num-

ber of hydrogen bonds per molecule and reveals larger entropic costs for the solvation of molecules.

Pappu et al. suggested that the PPII structures disturb the solvent structure less than other secondary

structures [118] leading to an increased propensity for PPII conformations. Furthermore, a reduction of

intrapeptide sterical conflicts and a preferential interaction with the solvent is discussed. [117–120]

Table 3.8: Analysis of secondary structure components for the CD spectra of ZnOBPs in D2O and D4-MeOH via
BeStSel [1] including the normalized root mean square deviation (NRMSD)

D2O

secondary structure component ZnOBP1 ZnOBP2 ZnOBP3 ZnOBP4 ZnOBP5

α-helix (%) 2.8 6.4 2.6 5.9 2.0
anti-parallel β-sheet (%) 26.2 22.0 19.6 22.9 21.6
parallel β-sheet (%) 0.0 0.0 0.0 0.3 0.0
Turn (%) 18.6 15.3 18.3 13.6 17.1
Others (%) 52.4 56.3 59.5 57.2 59.3

NRMSD (%) 3.9 4.1 9.4 6.5 6.5

D4-MeOH

secondary structure component ZnOBP1 ZnOBP2 ZnOBP3 ZnOBP4 ZnOBP5

α-helix (%) 1.1 6.2 3.3 0.2 0.0
anti-parallel β-sheet (%) 35.5 27.9 28.7 35.8 30.9
parallel β-sheet (%) 0.6 3.3 0.0 0.0 0.0
Turn (%) 15.8 16.1 15.4 14.9 15.9
Others (%) 47.2 46.5 52.6 49.1 53.2

NRMSD (%) 4.2 2.6 3.2 2.1 2.7

116



3.3 Assessing the conformational ensemble

Calculation of CD spectra based on de novo predictions

The structural information obtained by the de novo prediction allow for the calculation of CD spectra

(figure 3.17 from first principles via DichroCalc [121,122]) using the ab initio parameter set for the back-

bone chromophores with four backbone transitions. The results of these calculated CD spectra can

be found in Figure 3.17. The de novo predictions are performed assuming an aqueous environment,

hence, we compare them to our measurements in ddH2O.

For the peptide ZnOBP1 the calculated CD spectra from both servers show a high variability. The

agreement with the experimentally obtained CD spectra is generally poor and the intensities are higher

than the experimental spectra. A comparison of the measured and calculated CD spectra allows for

the identification of a representative structure (PF3) due to the best agreement in peak position and

intensity. The Ramachandran plot for this predicted structure revealed a similar occupancy for the α-

helical and β-sheet region also indicating a preferential unordered structure.

For the peptide ZnOBP2 we can not obtain similar spectral pattern in comparison to the experiments

for both secondary structure prediction server. PF3 and PF4 reveal a minimum with similar intensi-

ties although it is red shifted in comparison to the experimental spectra. The spectra ssociated with

the structure PF 3 reveals lower intensities in the wavelength region around 222 nm and is therefore

closer to the experimental spectra. However, the agreement with the measured spectrum is poor below

200 nm.

The peptide ZnOBP3 was predicted to have some intrinsic propensity for β-sheet structures during

our preliminary characterization(cf. section 3.2.2). We cannot find any agreement between the the

calculated and measured spectra. Only the predictions PF1 and IT1 show similar positions for peaks

and inflection points, nevertheless they follow a very different pattern (Figure 3.17).

The calculated CD based on the predictions for peptide ZnOBP4 show poor similarity with the exper-

imental spectra. The Pep-Fold predictions are all associated with spectra following a similar pattern,

but this is far from an agreement with experiments. For IT5 we find a good agreement in terms of the

spectral intensities, even though the calculated spectra is blue shifted in comparison to the measured

spectrum and shows an additional minimum around 222 nm in contrast to the wide shoulder obtained

for the CD measurements for this peptide.

For the peptide HKADRLWAHALR (ZnOBP5) the calculated CD spectra, can be found in the last row in

figure 3.17. The best agreement regarding the minimum peak intensities can be found for the spectra

associated with the structure IT2. The calculated spectra is blue shifted in comparison to the experi-
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.17: Calculated CD spectra for de novo secondary structure prediction server via DichroCalc. [121,122]

Left panel shows the results for the Pep-Fold server (PF) [93–95] and the right panel for the I-Tasser
server (IT). [100] The corresponding experimental CD spectra are shown with a black dashed line.
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3.3 Assessing the conformational ensemble

mental spectra as well as the position of the maximum. The calculated maximum also reveals higher

intensities in comparison to the experiment.

Comparing experimental and calculated spectra, commonly higher intensities can be found for the

calculated ones and furthermore, only few spectra show a good agreement regarding the peak po-

sitions. With respect to the obtained intensities approaches based on homology modeling (I-Tasser)

commonly overestimate the spectral intensities more than the Pep-Fold server. The approach of cal-

culating CD spectra based on single structures is not conclusive in terms of an appropriate description

of the conformational ensemble and show furthermore limitations in the identification of representative

structures.

In the next step, we aim to access the conformational ensemble via enhanced sampling methods,

which allow for a sampling of the energy landscape, which has been shown to achieve a quantitative

agreement of measured and calculated CD spectra for a 13mer helical model peptide. [123]
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

3.3.3 Molecular dynamics and advanced sampling methods

The computational investigation of the secondary structure of an oligopeptide in solution (and in an

adsorbed state) is far from trivial, and all-atom Molecular Dynamics (MD) based on classical force

fields may be very promising, given its proven ability to predict the dynamics of biomolecular systems

with high precision. [124] However, a non-sufficient sampling of the energy landscape within standard

MD simulations might limit the applications and hinder a direct comparison to experiments. Generally,

the energy landscape is defined as a function of all coordinates and has a global minimum. However,

this phase space can consist of complex structure with multiple local minima, separated by barriers

of various heights. [77] The limitations within MD simulations are usually related to the application of

inadequate force fields and computational costs. Standard MD simulations access time scales typically

of the order of 100 ns to 1 µs, which is not sufficient to overcome potential energy barriers associated

with conformational changes taking place on an experimental time scale (seconds to hours). [125]

The ’propensity’ to overcome an energy barrier is described by the Arrhenius equation, which connects

the rate k of the transition between two states with the Boltzmann distribution using a frequency pre-

factor A: [126,127]

k = Ae−
Ea

kBT . (3.1)

The rate k is given in s-1, the height of the energy barrier Ea in kcal mol-1, kB corresponds to the

Boltzmann constant and T the absolute temperature . Frequency pre-factors commonly assumed for

molecular processes range from 1012 to 1013 s−1. [128] Following this description, the number of states

associated with higher temperatures decreases with an exponential function leading to a low likelihood

for crossing high energy barriers at ambient temperatures on accessible timescales in standard MD

simulations. For instance, an energy barrier of 4.6 kcal mol-1, corresponding to breaking hydrogen

bonds, happens on the nanosecond time scale and is therefore accessible in standard MD simulations.

On the contrary, energy barriers of 23 kcal mol-1 would be overcome on the time-scale of hours and are

therefore far beyond traditional Molecular Dynamics simulations. [128]

So called advanced-sampling MD methods are required to capture the rare events leading to con-

formational changes in proteins and improve the ergodicity of the simulation. [125,129] If a system in a

simulation is ergodic, all relevant states of a system must be reached in an equilibrium state at temper-

ature T, all the states pertaining to the canonical ensemble will be explored, each with its own correct

statistical weight. This allows to analyze and reveal functional properties of the systems being exam-

ined leading to meaningful estimates of dynamics and functions. [125] For instance, Replica Exchange

with Solute Tempering (REST) in combination with MetaDynamics (MetaD) [130] has been successfully

used to predict the conformational ensemble of oligopeptides in solution or adsorbed on materials sur-

faces. [123,131,132] Furthermore, enhanced-sampling molecular dynamics simulation techniques estab-

lish another connection between experiments and simulations via calculations of free energy estimates.
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3.3 Assessing the conformational ensemble

Replica exchange methods enhance the sampling of the conformational phase space by coupling

the pristine system to a fictitious set of replicas at higher temperatures. This approach ensures that

the orthogonal degrees of freedom of the system are explored with sufficient accuracy thanks to the

enhanced sampling of the high-temperature replicas. Moreover, these higher-temperature replicas

ensure that energy barriers, acting on a priori unknown degrees of freedom, are easily overcome. The

temperature rescaling (tempering) can be applied only to a portion of the system (the ’solute’), to avoid

dealing with the very large number of degrees of freedom of its surrounding environment (the ’solvent’)

(Replica exchange with solute tempering REST). [129,133]

In this chapter we complement the application of REST simulations with the previously discussed cal-

culation of CD spectra of our five peptides and quantify secondary structural components. An important

link between the experimentally measured spectra and the simulations can be made via the theoretical

calculation of the CD spectra based on the atomic positions within the sampled trajectory by using a

dedicated web interface such as DichroCalc. [121,122]

The simulation procedure presented in the following is closely following Hildebrand et al. [124] and was

performed by Dr. Massimo Delle Piane. All MD simulations were performed with GROMACS [134], em-

ploying the AMBER14SB force field [135] for the peptides in combination with the TIP3P forcefield [136]

for water and the ionsjc_tip3p force field for the ions. [137] Bonds involving hydrogen atoms were con-

strained by means of the LINCS algorithm [138]. The simulation box used to model the five solvated

peptides in water included 4164 H2O molecules and 1 Cl− ion to ensure charge neutrality, if applicable.

For the simulation of the peptides in methanol the simulation box included 1884 to solvent molecules

and 1 Cl− ion to ensure charge neutrality, if applicable. The starting structures for the simulation were

chosen based on the CD spectra similarities to experiment from the de novo predicted structures (cf.

previous section).

Prior to the production runs, the peptides were equilibrated. This process started with a energy min-

imisation of the solvent molecules keeping the peptide fixed, followed by a NVT run of 100 ps at 300 K

for the solvent molecules (keeping the peptide fixed) and a NPT run of the solvent for 100 ps at 1 bar.

In a second step we performed an energy minimisation of the peptide (with a fixed solvent), followed

by a NVT run of all systems components at 300 K for 100 ps and a NPT at 300 K and 1 bar for 100 ps.

For the production run constant-temperature simulations were performed in an NVT ensemble with a

modified Berendsen thermostat with a coupling constant of 0.1 ps [139]. A Verlet integration time step of

2 fs was used. Visualization and analysis of the trajectories were performed with VMD. [101]

To elucidate the conformational ensemble of the peptides we performed Hamiltonian Replica Exchange

with Solute Tempering (H-REST) simulations (Figure 3.18). [129,133,140] Solely the peptides were defined

as the ’solute’ in the H-REST simulations, whose temperature was scaled in the different system repli-

cas (’hot’ system region). The solvent and the salt ions remained at the base temperature T0 = 300 K

(’cold’ system region). We used 8 replicas at temperatures Ti corresponding to 300.0, 322.7, 347.1,

373.4, 401.7, 432.1, 464.8 and 500 K, respectively. Defining βi = 1/(kBTi), where kB is the Boltz-
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.18: Hamiltonian replica exchange with solute tempering. a) Schematic representation of the replica
exchange approach. A number of simulations are performed at the same time (replica of the sys-
tem) under different values for the exchange variable. At predefined time steps attempts are made
to swap conformations between (neighboring) replica. b) Parameter scaling of a solute tempering
simulation for the zinc oxide binding peptides. The Lennard-Jones parameter ϵ, the charge q of the
’hot’ atoms and the dihedrals are scaled by the presented formulas. Interactions are separated into
cold-cold, hot-hot and hot-cold interaction types. βi = 1/(kBTi).

mann constant, the Lennard-Jones parameters ϵ of the ’hot’ atoms in the i th replica were scaled by the

factor βi /β0, and their charges q by the factor
√︁

βi /β0. Of the bonded interactions, only the dihedral

force constants kdih were scaled. Exchanges between the replicas were attempted every 1.6 ps, follow-

ing a Metropolis-Hastings acceptance criterion. The exchange criterion is based on relative Boltzmann

weights to ensures correct overall Boltzmann statistics. The replicas associated with higher fictitious

temperatures have a higher propensity to cross barriers, since the energy landscape is temperature

dependent and smoothed for higher temperatures. However, an exchange of conformations with the

neighbored ’lower temperature’ replica is restricted to conformations also representative for a ’lower

temperature’ behavior, otherwise the exchange is rejected. This approach ensures that the ground

replica will be correctly sampled and therefore represents the conformational ensemble at that temper-

ature.

The geometric progression of the temperatures Ti ensured a nearly uniform overlap of the potential

energy distributions and thus a uniform exchange probability across the replica ladder(Figure 3.19). [141]

The mean values for the H-REST simulation of all peptides in water are 35.6 ± 2.29% and 35.7 ± 1.45%

for the simulated systems in methanol. The round-trip time, which is defined as the time needed by

one replica to move along the complete temperature ladder from 300 to 500 K and back, amounted to

0.75 ± 0.29 ns for the solvated peptides in water and 2.36 ± 0.99 ns for the peptides in methanol.
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3.3 Assessing the conformational ensemble

Figure 3.19: Exemplary results for the replica exchange with solute tempering simulation including the respective
temperature position of the replica as the simulation progresses and distribution of the potential
energies of the REST simulation. a) showing the results for ZnOBP1 in H2O and b) in MeOH.
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Under the assumption that the energy landscape is sampled properly and ergodicity is reached, the

average of the calculated spectra of all frames should be directly comparable to the measured spectra

due to the correct representation of the energy landscape. The calculated CD spectra from the ground

trajectories for the five peptides in the two different solvents can be found in Figure 3.20. The agreement

between the measured and the averaged spectra from the H-REST simulation is generally very poor.

For the simulation in water (Figure 3.20, left panel) not only we find no agreement with the measured

spectrum for the mean spectra, but also no overlap between all calculated CD spectra for all investi-

gated configurations of the trajectories, with the exception of ZnOBP3. However, even for ZnOBP3 in

water we cannot identify any similar spectral patterns in the trajectory-based CD spectra.

The combined results of experimental CD analysis and advanced-sampling MD simulations reveal,

however a sensitivity of the peptides towards the solvent, leading to non-negligible changes of their

conformational ensemble.

For the simulation performed in methanol again no agreement is found for the mean spectra of each

trajectory with the corresponding experimental CD spectra. However, configurations were sampled

with CD spectra with some similarities, since in this case we obtain an overlay between the spectra

and the experimental CD spectrum (Figure 3.20, right panel).

The disagreement between simulation and experiment might be attributed to different causes: (i) the

CD spectra calculations via DichroCalc might be misleading, (ii) an insufficient sampling of the energy

landscape and/or convergence issues of the H-REST simulation might misrepresent the conformational

ensembles, and (iii) the underlying force field might be not appropriate for these systems.

To investigate the potential influence of DichroCalc, we will continue to analyze the structures in detail

in the following, to gain insights into the sensitivity of this approach towards structural changes.

Regarding the second potential reason, we observe a strong superposition of the potential energies of

the eight replicas for each of our systems (cf. Figure 3.19 for exemplary results). This superposition

is a first proof that the simulations may lead to well-converged values. This result is supported by the

mean exchange probability (35.6 ± 2.29% and 35.7 ± 1.45%) and the round trip time (0.75 ± 0.29 ns for

the solvated peptides in water and 2.36 ± 0.99 ns), which are in the range given by the literature. [133]

However, the temperature range is comparably small and thus might lead to an insufficient sampling of

higher energetic conformations.

In a first step to compare the spectral features predicted from DichroCalc to secondary structures in

the REST trajectory for each of the peptides, we applied the "Define Secondary Structure of Proteins"

(DSSP) algorithm. [142] We have chosen this algorithm since it is also used for the BeStSel approach [1]

and is implemented in Gromacs. The results of this analysis are summarized in the Table 3.9
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3.3 Assessing the conformational ensemble

Figure 3.20: Calculation of CD spectra using DichroCalc [121,122] for the REST trajectories for ZnOBP1 to 5 in
water and methanol. The black spectra are the spectra calculated from each snapshot of the
trajectory, the blue and yellow spectra represent the averaged spectra from the trajectory for water
and methanol, respectively. The color code for the experimental CD spectra is consistent with the
previous section.
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Table 3.9: Analysis of the DSSP of the ZnOBP configuration in H2O and MeOH

Peptide Solvent α-helix (%) 310-helix (%) β-sheet (%) β-bridge (%) turn (%) bend (%) other (%)

ZnOBP1
water < 0.5 3 < 0.5 < 0.5 20 22 55

methanol < 0.5 < 0.5 < 0.5 < 0.5 19 28 51

ZnOBP2
water < 0.5 2 < 0.5 1 15 20 62

methanol < 0.5 < 0.5 < 0.5 4 19 20 57

ZnOBP3
water 1 4 < 0.5 < 0.5 29 14 51

methanol < 0.5 1 < 0.5 2 22 20 56

ZnOBP4
water 7 2 < 0.5 3 14 15 57

methanol < 0.5 1 <0.5 2 29 12 56

ZnOBP5
water < 0.5 1 3 2 8 20 65

methanol < 0.5 < 0.5 1 1 13 21 64
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3.3 Assessing the conformational ensemble

The DSSP analysis on the ground trajectory is partly in agreement with the secondary structure analy-

sis from BeStSel on the experimental spectra, with only minor contributions from helical content within

the trajectory. Further similartities can be found for the definitions of ’Turn’ and ’Other’. Experimen-

tally determined turn values were around and below 20% with lower values for the measurements in

methanol. The values for Other obtained by the BeStSel fitting were >50% and >45% for water and

methanol, respectively.

Major deviation can be found regarding the β-sheet content, which is close to zero in the simulation for

all peptides according tp the DSSP definition. However, two points need to be considered to understand

this deviation: (i) in an aqueous environment the peptides tend to form agglomerates (cf. section 3.2.2)

which is also the case for ZnOBP5 in methanol (cf. section 3.3.2), therefore the BeStSel calculations

based on experiments might sense the hydrogen bonding network within the agglomerates. For protein

structures BeStSel reached very high correlation coefficients to X-ray structures especially regarding

the β-sheet content, [1] however, there might be larger deviations for short oligopeptides or IDPs. (ii) The

DSSP approach conducts the helical and sheet assignments entirely based on the backbone hydrogen

bonds, defined by a electrostatic model, which might significantly underestimate the amounts for short

oligopeptides. [143]

The positive values within the calculated spectra (Figure 3.20) in the wavelength region between 200

and 210 nm from the trajectories are commonly attributed to CD spectra dominated by the secondary

structure component ’Turn’ (cf. section 2.3.1) However, mean values up to 30% in maximum identified

from the DSSP should not be able to modify the conformational ensemble that strongly. One major

difference in comparison between the DSSP and the BeStSel approaches is the consideration of the

secondary structure ’Bend’ within DSSP. According to the DSSP definition, the component ’Bend’ is

defined when the angle Cα
i-2-Cα

i-Cα
i+2 is smaller than 110◦ indicating a high curvature. [143] However,

there is no reference CD spectrum associated with this description available. Within the BeStSel

approach, structures assigned to ’Bend’ are considered to belong to ’Other’. [1] Following this approach,

we would obtain 68% to 85% contributions of this definition.

In terms of the calculation of spectra according to the DichroCalc method, a tentative suggestion might

be that the configurations, which are labeled with ’Bend’ according to the DSSP method lead to cal-

culated CD spectra similar to the reference CD spectra associated with ’Turn’. This rearrangement

would be able to explain amount of spectral contributions with a maximum in the wavelength region

between 200 and 210 nm. These considerations are in agreement with Zhang and Sagui, [143] who

identified a great disparity for the ’Turn’ definition according to different algorithms. For instance, only

approximately 40% of the ’Turns’ identified via the STRIDE algorithm [144] are assigned as ’Turns’ by

DSSP, while the remaining residues are categorized as bends, coils and other structures. [143]
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Table 3.10: Analysis of the RMSD of the ZnOBP configuration in H2O and MeOH including the minimal, maximal
and average deviations of the structures within each of the trajectories.

Peptide Solvent min RMSD (Å) max RMSD (Å) av RMSD (Å)

ZnOBP1
water 0.19 11.09 4.33

methanol 0.17 10.24 3.02

ZnOBP2
water 0.24 11.02 4.58

methanol 0.18 10.50 4.38

ZnOBP3
water 0.17 10.14 3.41

methanol 0.14 9.44 2.38

ZnOBP4
water 0.20 10.94 4.45

methanol 0.15 10.62 2.66

ZnOBP5
water 0.22 10.54 4.28

methanol 0.17 10.34 3.23

The analysis of the backbone root mean square deviation (RMSD) values for each of the REST ground

trajectories confirms the variability of sampled structures, with values ranging from <0.25 Å to around

11 Å. For all investigated peptides a smaller RMSD value for the simulations in methanol in comparison

to water can be obtained, possibly indicating a higher ’structuring’ of the peptides in agreement with

the experimental trends.

To gain precise structural details about the conformational ensemble of our five peptides in water and

methanol, we performed a cluster analysis. Cluster analysis of the structures present in the ground

REST trajectories using the GROMOS algorithm [145], according to the differences in the RMSD val-

ues of individual frames, with a RMSD cutoff of 1.5 Å for the peptide’s backbone. The peptides were

aligned by a rigid rotation and translation of the whole system to minimize the RMSD variation prior

to clustering. Theoretical CD spectra were calculated using the DichroCalc web interface [121,122] for

individual frames of the simulated trajectories. This analysis allows for the identification of the most

represented structure and can be used as well to validate the convergence of the H-REST simulation.

In Figure 3.21 and Figure 3.22 the central structures of the most populated cluster are visualized for

the simulation performed in water and methanol, respectively. The dominant structure is hairpin-like to

horseshoe-like for both solvents with the exception of ZnOBP5 in water, which shows a more stretched

configuration. A comparison of the most populated clusters reveals a higher intra-peptide formation of

hydrogen bonds in the central structures for the simulations in methanol.
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3.3 Assessing the conformational ensemble

Figure 3.21: Overview about the clustering results for simulations in water. Left panel shows the visualization
of the most populated cluster and the right panel the normalised cluster occupancy for a cluster
analysis with a RMSD cut-off of 1.5 Å. Populations of the clusters with normalised cluster occupancy
of >1 % in red and ’other’ indicating the amount of structures, which were not clustered or possess
a normalized population <1 %.

129



3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.22: Left panel shows the visualization of the most populated cluster and the right panel the normalised
cluster occupancy for a cluster analysis with a RMSD cut-off of 1.5 Å. Populations of the clusters
with normalised cluster occupancy of >1 % in red and ’other’ indicating the amount of structures,
which were not clustered or possess a normalized population <1 %.
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The cut-off of 1.5 Å was used to evaluate the normalized cluster occupancy as well as the ∆G between

the most populated clusters over the time course of the simulation. The number of members of the

resulting most populated clusters were set in relation to all members of all clusters. The corresponding

values are the normalized cluster occupancy (ClOi):

ClOi =

(︃
nCli
nCl0

)︃
(3.2)

with nCli being the number of members of one cluster and nCl0 being the total number of configurations

clusters.

The solvated peptides are able to access many different conformations, which results in the most-

populated clusters containing only <15 % for simulations in water (with the exception of ZnOBP3) to

<35 % of the total frames in methanol.

For the peptides ZnOBP1, ZnOBP2 and ZnOBP4 in water the dominant population can be found in

the not-clustered population and occupancys <10% for the highest occupied cluster. ZnOBP4 also

reveals <15% of the population in the highest occupied cluster. ZnOBP3 shows a significantly different

behavior with >45% of the total frames found in this cluster.

For the peptides in methanol only <25% of the total number of frames could not be clustered with

the exception of ZnOBP2 with a value >50%. >15% of the structures are assigned to the highest

occupied clusters for each of the peptides with the highest value is found for ZnOBP3. Apart from

ZnOBP2 the majority of the structures are assigned to >1 % clusters for the simulation indicating that

the peptides gain some structure in presence of methanol. Thus, their corresponding ensembles seem

to be constrained, which is also supported from the higher round trip times.

The results from this population analysis confirm the high variability of configurations within the per-

formed REST simulations. Therefore, a consideration of only the most populated clusters would be

misleading in terms of the description of the ensemble.

In the following, we will focus on a more detailed analysis of a representative system to shed light on

the details of the structure/spectra relationships. For this purpose we choose ZnOBP1 in water and

methanol for a more detailed study regarding the connections between obtained configurations from

simulation and their calculated CD spectra.

The average secondary structure for ZnOBP1 in H2O according to the DSSP analysis consists of 20 %

Turn, 22 % Bend, 3 % 310-Helix and 54 % of other structures. In comparison, ZnOBP1 in methanol

shows an increase for the combination of Turn and Bend (19 % and 28 % respectively) and a reduced

contribution of ’Others’ (51 %).

The five highest occupied clusters for water and methanol are visualised in Figure 3.23 and 3.24

and their associated CD spectra are calculated and reported. The percentage values indicate the

normalized cluster occupancies.
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Figure 3.23: Overview about the five highest occupied clusters for ZnOBP1 in water. a) Visualization of the clusters via VMD. [101] The colored structure indicates
the central structure for each cluster and the grey shaded areas the structural variation within the cluster. Cluster population given in percent and
energy differences between the clusters. b) Calculated CD spectra for each cluster. [121,122] Black spectra corresponds to all structures within the
cluster and additionally the average spectra is calculated and the CD spectra associated with the central structure in the cluster is visualized.
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Figure 3.24: Overview about the five highest occupied clusters for ZnOBP1 in methanol. a) Visualization of the clusters via VMD. [101] The colored structure
indicates the central structure for each cluster and the grey shaded areas the structural variation within the cluster. Cluster population given in
percent and energy differences between the clusters. b) Calculated CD spectra for each cluster. [121,122] Black spectra corresponds to all structures
within the cluster and additionally the average spectra is calculated and the CD spectra associated with the central structure in the cluster is
visualized.
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

In addition to the normalized cluster occupancies we can access the energy differences between the

clusters. ∆G was defined via the relation of these normalized cluster occupancy to the occupancy of

the most populated cluster:

∆G = NA · kB · T · log

(︃
ClOj

ClO1

)︃
(3.3)

with NA being the Avogadro constant (6.022140857·1023 mol-1), kB being the Boltzmann constant

(1.38064852·10-23 J K-1) and ClOi being the normalised cluster occupancy for the most populated clus-

ter (1) or any of the other clusters (j). This analysis reveals only slight increases for ∆G in comparison

to the cluster 1 for the water and the methanol system indicating a flat energy landscape with conform-

ers of similar propensities of occurrence.

Structural clustering of the backbone is not necessarily sufficient to reach a clustering of the calculated

CD spectra. Especially for the simulation results for ZnOBP1 in water, e.g. for cluster 1, we obtain a

high variability in terms of the calculated CD spectra (cf. Figure 3.23 b)).

Furthermore, we can see from the comparison of the averaged CD spectrum from all calculated spec-

tra per cluster with the CD spectrum associated with the central structure of the cluster that a single

structure is not sufficient to represent the clustered ensemble of structures.

To elucidate whether an all-atom clustering would be able to reduce the spectral variation, we per-

formed in a next step another clustering procedure on structures within cluster 1 for the simulation of

ZnOBP1 in water with a RMSD cutoff of 1.5 Å for the peptide’s structure including the side chains.

The results of this second clustering procedure can be found in Figure 3.25. We display here only the

first two highest occupied cluster. While the spectral variation is reduced within this clustered cluster,

we can still see some variations especially for the clustered Cluster 1-1 (Figure 3.25b). The clustered

Cluster 1-2 reveal less variability within its configuration leading to a lower variation in the CD spectra.

To investigate the cause for the higher variations within the spectra calculated for clustered Cluster

1-1 we compared two spectral extremes with each other (Figure 3.26 a)), using an alignment of the

corresponding structures, which can be found in Figure 3.26 b). For this system we observe minor vari-

ations regarding the structural alignment occurring from the backbone and movement of side chains.

However, this slight variations lead already to different patterns in the hydrogen bonding network. The

results of this analysis reveal a high sensitivity of CD spectra towards changes in the backbone confor-

mation and the side chain configurations.

134



3.3 Assessing the conformational ensemble

Figure 3.25: All-atom clustering procedure on cluster 1 ZnOBP1 in water. A visualizes the starting configuration
of the second clustering approach on the previous cluster 1 (based on a backbone clustering)of
ZnOBP1 in water (cf. Figure 3.23). b) and c) are the visualizations of the first two clusters based on
all-atom clustering and the associated CD spectra. [121] For clarity the hydrogen atoms are removed
and their trajectory is smoothed with a window size of 10 in the VMD visualisation. [101]
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3 Identifying zinc oxide binding peptides and determining their conformational ensemble

Figure 3.26: Variability within the clustered cluster 1-1 ZnOBP1 in water. a) and b) show the maximum deviation
within the calculated spectra and the associated configurations.

In a further approach, we want to determine the ten most similar calculated CD spectra in comparison

to the experimental CD spectra for the peptide ZnOBP1 in water. For this purpose we calculated the

normalized root mean square deviation (NRMSD) value between the experimental spectrum and all

spectra calculated based on the obtained configurations from the REST simulation via: [1,146]

NRMSDCD =

√︄
1
w

· 1
max(CDexp)− min(CDexp)

·
w

∑
i=1

(CDexp,i − CDcalc,i)2 , (3.4)

with w describing the difference between the maximal and minimal investigated wavelength. The de-

viation between simulation and experiment is calculated for every joint wavelength. The normalization

within this approach is based on the intrinsic variation for the experimental spectrum (deviation between

the maximum and minimum value). The results of this procedure can be found in Figure 3.27a) and

b). The deviations between experimental and calculated spectra were strongly pronounced as we have

seen in Figure 3.20. Eight of the obtained spectra feature a similar position of their minimal structure,

however, the intensities of the calculated spectra a significantly lower. The comparison of the aligned

structures in Figure 3.27b) reveals that the similarities in the spectra do not lead to a strong clustering

of the structures in terms of their backbone dihedrals. Also this approach confirms the sensitivity of the

CD spectra calculation towards sublte conformational changes.

Enhanced sampling methods provide an approach by which the conformational ensemble of biomolecules

(solvated and adsorbed) can be investigated, allowing links to be made between the microstates ac-

cessible in the simulation and the macrostate of the system approached in the experiments. Therefore,
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3.3 Assessing the conformational ensemble

Figure 3.27: Spectral clustering for ZnOBP1 in water based on the calculation of the NRMSDs between the
experimental and the calculated CD spectra we show in a) the 10 CD spectra, which are most
similar to the measured CD spectra and b) the corresponding aligned structures.

we believe in accordance with [122] that discrepancies between measured and computed CD spectra

are not arising due to limitations of the theoretical formalism (or its software implementation), but in-

stead might occur based on two different drawbacks: (i) a not sufficient statistical averaging over the

conformational ensemble and/or the convergence of the simulation; (ii) one of the challenges that has

traditionally limited the ability of MD simulations to elucidate significant insights into biotic/abiotic inter-

faces: the force field (FF) used in these simulations.

To overcome the latter limitation, several recently developed FFs have been specifically parametrized

to capture the conformations of biomolecules with preferentially unordered structure. [147–149] However,

a general lack of comprehensive experimental and computational data available regarding the confor-

mational ensemble as well as free energies of adsorption, means that the validation, and systematic

improvement, of these FFs remains a major challenge. In case of an appropriate description of the

energy landscape of the peptides, the knowledge of a vast number of conformational microstates in

the sampled phase space together with their associated free energy gained via simulation could allow

to predict the experimentally measurable CD spectra of the ZnOBPs.
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3.4 Summary and conclusions

Within this chapter we identified five ZnOBPs sequences with potentially different binding affinities

towards the single-crystalline (0001)-Zn and the (101̄0) ZnO substrates.

Preliminary analysis via secondary structure prediction servers of the intrinsic conformational propen-

sities from the primary structure of the peptides indicated a preference to β-sheet conformations for

ZnOBP3 and an α-helical contribution for ZnOBP5. For the other binding peptides an unordered con-

formation was predicted. The de novo secondary structure prediction of the PEP-Fold server sup-

ported an α-helical preference for ZnOBP5 according to the implemented algorithm in the visualization

software VMD. However, this finding was not supported by the second server applied. For the other

peptides no unambiguous structural preference could be obtained from the secondary structure pre-

diction. The analysis of intrinsic preferences of the peptides based on libraries and host guest system

was not conclusive as well as the de novo description of the five peptides with two different servers.

The experimental measurements of the CD spectra in ddH2O indicated a preferential unordered struc-

ture for the five peptides, which was supported by the results of the temperature ramping experiments.

However, upon adding 10 v% TFE to the peptide ZnOBP5 in solution, a spectral change could be ob-

tained, revealing an increase of the α-helical content for this peptide. This finding might support an

intrinsic propensity of this peptide for α-helical conformations. The measurements in other solvents

revealed a sensitivity of the conformational ensemble for all five peptides towards environmental con-

ditions, especially of ZnOBP3, which completely changed its spectral pattern.

The calculation of CD spectra based on the de novo predictions revealed large variations within the

spectra with pronounced signal intensities, which show only minor similarities with the CD reference

spectra. This finding supported the necessity of Molecular Dynamics simulations and enhanced sam-

pling methods for the calculation of CD spectra. However, the general agreement between the aver-

aged calculated CD spectra from our REST simulations and the experimental spectra is poor.

The simulation results for the peptides agree on a preferentially unordered structure of the peptides

according to the DSSP analysis of the full ground trajectories, but reveal a high variability within the

spectra for the simulation results. Regarding the other secondary structure components the compar-

ison of DSSP results to the measured spectra the results have been not conclusive. However, the

conformational ensemble predicted for all peptides is significantly different for water and methanol and

the clustering of the backbone as well as the RMSD values indicate a lower conformational variability

in the latter. A tentative explanation might be related to the hydrogen binding patterns. The peptides

in a methanol environment seem to be enriched in intra-peptide hydrogen bonds. This suggestion is

in agreement with the findings of Li et al.. [116] They found that the solvent dependent propensities of

backbone conformations are mediated the solvent interaction of the backbone groups and the local

intra-peptide hydrogen bonds. However, a deeper analysis would be necessary to confirm this point

for our simulated systems.
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Upon calculating the CD spectra for clustered configurations we found that small changes in the the

structure can cause large variations within the calculated spectra, revealing an extreme sensitivity

of the DichroCalc approach towards minor conformational changes. The influence of the different

parameter sets in DichroCalc on the conformational ensemble should be investigated. Moreover, we

could confirm that the consideration of representative structure within REST simulations to describe

the conformational ensemble is not appropriate for short oligopeptides with a flat energy landscape,

with only small energy differences between the different clusters.

In the comparison of simulation to experiments it needs to be considered that within our simulation ap-

proach we miss any cooperative effects due to the consideration of only one peptide in the simulations.

Other effects, which might influence the obtained simulation results are the convergence of the simu-

lation and the considered fictitious temperature range in the REST approach. However, in our opinion

the major cause for the difference between simulation and experiment is the consideration of a force

field, which seem to lead technically to the sampling of a different energy landscape. Recently devel-

oped force fields based on the description of intrinsically disordered proteins might be suitable for the

simulations of oligopeptides. [147–149] Another important consideration, which would be also influence

the adsorption process of the peptides, is the protonation state of the side chains and here especially

histidine. The protonation states influence the sampling of the Ramachandran plot according to the

host-guest peptide simulations and will probably strongly alter the adsorption behavior of the peptides.

To achieve a fundamental understanding of the structure/CD signal relations, correlations need to be

made between the different methods we applied for all investigated system and this thesis can only be

considered as a starting point. An additional approach could include the clustering of CD spectra due

to their similarities. First steps have been undertaken (Appendix Figure A.11) to achieve a clustering

based on data mining algorithms, but were not found to be conclusive so far.

To elucidate the composition of the conformational ensemble, other chiroptical approaches (for instance

FTIR, VCD, Raman and ROA spectroscopy) could be used, which would also allow for the calculation

of experimental observables.
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CHAPTER 4

BINDING AFFINITIES OF PEPTIDES TO ZINC

OXIDE SINGLE CRYSTALS

In this chapter we want to expand the knowledge regarding the interaction of ZnO binding peptides to

single crystalline targets. We use the five binding peptides chosen in the previous chapter and apply

two different approaches for the qualitative and quantitative description of their binding affinities:

i) An indicator displacement assay using a fluorescence dye with a specific affinity to the ZnO

single crystals;

ii) AFM based single molecule force spectroscopy, which is used to detect the interaction forces

between the five chosen peptides and the two ZnO substrates and estimate the free energies of

adsorption ∆Gads .

This chapter aims at using the identified binding peptides for the zinc terminated polar (0001)-Zn and

the mixed terminated (101̄0) ZnO surfaces to answer whether the enrichment of certain amino acids

is due to their individual affinities, to quantify the binding affinities to the (0001)-Zn and (101̄0) ZnO

surfaces and to investigate whether their interaction is surface specific. The results of these two ap-

proaches will be compared to the relative binding affinities from the phage assay used in chapter 3.2.

The contents of this chapter are in preparation for submission with co-workers from Nottingham Trent

University and especially Mithun Parambath, who supported the experiments of the optically sectioned

planar format indicator displacement assay.
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4 Binding affinities of peptides to zinc oxide single crystals

4.1 Introduction and preliminary characterization

We start the investigation of the binding affinities of ZnO binding peptides with single-crystalline sub-

strates, before using poly-crystalline ZnO sensors for the surface plasmon resonance experiments

and the nanoparticles. This has two different reasons: we want to use substrates comparable to the

ones used during the biopanning procedure and we want to avoid an additional influence from grain

boundaries for this first study.

For both methods that will be applied here, the stability of the single crystalline substrates is essential.

Potential dissolution of the ZnO single crystals may alter the amount of binding sites on the surface

and their accessibility. Additionally, the potential release of Zn2+ ions or other zinc species may lead

to complexation of the amino acids and binding peptides in solution as well as interactions with the

fluorescence dye, which are not surface specific. Furthermore, changes in the surface roughness may

have an influence on the measured interaction forces from single molecule force spectroscopy.

The single-crystalline ZnO (0001)-Zn and (101̄0) substrates were purchased from Crystal GmBH

(Berlin, Germany) and analyzed regarding their properties. According to the manufacturer the sub-

strates were hydrothermally grown and chemo-mechanically polished.

For a chemical characterization of the polar zinc-terminated and the mixed terminated (101̄0) surface,

energy-dispersive X-ray spectroscopy (EDX) has been used 1. Exemplary (0001)-Zn and (101̄0) ZnO

surfaces imaged by SEM and EDX elemental analysis can be found in figure 4.1. The concentrations

of the different elements for both surfaces are summarized in Table 4.1. According to the compound

analysis, both samples consists of more than 99 wt% ZnO and less than 1 wt% Al2O3 . The presence

of Al2O3 is presumably due the the chemo-mechanical polishing procedure.

We characterize the surface roughness of the ZnO single crystals by AFM imaging. To this aim, the

(0001)-Zn and (101̄0) ZnO surfaces are imaged with contact mode in air in constant-force mode using

a JPK nanowizard III and exemplary surface topographies are shown in figure 4.2. The insets in figure

4.2 show the visualization of the orientation obtained by single-crystal X-ray diffraction (XRD).2

Table 4.1: EDX elemental analysis of (0001)-Zn and (101̄0) ZnO surfaces.

element Zn O Al
surface ( atom% ) ( atom% ) ( atom%)]

(0001)-Zn 49.42±0.09 50.12±0.02 0.47±0.07
(101̄0) 49.35±0.08 50.13±0.02 0.52±0.07

1 This investigation was carried out by Philippe Kiefer (FB5, University of Bremen), Electron microscopy JEOL JSM-6510
with Bruker EDX

2 This investigation was carried out by Dr. Johannes Birkenstock (FB5, University of Bremen), D8 QUEST single crystal
X-ray diffractometer

154



4.1 Introduction and preliminary characterization

Figure 4.1: SEM images and EDX elemental analysis of exemplary (0001)-Zn and (101̄0) ZnO surfaces.

The surface roughness was determined by means of the cross-section tool of the JPK data processing

software and additionally determined by the histogram tool included. Within each surface area, four

cross-sections are used, two are the diagonals, one the vertical and one the horizontal having an inter-

section in the midpoint of the topographic segment. For each of the cross-sections two characteristic

parameters are calculated by the software: RMS roughness (Rq) and Peak-to-Valley roughness (Rt).

These parameters are also given by the histogram tool of the JPK data processing software. In ad-

dition, the distribution of topographic height information is given as a function of the number of pixels

within this tool. The following table (4.2) summarizes the determined values for the surface roughness.

The usage of the cross-section and the histogram tool lead for the RMS roughness (Rq) to comparable

results considering the deviations. For the Peak-to-Valley roughness (Rt) the differences are significant,

with higher values for the histogram tool. In comparison to the (0001)-Zn surface the surface roughness

on the investigated (101̄0) is slightly higher, but not significantly, due to the deviations.

ZnO surfaces are well known to dissolve in different media with the development of surface specific etch

pits. [1–5] A complementary approach of atomic force microscopy and vertical scanning interferometry

was applied to quantify the solubility rate for both crystalline facets and their variability. The results of

Table 4.2: Surface roughness of the bare (0001)-Zn and (101̄0) ZnO surfaces: RMS roughness ( Rq ) and
Peak-to-Valley roughness ( Rt ) obtained using the cross-section and the histogram tool of JPK Data
Processing software (v. spm-4.2.16) for six different surface sections each.

method
(0001)-Zn (101̄0)

Rq (pm) Rt (pm) Rq (pm) Rt (pm)

cross-section 260.15±92.57 1365.68±587.38 290.47±69.46 1452.14±672.94
histogram 194.03±126.74 4049.75±1661.86 232.67±104.05 5777.67±3576.55

155



4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.2: Topographic characterization of the bare (0001)-Zn and (101̄0) ZnO surfaces. Visualization of an
exemplary surface topography. The insets were obtained during the characterization of the single
crystals with XRD measurements confirming the orientation of the crystals

this study, presented in the following, are published in [6].

As a first step we investigated the etch pit evolution and distribution via AFM imaging. The etch pits

on the polar (0001)-Zn surface are occurring in a hexagonal shape [7] due to the hexagonal crystal

structure (P63mc), and can be found in two size ranges (Figure 4.3). For instance, after a reaction

period of 1 h, the large pits show a diameter of 1 to 2 µm, in contrast to small pits with diameters

<500 nm. According to studies about crystal dissolution and crystal defect type, this is a common

result, which is based on two different types of dislocation. This indicates the presence of both screw

dislocations, which are responsible for large etch pits, and point defects that create the evolution of flat

pits that grow exclusively laterally. [8] Progressing dissolution leads to lateral growth of etch pits of both

kind and, eventually, in their coalescence. Such coalescence is a source of heterogeneity of the surface

reactivity due to the variability in surface kink site density and thus surface energy. Consequently, the

surface reaction rate exhibits a spatial and temporal variability. [9,10] Isolated and coalescing etch pits

are found at the mixed-terminated (101̄0) surface as well. These etch pits have a flat triangular or

trapezoidal morphology (Figure 4.3).

The roughness of the (101̄0) surface increased by 0.40±0.02 nm h-1 for the incubation in ddH2O. Similar

values (0.32±0.06 nm h-1) were obtained for the evolution of roughness on those surface regions of

the (0001)-Zn facet which exclusively include smaller pits. The surface roughness of surface regions

that are dominated by screw dislocations increased by 1.8±0.1 nm h-1. However, the large increase

in the standard deviation of Rq with reaction time for the etch pits associated with screw dislocations

indicates a heterogeneous evolution of surface topography. Both the variability in the distribution of etch

pit depth and the coalescence of pits are responsible for this result. [9] These results cannot sufficiently

identify the contributing mechanisms. Thus, a detailed investigation of the reaction rate contributors is

necessary, based on VSI data and the dissolution rate spectrum.
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4.1 Introduction and preliminary characterization

Figure 4.3: Size and spatial distribution of etch pits, illustrated by AFM data. The (0001)-Zn ZnO surface shows
hexagonal etch pits (reaction period t = 480 min): large single pits indicate screw dislocations vs
small pits at point defects. The pit depth is in the range of several tens of nanometers. The (101̄0)
surface shows triangular to trapezoidal etch pits (t = 480 min and t = 960 min). The base length of
the triangles is 1 to 3 µm, and the height is <500 nm. The pit depth is several nanometers to tens
of nanometers. Note the heterogeneous spatial distribution of triangular pits and the occurrence of
surface clusters of high vs low pit density.

On the basis of material flux map data, dissolution rate spectra were calculated, i.e. rate map data

are transformed from a spatial domain to the frequency domain. [11] Figure 4.4a summarizes the rate

spectra of the (101̄0) and (0001)-Zn surfaces for an incubation time of 12 h . Three time-resolved

spectra (16 to 20 h, 20 to 24 h, and 24 to 28 h) show the temporal evolution of the rate spectra for

the (0001)-Zn surface. All spectral curves of the reacting (0001)-Zn surfaces show a characteristic

maximum of the very low rate sections (0 to 0.5 nm h-1). This slope section of the rate spectra function

reflects the transition zone between inert surface sections with no reactivity and low reactivity.

For those surfaces, the inflection point at around 0.5 nm h-1 (see the asterisk in Figure 4.4b for the over-

all rate of the (0001)-Zn surface) of the rate spectral curves provides information about the starting point

of all rate components that refer to the small etch pits with the lowest reactivity (0.5 nm h-1< rate <2 nm h-1).

A second inflection point (two asterisks) indicates the existence of a second rate component (>2 nm h-1).

Note the decrease in frequency of rate components of >5.5 nm h-1 (three asterisks). Such higher rate

portions are found at highly reactive spots at or close to screw dislocations. Overall, the local rates

at screw dislocations show a broad distribution of ≤12.5 nm h-1 because of the large variability of re-

activity at or in large hexagonal etch pits. On the dissolving (101̄0) surface, a single rate component

(<3 nm h-1) exists that reflects the material flux from the typical elongated etch pits.

Figure 4.4b provides a compilation of the occurrence and amount of rate components based on the

analysis of rate map sections. Rate components are calculated by a deconvolution of the rate spectra.

Using the method of least squares, the number and amount of rate components are calculated. [12]
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.4: Dissolution rate spectra based on material flux maps obtained by vertical scanning interferometry
(VSI). (a) Dissolution rate spectra of (0001)-Zn and (101̄0) surface rates, for a total reaction time of
12 h, based on VSI data. A series of time-resolved spectra of the (0001)-Zn surface show their tem-
poral evolution during reaction periods of 4 h and their pronounced variability for small (<2 nm h-1)
and large (>5 nm h-1) rate components. (b) Area-normalized mean dissolution rates of different sur-
face types, based on VSI data: (i) coalescing large hexagonal pits, (ii) isolated large pits, (iii) mean
rate of overall contribution from the (0001)-Zn surface, (iv) small hexagonal pits, and (v) mean rate
of overall contributions from the (101̄0) surface. Images for illustration of the crystallographic feature
on the right side are not to scale.
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It could be concluded that ZnO shows (i) a strong facet-dependent dissolution behavior in ddH2O with

a material release from the (0001)-Zn facet which is ∼4 times higher than that from (101̄0) facets with

0.1-0.3 nm h-1, (ii) a remarkable range of surface dissolution rates of more than 1 order of magnitude

of the (0001)-Zn surface (0.21 to 3.01 nm h-1), and (iii) a heterogeneous distribution of inert surface

regions (no dissolution reaction) versus reactive regions.

In general, the quantitative information about rate components, i.e., the occurrence of contrasting etch

pit types and related material fluxes, and their heterogeneous spatial distribution could be used as

input parameters for modeling of porosity and pore structures, [13] the reactive transport, [14] and the

prediction of material release. For predictions of ZnO dissolution behavior with a potentially toxic

impact on natural environments, a combinatory approach of geometrical constraints such as crystal

face accessibility and the heterogeneity of surface reactivity might be helpful in future investigations.

Additionally, the strongly spatially resolved rate maps reveal spatial and temporal variabilities in surface

reaction rates and the existence of rhythmic pulses of the material flux from the crystal surface. These

observations lead to applied and theoretical implications regarding the up-scaling of crystal dissolution

kinetics as well as the interconnection of dissolution and growth via the equilibrium state. [15]

Due to the described dissolution behavior for ZnO single crystals in ddH2O, we confirmed in a next

step the increased crystal stability in contact with alcoholic solutions. We verified the stability of the

substrates in methanol by performing time dependent images via AFM, leading to no occurring etch

pits and additionally no increase in the surface roughness (cf. Figure 2.4 a)).

The surface zeta potential of the (0001)-Zn and (101̄0) surfaces in methanol (HPLC grade, ≥99.9% ,

Sigma Aldrich) is measured with Malvern Zetasizer Nano-S equipped with the surface zeta potential

cell (ZEN1020; Malvern Instruments Ltd) using silica nanoparticles as tracer particles. The setup was

prepared for the surface zeta potential measurements according to the manufacturer’s recommenda-

tions. The results of this zeta potential measurements can be obtained in Table 4.3. Both surfaces

have surface zeta potentials close to 0 mV, with slightly lower values for the (0001)-Zn . The surface

zeta potential is strongly dependent on the surface properties, particularly on the surface termination.

Therefore we will introduce what is known about the ZnO surfaces in a methanol environment in the

Table 4.3: Surface zeta potential (0001)-Zn and (101̄0) in methanol

Surface Surface zeta potential in MeOH (mV)

(0001)-Zn
-1.99 ±0.96

-4.70 ±1.31

(101̄0)
-0.02 ±0.20

-0.37 ±0.28
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following.

Only a few studies investigated the interface between specific ZnO surfaces and methanol. Shao

et al. studied methanol adsorption on the stoichiometric (101̄0) surfaces using scanning tunneling

microscopy (STM). They identified the formation of two types of ordered structures by dissociative

adsorption in different modes from the adsorbed methanol. [16] Jin and Wang’s study using electron

energy loss spectroscopy (HREELS) in conjunction with temperature programmed desorption (TPD)

revealed the presence of a partially dissociated (2× 1) superstructure for the ZnO (101̄0) surface.

Additionally, their investigation showed also for the zinc-terminated ZnO surface exposed to methanol

at room temperature the presence of molecular methanol and methoxy species. [17] Kiss et al inves-

tigated the adsorption of methanol on the ZnO (101̄0) surface at temperatures below 450 K via a

combined approach of He-atom diffraction (HAS), high-resolution HREELS, thermal desorption spec-

troscopy (TDS), and density functional calculations. They found similar to the previously described

water adsorption (cf. chapter 1) a monolayer of methanol molecules with a (2× 1) superstructure con-

sisting of an equal fraction of non-dissociated and dissociated (methoxy) species. However, they stated

that the driving force for the formation of this periodicity is the steric repulsion of the methanol methoxy

species, in contrast to the hydrogen-bonding mediated attractive interaction for water molecules. [18]

In our experimental preparation the single-crystalline substrates are in contact with ambient condi-

tions. Comparing the surface protonations and binding energies for the (101̄0) surface in a H2O and

methanol environment in terms the most stable configurations (Figure 4.5), we can see that the same

superstructures are obtained for a monolayer coverage with different surface groups depending on the

environment. Under the assumption that the accessible binding sites are occupied with molecularly ad-

sorbed and dissociated water molecules forming the half-dissociated (2× 1), a change to an methanol

environment would not necessarily lead to a full exchange to the surface groups according to an en-

ergetic comparison. Like pointed out before, the behavior of the polar ZnO (0001)-Zn surface is more

complex, but according to the restructuring of the surface in presence of water, a full exchange of the

surface groups is not expected.

Therefore, we assume for our study of the ZnO/amino acid/methanol interface the presence of a surface

termination including at least some molecular water and, if applicable, dissociated water molecules.

The polarity of the surface groups will be influenced of the surrounding solvent, like it can be seen from

the surface zeta-potential measurements, and the entropic barrier in terms of surface accessibility is

solvent dependent. Therefore, a direct comparison in terms of the the binding affinities should be done

with caveats. Regarding the direct interaction of the amino acid with the surface, this might be following

a comparable mechanism.
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4.1 Introduction and preliminary characterization

Figure 4.5: Side and top view of the most stable atomic configuration of an adsorbed a) water and b) methanol
monolayer respectively leading to an half dissociated (2× 1) superstructure. The surface unit cells
are shown by dashed lines and the binding energy per molecule is given in the upper left cor-
ner. [18,19] a) Reproduced from [19] with permission from the Royal Society of Chemistry.b) Reprinted
with permission from [18]. Copyright 2011 American Chemical Society
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4 Binding affinities of peptides to zinc oxide single crystals

4.2 Optically sectioned planar format indicator displacement assay for

biotic/abiotic interactions

For the characterization of ZnO/peptide interactions, we have transferred the conveniently accessible

indicator displacement assay, [20–22] which is popular in biological and supramolecular chemistry, to the

field of abiotic/biotic interactions.

The optically sectioned planar format assay introduced here is based on a indicator displacement as-

say. This assay is characterized by a two step process: (i) the indicator is brought into contact with the

receptor and bind in a reversible manner (Figure 4.6 upper panel) and (ii) the supernatant is removed

and a competitive analyte/inhibitor is added to the system (Figure 4.6 lower panel). The presence of

this analyte/inhibitor varies an optical signal, which is the response that can be detected. [21,22] Different

sensing principles can be used, but in this work we focus on fluorescence based indicators for ZnO.

The major assumption within this approach is a comparable affinity between the receptor/indicator and

analyte/receptor systems. [21,22]

In general, fluorescence based techniques for the characterization of interactions are widely accepted,

due to their high sensitivity, diverse selection of fluorescence probes and ease of operation and numer-

ous readout modes. [23] Most of the fluorescence based techniques require a fluorescent labeling of the

analyte. For instance, Joshi et al. used fluorescent indicator adsorption and displacement to investi-

gate the interaction of amino acids and polypeptides with metal oxide nanoparticles, using hexapep-

tides containing an N-terminal Tryptophan residue. [24] However, for the binding study presented in the

following, a probe non-covalently associated with the abiotic surface is preferred, both due to the indi-

cator displacement assay we want to apply and to ensure the binding of the analyte is not influenced

by the labeling. Within this study we use a fluorescence dye which is known for his affinity to Zn2+

ions in solution and has a very specific interaction (with the exception of cadmium ions) according to

information’s provided by the manufacturer.

The key part of the optical sectioned planar format assay is a fluorescent thin layer formed between

the used fluorescence dye and the surface. Therefore, the usage of an interface-sensitive technique

is recommended. We chose confocal laser scanning microscopy (CLSM), [25,26] which is an optical

sectioning technique (cf. section 2.2.2). This approach enable us to neglect defective surface segments

to minimize the influence of such artifacts. Furthermore, the usage of CLSM ensures the applicability of

this approach for other systems with fluorescence dyes that still show a signal without surface contact,

leading to a so-called overlayer. [27] The thickness of the thin layer cannot be measured using CLSM

due to the diffraction limit. However, the axial position of the thin layer and fluorescence light emissions

(B) from the thin layer can be accessed (Figure 4.6 c) and f)).
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Figure 4.6: Overview of the optically sectioned planar format indicator displacement assay. a) and d) schematic representation of the interaction and b) and e)
representation of the reactions and their equilibrium constants during the indicator binding assay and the indicator displacement assay, respectively.
c) and the concentration-dependent increase of the normalized fluorescent thin layer intensity, which can be fitted by a modification of the generalized
logistic function, leading to four fitting parameters including the two asymptotes (A1, A2), the slope m as well as the concentration producing 50%
of the maximal response (EC50). The fluorescence signal B is normalized to the maximum response Bmax. f) and the concentration-dependent
decrease of the normalized fluorescent thin layer intensity, which can be fitted by a modification of the generalized logistic function, leading to four
fitting parameters including the two asymptotes (A1, A2), the slope n as well as the concentration producing a 50% reduction in the response (IC50).
The fluorescence signal B is normalized to the reference response in absence of the inhibitor B0.
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4 Binding affinities of peptides to zinc oxide single crystals

The combination of an optical sectioning technique and the displacement assay allows for the detection

of a concentration-dependent displacement of our indicator leading to a decrease in the fluorescent

thin layer intensity. Figure 4.6 gives an overview about the occurring reactions during the indicator

displacement assay and shows an schematic concentration-dependent decrease of the thin layer in

presence of the inhibitor.

4.2.1 General concept

The following section gives the background for the optically sectioned planar format indicator displace-

ment assay and will introduce some of the basic concepts it is based on.

Receptor-occupancy theory The systematic investigation of the correlation between the chemical

structure of a drug and its pharmacological action started in the 1860s. [28] In the following years up

to 1910 the receptor concept took shape with the particular contributions from the physiologist John

Newport Langley and the immunologist Paul Ehrlich. [28,29]

At the beginning of the 20th century, Archibald V. Hill introduced the first quantification of drug induced

biological responses. [30,31] The equation is known as the Hill/Langmuir equation, since it was indepen-

dently published by Langmuir for the description of gas adsorption. [32] The equation can be derived

from the mass action model for equilibrium:

θ =
1(︁KA

[L]

)︁n
+ 1

, (4.1)

where L is the ligand concentration and KA is the ligand concentration at which half the receptors

are occupied. [31] The value KA is also commonly referred to as EC50 value, the half maximal effective

concentration. The term n, which is known as the Hill slope factor, was originally describing the number

of interacting sites for the given ligand in one receptor. [31] According to Prinz, the Hill slope factor

may give information on the number of binding sites but cannot distinguish between competitive, non-

competitive or ortho-, iso-, or allosteric mechanisms for enzymes. [33] To investigate variations of the

Hill slope factor, the quantity log [θ/(1-θ)] can be plotted versus log [L] , which is called a Hill plot. [31]

The former developments were summarized and further developed by Clark, who introduced the

’receptor-occupancy theory’ in 1933. [34] He started a few years earlier with a mono-molecular reac-

tion where he applied dose response curves as well as the Hill plot and investigated the action of

two competing drugs trying to relate the antagonism to relative concentrations. [35,36] A few years later

he introduced the receptor-occupancy model includeding the Law of Mass Action described by the

Hill/Langmuir equation (equation 4.1). [30,32] It stated that the relation between rate of adsorption, as

well as the agonist concentration, and the caused effect can be described with a hyperbolic function. [28]
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4.2 Optically sectioned planar format indicator displacement assay

Furthermore, he concluded that the hyperbolic shape described an equilibrium between an agonist re-

acting with a limited number of receptors forming a dissociable compound. [34] Additionally, it was stated

that the magnitude of the response is directly proportional to the number of receptors occupied by the

drug, and that the maximum response is achieved in case all receptors are occupied. [34,37]

The descriptions introduced by Hill and Clark were transferred to an equation describing the binding

of two drugs at the same receptor by Gaddum in 1937. Within this framework the equation for the

competitive binding of two ligands to a receptor was written explicitly for the first time. However, the

equation referred only to binding, not to response. [38]

Schild introduced in 1947 [39] an extended theory including the concept of dose ratios (r) and the so-

called Schild Plot of log(r-1) versus log [antagonist] . The dose ratio can be described as the factor

which is necessary for an increasing antagonist concentration to generate the same amount of oc-

cupied receptor in equilibrium. Consequently, the dose ratio increases linearly as a function of the

antagonist concentration in case of a competitive binding within the Schild plot. The associated slope

provides information about the affinity of the antagonist for a receptor. [29] Ariens and Stephenson ex-

tended the receptor-occupancy theory to account for the intrinsic activity of agonists and for spare

receptors as well as discrepancies between the binding and effect of drugs at receptors [37,40,41].

In our study, we want to apply the receptor-occupancy theory to abiotic/biotic interactions. For this

purpose, the abiotic surface, ZnO in our case, is treated as an receptor for the biotic components,

which are amino acids and binding peptides.

4.2.2 Binding affinities of the indicator

For the optically sectioned planar format indicator displacement assay it is first necessary to charaterize

the interaction of the indicator, in our case the fluorescence Dye FluoZin-1, with the substrate, before

we can elucidate the interaction of the inhibitor.

Materials and methods

For all the following experiments the single-crystalline ZnO (0001)-Zn and (101̄0) substrates (Crystal

GmBH, Berlin, Germany) were fixed in a 96 well plate, after 30 min cleaning treatment with an UV

Ozone Cleaner (ProCleaner Plus, BioForce nanosciences).

Since the methods for the determination of binding affinities introduced in the previous section are

based on the assumption of a equilibrium state, we firstly determined the excitation and emission spec-

tra before we measured the time dependent adsorption and desorption of the FluoZin-1 Dye (F24181,

Thermo Fisher) in methanol (HPLC grade, ≥99.9% , Sigma Aldrich) on the two different ZnO surfaces

at room temperature. We used a Tecan infinite M200 Pro plate reader (Männedorf, Switzerland) with
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.7: Characterization of the fluorescence dye FluoZin-1. a) chemical structure, b) excitation and emission
spectra c) time-dependent bleaching of FluoZin-1.

an excitation wavelength of 450 nm and an emission wavelength range of 480 nm to 600 nm . The ex-

citation spectra was measured with an emission wavelength of 600 nm using a wavelength range from

400 nm to 515 nm . The fluorescence signal was normalized firstly to the surface area of the substrates

and secondly to the maximal intensity.

To obtain the bleaching of the Dye we used a CLARIONstar microplate reader (BMG LABTECH, Orten-

berg, Germany) using the same conditions stated before, measuring the fluorescence intensity of the

dye for four hours with a sampling rate of 30s . To determine of the binding constant of the FluoZin-1

Dye to the two different ZnO surfaces we measured the concentration depended adsorption behavior

via the fluorescence thin layer intensity upon interaction with the ZnO (0001)-Zn and (101̄0) substrates.

A solution of 10 µM FluoZin-1 Dye in methanol was prepared and 200 µl incubated with the ZnO single

crystals for 2 h on a plate shaker at room temperature. A confocal scanning laser microscope (Leica

TCS SP5, Leica microsystems) was used with the 498 nm laser line for the excitation of FluoZin-1.

Confocal parameters used are numerical aperture (0.5 NA) with 10x objective and a pinhole size of

84 µm with 1 µm steps, the fluorescence is detected along the z-axis at room temperature. For the

dose response curve, a minimum of three intensities per concentration are averaged and normalized

to the maximum intensity, if not stated otherwise. These concentration-dependent intensities were fit-

ted with modifications from the generalized logistic function via the Origin software (OriginLab) using a

Levenberg-Marquardt algorithm with a tolerance of 10-9 and maximum number of 400 iterations. The

resulting fitting curve is plotted along with the 95% confidence intervals as well as the 95% of predic-

tion intervals. The fitting procedure delivers the half maximal effective concentration (EC50), which are

used to calculate the binding constant and the free energy of adsorption ∆GF .
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Results and Discussion

In a first step we characterized the indicator (FluoZin-1) which we want apply in our optically sectioned

planar format assay. The results are summarized in Figure 4.7. It shows not only the chemical structure

according to the manufacturer, but also the excitation and emission spectra with the stokes shift, that

we used for further following experiments. The bleaching experiments revealed a dye stability of 15 min

for a scan interval of every 30 s and a scan time of 5 s per scan, which give us a sufficient scan time

interval for the optically sectioned planar format assay using the CLSM.

For the applicability of the Hill model and the following calculations of the binding affinities it is is an

absolute requirement for the binding reaction to have reached an equilibrium. Therefore, we performed

in a first step experiments regarding the time-dependent adsorption and desorption behavior of the

fluorescence dye FluoZin-1 to (0001)-Zn and (101̄0). Since the normalized response (first to the sur-

face area and then to the intensity) for both surfaces is equivalent, the responses are summarized in

Figure 4.8a) and b). Adsorption as well as desorption feature a maximum in the response at the be-

ginning of the time-dependent measurement. For the adsorption this maximum is 20% higher than the

equilibrated response, while the response is decreasing during the desorption process to 70% of the

previous intensity. Both the adsorption and the desorption of the dye reached equilibrium within less

than two hours. In this first two sub-figures we also show the normalized fluorescence response of the

surfaces and the glue in the absence of the fluorescence dye to confirm they are not contributing to the

measured signal.

The Figure 4.8c) to f) show the normalized dose-dependent fluorescence intensity in semi-logarithmic

or linear plotting for the (0001)-Zn and (101̄0) surface respectively. The x-axis shows the molar con-

centration ( c) and e) using a logarithmic scale; d) and f) using a linear scale ), while the y axis denotes

the fractional effect of its maximal value.

To obtain the parameters needed for further analysis, the dose response curve are fitted using non-

linear regression. For the semi-logarithmic plotting the following dose-response equation is applied:

y = A1 +
A2 − A1

1 + 10(x−logx0)m
⇒ B

Bmax
=

1

1 + 10(x−logx0)m
, (4.2)

where A1 and A2 describe the asymptotes, the x0 value corresponds to the x value of the sigmoids

midpoint and m corresponds to the slope of the dose response curve. The so-called EC50 can be

obtained from x0 via EC50 = 10x0 . Upon plotting the logarithm of the concentration, a sigmoidal shape

at any value of m will be obtained. Since we used normalized fluorescence intensities for this approach

and the fluorescence dye shows no signal if not interacting with the substrate, the equation 4.2 could

be simplified with A1 = 0 and A2 = 1.

Considering the parameters obtained for the two surfaces from the semi-logarithmic approach with-

out a nomalization to the maximum intensity, the fitting results for the (0001)-Zn are; A1 = 0.32 ± 0.30,
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4 Binding affinities of peptides to zinc oxide single crystals

A2 = 32.16 ± 0.44, x0 = -6.04 ± 0.02 log(M) and m = 1.75 ± 0.13, while the fitting results for (101̄0); A1 = 0.40 ± 0.04,

A2 = 32.62 ± 1.12, x0 = -6.04 ± 0.02 log(M) and m = 1.53 ± 0.07 . The agreement between the two asymp-

totes and the midpoint of the two sigmoids is very good and the only differences can be found in the

two slopes. This indicates that for the two different surface facets a very similar number of binding

sites is accessible for the ZnO (0001)-Zn and the (101̄0) single-crystalline substrates. This finding

is supported by the results from the time-dependent adsorption and desorption experiments, which

also indicated a very similar behavior for both facets, if the intensities are normalized to the surface

area of the single-crystalline substrates. The differences in the slope indicate a different propensity of

occupying the binding sites, which might correspond to the different protonations. The possible proto-

nations and present surface groups in different environments on the ZnO substrates was discussed in

the previous section and 1.

When plotting the dose using a linear axis scale, the fitted Hill equation will generally follow a hyperbolic

shape and additionally, for m > 1 , the fitted function will be sigmoidal. [31] The equation used during

the non-linear regression is the Hill function to determine ligand concentration as well as originally the

maximum number of binding sites and is stated in the following:

y = Vmax
xm

km + xm . (4.3)

Similarly, we obtain the normalized maximum response Vmax, the slope m, and k. k should be equal to

the EC50 value, since the sigmoids midpoint in the semi-logarithmic plotting (the so-called point of in-

flection) should be the same as the midpoint of the curve of the linear plotting. [42] Indeed, the obtained

values in terms of the EC50 the are very similar considering the deviations from the fitting behavior (cf.

Figure 4.8). However, we decide to use the results from the fitting of the semi-logarithmic approach

for further analysis. According to Motulsky and Christopoulos, the desired symmetrical confidence

intervals and correct standard errors for the obtained parameters, allowing a proper comparison be-

tween different binding affinities, are obtained by applying a fitting to the semi-logarithmic scale. They

attributed this behavior to the fact that the distribution of concentration-like constants is asymmetric,

while the logarithm of these constants follows a symmetric (Gaussian) distribution. [42]

To calculate the surface specific binding constant KF of the fluorescence dye, the slope of the curve

need to be considered via:

KF = ECm
50 . (4.4)

For m = 1 the EC50 value would be equivalent to dissociation constant of the fluorescence dye (KF). The

availability of an equilibrium dissociation constant allows the calculation of the binding affinity following

the equation 4.5 with v̄s = 0.038 l mol-1 for methanol.

∆GF = −R · T · ln(v̄s · KF ) . (4.5)
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4.2 Optically sectioned planar format indicator displacement assay

Figure 4.8: Determination of the binding affinities of the fluorescence dye FluoZin-1 to (0001)-Zn and (101̄0) . a)
and b) showing the time-dependent adsorption and desorption respectively of the dye summarized
for both surfaces. c) and d) show the semi-logarithmic and linear dose-response behavior to the
(0001)-Zn surface as well as e) and f) for the (101̄0) surface.
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The obtained results for the facet specific binding affinities of the fluorescence dye in methanol are

summarized in table 4.4. Due to the differences in the slopes obtained from the described fitting proce-

dure, we find a higher affinity of FluoZin-1 to the polar zinc-terminated surface (-16.32 ± 0.03 kcal mol-1)

in comparison to the mixed-terminated (101̄0) surface with a value of ∆GF = -14.58 ± 0.05 kcal mol-1.

Table 4.4: Determination of the binding affinities of the fluorescence dye FluoZin-1 to (0001)-Zn and (101̄0)
based on the fitting of the semi-logarithmic plotting of the dose response curve

Surface EC50 (µM) m KF (nM) ∆GF (kcal mol-1)

(0001)-Zn 0.91 ±0.03 1.75 ±0.13 0.03 ±0.05 -16.32 ±0.03
(101̄0) 0.91 ±0.05 1.53 ±0.07 0.54 ±0.54 -14.58 ±0.05

4.2.3 Indicator displacement assay

After the characterization of the binding affinities of our indicator molecule (FluoZin-1), we can now

in a second step determine the binding affinity of the inhibitor based on an indicator displacement

assay. We first introduce the general background and assumptions of this approach before describing

the employed materials and methods. The results of the O-IDA approach for amino acids and binding

peptides can be found in section 4.2.4 and 4.2.5, respectively.

Background and assumptions

This section gives an overview of the step by step procedure to obtain the binding affinities of the

inhibitor molecules during the O-IDA assay.

Calculation of the half maximal inhibitory concentration IC50. In a first step the half maximal

inhibitory concentration is determined based on the concentration depended decrease of the fluores-

cence thin layer (cf. Figure 4.6 equivalently to the estimation of the EC50 value for the binding of the

indicator). The IC50 value is used to quantitatively describe the potency of inhibition in the indicator

displacement assay. It correlates with the concentration of the inhibitor molecule required to reduce

the response (in this case fluorescence signal) by 50% with respect to a chosen reference state in

the absence of inhibitor. The first step in terms of the data analysis is the fitting of the dose response

behavior to obtain the half maximal inhibitory concentration. The fitting is based on modifications from

the generalized logistic function:
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y = A2 +
A1 − A2

1 + 10−(x−logx0)n
⇒ B

B0
=

1

1 + 10−(x−logx0)n
, (4.6)

where A1 and A2 describe the asymptotes, x0 value corresponds to the x value of the sigmoids midpoint

and n corresponds to the slope. For the case of the Fluo-Zin-1 dye the general approach can be

simplified due to the normalization of the fluorescence signal and the absence of an overlayer. A

visualization of an exemplary curve can be found in Figure 4.6f). For the interaction study of amino

acids on ZnO surfaces (see 4.2.4) the fitting can be simplified by applying an one site competition

curve, which is a dose response curve with a Hill slope n equal to 1:

y = A2 +
A1 − A2

1 + 10(x−logx0)
⇒ B

B0
=

1

1 + 10(x−logx0)
. (4.7)

The simplification is equivalent to the general approach in equation 4.6. Independent from these two

formulas, the IC50 value is the concentration at half response and can be calculated based on the

obtained x0 for the sigmoids center via:

IC50 = 10x0 . (4.8)

Calculation of the inhibitory binding constant Ki. The obtained IC50 values can be used to

calculate the inhibitory binding constant Ki. This is defined as the equilibrium dissociation constant for

the reaction of an inhibitor I with the surface S to form a complex S·I .

A commonly applied approach for the calculation of Ki was introduced by Cheng and Prusoff in 1973. [43]

According to this approach Ki and IC50 values are related via a simple proportionality relationship:

Ki =
IC50

1 + [F ]
KF

, (4.9)

where [F] corresponds to the agonist concentration used in the indicator displacement assay and KF is

the binding affinity of this agonist, in our case the fluorescence dye.

Several publications stated the limitations and drawbacks of this approach. [44–48] Some of the major

concerns will be introduced briefly in the following. The Cheng-Prusoff equation (equation 4.9) is only

valid for a dose response curve with a slope of n = 1 [46,47] and need an extension to a generalized

form to take into account non-hyperbolic binding cases. [45] According to Lazareno and Birdsall, Ki will

be overestimated for a hill slope of the agonist n < 1 and underestimated for n > 1 . Additionally, the

importance of the agonist concentration and the slope m for the determination of Ki was validated. [46,48]

The following equation is the generalized form introduced by Leff and Dougall [45], including the hill

slope n of the antagonist added by Lazareno and Birdsall [46]:
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Ki =
ICn

50

(2 + ( [F ]
EC50

)m)
1
m + 1

, (4.10)

where the IC50 follows the known definition of the concentration producing a 50% reduction in the

response of the indicator, in our case the fluorescence dye at the concentration[F]. The EC50 value

corresponds to the concentration at half maximal response of the fluorescence dye. n and m corre-

spond to the slope of the dose response curve from inhibitor and indicator, respectively.

Cheng specified the importance of the slope function and introduced another extension to the approach

of Cheng and Prusoff. [47,48] His approach for the calculation of the inhibitory binding constant is also

including the slopes n and m for the inhibitor and indicator, respectively, using:

Ki =
ICn

50

1 + ( [F ]
EC50

)m
=

ICn
50

1 + [F ]m

KF

, (4.11)

where KF is the equilibrium dissociation constant of the fluorescence dye [47] and the other values

correspond to the previous definitions.

The slopes n and m can be obtained from a direct fitting of the dose response curve using equation

4.6. Additionally, a Hill plot [30] using the so called Hill working range (HWR) [49] based on the change in

the response of the fluorescence dye between EC10 and EC90
[50,51] can be utilized to obtain the slope.

This approach equals the Cheng-Prusoff equation (equation 4.9) for a Hill slope of n = 1 of the dose

response curve from the antagonist and m = 1 of the dose response curve from the agonist.

Calculation of the binding affinities. In general, the binding affinity is the strength of the inter-

action between two molecules that interact reversibly. It is translated into physico-chemical terms via

the dissociation constant ( Kd ), which is inversely proportional to the association constant Ka of the

reaction. The potency of an inhibitor is accessible in terms of the inhibition constant Ki, which is con-

nected to the beforehand described inhibitor concentration that reduces the indicator response by half

at equilibrium (IC50). This process involves a change of free energy, which can be described using:

∆Gads = −R · T · ln(v̄s · Ki) = ∆H − T∆S , (4.12)

where R is the gas constant ( 8.3144 J K-1 mol-1 equal to 1.9872 cal K-1 mol-1), T is the temperature

in K , whereas v̄s corresponds to the partial molar volume of the solvent and Ki is the equilibrium

dissociation constant. ∆H, ∆S and ∆Gads denote the changes in enthalpy, entropy and binding free

energy upon dissociation, respectively.

This binding affinity is connected to the changes in the free energy during association (∆ Ga). Both

descriptions include all chemical and energetic contributions present during the dissociation and as-

sociation reaction, respectively. The free energy of binding is therefore composed of two opposing
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general energies, one favoring the association and one the dissociation. The intrinsic ‘non-bonded

interaction energy’ consists of all chemical forces appearing at the interface of the complex formation

and contributing to the entropy. According to Kastritis and Bonvin this can be viewed as analogous to

the physical enthalpy and entropy changes, respectively, being a useful simplification for assessing the

energy of macro-molecular binding. [52]

For the comparison of different binding affinities obtained under the same assay conditions one can cal-

culate the relative changes in the binding free energy by the comparison of the associated equilibrium

binding constants via:

∆∆Gads = ∆G1
ads −∆G2

ads = R · T · ln

(︃
K 1

i

K 2
i

)︃
. (4.13)

Material and methods

In the following a brief overview about the experimental procedure is given.

For the indicator displacement assay 200 µl of the 10 µM FluoZin-1 Dye in methanol solution was incu-

bated with the ZnO single crystals for 2 h on a plate shaker at room temperature. After the incubation

time the supernatant solution was removed and replaced for the reference measurements by 200 µl

pure methanol solution and for the binding assay with 200 µl solutions including the inhibitor molecules

(amino acids (Sigma Aldrich) or binding peptides (JPT, Berlin, Germany), respectively) and incubated

for 2 h on a plate shaker at RT. Different concentrations of these molecules ranging from nanomolar

to millimolar concentrations were used. A confocal scanning laser microscope (Leica TCS SP5, Leica

microsystems) was used with the 498 nm laser line for the excitation of FluoZin-1. Confocal parameters

used are numerical aperture (0.5 NA) with 10x objective and a pinhole size of 84 µm with 1 µm steps,

the fluorescence is detected along the z-axis at room temperature. If not stated otherwise, a minimum

of three intensity curves from were averaged for each inhibitor molecule concentration and normalized

to the maximum intensities. These concentration-dependent intensities were fitted with modifications

from the generalized logistic function via the Origin software (OriginLab) using a Levenberg-Marquardt

algorithm with a tolerance of 10-9 and maximum number of 400 iterations. The resulting fitting curve is

plotted along with the 95% confidence intervals as well as the 95% of prediction intervals. The fitting

procedure delivers the half maximal inhibitory concentration (IC50) needed to replace the dye.
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4.2.4 Interaction of selected amino acids with ZnO single crystals

In a first step the introduced assay is tested for the interaction of selected amino acids with ZnO

(0001)-Zn and the (101̄0) single-crystalline substrates. Amino acids are often chosen as ‘model’ build-

ing blocks of polypeptide to investigate their interaction in different environments, and/or to create

functional surfaces. Though the polypeptide interaction is much more complex than its building blocks,

gaining an insight of the binding mode as well as the chemical structure at the interface is a impor-

tant step towards the control of materials in a biological environment. [53] The amino acids histidine H,

cysteine C, serine S, leucine L, alanine A and proline P were chosen for their binding affinities via the

fluorescence based optically sectioned planar format indicator displacement assay.

The dose response curves of the selected amino acids to the two ZnO surfaces investigated within

this thesis can be fitted with the one-site competition curve, which is a dose response curve with a

Hill slope n equal to 1 (cf. equation 4.7) and can be found in Figure 4.9 and Figure 4.10 for the two

surfaces, respectively. It is important to note that the solubility of the amino acids in methanol limits the

accessibility of high concentrations.

The feasibility of fitting the dose response curves to a one site competition curve suggests a non-

cooperative binding behavior for all amino acids to the surfaces. The results of the fitting of the dose

response curve and the following calculations are summarized in Table 4.5. According to the obtained

IC50 values, the overall highest affinities can be found for histidine adsorption on the (0001)-Zn surface

with a value of 0.36 ± 0.07 µM , followed by proline adsorption on (101̄0) substrate with a value of 0.50

± 0.06 µM .

The obtained IC50 values are in the same order of magnitude for each amino acid on the two investi-

gated surfaces, with the exception of proline, which features values of 0.50 ± 0.06 µM and 1.54 ± 0.11

µM for the (101̄0) and the (0001)-Zn surface respectively. Histidine and cysteine have a higher affinity

to the polar zinc-terminated surface, while proline, leucine, serine and alanine have a higher affinity for

the mixed terminated surface (101̄0).

Consequently, the binding affinities of the amino acids to the (0001)-Zn surface can be ranked in the

following order: histidine ≳ proline > serine ≳ cysteine > leucine ≳ alanine. For the amino acid/(101̄0)

ZnO interface the ranking of the amino acids leads to the following order:

Proline ≳ histidine > serine ≳ cysteine > alanine ≳ leucine.

Since the Hill slope of the antagonist is n = 1, the extensions of the Cheng-Prusoff equations are sim-

plified. The calculation of the inhibitory binding constant Ki depends apart from the IC50 value of the

inhibitor molecule, on the binding affinity of the fluorescence dye FluoZin to the two surfaces and the

slopes m of the associated dose response curves, which has been calculated in the previous section

(EC50 = 0.91 ± 0.03 µM and EC50 = 0.91 ± 0.05 µM for the (0001)-Zn and (101̄0) ZnO surfaces, respec-

tively). The concentration of the the Fluorescence Dye [F] is kept constant to 10 µM for all experiments.
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4.2 Optically sectioned planar format indicator displacement assay

Figure 4.9: Dose response curves from selected amino acids with the (0001)-Zn single crystals. The fitting is
performed using, a one-site competition curve with a Hill slope n equal to 1 along with the 95%
confidence intervals as well as the 95% of prediction intervals.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.10: Dose response curves from selected amino acids with the (101̄0) single crystals. The fitting is
performed using, a one-site competition curve with a Hill slope n equal to 1 along with the 95%
confidence intervals as well as the 95% of prediction intervals.
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Table 4.5: Calculated binding affinities of selected amino acids to the (0001)-Zn and (101̄0) surfaces using the methods introduced in the section 4.2.1.
Ki

1 corresponds to the approach from Cheng and Prusoff (equation 4.9) introduced in 1973, [43] Ki
2 is based on the extension from Leff&Dougall [45]

and Lazareno&Birdsall (equation 4.10), [46] Ki
3 is using the approach from Cheng (equation 4.11). [47,48] The different changes in the binding free

energy ∆Gads are calculated based on the different approaches to calculate Ki using the corresponding superscripts.

Amino acid Surface IC50 (µM) n Ki
1 (µM) Ki

2 (µM) Ki
3 (µM) ∆Gads

1 (kcal mol-1) ∆Gads
2 (kcal mol-1) ∆Gads

3 (kcal mol-1)

Alanine
(0001)-Zn 452.10 ±21.75 1 37.792 ±1.818 44.523 ±2.774 6.802 ±2.057 -7.97 ±0.03 -7.88 ±0.04 -8.69 ±0.11

(101̄0) 153.98 ±34.95 1 12.852 ±2.917 14.891 ±3.489 3.801 ±1.121 -8.61 ±0.13 -8.52 ±0.14 -9.33 ±0.17

Cysteine
(0001)-Zn 51.77±8.67 1 4.328 ±0.725 5.016 ±0.863 0.779±0.313 -9.25 ±0.10 -9.17 ±0.10 -9.98 ±0.14

(101̄0) 65.38 ±7.37 1 5.457 ±0.615 6.322 ±0.803 1.614 ±0.354 -9.12 ±0.07 -9.03 ±0.08 -9.84 ±0.13

Histidine
(0001)-Zn 0.36 ±0.07 1 0.030 ±0.006 0.035 ±0.007 0.005 ±0.002 -12.21 ±0.12 -12.12 ±0.12 -12.93 ±0.16

(101̄0) 0.65 ±0.07 1 0.055 ±0.005 0.063 ±0.007 0.016 ±0.003 -11.85 ±0.06 -11.76 ±0.07 -12.57 ±0.13

Proline
(0001)-Zn 1.53 ±0.11 1 0.128 ±0.009 0.151 ±0.012 0.023 ±0.007 -11.34 ±0.04 -11.25 ±0.05 -12.06 ±0.11

(101̄0) 0.50 ±0.06 1 0.042 ±0.005 0.048 ±0.006 0.012 ±0.003 -12.01 ±0.07 -11.92 ±0.08 -12.73 ±0.13

Serine
(0001)-Zn 45.74 ±5.57 1 3.824 ±0.466 4.505 ±0.567 0.688 ±0.244 -9.33 ±0.07 -9.24 ±0.08 -10.05 ±0.13

(101̄0) 10.14 ±0.61 1 8.461 ±0.508 9.804 ±0.821 2.503 ±0.494 -8.86 ±0.04 -8.77 ±0.05 -9.58 ±0.12

Leucine
(0001)-Zn 379.21 ±33.50 1 31.700 ±2.801 37.349 ±3.546 5.705 ±1.860 -8.08 ±0.05 -7.99 ±0.06 -8.80 ±0.12

(101̄0) 234.75 ±22.32 1 19.593 ±1.863 22.702 ±2.532 5.795 ±1.222 -8.36 ±0.06 -8.27 ±0.07 -9.08 ±0.12
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4 Binding affinities of peptides to zinc oxide single crystals

The comparison of the different strategies to calculate the inhibitory binding constants via the approach

from Cheng and Prusoff (equation 4.9) introduced in 1973, [43] the extension from Leff and Dougall [45]

and Lazareno and Birdsall (equation 4.10), [46] and the approach from Cheng (equation 4.11). [47,48] can

be found in Table 4.5. The only change in comparison to the ranking obtained from the IC50 values for

all three approaches is the higher affinity of Cysteine in comparison to Serine.

The Ki values obtained from the traditional Cheng and Prusoff approach [43] show a slightly higher

affinity in comparison to the values obtained for the approach from Lazareno&Birdsall. [46] Cosidering

the deviations from both approaches they can be judged to lead to almost equal values for n = 1 and

only slight differences within the slopes m for both surfaces. In contrast, the approach from Cheng [47,48]

leads to higher affinities for all amino acids. However, the changes are minor in comparison to the

deviations obtained for peptides in the following section. For now we will choose the approach of

Cheng [47,48] with a detailed justification given in the following section.

Using the calculated inhibitory binding constants, the change in the binding free energy ∆Gads can be

obtained following the approach introduced in section 4.2.1. The ranking of the amino acids in terms of

their binding affinities is not strongly dependent of the calculation methods of Ki and therefore also kept

consistent for the obtained free energies. The lowest binding affinity is found for the interaction of Ala-

nine with the (0001)-Zn facet (-8.69 ± 0.11 kcal mol-1 for the approach of Cheng [47,48]). Leucine shows

the lowest affinity for the interaction with the ZnO (101̄0) surface with values of -9.03 ±0.12 kcal mol-1.

The highest affinitiy can be found for histidine towards the polar zinc-terminated surface, with values

of -12.93 ±0.16 kcal mol-1. Proline showes the highest relative adsorption free energy obtained for the

(101̄0) surface investigated ( -12.73 kcal mol-1 ±0.13 kcal mol-1).

Discussion

To elucidate the origin of the observed interactions we now want to have a look at the computational

approaches highlighting atomistic details and biomineralization approaches, which shed light on the on

the sensitivity of ZnO morphology to presence of amino acids during the mineralization procedure.

Große Holthaus et al. performed molecular dynamic simulations of the interface between amino acids

and the (101̄0) surface including the amino acids glutamine, glutamate, serine, and cysteine using a

half-dissociated (2× 1) superstructure. Their analysis of the adsorption configurations of this amino

acids highlights the importance of the first hydration layer to mediate surface amino acid interactions. [54]

The adsorption energies found by Große Holthaus et al. are predominately based on the direct or

indirect formation of hydrogen bonds, as well as the rearrangement of the hydrogen-bond network in

surface proximity. [54] The reported values for the two amino acids serine and cysteine do not differ

significantly. The adsorption energies for the serine/(101̄0) interface range between -19.60 kcal mol-1

and -21.91 kcal mol-1, depending on the starting configuration in the DFTB simulation and by using
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4.2 Optically sectioned planar format indicator displacement assay

Figure 4.11: Simulation results from Große Holthaus et al. of amino acids on the ZnO (101̄0) surface including
the final snapshots of the adsorption dependent on three different starting configurations they have
used as well as the maxima of the distribution of converged energies of their DFTB simulation. a)
to d) for serine and e) to h) for cysteine. Reprinted from [54], with the permission of AIP Publishing.

the maxima of the distribution of converged energies. [54] The adsorption energies of cysteine on the

(101̄0) surface are -22.83 kcal mol-1 for two initial configurations and -2.08 kcal mol-1 for the third start-

ing configuration. For cysteine a surface-mediated chemical reaction can be observed including the

proton transfer from the thiol group to a hydroxyl group of the surface hydration layer, [54] which is in

good agreement with the binding mode found for Zn2+ ions in zinc finger proteins (cf. section 3.1).

To clarify the binding behavior of cysteine to the (0001)-Zn surface, Rothenstein et al. exchanged ser-

ine residues in ZnOBP1: HSSHHQPKGTNP and ZnOBP2:HHGHSPTSPQVR with cysteine residues.

The binding behavior was investigated by means of NMR spectroscopy using chemical shift perturba-

tions and line broadening effects. They revealed an additional contribution of the peptide binding for

the Cysteine residues. [55] ZnO lattice strain modification could also be observed when a mutant pep-

tide EAHVCHKVAPRP with an additional cysteine residue was added into the mineralization of ZnO,

suggesting a possible incorporation of the peptide into the lattice of ZnO during the mineralization pro-

cess. [56]
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4 Binding affinities of peptides to zinc oxide single crystals

Gao and co-workers investigated the alanine/(101̄0) ZnO interface with a combined approach of XPS

and DFT in vacuum. [57] They identified an interaction via the carboxylate groups with two different bind-

ing modes. Within the bidentate binding mode, both O-atoms of the group interact with a neighboring

Zn atom, while the dissociated H atom is transferred to the next surface oxygen. The monodentate

binding mode, in which only one oxygen atom of the group is bridging the adjacent Zn atom, was

found to be less stable. They were not able to obtain a stable zwitterionic form performing DFT stud-

ies, but found strong indications ind the XPS study. [57] While Große Holthaus et al. and Gao et al.

found that the majority of direct bond formation between the surface and the studied amino acids takes

place via the carboxylate group, [54,57] this group would not be accessible for the binding peptides with

the exception of the C-terminus and for the amino acids aspartic acid and glutamic acid of the peptides.

To shed light on the binding mechanisms of the amino acids histidine and proline, Car-Parrinello molec-

ular dynamics (CPMD) simulations in accordance with Große Holthaus et al. [54] (Figure 4.12) have

been performed by Dr. Susan Köppen. Firstly, the interaction between histidine with different protona-

tion states (cf. Figure A.5) and the (101̄0) ZnO surface with a half dissociated monolayer termination

was investigated. The starting configuration was the same for each protonation state.

For the mono-protonated HIE on (101̄0) ZnO we observe the formation of amino acid surface contact

between the deprotonated nitrogen atom (ND) and a surface zinc ion with a distance of around 2 Å sta-

ble during the simulation time. The established binding configuration of Histidine is with the imidazole

ring perpendicular to the surface plane (Figure 4.12a)).

For the identical initial configuration of the molecule on (101̄0) ZnO, the HID protonation state forms

within less than 50 fs a contact between HD and a surface hydroxyl group. This contact leads to a to a

proton flip chain reaction indicated by an arrow in Figure 4.12b). However, the hydrogen of HID is not

flipped to the surface hydroxyl group. After a simulation time of 1400 fs, HID seem to detach from the

surface.

For the same starting configuration of HIP, a proton transfer reaction from the amino acid (HD-ND)

to a surface hydroxyl group is observed within less than 50 fs (proton marked in lime) leading to re-

combination to molecularly adsorbed water. This now mono-deprotonated HIP adsorbs with the same

configuration as HIE, leading to an ND· · · Zn distance of about 2 Å (black line). After ∼800 fs the

recombined water molecule rearranges tilting up the imidazol group to perpendicular configuration ac-

cording to the surface (Figure 4.12b)). To elucidate the influence of the proton transfer we disturbed the

recombination HIP on (101̄0) ZnO by using a molecularly adsorbed water instead of a surface hydroxyl

group (same initial configuration as for the previous HIP simulation). We found a proton transfer chain

from the adsorbed water with a transfer of the proton to a H2O molecule within the second water layer.

The HD forms contact to the resulting surface hydroxyl and the amino acid seems to loose surface

contact before a reverse flip of the proton back to the surface can be seen after 1100 fs.

This results confirm the importance of the protonation state for the interactions of histidine residues with
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4.2 Optically sectioned planar format indicator displacement assay

Figure 4.12: Representative snapshots from CPMD simulations for histidine with different protonations a) to c)
and proline with two different protonations e) and f) on the ZnO (101̄0) surface. Thick dashed lines
indicate a binding distance of around 2 Å and arrows visualize proton transports. The simulation
results have been kindly provided from Dr. Susan Köppen.
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4 Binding affinities of peptides to zinc oxide single crystals

the (101̄0) surface of ZnO and has important implications for the classical simulations of amino acids

and peptides at the interface to ZnO. In comparison to the binding configurations identified for zinc

finger proteins (cf. 3.1), we find a good agreement regarding the bond distances. The bond distances

Zn-N(histidine) within zinc finger proteins was found to be 2.07-2.09 Å , [58] while we obtain for our

simulations values around 2 Å . Another interesting aspect is a change in the binding configuration of

the interacting zinc atom in the surface, which moves towards the amino acid and seems to attain a

tetrahedral configuration.

To elucidate the binding configuration of the amino acid proline with the (101̄0) surface we performed

simulation with a similar setup as for histidine. For the neutral form for proline (cf. Figure 4.12d)) we

observe the formation of a hydrogen bond towards a hydroxyl group on the surface, but no further in-

teraction. In a second step we created a mono-deprotonated form of proline which forms an interaction

with a N· · · Zn distance of about 2 Å similar to the observed biding configuration of histidine (Figure

4.12e)). The lone electron pair at nitrogen containing moieties is probably responsible for the strong

interaction of both histidine and proline.

There is only one theoretical study available focusing solely on the interaction of amino acids with the

(0001)-Zn surface of ZnO. Irrera et al. investigated the interactions of glycine with an idealized (0001)-

Zn surface. [59] They identified the glycinate ion to induce a stabilization of flat Zn-ZnO terraces binding

to the surface via the amino and the carboxyl functional groups. However, the obtained results might not

be representative ,since this surface was neither including a surface termination, nor a reconstruction,

leading therefore to a dipole moment perpendicular to the surface.

Nawrocki et al. calculated the interaction of 20 amino acids with the four ZnO facets of interest. For his-

tidine they considered the different protonation states. The surfaces were created from a bulk structure

and the simulation where performed in vacuum and in the presence of water. The calculated binding

energies are found to be up to 40 times stronger in vacuum. They applied an umbrella sampling method

to derive the potential as a function of the surface distance z, V(z) , of the mean force (PMF) for single

amino acids in H2O solutions. They used the depth of the lowest negative minimum in V(z) to defines

the values of the binding energy ϵ. Comparing the two surfaces, they found higher binding affinities for

the zinc-terminated ones. For the binding affinities to the (0001)-Zn surface they obtained the following

order: histidine > cysteine > proline > alanine > leucine > serine, which changed to histidine > cysteine

> serine > leucine > proline (> alanine) for the (101̄0) surface. [60] While this studied revealed different

adsorption behavior for the different facets, the results might be misleading due to the missing surface

protonations and the calculation method.

In the following, we give a brief overview of the available biomineralization studies present using single

amino acids and their indications about the binding affinities and mechanisms. Gerstel et al. [61,62] per-

formed biomineralization experiments of ZnO in the presence of amino acids using the HMTA synthesis

route, which will be introduced in detail in Chapter 5.1. They found the presence of complexing groups
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4.2 Optically sectioned planar format indicator displacement assay

with Zn2+ ions in histidine and cysteine has a strong influence on the morphology of their deposits

leading to the formation of layered basic zinc salts and thin films. A similar behavior was obtained for

the presence of additional acidic groups (aspartic acid and glutamic acid). [61,62] In case of proline, zinc

oxide formation could be observed indicating a weaker interaction. [61,62] Ramani et al. used alanine,

threonine and glutamine to create specific ZnO nanostructures at pH 9 to promote axial growth due to

the electrostatic interaction of the carboxylate groups. [63] Besides the changes in morphology, which

can be observed due to the presence of amino acids during a bio-inspired mineralization, amino acids

can be used to perform band gap engineering of ZnO. The intracrystalline incorporation of amino acids

induce lattice strains that were accompanied by shifts in the band gap up to 4% . [64] Cysteine caused

the biggest increase of band gap values and caused the highest anisotropic lattice strain. In terms of

the lattice strain it is followed by serine, the highest strain along the a-axis. Interestingly, after normal-

ization of the lattice strain by the inter-crystalline incorporation concentration, serine and arginine show

the most significant effect. [64]

The previously described studies regarding the amino acid interactions are based on ZnO surfaces in

contact with an aqueous environment. However, to the best of our knowledge no study is available

regarding the ZnO/amino acid/methanol interface.

It is important to remember that in our experimental preparation the single-crystalline substrates are

in contact with ambient conditions. A comparison of the surface protonations and binding energies for

the (101̄0) surface in a H2O and methanol environment is reported in Figure 4.5 in terms of the most

stable configurations.

We assume for our study of the ZnO/amino acid/methanol interface the presence of a surface termina-

tion with molecular water and if applicable dissociated molecules. Regarding the direct interaction of

the amino acid with the surface, this might be following a comparable mechanism.

The interaction of histidine and proline is assumed to follow an equivalent mechanism via the nitrogen

of the imidiazole ring and the pyrrolidine group, respectively. However, this joint interaction pattern can

only be observed for certain protonation states of the amino acids. The occurrence of this protonation

states in an methanol environment with subordinate presence of water molecules is not unambiguously

accessible at this point and should be investigated carefully to ensure this proposed interaction pattern.

Though a proton-transfer to the surface was observed from Große Holthaus et al. for the adsorption

of cysteine on the (101̄0) surface in agreement with the proposed interactions within zinc finger pro-

teins, [58] the interaction of cysteine and serine on this surface was attributed to the direct or indirect

formation of hydrogen bonds including the carboxylate and side chain groups. [54] This behavior leads

to very similar binding affinities for both amino acids, which we could confirm with our experimental

approach.

Presumably, the interaction of the alipathic amino acids alanine and leucine is limited to the interactions

with the two investigated ZnO surfaces via their carboxylate groups, leading to the lowest binding
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affinities obtained in our experimental study. The enrichment of leucine for the ZnO (0001)-Zn surface

can be attributed to the increased propensity of this residue neighboring a polar, uncharged amino

acid. [55] However, alipathic amino acids are identified frequently in the sequences of ZnOBPs (cf.

section 3.2.2)

We can conclude that for the binding behavior the major contributions for our investigated arise from

the side chains as well as from the carboxylate groups. Like mentioned before, the latter group would

not be accessible for the binding peptides with the exception of the C-terminus and for the amino acids

aspartic acid and glutamic acid of the peptides, indicating that alanine and leucine might not be very

likely to contribute to the binding of the ZnOBPs. One approach to confirm this conjecture could be the

capping of the amino acid’s termini, however capping might induce other binding patterns due to an

additional functionality.

One important conclusion which an be drawn from this study is that the enrichment of amino acids in

comparison to their frequency in the phage library (cf. section 3.2) is not exclusively driven by their

individual affinities to the surface of interest. This might be indicating their importance in terms of their

conformational contribution to the binding behavior, which will be investigated in Chapter 5, or their

statistically relevant presence as ’neighbor motifs’ in the libraries.

4.2.5 Binding affinities of binding peptides to ZnO single crystals

In this section we want to characterize the binding affinities of our five selected binding peptides towards

the polar (0001)-Zn and mixed-terminated (101̄0) single-crystalline substrates in methanol.

For this purpose we follow the procedure introduced for the amino acids binding study via the optically

sectioned planar format indicator displacement assay using a modification from the generalized logistic

function, introduced in section 4.2.1. The obtained dose response curves can be found in the Figures

4.13 and 4.14 and the corresponding fitting results and calculations in Table 4.6.

In comparison to the previously investigated amino acids, the half maximal inhibitory concentrations

(IC50) revealed from the fitting procedure for the binding peptides are one order of magnitude higher,

leading to a millimolar concentration range. Based solely on the half maximal inhibitory concentrations,

a significant lower binding affinity could be assumed. Based on the obtained IC50 values, the peptides

can be ranked in the following order for the (0001)-Zn surface: ZnOBP2 > ZnOBP3 ≳ ZnOBP4 >

ZnOBP5 > ZnOBP1. For the peptide/(101̄0) ZnO interface the ranking of the binding peptides is:

ZnOBP2 > ZnOBP4 ≳ ZnOBP3 > ZnOBP5 > ZnOBP1.

However, the analysis of the dose-response curves reveals that the simplification of this model (with a

Hill slope equal n = 1) is not applicable to describe the interaction of (most of) peptides with the two

different ZnO facets suggesting a more complex binding behavior. Interestingly, the peptide ZnOBP2,

which shows the lowest IC50 values, posses a slope very similar to 1 for the interaction with both

surfaces. In contrast to the other peptides, a fitting with the one-site competitive binding model was
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possible for the both facets, however, the coefficients of determination were slightly lower (R2=0.998 in-

stead of R2=0.999 and R2=0.996 instead of R2=0.999 for the (0001)-Zn and (101̄0), respectively). For

the polar zinc-terminated surface ZnOBP5 and ZnOBP4 reveal slopes between ∼1.5 and ∼2.0, re-

spectively. The highest slope values are obtained for ZnOBP1 (3.42 ± 0.17) and ZnOBP3 (3.99 ± 0.65).

For the interaction with the (101̄0) surface different slopes can be found in comparison to the polar zinc-

terminated surface. The most pronounced differences are occurring for the peptide ZnOBP3, which

shows a slope n < 1 for the mixed terminated interface. ZnOBP2, ZnOBP4 and ZnOBP1 stay in a

very similar slope range considering the deviations in comparison to the (0001)-Zn facet. A significant

increase of the slope can be found for the peptide ZnOBP5, leading to values of 2.70 ± 0.29. With

the exception of ZnOBP3 the deviations due to the fitting procedure increase for the interaction of the

peptides with the (101̄0) facet.

The consideration of the slopes for the calculation of the inhibitory binding constants leads to significant

differences comparing of the three different approaches for the calculation of Ki. For the approach

introduced by Cheng and Prusoff (equation 4.9), the ranking of the five peptides regarding the binding

affinities stays in the same order, since Ki and IC50 values are related via a simple proportionality

relationship for both surfaces. Therefore, the obtained free energy values calculated via ∆Gads =

−R · T · ln(v̄s ·Ki) keep the ranking of binding affinities with ZnOBP2 > ZnOBP3 > ZnOBP4 > ZnOBP5

> ZnOBP1 for the zinc-terminated surface and ZnOBP2 > ZnOBP4 > ZnOBP3 > ZnOBP5 > ZnOBP1

for the mixed-terminated ZnO surface with values ranging from -6.74 ± 0.01 to -8.80 ± 0.06 kcal mol-1.

On the contrary the approach of Lazareno and Birdsall (equation 4.10) [46] as well as Cheng (equation

4.11) [47,48] consider the influence of the Hill slope n leading to different inhibitory binding constants.

The calculated values for Ki from both approaches can be found in the micromolar range revealing

the same ranking for both approaches: ZnOBP3 > ZnOBP1 > ZnOBP4 > ZnOBP2 > ZnOBP5 for the

(0001)-Zn facet and ZnOBP5 > ZnOBP4 > ZnOBP1 > ZnOBP2 > ZnOBP3 for the (101̄0) ZnO surface.

The corresponding calculated binding affinities range for the approach of Lazareno and Birdsall be-

tween -6.45 ± 0.23 and -23.05 ± 3.23 kcal mol-1 and for the approach from Cheng the obtained ∆Gads

values range from -7.26 ± 0.25 to -24.17 ± 3.24 kcal mol-1. In comparison of the values obtained via

the approximation of Lazareno and Birdsall to the values obtained by the calculation method for the

inhibitory binding constant from Cheng, an increase of the ∆Gads up to 1.2 kcal mol-1 can be observed

for the latter one.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.13: Dose response curves from from zinc oxide binding peptides with the (0001)-Zn single crystals.
The fitting is performed using a modification from the generalized logistic function including a Hill
slope n along with the 95% confidence intervals as well as the 95% of prediction intervals.
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Figure 4.14: Dose response curves from zinc oxide binding peptides with the (101̄0) single crystals. The fitting is
performed using a modification from the generalized logistic function including a Hill slope n along
with the 95% confidence intervals as well as the 95% of prediction intervals.
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Table 4.6: Calculated binding affinities of binding peptides to the (0001)-Zn and (101̄0) surfaces using the methods introduced in the section 4.2.1.
Ki

1 corresponds to the approach from Cheng and Prusoff (equation 4.9) introduced in 1973, [43] Ki
2 is based on the extension from Leff and Dougall [45]

and Lazareno and Birdsall (equation 4.10), [46] Ki
3 is using the approach from Cheng (equation 4.11). [47,48] The different changes in the binding free

energy ∆Gads are calculated based on the different approaches to calculate Ki using the corresponding superscripts.

Peptid Surface IC50 (µM) n Ki
1 (µM) Ki

2 (µM) Ki
3 (µM) ∆Gads

1 (kcal mol-1) ∆Gads
2 (kcal mol-1) ∆Gads

3 (kcal mol-1)

ZnOBP1
(0001)-Zn 3.63 ±0.07 3.42 ±0.17 303.45 ±6.08 4.5E-4 ±4.4E-4 6.9E-5 ±7.1E-5 -6.74 ±0.01 -14.68 ±0.58 -15.80 ±0.61

(101̄0) 3.50 ±0.30 2.14 ±0.33 292.12 ±24.75 0.533 ±1.002 0.136 ±0.256 -6.76 ±0.05 -10.50 ±1.11 -11.30 ±1.12

ZnOBP2
(0001)-Zn 0.13 ±0.01 1.18 ±0.08 10.69 ±0.59 2.449 ±1.680 0.374 ±0.281 -8.72 ±0.03 -9.59 ±0.41 -10.71 ±0.45

(101̄0) 0.11 ±0.01 1.32 ±0.25 9.25 ±0.92 0.572 ±1.301 0.146 ±0.333 -8.80 ±0.06 -10.45 ±1.35 -11.26 ±1.35

ZnOBP3
(0001)-Zn 0.24 ±0.00 3.99 ±0.65 19.79 ±0.38 0.33E-10 ±1.8E-9 5.1E-11 ±2.7E-10 -8.35 ±0.01 -23.05 ±3.23 -24.17 ±3.24

(101̄0) 0.28 ±0.03 0.64 ±0.05 22.99 ±2.56 490.492 ±191.430 125.208 ±53.757 -8.27 ±0.07 -6.45 ±0.23 -7.26 ±0.25

ZnOBP4
(0001)-Zn 0.25 ±0.04 1.94 ±0.26 21.22 ±3.13 0.011 ±0.0233 0.016 ±0.036 -8.31 ±0.09 -12.82 ±1.30 -13.93 ±1.32

(101̄0) 0.15 ±0.02 1.64 ±0.42 12.49 ±1.72 0.052 ±0.191 0.013 ±0.049 -8.63 ±0.08 -11.87 ±2.18 -12.68 ±2.18

ZnOBP5
(0001)-Zn 1.47 ±0.07 1.50 ±0.12 122.88 ±5.67 5.697 ±4.329 0.870 ±0.714 -7.27 ±0.03 -9.09 ±0.45 -10.21 ±0.49

(101̄0) 2.45 ±0.21 2.70 ±0.29 204.49 ±17.59 0.009 ±0.015 0.002 ±0.004 -6.97 ±0.05 -12.92 ±1.03 -13.73 ±1.03
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4.2 Optically sectioned planar format indicator displacement assay

To decide which of the approaches is most suitable it is worth to recall their derivation. The approach

introduced by Leff and Dougall [45], which was further modified from Lazareno and Birdsall [46] assumes

that the response upon receptor occupancy of an agonist in the presence of competitive antagonist

follows a logistic function based on the agonist occupancy. Their appraoch (equation 4.10) [46] is then

obtained by equating and converting the equations. On the contrary, the approach of Cheng (equa-

tion 4.11) [47,48] is based on the direct derivation of the law of mass action and not on a mathematical

assumption. Therefore, we believe that the consideration of the Cheng approach might be most appro-

priate to describe the interaction in our optically sectioned planar format indicator displacement assay.

Discussion

In comparison to our obtained binding affinities from the indicator displacement assay performed in

methanol in this work, Rothenstein et al. investigated the binding affinities of ZnOBP1 and ZnOBP2 in

an aqueous environment using a label-free nuclear magnetic resonance (NMR) approach. [55] Apply-

ing this approach they could identify pH dependent interaction sites on the atomistic level, which are

highlighted in bold within the sequences given in figure 4.15. It is important to note that ZnOBP1 has

a range of up to five interacting amino acids starting from the N-terminus, while for ZnOBP2 only a

single interacting residue could be identified (H4). Additionally, they measured the ZnO nanoparticle

concentration-dependent NMR spectra and plotted differences in line broadening versus ZnO concen-

tration. The obtained data was fitted to one site binding model y = Bmax · x/(Kd+x). Both obtained Kd

values can be found in the nanomolar concentration range, with ZnOBP1 at 260 ± 160 nM and ZnOBP2

at 10 ± 3 nM . We calculated the corresponding binding free energies ∆Gads = −R · T · ln(v̄s · Kd)

using the partial molar volume of water v̄s=0.018 l mol-1 leading to values of 11.36 ± 0.36 kcal mol-1 and

13.28 ± 0.15 kcal mol-1, respectively. However, it is important to note, that due to the usage of ZnO

nanoparticles, non-polar as well as polar surfaces are present and therefore contribute simultaneously

to the obtained binding affinity.

Under the assumption that the Hill slope obtained via the optically sectioned planar format indica-

tor displacement assay corresponds to the the number of dye molecules displaced and might more-

over being connected to the number of residues, the applicability of the one-sided binding model for

ZnOBP2 as well as a slope very close to 1 from the fitting procedure is in agreement with the sin-

gle interacting amino acid identified by the NMR approach from Rothenstein et al.. [55] Therefore, we

could assume that the interaction between ZnOBP2 and our single-crystalline ZnO substrates might

be mediated by one histidine residue. Comparing the ∆Gads values of histidine and ZnOBP2 we re-

ceive a ∆∆G value of 2.22 ± 0.48 kcal mol-1 for the polar zinc-terminated facet and a ∆∆G value of

1.13 ± 1.35 kcal mol-1 for the (101̄0) facet, which are in good agreement. For the peptide ZnOBP1 we

obtained Hill slopes with 3.42 ± 0.17 and 2.14 ± 0.33 for the zinc-terminated and the mixed-terminated

surface, respectively. Rothenstein and co-workers identified five amino acids, which are participating in
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.15: Determination of the affinity for a) ZnOBP1 and b) ZnOBP2 to ZnO nanoparticles via NMR spectra
were measured with increasing ZnO concentrations. Interacting amino acid residues in the peptides
sequence of ZnOBP1 and ZnOBP2 at pH 7.5 are highlighted in bold, respectively. Differences in
line broadening versus ZnO concentration were plotted and the curve was fitted to one site binding
model y = Bmax ·x/(Kd+x) . The obtained binding affinities can be found on the bottom of the plots.
Redrawn and modified from [55]

the binding of ZnOBP1 to ZnO nanoparticles in an aqueous environment including histidine and serine

residues. However, upon summing up the contributions of the these five individual amino acids val-

ues >50 kcal mol-1 for both surfaces would be obtained. This approach would be misleading since the

obtained ∆Gads values are based on enthalpic and entropic contributions, which we cannot access.

Moreover, the direct comparison of binding affinity values obtained in different solvent systems should

be done with caveats, since these also influence the composition of enthalpic and entropic contributions

within the obtained free energies. However, assuming a similar interaction pattern involving hydrogen

bonding and an interaction via the electron lone pair of histidine, the interaction of ZnOBP1 might be

mediated by a dynamic ensemble of interaction partners including serine and histidine residues.

For the other three binding peptides no correlating NMR data is available at this point. Therefore,

we will give a brief overview in the following about other binding studies regarding zinc oxide binding

peptides accessing the interacting residues and/or the binding affinities starting form an experimental

perspective.

To investigate the binding affinity of the zinc oxide binding peptide EM12 (EAHVMHKVAPRP) and

sequence segments Yokoo et al. [65] fused the recombinant green fluorescent protein (GFP) with this

binding peptide connected with a linker sequence and performed a concentration and temperature de-

pendent binding study on ZnO particles. They highlighted charged amino acids together with their next

neighbors as potential ’hot-spots’ for the interaction. They analyzed the binding affinity and calculated
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4.2 Optically sectioned planar format indicator displacement assay

the Gibbs free energy change ( ∆Gads ) associated with the binding of EM12 and its segments on the

ZnO surface. According to their results, linear binding peptides generally have ∆Gads values of -6 to

-8.5 kcal mol-1 . Applying van’t Hoff’s equations, the ∆H and ∆S values associated with adsorption of

EM12-fused GFP have been calculated. Yokoo and co-worker identified ∆H as the major contributor to

∆Gads indicating that their proposed electrostatic interaction between EM12 and the ZnO surface was

enthalpy-driven, involving hydrogen bonding. They further concluded, based on their binding study in-

volving sequence segments starting form the N-Terminus, the importance of the peptide conformations

for the binding affinity, suggesting that the specific recognition between peptide and surface is based

on the peptide’s adaption to hydroxyl groups and exposed metal atoms on the material surface. [65]

Limo and co-workers [66] used isothermal titration calorimetry (ITC) to access thermodynamic changes

that occur during interaction of the binding peptides GL12 (GLHVMHKVAPPR), GT16 (GLHVMHKVA-

PPRGGGC), and alanine mutants of GL12 with ZnO nanoparticles in an aqueous environment. The

obtained ∆Gads values for the interaction between the peptides and the ZnO particles ranged between

-6 and -8.5 kcal mol-1 in agreement with the binding affinities from Yokoo et al.. [65] However, the ITC

study identified an endothermic and an exothermic process taking place during the measurements,

leading to bi-phasic isotherms. During the endothermic processes the obtained values of ∆H and

∆S were positive. Limo and co-workers attributed this to peptide conformational changes as well as

incorporation or displacement of water molecules leading to an endothermic heat effect with significant

contributions from negative values of ∆S . [66] Additionally, concentration dependent peptide-peptide

interactions could take place leading to the formation of aggregates. According to Limo et al., the

negative ∆H values for the exothermic process were associated with the occurrence of non-covalent

interactions including hydrogen bonding, van der Waals forces, or electrostatic interactions. In sum-

mary, they found that the adsorption of the oligopeptides was mediated by a process involving multi-

ple interactions, including peptide-solvent, substrate-solvent, peptide-surface, possible conformational

changes and peptide-peptide interactions. Limo and Solà Rabadà obtained similar findings for the

peptide EM12 and the mutant EC12 using ITC. [67,68]

In terms of the comparability of the binding free energies from other experimental approaches, it is im-

portant to note that Rothenstein et al. identified inter-peptide interactions in an aqueous environment

via NMR spectroscopy (even though they could ensure these peptide-peptide interactions are not in-

cluded in the determination of binding sites). Similarly, Limo et al. found indications for inter-peptide

interactions in their ITC study in ddH2O, which was confirmed via dynamic light scattering (DLS). The

size of peptide molecules in solution suggested that a majority of the peptide molecules were found to

form aggregates (~60 nm) indicating that this aggregated entities participate in the adsorption process

and the surface interaction. [66] In the chapter 3, we could indeed identify significant differences in the

aggregation behavior of the peptides in H2O and for ZnOBP5 in methanol. Furthermore, the salt con-

centration in the solvent would have an influence on the binding; this sensitivity of the binding affinity

to salt concentration was investigated for instance from Yokoo et al.. [65]

To elucidate the atomistic details of the interaction of our investigated peptides we will summarize in

191



4 Binding affinities of peptides to zinc oxide single crystals

the following the computational studies performed. Liang and co-workers used Molecular Dynamics

to investigate the interaction of the peptides G12 (GLHVMHKVAPPR) and GT16 (GLHVMHKVAP-

PRGGGC) with ZnO (see also section 3.2.2). [69] Their computational results indicate that the amino

acids histidine, lysine and the N-terminal glycine are interacting with the polar (0001)-Zn surface. More-

over, a carboxylate coordination via the C-terminus of the peptides and an interaction of sulfur contain-

ing moieties can be found. Peptides were found to interact differently with the ionic zinc and oxygen

species in the mixed terminated (101̄0) facet of ZnO. GL12 was predicted to possibly interact with the

surface oxygen of the (101̄0) plane via electrostatic interactions with the charged side chains of histi-

dine and lysine, while a neutral histidine could interact either with oxygen species via hydrogen bonding

or via coordination with the zinc species. GT16 was found to interact preferentially with the methionine

and/or arigine residue as well as the C-terminus. Liang and co-workers proposed further interactions

between the peptide residues and the oxygen species present in the (101̄0) and (0001̄)-O surfaces of

ZnO by hydrophobic interactions, hydrogen bonding and Van der Waals forces. [69]

Baier et al. performed Molecular Dynamics simulations using the AMBER force field in TIP3P water

to calculate the binding free energy of three selected peptides including ZnOBP2 upon binding to the

oxygen-terminated (0001̄)-O and mixed-terminated ZnO (101̄0) surfaces. [70] Within their simulations

the polar surface was created by a removal of 25 % of the negatively charged oxygen atoms on the

O-terminated side and accordingly 25 % of the positively charged zinc atoms on the Zn-terminated side

stabilizing the polar surfaces assuming a classical ionic model (cf. 4.1). The computational protocol

included an equilibration step of the peptides in solution followed by a steered MD simulation to pull

them towards the surface. Upon the surface contact the peptides were equilibrated without external

force to obtain a starting configuration for a steered MD simulation. This simulation is performed

along a coordinate perpendicular to the ZnO surface combined with umbrella sampling, which allows

to determine the potential of mean force (PMF). They identified the N-terminus of ZnOBP2 and the

arginine residue as preferentially interacting with the (0001̄)-O surface whereas histidine and the polar

residues (serine, threonine and glutamine) preferentially interact with the mixed terminated (101̄0)

plane of ZnO. According to their calculations, the binding free energies are -8.5 and -39 kcal mol-1

for the (101̄0) and (0001̄)-O, respectively. Baier et al. concluded that the interactions were mainly

attributed to electrostatic binding. [70] In a follow-up paper Baier and co-workers calculated the binding

affinities for ZnOBP1 using the same approach (without highlighting the interacting amino acids) with

-4.5 kcal mol-1 for the (101̄0) facet and -33 kcal mol-1 for the polar (0001̄)-O surface. [71]

Schäfer at al. used the first half of ZnOBP2 (HHGHSR) with the same computational approach to

investigate the mechanical properties of a ZnO/peptide composite using a combined approach of MD

and finite element method (FEM) simulations. They obtained three representative binding configura-

tions, which include interactions via the N-terminus, the first two histidine residues in the sequence and

additionally serine and arginine. The N-terminus and the arginine are interacting with the surface for

all three configurations. [72]

The computational works cited so far have one thing in common the simulations have been performed:
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(i) without the consideration of a surface protonation; (ii) without using a force field developed specifi-

cally to describe the interactions with ZnO; and (iii) with a probably not sufficient approach to overcome

the difficulties of simulating realistically the polar surfaces. Therefore, the identified surface binding

partner might not correspond to the experimentally accessed interacting residues and the obtained

binding free energies might be not conclusive, especially those on the ZnO (0001̄)-O seem largely

overestimated.

Große Holthaus et al. performed all-atom DFTB simulations to elucidate the adsorption configuration

of a pentapeptide (RQIRK) on (101̄0) surface with a half dissociated monolayer. This peptide contains

the R-X-X-R-K ZnO binding motif suggested by Thai et al. [73] (cf. section 3.2.2). They obtained a

direct interaction of the C-terminus with an average distance of about 2 Å towards the surface. Fur-

thermore, they observed indirect interactions for the N-terminal group and the side chains of the latter

arginine in the peptide chain and the lysine residues mediated by the first hydration layer. In summary,

they found the peptide/surface interactions are dominated by hydrogen bonds to the first water layer. [54]

This work highlights the importance of the surface termination and consideration of the first water layer.

In summary, the investigations regarding the binding affinities of selected ZnOPBs and their atomistic

interaction patterns mainly agree on the interactions of basic amino acids with a special emphasis on

histidine residues, which are shown to interact differently depending on their protonation state. The

analysis reveal a preference for the interaction of arginine with the oxygen-terminated polar surface

facet of ZnO. From the computational approaches, a higher binding affinity of the peptides towards the

polar surfaces is found, in agreement with our results. Moreover, the experimental studies confirmed

the importance of peptide-peptide interaction for the peptide/ZnO interface and that the interactions are

mainly enthalpy-driven. However, a transfer of interaction patterns to a different solvent system should

be done with caveats.
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4.2.6 Summary

The O-IDA approach we introduced here could be used similarly to fluorescence-based indicator dis-

placement assays in pharmacological screening, since the method is scalable, convenient, robust, and

up-scalable to high-throughput format, which could be interesting to investigate the binding of medic-

inally relevant peptides or of substrates for catalytic applications. This technique can be used as a

complementary approach to quartz crystal microbalance (QCM) and surface plasmon resonance.

For the applicability of this approach, a fluorescence dye with a specific binding affinity to the surface or

material of interest is mandatory and a careful characterization of the binding affinity of this dye towards

the surface is necessary. The surface needs to be homogeneous, stable and flat without any intrinsic

fluorescence, which could contribute to the measured signal and hide the dose response behavior.

However, the usage of CLSM allows for a much more detailed investigation of the surface.

Even though the calculation of the free energy of adsorption ∆Gads is technically possible, since Ki is

an equilibrium constant, the obtained values need to be handled with care, especially in comparisons

to other obtained interaction energies, due to the strong dependence on the assay conditions.

In comparison to the basic descriptions developed as part of the receptor occupancy theory, some

important differences needs to be highlighted. Kastritis et al. summarized the following assumptions,

which need to be considered upon the application of this theory: [52] (i) the interactions are reversible

and association reaction is bi-molecular, while the dissociation reaction is uni-molecular, (ii) receptor

molecules are equivalent and independent (do not interact) and have a fixed concentration, (iii) the

interactions are measured at equilibrium, (iv) the reactants do not undergo any other chemical reactions

and exist only in their free or bound states, and (v) the measured affinity is proportional to the number

of occupied receptor binding sites.

One of the major differences within the O-IDA approach for abiotic/biotic interactions is the number of

binding sites. Instead of a known concentration of proteins and therefore a known number of binding

sites, we do not know the number of accessible binding sites on our surface of interest, due to the un-

known surface protonation and the system dynamics. Therefore, the maximum number of binding sites

here corresponds to the amount which can be occupied by a certain fluorescence dye concentration.

It is important to note that steric hindrance might prevent full occupancy.

Even more importantly, probably not all analytes aim exactly at the same binding site like the fluores-

cence dye does. For instance, our dye FluoZin-1 binds to the zinc surface atoms, while some of the

investigated amino acids will probably interact with the molecular adsorbed and/or dissociated water

molecules present on the surface; the dye would in this case only be displaced due to ’steric’ consid-

erations.

The behavior of the interaction with peptides is even more complex since peptides can replace more

than one dye molecule due their comparably bigger size. According to our study of the interaction of

amino acids and geometric considerations, we can assume that for a slope equal to 1 one dye molecule
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can be replaced by one amino acid. Thus, we assume that for the peptides the slope of the indicator

displacement assay corresponds to the number of replaced dye molecules. Additionally, cooperative

contributions could arise as well as entropic contributions due to rearrangements of the dye.

An understanding of the peptides behavior in the solvent used for the investigation is also necessary to

be able to interpret the results, since concentration-dependent peptide/peptide interactions could arise

and the binding configuration would change in comparison to single molecules in solution. Additionally,

other side effects like for instance the self-assembly of nano-fibers need to be considered, which could

in fact be observed for ZnOBP3 during the investigations presented in the following Chapter (cf. section

5.2).

Regarding the investigated concentration range, a potential drawback of this approach are limitations

in the solubility of the analyte in the solvent environment. Furthermore, side effects can occur at high

concentrations, like for instance the so-called prozone effect, which causes misleading results due to

an increase of fluoresence intensity for high concentrations. [74]

We performed first steps to shed light on the atomistic interactions of selected amino acids with ab

initio Molecular Dynamics simulations. We obtained similarities in terms of the atomistic configuration

and bond distances for zinc finger proteins and additionally for simulations based on divalent zinc

ions. However, these simulations have been performed in an aqueous environment and might be

not conclusive for the interactions in methanol. To elucidate the peptide/ZnO interface in methanol, a

careful characterization of the surface protonations upon changing from a humid environment to the

methanol solvent is necessary, together with a better elucidation of the protonation of the amino acid’s

side chains.
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4.3 Single molecule force spectroscopy

To complement the binding affinities and free energies obtained with the O-IDA approach, in this sec-

tion we determine the binding free energies of the five binding peptides towards the (0001)-Zn and

(101̄0) single-crystalline substrates by means of single-molecule force spectroscopy measurements.

The obtained curves of binding force as a function of the loading rate can be fitted via kinetic models,

from which the binding free energy values can be extracted (cf. section 2.2.1). The stability of the

single-crystalline substrates during the measurements is essential for reliable results, since changes in

the surface roughness may have an influence on the measured binding forces. Therefore, we perform

these experiments in methanol, which also ensures the comparability with the O-IDA study.

4.3.1 Functionalization of the AFM cantilever

In a first step, our binding peptides need to be tethered to the AFM probe. We will introduce in the

following the basic ideas behind our functionlization procedure.

Starting from the termini of the peptides, a linker had to be selected that can bind to amino groups, for

instance. For this reason, we used a polyethylene glycol (PEG) as a linker polymer with a NHS end

group. Furthermore, the length of the linker must be long enough to be measurable beyond the event

at the separation of tip and sample. For this purpose a PEG molecule with a nominal 27 subunits (i.e.

a nominal atomic mass unit of 1500 Da) was chosen. We decided to use different end groups (NHS

and Mal) to ensure not both end groups of the linker can interact with the silanizaton step described in

the following.

Considering the end group of the chosen PEG linker, a silane with an thiol group is required for the

binding, which is why (3-mercaptopropyl)trimethoxysilane (MPTMS) is used in this functionalization

procedure. Theoretically, each SH is a potential interaction option for the linker. For SMFS, however,

the number of linkers should be kept as low as possible in order to avoid possible overlapping of sev-

eral simultaneous events. For this reason, another silane was used during silanization, which served

exclusively for cross-linking. Triethoxyethylsilane (TEES) is a silane whose structural form differs only

in the absence of the functional group of MPTMS. By adding TEES to MPTMS in a certain ratio, the

number of thiol groups and thus the connection options of the linker can be influenced. The proportion

of MPTMS, i.e. the number of accessible thiol groups, determines the population density of the linker or

peptides and consequently affects the density of events in force spectroscopy. However, it is important

to note that the interactions are sensitive to the pH range and need to be handled carefully.

A prerequisite for the attachment of the silane to the substrate is the presence of hydroxyl groups to the

surface. We have chosen a physicochemical activation of the surface. Both the tip and the substrate’s

surfaces are irradiated under an ozone atmosphere with electromagnetic radiation from the ultraviolet

spectrum. The process cleans the surface and accumulates hydroxyl groups. A visualization of the

procedure can be found in Figure 4.16.

196



4.3 Single molecule force spectroscopy

Figure 4.16: Procedure of the functionalization of the AFM cantilever with ZnO binding peptides for single
molecule force spectroscopy.

Protocol

The functionalization procedure of the AFM tips started with a 30 min cleaning treatment in the UV

Ozone Cleaner (ProCleaner Plus, BioForce nanosciences). In the next step the cleaned probes were

immersed into a mixed solution of (3-mercaptopropyl)trimethoxysilane (MPTMS; Sigma Aldrich) and

triethoxy(ethyl)silane (TEES; Sigma Aldrich) ( 5% in toluene, MPTMS:TEES, 1:20, v/v) for 20 min.

After the incubation time the tip is washed thoroughly with toluene and alternately with ethanol and

ddH2O (MilliQ).

The AFM tips were incubated for 90 min in a 2 mM O-[N-(3-Maleimidopropionyl)aminoethyl]-O’-[3-

(N-succinimidyl-oxy)-3-oxopropyl]heptacosaethylene glycol (Mal-PEG-NHS (n=27); Sigma Aldrich) in

phosphate buffered saline solution (PBS; Sigma Aldrich). This incubation step was finished by washing

the tip thoroughly with PBS and alternately with ethanol and ddH2O.

In the last functionalization step the peptide was tethered via the N-terminus to the NHS group of the

linker using a 2 mg ml-1 peptide concentration in PBS and an incubation period of 90 min . Afterwards

the Tip is cleaned using PBS to remove non-bonded material and stored in PBS before usage.

Prior the SMFS experiments the tip is washed first with ddH2O (MilliQ) and methanol (HPLC grade, ≥
99.9%, Sigma Aldrich).
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Characterization of the functionalized AFM tip.

One of the challenges within SMFS is to ensure and verify whether the functionalization procedure

was successful. Commonly, this is done by the measurements of blanks, where the functonalization

procedure is interrupted at certain stage and the interaction with the surface of interest is investigated.

Comparison of the measurements of the biomolecules investigated with the blank measurements is

performed on the basis of differences in the respective force histograms.

Here we use an additional approach to tether a macroscopic object to the AFM tip. To do so we

used dimercaptosuccinic acid coated iron oxide nanoparticles, which were kindly provided by Wiebke

Rastedt (AG Dringen, FB2 Neurobiochemistry, University of Bremen).

Slight modifications in the functionalization procedure were necessary to achieve an attachment of

these nanoparticles. The coating of the particles includes accessible thiol groups, which can interact

with the Mal-group of the PEG linker. Therefore, we exchanged MPTMS with (3-Aminopropyl)triethoxysilan

(APTES), which has an amino group which can interact with the NHS-group of our PEG linker. Apart

from the exchange of the silane, the functionalization protocol remains unchanged. In the last step of

the procedure the nanoparticles were added.

We first applied this modified functionalization protocol to a silica wafer. After each step of the pro-

cedure we colected AFM images, as displayed in figure 4.17. An increase of the surface roughness

after each functionalization step can be observed, leading to the presences of rounded objectes with

heigths rangin from 4 to 18 nm. These sizes are in good agreement with the primary particle sizes of

the nanoparticles, around 10 nm. [75]

In a second step we applied the functionalization protocol to silica grids suitable for TEM imaging

coupled with EDX. An exemplary result can be found in Figure 4.18a, which gives rise to the presence

of Fe in EDX, which is most probably attributed to the iron oxide nanoparticles.

Furthermore, we tested the modified AFM probe on a freshly cleaved mica surface and a mica surface

modified with Mg2+ ions. The coating of the nanoparticles contains a large number of free COO-

groups, therefore we would expect pronounced differences in the obtained force curves. We used the

force mapping mode of the JPK nanowizard with a retraction velocity of 2.5 µm s-1. The corresponding

force curves are displayed in the figure 4.18b. In this case we plotted all obtained force curves from

a map with 256 contact points on an area of 30 x 30 µm. While no rupture events can be seen on the

mica surface, peaks with rupture forces up to 2000 pN are found for the interaction with mica modified

with Mg2+ ions.

These findings from AFM imaging, TEM imaging with EDX, and force spectroscopy results confirm the

successful functionalization of the AFM tip with nanoparticles.
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Figure 4.17: Step by step investigation of the functionalization procedure for dimercaptosuccinic acid coated
iron oxide nanoparticles applied on silicon wafer surface by AFM imaging. The first row shows
the reference surface after treatment with the UV Ozone Cleaner. The following rows show the
effects of the step by step functionalization procedure using the topographic image, a diagonal
cross-section profile and a phase image.
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Figure 4.18: Characterization of the modified AFM tip. a) TEM investigation of the functionalization procedure for
dimercaptosuccinic acid coated iron oxide nanoparticles applied on silica grids. b) Characterization
of the modified tip via force spectroscopy experiments.
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4.3.2 Quantification of the kinetic and thermodynamic binding

Generally, force-probing approaches like AFM-based dynamic force spectroscopy measurements de-

termine the strength of single bonds under an externally applied force. We recall briefly the relevant

models and assumptions we used in our data analysis introduced in section 2.2.1.

According to the Bell and Evans model, this external force stressing a bond reduces the activation-

energy barrier toward dissociation and, thus, reduces the lifetime of the formed complex. The model

predicts that far from equilibrium, the most probable rupture force of the bond is proportional to the

logarithm of the loading rate.

Recently, Friddle, Noy and de Yoreo introduced a model to describe the non-linearity of the rupture

forces and suggested that this behaviour arises through the re-formation of bonds at small loading

rates. According to Alsteens and co-workers, such bond re-formation is supported by the confining

potential of the force transducer. [76] This model allows for the determination of the equilibrium free

energy between bound and unbound states, which is why we have chosen this approach for the data

analysis.

Material and methods

Single-crystalline ZnO (0001)-Zn and (101̄0) substrates with 5 mm× 5 mm size and a thickness of

0.5 mm, with an orientation tolerance of < 0.5° (Crystal GmBH, Berlin, Germany) were used in this

experimental setup. The substrates were cleaned prior the experiments via a 30 min treatment with the

UV-ozone cleaner. For the single molecule force spectroscopy experiments a Nanowizard III (JPK) was

operated (Software v9.1) in the ‘Force mapping’ mode in methanol with pulling velocities ranging from

0.025 µm s-1 to 10 µm s-1. Each measurement was performed with three independently modified AFM

tips, using at least three different substrates per investigated facet. The obtained force curves were

first processed using the JPK data processing software to re-calibrate the deflection of the cantilever

based on the obtained sensitivity and spring constant. Furthermore, the contact point and vertical tip

position was adjusted, before the data was exported.

For the further analysis we developed a python script to analyse the data (cf. Appendix 6). To determine

the loading rate for each bond rupture force, we displayed the results as a force-time curve. From this

force-time curve, the loading rate and the rupture force were determined.

For the extraction of kinetics and thermodynamics parameters, the Origin software (OriginLab) was

used to fit the loading-rate-dependent interaction forces of with a minimum of 300 data points using the

analytical approximation of the Friddle-Noy-deYoreo model [77] and the Levenberg-Marquardt algorithm

with a tolerance of 10-9 and maximum number of 400 iterations. The obtained fitting parameters are

distances from the bound state to the transition state barrier xu, the dissociation constant koff as well

as the equilibrium force Feq.
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Figure 4.19: Exemplary fitting results for the determination of the loading rate and the rupture force.

Force distributions

The retraction part of the force distance curves revealed for all peptides in contact with both investigated

surfaces three characteristics: (i) no adhesion events, (ii) non-specific adhesion events in the contact

region (< 10 nm) of tip and sample, or (iii) specific adhesion events distant (usually >10 nm) from the

contact region. The specific events are characterized by single or multiple rupture events.

Optimal conditions to detect specific interactions were found at pulling velocities of 2.5 µm s-1 and a

distance of 200 nm. Under these conditions, the dwell time between the AFM tip with the tethered

peptide and the surface was set to 1 s. To determine whether these binding events were specific, we

performed an independent control using a tip functionalized with the PEG linker and without any further

functionalization step at this optimized conditions. In a first step of the analysis we will focus on the

results obtained for this pulling velocity.

An overview of selected curves (single events) for each peptide on the PEG linker on the two different

substrates and their force distributions can be found in the first row of figure 4.20 to 4.25.

To quantify the free-energy landscape of the five previously selected binding peptide to the single-
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4.3 Single molecule force spectroscopy

crystalline (0001)-Zn and (101̄0) ZnO substrates, we first analyzed the rupture events detected by

AFM-based force spectroscopy. The results can be found in the second row of the figures from 4.20

to 4.25. We plotted the rupture forces against the tip-sample separation. In this plots we can see

that small forces are occurring at a wide range of distances from the surface and clustering at tip-

sample separations close to the non-specific events. Furthermore, rupture forces are observed with

different strengths at variable distances for all peptides. The tip-sample separation of the rupture event

is sensitive to factors such as the localization of the tethered peptide on the tip’s apex, the prevailing

distance between the peptide and the surface as well as the relative position/orientation of the peptide

and the binding sides on the surface.

The unbinding forces identified from the curves associated with specific (single and multi) events, are

plotted as histograms, and can be found in the third row of Figure 4.20 to 4.25. The resulting distri-

butions are asymmetric and extended, consisting of single peaks for all the peptides and the blanks.

To ensure discrimination between non-specific and specific adhesion events, we use the Kolmogorov-

Smirnov test (KS test).The KS test is a significance test to compare two independent samples via their

one-dimensional probability distributions. The KS test compares the relative cumulative frequencies,

whereby the maximum difference occurring is used to calculate the test variable. [78] The cumulative dis-

tributions of both samples are compared directly with each other. [78] If the two cumulative distributions

differ significantly in terms of the maximum difference of the summed frequencies, the null hypothesis

for equality of distributions with a defined probability of error can be rejected. This error level is as-

sumed to be 5% by default. [79] In this case, it must be assumed that the underlying distribution of the

samples differs significantly. Comparing our blank measurements for both surfaces with the zinc oxide

binding peptides, we can ensure that the force distributions are significantly different.

However, for the measurements on the zinc-terminated facet, the PEG linker creates also a wide distri-

bution of rupture forces over a wide range of tip sample separations. For this reason, it is not sufficient

to distinguish between events induced by the PEG linker interactions and induced by specific binding

of the peptides solely based on a distance criterion or the range of forces obtained.
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4 Binding affinities of peptides to zinc oxide single crystals

Determining the free-energy landscape parameters

It is important to recall that according to the description of the free-energy landscape from the Bell

and Evans model, [80,81] a bond can be described using a simple two-state model. The bound state

is located in an energy valley and is separated by an energy barrier from the unbound state. The

transition state (‡) must be overcome during the dissociation of the complex P·S. xu represents the

distance between bound state and transition state, koff
0 and koff are transition rates for crossing the

energy barrier under zero force and applied force F, respectively. ∆G‡ gives the activation free energy

to cross the transition state and ∆Gads the free energy difference between bound and unbound state.

To access the loading rate for each rupturing bond and the corresponding force, we displayed the

force-distance curve as force-time curves. From this force-time curve, the loading rate for each rupture

event was determined by a linear fitting on the slope of each detected event.

The dynamic force spectroscopy plots (last row in figure 4.20 to 4.25) showed that peptide/surface in-

teraction ruptured at forces up to >2000 pN and at loading rates ranging from 1,000 to 1,000,000 pN s-1.

These rupture forces depend non-linearly on the logarithm of the loading rate for all investigated pep-

tides. Depending at which distance of the tip movement the P·S complex dissociates, a range of pulling

velocities creates a wide variety of loading rates applied to the bond.

Comparing between the loading rate dependence for the rupture forces (Figure 4.20 to 4.25) allows

to differ between non-specific and specific adhesion events. The loading rates obtained for pulling

velocities of 2.5 µm s-1 for PEG linker and peptides leads to different results. The loading rates obtained

from the PEG linker are smaller than 10 pN s-1. While for the peptides the described range of loading

rates is usually fully spanned, the results for the linker are much more compressed. This difference

ensures that the rupture event originates from the peptides at the free end of the stretched PEG linker

and not from the linker itself.

Analytical approximation of the Friddle-Noy-de Yoreo model To fit the data of the force spec-

troscopy plot, we used the analytical approximation of the Friddle-Noy-de Yoreo model [77] (cf. 2.2.1) to

determine the equilibrium force for the bond transducer system Feq.

Feq represents the lowest force required to break a bond for a given effective spring constant keff.

Fitting equation 2.30 to the loading rate vs rupture force plots described the experimental data well and

enabled us to extract the free-energy landscape parameters of the bond associated with the complex

P·S. The obtained fitting results can be found in Table 4.7.

We investigated further whether the pulling velocity within the force-spectroscopy experiments influ-

enced the energy landscape parameters determined. Therefore, we fitted the loading-rate-dependent

forces for all peptide/surface combinations for two additional pulling velocities. The results of this fittings

are listed in table 4.7 and an exemplary visualization in Figure 4.26.
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4.3 Single molecule force spectroscopy

Figure 4.20: Force spectroscopy experiments with the PEG linker (2.5 µm s-1). Top panel shows the obtained
force curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.21: Force spectroscopy experiments with ZnOBP1 (2.5 µm s-1). Top panel shows the obtained force
curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4.3 Single molecule force spectroscopy

Figure 4.22: Force spectroscopy experiments with ZnOBP2 (0.25 and 2.5 µm s-1). Top panel shows the obtained
force curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.23: Force spectroscopy experiments with ZnOBP3 (2.5 µm s-1). Top panel shows the obtained force
curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4.3 Single molecule force spectroscopy

Figure 4.24: Force spectroscopy experiments with ZnOBP4 (2.5 µm s-1). Top panel shows the obtained force
curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.25: Force spectroscopy experiments with ZnOBP5 (2.5 µm s-1). Top panel shows the obtained force
curves with specific (single and multi) rupture events tip sample separation dependence of the
rupture events (upper panel), normalized histogram of obtained rupture forces (lower panel) and in
the bottom panel loading rate dependence of the rupture forces fitted with the Friddle-Noy-de Yoreo
model for the (0001)-Zn and (101̄0) surface, respectively.
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4.3 Single molecule force spectroscopy

Figure 4.26: Exemplary influence of different retraction speeds on the loading rate dependent rupture forces.
ZnOBP1 interacting with the (0001)-Zn surface with pulling velocities of 0.25 µm s-1 (purple), 2.5 µm
s-1 (red) and 5 µm s-1 (blue).

Comparing the influence of the different retraction velocities, the forces required to rupture the ligand-

receptor bond shifted toward higher loading rates with increasing pulling velocities. Nevertheless we

reached an asymptote in the loading rates vs force plots for each of the investigated peptides , which

enabled us to access the force at the equilibrium state. The observed shift, however, did not alter the

thermodynamic parameters (Feq and xu) estimated from fitting the rupture forces, while it seems to

have an influence on the kinetic parameter koff. koff is increasing with increasing pulling velocities.

For the comparison with the O-IDA approach, the binding affinities are calculated in the following.

211



4 Binding affinities of peptides to zinc oxide single crystals

Table 4.7: Overview of the peptides probed for their binding affinity for the (0001)-Zn and (101̄0) surface via
SMFS.

Peptid Surface pulling velocity (µm s-1) Feq (pN) xu (Å) koff (s-1)

ZnOBP1

(0001)-Zn

5.00

59.15 ±4.21 0.10 ±0.05

967.84 ±48.45
2.50 475.25 ±11.50
0.25 171.37 ±13.60

(101̄0)

5.00

43.40 ±5.83 0.17 ±0.03

858.89 ±21.22
2.50 441.75 ±28.78
0.25 220.57 ±11.72

ZnOBP2

(0001)-Zn
6.50

39.56 ±8.22 0.10 ±0.05
643.16 ±91.91

0.25 61.46 ±2.94

(101̄0)

5.00

43.00 ±5.34 0.12 ±0.06

583.88 ±86.53
2.50 351.91 ±11.74
0.25 73.86 ±5.56

ZnOBP3

(0001)-Zn

5.00

69.40 ±10.60 0.12 ±0.02

1336.92 ±67.07
2.50 536.89 ±55.31
0.25 164.70 ±57.49

(101̄0)

5.00

40.77 ±5.27 0.10 ±0.08

1209.47 ±56.26
2.50 493.31 ±18.94
0.25 177.22 ±38.09

ZnOBP4

(0001)-Zn

5.00

56.94 ±5.47 0.13 ±0.10

1861.45 ±402.59
2.50 610.01 ±21.25
0.25 180.45 ±43.13

(101̄0)

5.00

44,80 ±3.40 0.11 ±0.50

1058.33 ±281.74
2.50 435.83 ±12.42
0.25 94.82 ±8.80

ZnOBP5

(0001)-Zn

5.00

19.34 ±6.25 0.16 ±0.09

669.12 ±46.59
2.50 580.94 ±41.61
0.25 244.32 ±15.38

(101̄0)

5.00

24.08 ±3.68 0.11 ±0.06

754.90 ±50.39
2.50 448.90 ±21.31
0.25 78.90 ±25.49
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4.3 Single molecule force spectroscopy

Calculating the effective spring constant. Dynamic force spectroscopy can access the free en-

ergy landscape of interacting bonds, but interpretations are challenged by the complex mechanical

behavior of linker-oligopeptide system. Therefore, to correlate the obtained equilibrium forces Feq to

the free energies ∆Gads of the five zinc oxide binding peptides towards the (0001)-Zn and (101̄0) sur-

face, it was necessary to establish a realistic measure of the elastic potential Es(Feq) of the PEG linker

consisting of 27 monomers, which tethers the 12mer peptides to the AFM tip.

For the calculation of the effective spring constant keff, which is the combination of the cantilever stiff-

ness kc and the stiffness kPEG of the PEG-linker and the stiffness kPep polypeptide, we followed the

approach of Alsteens et al.. [76]

For the extension of the PEG linker consisting of 27 monomers we use the model for PEG elasticity [82]

(with a Kuhn length of Lk=0.7 nm, a segment elasticity of Ks=150 N m-1, a monomer length in planar

configuration of Lplanar=0.358 nm, a monomer length in helical configuration of Lhelical=0.28 nm and a

free energy difference between planar and helical configuration ∆G=3 kbT): [84]

L(F ) = nm ·
(︄

Lplanar

e
∆G(F )

kBT + 1
+

Lhelical

e
−∆G(F )

kBT + 1

)︄
·
(︄

coth(
FLk

kBT
)− kBT

FLk

)︄
+

nmF
Ks

with

∆G(F ) = ∆G − F (Lplanar − Lhelical) .

(4.14)

The extension of polypeptide is described using the worm-like-chain (WLC) model (with a persistence

length of lp=0.4 nm and a contour length of lc = 12 aa ): [83]

F =
kBT

lp

(︄
1

4(1 − x
lc
)2 +

x
lc
− 0.25

)︄
. (4.15)

Finally, the stiffness keff of the cantilever/PEG-linker/oligopeptide system can be obtained using the

relation of three springs in series (Figure 4.27).

1
keff

=
1
kc

+
1

kPEG
+

1
kPep

. (4.16)

An overview about the force extension behavior of the PEG linker and a 12mer oligopeptide can be

found in Figure 4.27. To determine the dependence of the stiffness on the applied equilibrium force, the

first derivative is calculated for both systems. The Table 4.8 summarizes the results of the calculation

of the effective spring constant for each of the systems.
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4 Binding affinities of peptides to zinc oxide single crystals

Figure 4.27: Determining the effective spring constant keff of the cantilever/PEG-linker/oligopeptide system.
a) Schematic representation of the functionalized AFM cantilever with the PEG linker consisting of
the 27 monomers and a 12 amino acids long oligopeptide. The effective spring constant keff of this
system is the combination of the cantilever stiffness kc, the stiffness of the PEG linker (kPEG) and
the elasticity of the polypeptide (kPep). The equation describes the calculation of the effective spring
constant of the cantilever-PEG-oligopeptide linker system and to subsequently calculate ∆Gads. b)
The extension of the PEG linker applied to a stretching force F is described by the Oesterhelt model
for the PEG elasticity, [82] The force vs kPEG relationship was used to determine the spring constant
of the PEG linker exposed to a given force Feq . c) The extension of the oligopeptide applied to a
stretching force F is described by the WLC model for the elasticity, [83] The force vs kPep relationship
was used to determine the spring constant of the peptide exposed to a given force Feq .
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Table 4.8: Determination of the effective spring constant keff based on the cantilever stiffness kc, the stiffness of the PEG linker (kPEG) and the polypeptide (kPep).

Peptide Surface Feq (pN) kc (pN nm-1) kPEG(Feq) (pN nm-1) kPep(Feq) (pN nm-1) keff (pN nm-1)

ZnOBP1
(0001)-Zn 59.15 ± 4.21 307.79 ± 56.50 18.17 191.00 15.7430 ±0.0006

(101̄0) 43.40 ± 5.83 325.39 ± 49.39 16.20 66.92 12.5400 ±0.0005

ZnOBP2
(0001)-Zn 39.56 ± 8.22 299.20 ± 37.98 15.32 60.71 11.7525 ±0.0004

(101̄0) 43.00 ± 5.34 299.20± 37.98 16.40 68.00 12.6544 ±0.0004

ZnOBP3
(0001)-Zn 69.40 ± 10.60 333.26 ± 52.32 17.85 143.26 15.1507 ±0.0005

(101̄0) 40.77 ± 5.27 333.26 ± 52.32 15.38 60.76 11.8373 ±0.0005

ZnOBP4
(0001)-Zn 56.94 ± 5.47 337.39 ± 38.15 18.13 105.00 14.7831 ±0.0003

(101̄0) 44.80 ± 3.40 337.39 ± 38.15 16.56 70.00 12.8914 ±0.0005

ZnOBP5
(0001)-Zn 19.34 ± 6.25 318.24 ± 37.70 5.54 19.54 4.2585 ±0.0003

(101̄0) 24.08 ± 3.68 322.50 ± 34.70 22.53 26.78 11.7887 ±0.0003
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4 Binding affinities of peptides to zinc oxide single crystals

Extracting energetic, thermodynamic and kinetic parameters The dependence between force

and the effective spring constant was used to obtain the effective spring constant of the system for

an applied Feq and can be used to subsequently calculate ∆Gads. The binding free energies are

calculated via:

∆Gads =
F 2

eq

2 · keff
, (4.17)

where keff is the effective spring constant of the cantilever, the linker the tethered peptide and Feq is the

equilibrium force for the bond-transducer system. The results of these calculations are summarized in

the Table 4.9 and compared to the results obtained by the O-IDA approach in the previous section.

In comparison of the two approaches we can reach a remarkable agreement for the values of ∆Gads

with the exception of ZnOBP5. The deviation found for this peptide might be explained by the strong

tendency of this peptide to form aggregates in methanol, while the other investigated peptides do not

show this behavior (cf. Appendix Table A.1). Therefore we compare here the interaction of a presum-

ably single peptide during the force spectroscopy experiments with the interaction of an aggregate of

peptides in the O-IDA experiments.

Besides this exception, the maximal deviation between the approaches is around 2 kcal mol-1. In gen-

eral, we can see larger standard deviations for the obtained binding free energies within the force

spectroscopy experiments.

Table 4.9: Comparison of binding affinities obtained via the O-IDA approach and SMFS

Peptide Surface Ki (nM) O-IDA: ∆Gads (kcal mol-1) SMFS: ∆Gads (kcal mol-1)

ZnOBP1
(0001)-Zn 0.07 ± 0.07 -15.80 ± 0.61 -15.99 ± 2.28

(101̄0) 136.18 ± 256.93 -11.30 ± 1.12 -10.81 ± 2.90

ZnOBP2
(0001)-Zn 374.10 ± 281.49 -10.71 ± 0.45 -9.58 ± 3.98

(101̄0) 146.11 ± 333.36 -11.26 ± 1.35 -10.51 ± 2.61

ZnOBP3
(0001)-Zn 5.07E-8 ± 2.77E-7 -24.17 ± 3.24 -22.88 ± 6.99

(101̄0) 1.25E5 ± 5.38E4 -7.26 ± 0.25 -10.11 ± 2.61

ZnOBP4
(0001)-Zn 1.62 ±3.59 -13.93 ±1.32 -15.78 ±3.03

(101̄0) 13.27 ± 48.86 -12.68 ± 2.18 -11.20 ± 1.70

ZnOBP5
(0001)-Zn 870.18 ± 713.93 -10.21 ± 0.49 -6.32 ± 4.04

(101̄0) 2.26 ± 3.94 -13.73 ± 1.03 -3.54 ± 1.08
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4.3.3 Summary

Sand et al. [85] summarized recently the three main difficulties in obtaining reliable results from force

spectroscopy experiments: i) linker molecules can have internal dissipative processes resulting in a

non-linear dependence of extension upon the application of an external force leading to analytical

challenges if one wants to apply a linear fitting model. [77,81,84,86,87] ii) It is a challenge to decipher the

amount of interacting bonds when an unknown number of bonds are clustered at the probe-surface

contact. [84] iii) The equilibrium regime within SMFS is often not investigated and an unambiguous

consensus on the appropriate method to extract ∆Gads is still absent in the community. [76,85,88–90]

A key approximation within SMFS lies indeed in the choice of model used to infer ∆Gads from the

measured adhesion forces. Within this thesis we used the model developed by Friddle, Noy, and De

Yoreo, [77] based on a non-linear connection of the loading rate applied on the complex P·S and the

rupture forces and adapted the procedure described by Alsteens et al. [76] for the determination of the

loading rates and the calculation of the effective spring constant.

Sand et al. confirmed the importance of an appropriate description of the elastic potential of the linker

molecule and biomolecule, since the stiffness changes with respect to the applied force. [85] Therefore,

the bond feels a very large variety of loading rates starting from the soft entropic regime associated

with the polymer coil leading to the stiff elastic regime of the fully extended chain. According to Sand et

al., for an applied retraction velocity stochastic rupture of the bond occurs at forces distributed across

this range of loading rates. In agreement with our observations, Sand and co-workers pointed out that

rupture events can occur over a wide range of loading rates leading to a ‘complete’ set of rupture force

versus loading rate from a single retraction velocity. [85] However, it is doubted that the fitting parame-

ters obtained by a linear fitting approach (Bell and Evans model, cf. Section 2.2.1) are accurate. [85]

Furthermore, potential errors might arise from using a single (average) force value, especially for the

cases where the histograms are not clearly peaked around a single value, that may correspond to a

more complex binding behavior.

For the three chosen exemplary velocities ranging from 0.25 to 5 µm s-1 we could reach an asymp-

totic behavior in the loading rates vs force plots, which allowed for the identification of the force at

the equilibrium state. However, experimental constraints might lead for different velocities to different

signal-to-noise ratios, which could strongly affect the minimum forces within our approach: as a result,

a non-negligible degree of uncertainty in the fit might arise.

In addition to the Feq values obtained from the fitting procedure with the Friddle-Noy-de Yoreo model,

we also obtain the unbinding rate koff and distance to the transition state xu, which are associated with

an irreversible kinetic regime obtained for increasing loading rates. [91] The values for koff differ signifi-

cantly within our investigation among the peptides and might not be conclusive without the comparison

to other values.
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4.4 Conclusions

In this chapter we investigated the binding affinities of the five selected binding peptides towards the

(0001)-Zn and the (1010) single-crystalline substrates using two different approaches. We adapted

an optically sectioned planar format indicator displacement assay (O-IDA) for the characterization of

abiotic/biotic interactions. The obtained binding affinties are compared to the results of AFM-based

force spectroscopy experiments leading to remarkably good agreement in terms of the ∆Gads.

Differences occur in the case of peptide aggregation in solution leading to an overestimation of the

binding affinities for the O-IDA approach. A careful characterization of the peptide’s behavior in solution

is mandatory to obtain comparable results for both techniques. Furthermore, differences could occur

due to the tethering of the peptide to the AFM tip. In our case, however, a preferential interaction of

the peptides via the N-terminus is not expected due to the comparable results revealed by O-IDA and

SMFS, since during the force spectroscopy experiments the peptides are tethered via their N-terminus.

Looking at a correlation between the binding strength and the surface selectivity, we can see higher

binding affinities towards the zinc-terminated surface, independently of the surface the peptide were

originally identified during phage display (cf. Section3.2). ZnOBP3 has the strongest pronounced

surface selectivity and also shows the highest binding affinity among the peptides investigated within

this thesis towards the (0001)-Zn facet. ZnOBP1 and ZnOBP4 also show a higher affinity towards the

polar and zinc-terminated surfaces and a weaker interaction with the (101̄0) surface. ZnOBP5 shows

only a very weak interaction with the mixed-terminated surface investigated in this thesis, even though

it was identified as a binding peptide on this surface. Regarding the higher affinity towards the (0001)-

Zn surface, one tentative explanation could be that the peptide/surface interaction is mainly driven by

exposed zinc-sites and that therefore the binding affinity correlates with their surface concentration.

In comparison to the results of the phage assay in Section 3.2, we obtain a different ranking in terms

of the binding affinity and the only agreement that can be found is for the weak interaction of ZnOBP5

with the (101̄0) facet. However, a direct comparison between the approaches is not possible due to the

different environment in which the experiments have been performed. Furthermore, the peptides are

tethered to the phage via the C-terminus, which might cause other restraints of the binding configura-

tion.

One joint limitation of the approaches applied in this thesis regarding the determination of the binding

affinities is that they do not allow to differentiate between the enthalpic and entropic contributions for

∆Gads.

To enable a direct comparison with the experimentally accessed binding configurations associated with

the conformational ensemble of the five peptides, which we will be investigated in the following chapter,

and furthermore with the binding free energies, enhanced sampling methods have been proven suitable

for a model peptide adsorbed on silica [92] and should be considered as a promising computational

approach in future investigations.
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CHAPTER 5

ASSESSING THE CONFORMATIONAL

ENSEMBLE UPON ADSORPTION VIA

CIRCULAR DICHROISM SPECTROSCOPY

Experimental investigation of the secondary structure of binding peptides in an adsorbed state is not

trivial, and Circular Dichroism (CD) spectroscopy is one of the few techniques that has been success-

fully employed for this aim. [1]

In Chapter 3 we investigated the conformational ensemble of our selected ZnO binding peptides in

solution, both in water and methanol. In this chapter we want to answer what structural changes do

the specific binders undergo after surface adsorption and whether the material recognition capability

and selectivity are associated with intrinsic structural propensity or with specific changes of secondary

structure.

For this purpose, in a first step we synthesize ZnO nanoparticles with different contributions of polar and

non-polar facets, which allows us to investigate the sensitivity of the peptide’s conformational ensemble

to the different facets.

Before performing the CD experiments, a careful characterization of the concentration-dependent ad-

sorption behavior of the peptides is necessary to optimize the experimental conditions. Due the strong

absorbence of ZnO in the far UV region, which we need to access to characterize the conformational

ensemble, the CD measurements need to be performed at a synchrotron light source to obtain reliable

results. In our case, the experiments were carried out at the DISCO Beamline (Synchrotron Soleil).
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5 Assessing the conformational ensemble upon adsorption

5.1 Synthesis and characterization of ZnO nanoparticles with different

surface contributions

Here we start with a brief introduction in the synthesis of ZnO including some fundamental consid-

erations for the synthesis of materials in an aqueous environment. In the next step we highlight the

synthesis route used for the ZnO nanoparticles and give an overview about the methods applied for

their characterization.

5.1.1 Background

Biomimetic synthesis strategies are commonly carried out in an aqueous environment at ambient or

nearly-ambient reaction conditions. For instance, hydrothermal synthesis strategies are often applied

due to their cost efficiency and the easy modification of parameters. [2,3] The ultimate goal for this

synthesis approach is the reproducible creation of particles with desired morphology and purity. To

reach this goal, an understanding of crystal nucleation and growth processes and mechanisms is

essential. [4–6]

The formation of a crystalline polymorph from precursor solutions starts from a nucleation step. Con-

sidering equilibrium conditions upon the start of the synthesis, the free energy of the precursor solution

is assumed to be higher than the sum of the free energies of the obtained product and the remaining

solution phase. Thus, the total free energy of the system needs to be minimized during the synthesis.

Different theories have been introduced to describe the nucleation processes, including the classical

nucleation theory. [5,7–9]

Nucleation is described as a rearrangement process or phase transition of entities in a solvated state

that associate into lower energy clusters, nuclei, of the product. [7,11] . Despite the fact that the free

energy per entity within the bulk of cluster is smaller in comparison to the free energy in the solvated

phase, the surface of the nucleus possess a high interfacial energy and is therefore not stable. The

origin of this effect is based on missing interaction partners in comparison to the bulk of the nucleus.

Growth of clusters into larger crystalline polymorphs can only occur when a threshold value, known

as the critical radius (rc), is reached, since further growth leads to a decrease in free energy (Figure

5.1a)). This phenomenon is called the Gibbs Thomson Effect. [5,7,9]

If the small clusters do not reach the critical radius, they dissolve back into solution. [2,7] Thus, the

critical size determines the propensities and the kinetics of of nucleation processes. The rc value of

the cluster and its associated activation energy as well as the kinetics of nucleation are affected, and

can be modulated, via the degree of supersaturation, i.e. the changes in chemical potential between

the dissolved state and the bulk of the crystal phase. [11]

However, in biomineralization studies indications were found suggesting that nucleation might follow

a more complex pathway. [2,12] This pathway includes the formation of amorphous and highly solu-
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Figure 5.1: Crystallization pathways. a) Graphical representation of classical nucleation theory. Increasing sur-
face energy during the formation of an interface and decreasing the solution chemical potential due
to a reduction in solute concentration. Molecules can form cluesters in a supersaturated solution
through addition of monomers. Reaching a critical radius rc a nucleus is formed which can grow into
crystalline polymorphs. Modified from [10]. b) Comparison of thermodynamic and kinetic pathways.
Corresponding free energy of activation are (∆Gn(A) +∆Gg(A)) or (∆Gn(B) +∆Gg(B) + ∆Gt1,2,3)

where nucleation is denoted as (n), growth (g) and phase transformation(t). Modified from [2]

ble intermediates, which need a kinetic stabilization before undergoing a phase transformation into

cristalline polymorphs. [2,4,13,14] Other models consider pre-nucleation cluster aggregation [15] as well

as oriented nanocrystal attachment. [16] Crystal growth is based on building blocks (nanoclusters) in-

stead of ordered monomer attachment and kinetic control is achieved due to changes of activation

energy barriers in the process of nucleation, growth and phase transformation [2,3,14] (cf. Figure 5.1 b).

In summary, crystallization proceeds through a multi-step pathway involving transformations of amor-

phous precursors leading to a subsequent crystallization of intermediates and finally a crystalline struc-

ture. [2,12,17]

Synthesis of ZnO

In this study, ZnO crystals were grown in aqueous solution as described by Tomczak et al. [18], Liang et

al. [19], and Limo et al. [20]. The experimental procedure is following closely the description of Marion J.

Limo [21], who kindly introduced me to the synthesis of ZnO nanoparticles.

In this study, anisotropic growth of ZnO crystals was carried out in aqueous solution from precursor

Zn(NO3)2 · 6 H2O, as the source of Zn2+ ions, and Hexamethylenetetramine (HMTA) which is a water

soluble, non-ionic tertiary amine commonly used in ZnO synthesis but whose exact role in the synthesis
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5 Assessing the conformational ensemble upon adsorption

Figure 5.2: Schematic representation of ZnO growth processes during solution-based synthesis with
Zn(NO3)2 · 6 H2O and HMTA. Formation of intermediates (nitrate containing crystalline layered basic
zinc salts (LBZN)) leads to the anisotropic growth of elongated ZnO twinned rods. Images are not
drawn to scale. Modified from [21]

is unclear. [4,22,23]

An overly simplified representation of the chemical reactions involved in the formation of ZnO using

Zn(NO3)2 · 6 H2O and HMTA have been summarized in the following equations: [4,24]

C6H12N4 + 6 H2O ⇌ 6 CH2O + 4 NH3

NH3 + H2O ⇌ NH4
+ + OH-

Zn2+ + 4 OH- ⇌ Zn(OH)4
2-

Zn(OH)4
2- ⇌ Zn(OH)2 + 2OH-

Zn(OH)2 ⇌ ZnO + 2 H2O .

However, it is well know that the formation of ZnO during this synthesis route takes place via intermedi-

ates known as layered basic zinc salts (LBZs). For the reaction of Zn(NO3)2 · 6 H2O and HMTA, nitrate

containing crystalline LBZs are obtained (LBZN). [25–27] It has been assumed that this intermediate

could be Zn5(OH)8(NO3)· 2 H2O which has a brucite (Mg(OH)2) like structure. This structure is char-

acterized by stacked layers of positively charged metal hydroxides intercalated with hydrated anions

that balance the charge of the structure, based on electrostatic attraction and hydrogen bonding. [28,29]

According to Liang and co-workers, phase transformation of intermediates leading to the formation of

ZnO was observed, [19] but there was no evidence of dissolution and reprecipitation of zinc ions in this

method.

Previous studies on morphology modification of ZnO using the peptide GT16 highlighted an adsorption-

driven growth/inhibition mechanism to modify the ZnO morphology. [19,20] The peptide GT16 (GLHVMHK-

VAPPRGGGC) is known to interact with the polar and the mixed-terminated surfaces of ZnO nanopar-

ticles (cf. 3.2). However, it was found to bind preferentially to the polar facets, leading to a prefer-

ential inhibition on the growth along the c-axis and to the formation of low-aspect-ratio ZnO twinned
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platelets. [19] Thus, we use the peptide GT16 to obtain ZnO nanoparticles with an increased amount of

polar facets.

Characterization methods

ZnO crystals were thoroughly characterized, i.e. scanning electron microscopy (SEM) was applied to

confirm the presence of two different morphologies, X-Ray diffraction (XRD) was used to study their

crystallinity, thermogravimetric (TGA analysis) was used to determine the composition of the materials,

and the surface area of the particles is determined via nitrogen gas adsorption. All the above ZnO

characterization methods are introduced and briefly described here below following [30].

SEM: In an electron microscope, the illumination source is produced by a beam of accelerated elec-

trons which allows for the generation of high resolution images at high magnification. Therefore, this

technique is suitable for the analysis of samples containing particles within the micro- and nano-meter

scale. Common techniques using this type of microscopy are transmission electron microscope (TEM)

or scanning electron microscope. SEM allows for the study of the morphology of micro- and nanopar-

ticles, including particle size, orientation, aggregation and interconnection. SEM is commonly applied

to study the surface or near surface structure of bulk solids, using scattered electrons as a basis for

image generation. These electrons are generated by a heated filament. This beam is directed and

accelerated towards the sample with energies ranging between 2 keV and 40 keV. The high energy

incident electrons interact with the atoms of the sample creating an ionisation of low-energy electrons.

This so-called ‘secondary electrons’ leave the atom with reduced kinetic energy (5 eV). Therfore, each

incident electron can create several secondary electrons. However, due to their low energy, only sec-

ondary electrons that are very close to the surface (< 10 nm depth) can escape the sample and can be

detected leading to the generation of an image. [31]

XRD: Powder X-ray Diffraction is a technique which allows for the identification of the crystallinity of

a solid-phase sample. Each crystalline material has its characteristic diffraction peaks leading to a

characteristic XRD pattern. [32] A crystalline phase is characterized by a highly ordered arrangement

along a crystal lattice (in all three directions). A diffraction occurs upon the interaction of the X-ray

radiation with this phase, leading to a uniform scattering in all directions.

First, when the X-ray beam strikes the surface of the crystal at an angle θ, a portion of the beam is

scattered by the atoms on the surface. The remaining unscattered portion of the beam penetrates the

second layer of atoms where another fraction is scattered; this process is repeated throughout further

layers of atoms. [31,33]

For an incident wave of radiation (wavelength, λ), the scattered X-rays from the first layer of atoms

travel less distance than the X-rays that penetrate to the internal layers. This distance, known as
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interplanar distance (d), is the crystal lattice plane separation. Hence, the scattered X-rays from a lower

layer of atoms, traverse and extra length of 2d · sinθ, where θ is the scattering angle. This relation is

described by Bragg’s Law, where ‘n’ is an integer of waves reflected form the different layers: [33]

n · λ = 2 · d · sinθ . (5.1)

The diffraction patterns acquired from XRD is described by diffracted beam intensity versus twice the

incident angle (2θ). The identified peaks correspond to reflections from a crystal, where the 2θ position

of the peaks is connected to the interplanar distance, or d-spacing.

TGA: Thermogravimetric analysis allows for the monitoring of changes in mass of a sample as a

function of time and temperature. For this purpose a sample is progressively heated under a con-

trolled atmosphere. [34] Furthermore, this technique allows for the quantification of adsorbed solvent

molecules, decarboxylation, pyrolysis, decomposition as well as oxidation. During the measurement, a

temperature rate program is performed, while the change of sample weight is monitored as a function

of temperature or time. [31] The instrument is composed of a highly sensitive precision balance to op-

erate in the micro-gram scale, a furnace with a working range of 20 to 1000◦C, a gas flow to measure

under a controlled atmospheric conditions and a computer for data collection and analysis. A variation

in the conditions, especially of the gas, enable the study of different reactions. [31]

BET: Surface area measurements are commonly achieved via the approach from Brunauer, Emmet

and Teller (BET). [35] In this case, nitrogen (N2) gas adsorption experiment are used to access the

surface area (and pore size, if applicable) of a sample. In a first step, the sample is degassed under

heat and continuous flow of an inert dry gas to remove adsorbates, like for instance water or carbon

dioxide, which might be present due to atmospheric exposure. [36,37] In the second step, the conditions

in the sample cell are adjusted at a temperature close to the boiling point of the adsorbate gas. For

N2 this corresponds to the sample cell under vacuum is mounted in a dewar flask with liquid nitrogen

(77 K, -195◦C). As soon as the system reached and equilibrium, a minor amount of adsorbate gas

is injected into the sample cell and the relative pressure (P/P0) measured. This process is repeated

several times until the ratio of P and P0 equals 1. The adsorbed amount at each ratio between 0 to

1 is then calculated leading to the formation of an adsorption isotherm. [36,37] Conversely, desorption

isotherms can be constructed (via) the removal of gas from the sample cell. Hence, P/P0 is lowered

step by step with values ranging from 1 to 0. [36,37] The combined adsorption and desorption isotherms

can be defined as a measure of the amount of adsorbate (gas) required for forming a monolayer

over the external surface of the solid over a range of relative pressures. [35] Commonly, the monolayer

coverage by nitrogen as adsorbate is determined from the 0.05 to 0.35 P/P0 range. The final shape of

the isotherm is affected by the nature of the surface and the adsorbate.
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5.1 Synthesis and characterization of ZnO nanoparticles with different surface contributions

5.1.2 Materials and Methods

In the following we introduce the materials and methods applied for the synthesis and characterization

of our ZnO substrates.

Synthesis of ZnO nanoparticles. For the synthesis of the nanoparticles with different surface con-

tributions, stock solutions of the precursor Zn(NO3)2 · 6 H2O (104.17 mM) and HMTA (100 mM) were

prepared. For the synthesis of ZnO hexagonal twinned rods, an equimolar concentration (50 mM) of

zinc ions was applied. For the preparation of the final reaction volume, 10 ml of HMTA and 0.4 ml

ddH2O were added to 9.6 ml of Zn(NO3)2 · 6 H2O in a glass vial upon stirring using a magnetic stirrer.

The observed pH of the reaction solutions at the start of the synthesis was in agreement with pre-

vious experiments (6.9 ± 0.1). For the preparation of ZnO platelets the synthesis was modified. The

ZnO binding peptide GT16 (0.4 ml) replaced the ddH2O content used in the synthesis of the hexagonal

twinned rods. To achieve a peptide concentration of 0.3 mM in the final reaction volume, a higher con-

centration of the peptide prepared from the peptide stock solution was added to the system. For both

ZnO morphologies the systems were incubated a 20◦C for 24 h, after which they were transferred to a

water-bath with 65◦C for 48 h. Each reaction was carried out in triplicate. Samples were centrifuged

at 13000 rpm for 3 min to separate the precipitate from the supernatant. The precipitates were then

washed in three times with ddH2O and lyophilized before further analysis. To ensure the decomposition

of organic material and obtain pristine surfaces for interaction studies with peptides the particles were

calcined to 900◦C.

SEM measurements. The morphology and size of the precipitates obtained by the HMTA synthesis

route were studied using SEM (JEOL JSM- 840A). Collected samples were washed, lyophilized and

in the next step dispersed in ethanol applying sonication for 15 min. Aliquots of the ZnO nanoparti-

cles were pipetted onto aluminium stubs and the ethanol allowed to evaporate. The dried samples

were sputter-coated with gold to make them conductive for the SEM measurements, using an Edwards

sputter coater S150B. The instrument was operated following manufacturers instructions and at an ac-

celeration voltage (A.V.) of 20 kV. The samples were scanned in raster mode and images captured at

different magnifications.

XRD measurements. For the characterization of the the crystalinity of the obtained nanoparticles, a

XRD investigation was carried out using a PANalytical X’Pert PRO X-Ray diffractometer (Cu Kα radia-

tion with wavelength of 1.54060 Å). The ZnO nanoparticles were transfered into an aluminium sample

holder and scanned from 20 to 90◦ at an accelerating voltage of 45 kV, 4 mA filament current, using a

scan speed of 0.02 s-1 at room temperature. Diffraction patterns were analysed using X’Pert-HighScore

Plus (Version 2.0a) programme for the manipulation of the diffractogram, determination of the back-

ground and identification of peaks. Due to the limited amount of sample, an additional polypropylene
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5 Assessing the conformational ensemble upon adsorption

disc was fitted into the aluminum holder.

TGA measurements. The TGA experiments were performed with a Mettler Toledo TGA/DSC 3+ with

an auto sampling unit prior the calcination step. The samples were heated at 30◦C for 10 min after

which time the temperature was raised to 900◦C at a steady rate of 10◦C/min then held constantly

at 900◦C for a 10 min period. The data was acquired and analysis conducted using STARe software.

For the analysis, graphs with the first derivative of sample weight loss versus temperature ◦C were

prepared.

BET measurements. The surface area of ZnO crystals was determined using the Brunauer-Emmett-

Teller (BET) method by Dr Dave Belton using a Quantachrome Monosorb instrument using a five-point

adsorption isotherm in the relative pressure range of P/P0 = 0.05/0.3 at 77.35 K. Samples were heated

and gas flowed over the inorganic surface to remove surface contaminants. The samples were then

cooled to cryogenic temperatures and a mixture of helium (He) and nitrogen (N2) of known volume

flowed over the samples. At low temperature, N2 gas adsorbed on the surface of the material. He

which is an inert gas was used as a carrier gas. The sample was heated to room temperature des-

orbing the adsorbed N2. The volume of the adsorbed and desorbed gas was detected by a thermal

conductivity detector that is highly sensitive and compared to a calibration using counts measured from

different volumes of N2.

5.1.3 Results and discussion

The SEM results shown in Figure 5.3a) and b) reveal two different morphologies with different aspect

ratios in accordance with Liang et al. and Limo. [19,20]

The formation of ZnO was confirmed using and XRD analysis. In the Figure 5.3c) and d) the diffraction

pattern for ZnO rods and platelets are shown, respectively. The grey lines indicate the reference pattern

for hexagonal wurzite structures and the associated surfaces accessible in the analysis software. The

relative changes in the peak intensities reveal different surface contributions.

In agreement with previous TGA studies, a higher weight loss could be identfied for the ZnO nanoparti-

cles synthesized with GT16 peptide, indicating a higher extent of organic matter. [19,21] The high organic

content within the platelet samples is associated with the ability of GT16 to adsorb to ZnO crystals

planes modifying the growth process. [19] It is important to note that no sintering due to the calcination

procedure is expected, as sintering of micron-scale ZnO usually requires temperatures much higher

than 900◦C. [38] Furthermore no phase transformations can be observed, which would require temper-

atures higher than 1300◦C. [39] A complete decomposition of ZnO would only occur at temperatures

of about 1975◦C, [40] therefore the inorganic weight component cannot degrade within the procedure.
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5.1 Synthesis and characterization of ZnO nanoparticles with different surface contributions

Figure 5.3: ZnO nanoparticle characterization.
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5 Assessing the conformational ensemble upon adsorption

Nevertheless, the applied calcination procedure could have altered some surface physical or chemical

surface features, which might be sensed by peptides upon interaction.

Limo et al. identified three regions in plotting the first derivative [d(weight)/d(time)] against temperature:

(i) weight loss observed from 30 to 100◦C, associated with the loss of physisorbed water; (ii) weight

loss observed from 100 to 250◦C, correlated to the removal or chemisorbed water and a potential

dehydroxylation of Zn(OH)2 leading to the formation of ZnO; (iii) weight loss occuring between 250 to

700◦C, attributed to the decomposition of organic matter [41,42] A temperature of 700◦C was necessary

to complete the degradation of the organic content releasing volatile species.

Overall, the organic weight component in all the samples was low but the amount in all the samples

synthesized with the different peptides was than in the ZnO crystals synthesized without peptide con-

firming the presences of adsorbed peptides.

The surface area of ZnO crystals was determined using the Brunauer-Emmett-Teller (BET) method by

Dr David Belton using a Quantachrome Monosorb instrument. The obtained surface areas of 8.9 m2 g-1

and 4.2 m2 g-1 for ZnO rods and platelets, respectively, are similar to previous characterizations. [21]

In summary, we have obtained two different ZnO morphologies with our synthesis approach creating

nanoparticles with different contributions of surface facets. One important aspect of ZnO particles syn-

thesized by this approach is their stability in an aqueous environment, as shown by Limo. [21] In the

following we characterize the adsorption of our five binding peptides on this particles.

5.2 Investigating the conformational changes upon adsorption

In preparation to the CD measurements to access the conformational ensemble upon adsorption, a

careful optimization of the experimental condition is necessary. For this purpose, we used UV/vis ab-

sorbence to gain specific knowledge regarding the adsorption behavior, the concentrations of nanopar-

ticles and peptides required. Nanoparticles and binding peptides were characterized prior the experi-

ments (cf. section 3.3 and 5.1).

5.2.1 Preliminary characterization of the adsorption process

In this section we identify conditions for the CD experiments. ZnO is well known for his strong ab-

sorbance in the UV/vis wavelength region, which is also crucial for the measurements. The con-

centrations and incubation time used within this approach follows the publication from Limo and co-

workers, [20] who used isothermal titration calorimetry (ITC) for the characterization of the binding be-

havior of ZnO binding peptides.
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5.2 Investigating the conformational changes upon adsorption

Material and methods. Absorbance experiments were performed with oligopeptides synthesized by

JPT (purity ≥95 % Berlin, Germany). The peptides were dissolved in ddH2O (18 MΩ, MilliQ, Synergy,

Millipore, Germany) at a stock concentration of 20 mg ml-1, as quantified by their absorbance at 205

and 214 nm. At least three repeat scans for each sample were measured at 25◦C, using a wavelength

range from 170 to 260 nm with intervals of 1 nm in quartz cells with pathlengths ranging from 0.001 to

1 cm.

The ZnO nanoparticle solution had a stock concentration of 0.027 mg ml-1 prior the mixing with the

peptides. Nanoparticle suspension and the dissolved peptides were mixed with a 1:1 ratio (v/v). If

not stated otherwise, we used six different peptide concentrations ranging from 0.01 to 10 mg ml-1

(theoretical concentrations obtained after mixing with the ZnO platelets and rods, respectively).

The concentration of the the peptides within the supernatant was determined after an incubation time

of 8 h in an overhead shaker at 30 rpm (Loopster digital, IKA, Germany). The suspension was cen-

trifuged at 14000 g for 10 min (Microcentrifuge 1814, VWR, Germany). The supernatant was removed

completely and collected for measurements absorbance at 205 and 214 nm.

The concentration-dependent adsorbed amount of molecules were fitted with equation 4.3 via the Ori-

gin software (OriginLab) using a Levenberg-Marquardt algorithm with a tolerance of 10-9 and maximum

number of 400 iterations. The resulting fitting curve is plotted along with the 95% confidence intervals

as well as the 95% of prediction intervals.

In the second approach, we used the optimized conditions for the aqueous system to perform adsorp-

tion experiments in methanol with the same experimental procedure.

Results and discussion While we are able to detect an increasing adsorbed amount of all ZnO bind-

ing peptides via UV/vis absorbance measurements, we are not able to access reliable thermodynamic

parameters via adsorption isotherms. This is due to the restrictions associated with the available cu-

vettes suitable for our experimental setup in the CD spectrometer, limiting the accessible concentration

range. This is of special importance for the highest concentrations used here, which are restricted

based on the overall systems absorbance in the cuvette with the shortest pathlength (0.01 mm), fur-

thermore, there is an order of magnitude difference to the next bigger available cuvette (0.1 mm).

Additionally, for the measurements in methanol the cuvette holder did not allow a proper sealing of the

cuvettes to prevent evaporation from the system. To allow for the measurement of the CD spectra of

the adsorbed spectra, it is important to note that, due to the size of the nanoparticles, only cuvettes

in the pathlength range <0.1 mm were suitable, since otherwise the nanoparticles were observed to

sedimentate during the measurements.

The results of the adsorption study in water are summarized in the Figure 5.4. We tried to fit the

obtained data points with equation 4.3 in Section 4.2.2. However, since we do not obtain a saturation

for the maximum concentration we can access in our experimental setup, the results are not conclusive

and only facilitate to follow the concentration dependent adsorption behavior. The shaded area in fitting
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5 Assessing the conformational ensemble upon adsorption

Figure 5.4: Adsorption study of the five zinc oxide binding peptides on ZnO rods and platelets in H2O.

238



5.2 Investigating the conformational changes upon adsorption

Figure 5.5: Comparison of adsorption in H2O and MeOH. The adsorbed concentrations are normalized to the
starting concentration of the peptides. Blue shaded columns correspond to measurements in water
and yellow shaded columns correspond to methanol.

results indicate the prediction intervals of the fitting procedure and clearly reveal the not accessible

concentration range. For ZnOBP5 the fitting procedure could not converge.

We can see an adsorption behavior dependent on the ZnO morphology, which corresponds to the

presence of different surface facts. The amount of peptides adsorbed per surface area is very high,

indicating a strong multilayer adsorption. However, the peptides are know to form agglomerates in

solution with mean hydrodynamic diameters of >100 nm. Hence, we observe the interaction of these

aggregates with the ZnO nanoparticles indicating strong peptide-peptide interactions in agreement with

Rothenstein et al. [43] and Limo et al. [44].

To allow for an easier comparison of the adsorbed amounts on the ZnO nanoparticles in water and in

methanol, we plot the results together in Figure 5.5.

In comparison of the results obtained by the phage assay from Rothenstein and co-workers (cf. Section

3.2.2) we can identify qualitative similarities for our adsorption study performed in water. For the ZnO

platelets, which have a higher amount of polar facets in comparison to the rods, we can find similar

percentages adsorbed in agreement with the finding for ZnOBP1 and ZnOBP2 during the phage assay

on the polar surfaces. [43]

For the peptides ZnOBP3 to ZnOBP5 in contact with the ZnO rods, which have a higher amount of

non-polar surfaces, we obtain an agreement in terms of the ranking of the peptides. We find the lowest
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binding affinity for ZnOBP5 and the highest affinity for ZnOBP4 (cf. Figure 3.4).

In comparison with our obtained binding affinities in methanol in Chapter 4 for the single-crystalline

ZnO substrates, we can identify a qualitative agreement regarding the ranking of the binding peptides

for the ZnO platelets (cf. section 4.2.5). With the pronounced exception of ZnOBP4, lower of similar

amounts of peptides are found to be adsorbed on the ZnO rods. It is important to note that also within

the study of the adsorption behavior of the peptides in methanol a strong multilayer adsorption occurs.

Since the peptides, with the exception of ZnOBP5, do not show a strong tendency form agglomerates

in methanol, a tentative suggestion would be that the interaction with the particles mediates peptide-

peptide interactions.

5.2.2 Circular dichroism spectroscopy

Within the preliminary characterization of the peptide adsorption behavior, we could identify condi-

tions suitable for the CD experiments. We adapt the experimental procedure for the CD experiments

performed at the DISCO beamline (Synchrotron Soleil).

Material and methods. Circular dichroism (CD) experiments were performed with oligopeptides syn-

thesized by JPT (purity ≥95 % Berlin, Germany). The peptides were dissolved in ddH2O (18 MΩ,

MilliQ, Synergy, Millipore, Germany) or methanol (HPLC grade, 99.9 %, Sigma Aldrich) at a concen-

tration of 20 mg ml-1, as quantified by their absorbance at 205 and 214 nm. CD spectra were recorded

on the DISCO beamline at the Synchrotron Soleil. At least three repeat scans for each sample were

measured at 25◦C, using a wavelength range from 170 to 260 nm with intervals of 1 nm, in CaF or

quartz cells with pathlengths ranging from 0.033 to 0.01 cm. The scans were averaged, the respec-

tive baseline subtracted, and the resulting net spectra smoothed with a Savitsky-Golay filter using a

smoothing window of between 5 to 10 data points.

CD spectra of polypeptides adsorbed on the two different ZnO morphologies were collected after in-

cubation with a concentration of 0.027 mg ml-1 for the ZnO platelets and rods, respectively. After an

incubation time of 8 h in an overhead shaker at 30 rpm (Loopster digital, IKA, Germany) the suspension

was centrifuged at 14000 g for 10 min (Microcentrifuge 1814, VWR, Germany). The supernatant was

removed completely and collected for measurements absorbance at 205 and 214 nm.

The pellet was resuspended in the same amount of solvent as previously removed, and CD spectra

were collected in the shortest possible time, to prevent as much as possible the desorption of the ad-

sorbed peptides from the nanoparticles. The as-determined ellipticities were converted to ΘMRE values

based on the determined respective concentrations, allowing for their direct comparison before and af-

ter adsorption.
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Results and discussion. During the CD measurements we could observe changes in the conforma-

tional ensemble of the peptides depending on the solvent environment and the nanoparticle morpholo-

gies they were adsorbed on.

The interaction of the binding peptides with both particles in H2O leads to a preferential increase of

structural content upon adsorption (Figure 5.6 and Table 5.1). ZnOBP3 and ZnOBP4 are the only pep-

tides which loose secondary structure upon adsorption, but only for the adsorption on ZnO platelets.

Regarding the interaction of the peptides the with both particles in methanol, a different behavior is

observed (Figure 5.7 and Table 5.2). Considering the deviations, the binding peptides ZnOBP1 and

2 are showing no significant changes of their conformational ensemble. The binding peptide ZnOBP3

shows an interesting behavior, creating hydrogels most possibly related to the building of amyloid

fibers, which did not allow for a measurement of the CD spectra. It is important to note that this

behavior occurred after a longer incubation time due to a loss of the synchrotron beam for four hours

during our measurements at the Disco Beamline. The CD spectra of ZnOBP4 reveals slight changes

in the wavelength range below 200 nm, which are consistent for both particles. ZnOBP5 shows an

increase in secondary structure, but the composition of secondary structure is different, with a slight

increase in helical structure for the adsorption on platelets, but with an increase in β-sheet structure

for rods.

The less pronounced structural changes in methanol in comparison to water might be attributed to

a constrained flexibility in the conformational ensemble, in agreement with the simulation results in

section 3.3.3. However, an interpretation of the spectral changes upon adsorption is far from trivial

due to the multilayer adsorption of the peptides. The spectral changes we observe could be mediated

by subtle changes of the majority of peptides within the adsorbed layer or by pronounced structural

changes of the peptides in direct contact with the ZnO surfaces.
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Figure 5.6: Conformational changes upon adsorption of zinc oxide binding peptides in ddH2O. Upper panel showing the CD spectra of the ZnOBPs adsorbed on
ZnO platelets and the lower panel reveal the conformational changes upon adsorption on ZnO rods. The dashed line corresponds to the measurement
in ddH2O and the bars are indicating the differences between the two spectra. All spectra are averaged from three scans after baseline subtraction,
the shades indicate the deviations. These measurements were performed at the DISCO Beamline (Synchrotron Soleil).
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Table 5.1: Analysis of secondary structure components for the CD spectra of ZnOBPs in H2O upon adsorption on
ZnO rods and platelets via BeStSel [45] including the normalized root mean square deviation (NRMSD)

ZnOBP1

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 3.2 8.1 5.5
anti-parallel β-sheet (%) 24.8 17.9 21.7
parallel β-sheet (%) 0.7 5.3 3.1
Turn (%) 19.3 17.6 19.2
Others (%) 52.0 51.1 50.4

NRMSD (%) 3.6 4.1 3.4

ZnOBP2

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 6.7 8.2 9.9
anti-parallel β-sheet (%) 21.1 13.0 11.7
parallel β-sheet (%) 1.3 3.8 2.7
Turn (%) 17.5 17.4 18.2
Others (%) 53.3 57.6 57.5

NRMSD (%) 2.1 3.6 3.4

ZnOBP3

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 2.8 8.6 3.0
anti-parallel β-sheet (%) 18.6 6.4 20.2
parallel β-sheet (%) 0.3 1.1 0.0
Turn (%) 19.8 20.3 21.8
Others (%) 58.5 63.7 55.0

NRMSD (%) 9.2 9.6 8.8

ZnOBP4

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 6.3 6.8 4.5
anti-parallel β-sheet (%) 24.0 18.6 1.8
parallel β-sheet (%) 0.6 3.9 0
Turn (%) 13.5 13.6 19.6
Others (%) 55.5 57.1 74.1

NRMSD (%) 5.8 6.9 14.6

ZnOBP5

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 2.5 4.5 3
anti-parallel β-sheet (%) 19.5 21.9 26.3
parallel β-sheet (%) 0.0 0.0 0.0
Turn (%) 18.1 19.4 18.1
Others (%) 59.8 54.2 52.6

NRMSD (%) 5.3 4 4.7
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Figure 5.7: Conformational changes upon adsorption of zinc oxide binding peptides in methanol. Upper panel showing the CD spectra of the ZnOBPs adsorbed on
ZnO platelets and the lower panel reveal the conformational changes upon adsorption on ZnO rods. The dashed line corresponds to the measurement
in methanol and the bars are indicating the differences between the two spectra. All spectra are averaged from three scans after baseline subtraction,
the shades indicate the deviations. These measurements were performed at the DISCO Beamline (Synchrotron Soleil).
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Table 5.2: Analysis of secondary structure components for the CD spectra of ZnOBPs in MeOH upon adsorp-
tion on ZnO rods and platelets via BeStSel [45] including the normalized root mean square deviation
(NRMSD)

ZnOBP1

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 0.0 0.0 0.6

anti-parallel β-sheet (%) 40.2 39.6 36.6

parallel β-sheet (%) 0.0 0.0 2.0

Turn (%) 14.5 15.1 15.2

Others (%) 45.3 45.3 45.5

NRMSD (%) 2.5 8.8 3.0

ZnOBP2

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 5.7 6.9 5.2

anti-parallel β-sheet (%) 30.7 29.5 23.2

parallel β-sheet (%) 2.4 2.4 6.8

Turn (%) 15.5 15.7 17.0

Others (%) 45.7 45.5 47.8

NRMSD (%) 2.2 2.4 5.7

ZnOBP4

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 0.0 0 0.5

anti-parallel β-sheet (%) 33.3 38.1 38.2

parallel β-sheet (%) 0.2 0.0 0.0

Turn (%) 15.7 14.8 15.3

Others (%) 50.8 47.1 46.0

NRMSD (%) 2.3 2.6 2.2

ZnOBP5

secondary structure component in solution adsorbed - rods adsorbed - platelets

α-helix (%) 0.0 1.3 10.9

anti-parallel β-sheet (%) 31.8 37.2 18.5

parallel β-sheet (%) 0.0 0.0 3.9

Turn (%) 15.4 14.9 19.0

Others (%) 52.8 46.6 47.8

NRMSD (%) 2.5 3.4 5.0
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5.3 Conclusions

In this Chapter we wanted to investigate potential conformational changes of our five ZnO binding

peptides upon adsorption on different ZnO surfaces. For this purpose we synthesized two different

ZnO nanoparticle morphologies with a different composition of surface facets.

Within this study we observed a strong multilayer adsorption for studies both performed in water and

methanol. We could observe changes within the conformational ensemble upon interaction with the

ZnO particles. These change were sensitive towards the ZnO morphology, which corresponds to the

presence of different surface facets, and the solvent environment. However, due to the multilayer

adsorption it is difficult to interpret these changes qualitatively.

To elucidate the atomistic modifications in the conformational ensemble a single peptide could undergo

upon adsorption, enhanced sampling methods like for instance RestMetaD would be of great help. To

understand the behavior of the peptides within the adsorbed layer a multi-scale approach would be

necessary. Future developments in the femtosecond circular dichroism could allow for multiscale,

time-resolved conformational dynamics. [46,47]

Moreover, the influence of the other ZnO facets upon the adsorption process would need to be in-

vesigated to fully understand the spectral changes upon adsorption and the slight difference in the

adsorbed amounts in comparison to our previous binding studies.

We note that the procedure we introcued here is not completely free from possible uncertainties due to

a possible partial desorption of peptides after resuspension and the absorbance from the nanoparticles

themselves, despite the care spent in making sure that the reference samples (baselines) contained

the same amount of nanoparticles as the peptide-containing samples. Furthermore, it is difficult to

ensure a homogenous distribution of the ZnO pellet within the cuvettes during the resuspension, which

might cause further scattering effects.

A further potential cause of error lies within the centrifugation step to remove the supernatant of the

system. Large peptide agglomerates in solution might be influenced by this step and the sedimentation

of the ZnO particles might influence the formation of the pellet by taking agglomerates from solution

with them.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

Our ultimate goal is to develop a rational protocol for engineering peptide sequences in order to steer

the fabrication of ZnO/peptide materials with desired properties. Before this vision can be realized,

though, a fundamental understanding of the materials/binding recognition capability and the origin of a

materials-selective binding strength needed to be achieved.

The more specific aim of this thesis was to characterize both qualitatively and quantitatively the binding

behavior of a few selected peptides on ZnO. For this purpose, we pointed out three main questions we

wanted to address :

i) What are the intrinsic properties of the peptide sequences and can we obtain atomistic un-

derstanding of their conformational ensemble in solution by a combined approach of circular

dichroism and enhanced sampling methods?

ii) Is the peptide’s binding affinity specific for different facets of ZnO and can we quantify adsorption

free energies?

iii) How are the peptides interacting with ZnO surfaces, what are the differences in the conforma-

tional ensemble in solution and when adsorbed?

In Figure 1.7 we summarized the factors influencing the interaction/adsorption of the peptides with

ZnO including their binding affinity, specificity and driving forces; their secondary structure, surface

arrangement as well as conformational changes upon adsorption; and surface ligand displacement. In

Figure 6.1 we update this overview with the results achieved in this thesis.
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Figure 6.1: Overview of factors influencing the ZnO/peptide interactions with schematic representations of the results achieved in this thesis
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Conclusions

Throughout this thesis we extended the knowledge about the factors influencing the adsorption of zinc

oxide binding peptides that were identified through combinatorial biological protocols. For the inves-

tigation we chose two peptides previously identified on the polar surfaces of ZnO single crystals. [1]

Three other peptides were selected from a new biopanning procedure on the (101̄0) substrate, which

was performed by Dr. Dirk Rothenstein (University of Stuttgart). The analysis of the peptides revealed

that their compositions reflect the properties of other known 12mer zinc oxide binding peptides. They

were chosen due to proposed preferences for conformations based on their primary structure from sec-

ondary structure prediction tools. Amounts of ordered secondary structure were identified for ZnOBP3

(β-sheet) and ZnOBP5 (α-helix). The comparison of the results obtained by this secondary structure

prediction tools and de novo methods led, however, to controversial results regarding this structural

preference.

However, it needs to be considered that the commonly applied descriptions for the conformational en-

semble of binding peptides has been developed in the framework of proteins, which are characterized

by a structured energy landscape. Therefore, the results might be misleading in terms of the intrinsic

conformational preference of binding peptides.

The binding of peptides during phage display might also be mediated by an interaction of the peptides

with dissolved zinc ions. The obtained Zn2+/peptide complexes might then bind to the ZnO surfaces.

This behavior could be especially relevant for the polar surface, which dissolve faster and would be

consistent with the enrichment of amino acids, which have been identified in zinc finger proteins for

ZnOBP1 and ZnOBP2.

The experimental characterization based on CD measurements for the five peptides indicated a prefer-

entially unordered conformation for all of them, which is in agreement with proposed general properties

of binding peptides to abiotic substrates. [2] The conformational ensemble of the peptides was shown

to be sensitive to their solvent environment, i.e. aqueous or alcohol medium.

First steps have been undertaken to create a link between the atomistic information on the confor-

mational ensemble with experimentally accessible CD spectra. We calculated CD spectra based on

structures suggested by the de novo prediction tools and by Molecular Dynamics simulations applying

enhanced sampling methods (performed by Dr. Massimo Delle Piane). Even though no qualitative

agreement between the calculated and measured CD spectra could be reached, we were able to shed

some light on the causes. The in-depth analysis allowed us to narrow down the influencing factors re-

sponsible for the deviations. Based on these results, we strongly encourage the application of recently

developed force fields in the context of intrinsically disordered proteins. [3–5]

To further approach the conformational contribution to the peptide binding and target the question

whether the design principle ’form follows function’ is applicable for the binding peptides, advanced

computer-assisted design strategies might be of great importance. For instance, Fjell and co-workers
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6 Conclusions and Outlook

Figure 6.2: Peptide design: Form follows function. a) Clustering of peptides according to backbone torsion
angles. For the clustering the peptide conformation was described by a 16-dimensional vector coding
for the prevalence of backbone dihedrals (Φ and Ψ). According to Fjell et al., this automated, fine-
grained classification enables a first step for a rational design approach. [6] b) Computer-assisted
molecular design cycle. Peptide design can from de novo or from ’seed peptides’. Novel peptides
are created in silico using alternating variation-selection operators. A ’fitness function’, enable the
design towards regions in the sequence space with a desired property. Both images reprinted by
permission from Springer nature [6], copyright 2012.

introduced a strategy to address the challenge of relating primary sequence to peptide structure based

on a computer-assisted molecular design cycle (Figure 6.2). [6]

The usage of machine learning techniques also enabled the development of classical potential with

DFT accuracy at the cost of force field calculations. [7,8] This approach might be helpful to overcome

some limitations of calculations based on force fields, for instance the inaccessibility of proton trans-

fers during the adsorption process. Furthermore, the quantitatively accurate, unbiased sampling of all

conformational degrees of freedom of oligopeptides after surface adsorption is still out of reach. We

anticipate that improvements could be made with conflation of enhanced-sampling MD with artificial-

intelligence techniques that automatically identify and guide the simulation to the regions of the confor-

mational phase space in which sampling might be necessary, as opposed to regions which would not

contribute to improvement of the simulation’s ergodicity.

To characterize and quantify the ZnO facet specific binding affinities for the five chosen peptides, we

employed a combined approach of an optically sectioned planar format indicator displacement assay

(O-IDA) and AFM-based force spectroscopy. For both approaches the stability of the single-crystalline

substrates is an indispensable factor for the successful determination of binding affinities. Accordingly,
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we carried out preliminary investigations into ZnO dissolution phenomena using AFM imaging and ver-

tical scanning interferometry. These proceedings allowed for the identification of etch pit morphologies

and flow rates as well as to reach a decision regarding the solvent environment, namely methanol

instead of water.

With the O-IDA method we applied an approach developed in the context of receptor-ligand interaction

to abiotic/biotic interfaces for the first time. In this process, we used a bottom-up approach, starting

from selected single amino acids to characterize their binding behavior and elucidate their potential

contribution to peptide binding. The utilization of Density functional theory (DFT)-based Car-Parrinello

molecular dynamics (CPMD) simulations (performed by Dr. Susan Köppen) allowed for an atomistic

understanding of potential binding configurations.

The comparison of the free energies of adsorption ∆Gads for the five peptides obtained via O-IDA

and AFM-based force spectroscopy revealed a remarkable agreement between the two methods. The

obtained ∆Gads values range from around 4 to about 25 kcal mol-1. The observed discrepancy for one

peptide could be explained based on the peptide’s tendency to aggregate, even in methanol (ZnOBP5).

This study revealed that the peptides always show a higher binding affinity for the polar zinc-terminated

substrate. This preference seems to be independent from the surface on which the peptides were orig-

inally identified during the biopanning procedure. For two peptides a significant difference can be

observed for the binding affinities towards the two different substrates, which indicates a clear prefer-

ence but not necessarily a high binding affinity. Binding assays leading to high-throughput screening of

binding properties might help to gain insight into the correlation of structure, conformation and binding

strength. [9–11]

Finally, CD experiments performed on the five peptides revealed changes in conformation upon ad-

sorption onto ZnO nanoparticles with different morphologies, with a sensitivity towards solvent and

composition of facets. Our binding studies, however, suggested a strong multilayer adsorption. This

behavior makes pinpointing the atomistic origin of the observed conformational changes a difficult task,

that would require further joint computational-experimental efforts.

Within the framework of this thesis some methodological advancements have been achieved . We

extended the scope of an approach traditionally used for characterization ligand/receptor binding to

abiotic/biotic interfaces. Comparing the results with single molecule force spectroscopy proved the

validity of this extension.

However, some disagreements have been found highlighting the necessity of a careful characterization

of the analytes, such as the behavior of the peptides in solution. Only the investigation of such systems

through different experimental techniques (coming from different communities) allows for accessing

a clearer picture of the binding behavior. However, the interpretations and comparison of findings

can only be done by taking into consideration the limitation of each technique and the theoretical

assumptions at their foundations.
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6 Conclusions and Outlook

The collection of data that can be achieved from the different approaches used in this thesis can be

used as a starting point to design zinc oxide binding peptide sequences with desired properties.

Outlook

First steps have been undertaken to create ZnO sensors suitable for multi-parametric surface plasmon

resonance (mp-SPR) during my research stays at Nottingham Trent University in the working group of

Prof. Carole Perry. The mp-SPR results could extend the knowledge about the binding affinity of the

peptides towards ZnO. However, no commercial sensors are available with different ZnO facets.

Therefore, we adopted a procedure introduced for atomic layer deposition (ALD) of ZnO on a silica

wafer, which allowed for the creation of our two investigated ZnO facets. [12] The deposition tempera-

ture during the ALD process can be used to influence the crystal orientation of the ZnO thin films. [13]

Furthermore, laser annealing processes of the substrates can be used to alter the surface proper-

ties. [14]

However, a straightforward implementation of this ALD approach was not possible due to the basic

setup of the SPR sensor chips. They consist of a glass substrate and the plasmonic layer connected

by a thin adhesion layer (plus an additional layer of ZnO in our case). Traditionally, this plasmonic

layer is prepared in form of a thin film of gold. However, for the ALD preparation of the additional ZnO

layer a temperature annealing step at 900◦C is necessary, which causes difficulties due to the reduced

melting temperature of Au in nanoparticulate form. [15,16] In cooperation with Dr. Nikolaos Kalfagiannis

(Nottingham Trent University), we used titanium nitride thin films instead of Au as the plasmonic layer

for the preparation of the sensor chips. [17] Titanium nitride presents the localized surface plasmon

resonances (LSPR) similar to gold. Gold exhibits an increased quality factor in terms of the LSPR, but

shows a weaker signal in the lower wavelength region compared to TiN. [18]

Here we present the first results for the ZnO sensor developed to access the binding behavior of

ZnOBP2 towards in methanol (cf. Figure 6.3). We can see that the reference signal intensities are

lower in comparison to commercial gold sensors, which would scale on the y-axis intensities up to

0.85. However, we obtained one clearly defined minimum for the intital scan in air and the measure-

ments performed in MeOH for an angular scan. We performed a stability test of the sensor prior the

experiments for three hours to ensure the stability of the sensor during the experiments and found the

angular scan in methanol unchanged.

The setup of the mp-SPR device includes two flow channels, each equipped with two lasers with

wavelengths of 670 and 785 nm. In the sensogram we can follow the angular change in the plasmonic

response after the injection (t = 0 s in Figure 6.3) of 250 µl of the peptide ZnOBP2 with a concentration

of 2 mg ml-1 into the flow channel. We can see an increase of the angular change upon injection

indicating the binding of the peptide on the ZnO substrates. After the injection passed the system, we

can see a decrease in the angular change.
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Figure 6.3: Overview of the first results obtained for a newly developed ZnO (101̄0) SPR sensor for the binding of ZnOBP2

257
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Figure 6.4: Assembly of ZnO/Au composites. a) showing the schematic representation of the setup including the
de novo predicition for ZOA3 [27–29] and b) first TEM results for an assembly via the peptide ZOA3.

These experiments could support the investigation of the thermodynamic and kinetic parameters. An

approach has been introduced to correlate results from SPR measurements with the results obtained

by AFM-based force spectroscopy regarding the calculation of ∆Gads and the rupture forces. [19,20]

Based on the knowledge gained from the investigations of Rothenstein et al. [1] and our binding studies,

we designed two new peptide sequences for the assembly of ZnO/Au composites which are of special

interest due to potential photocatalytic applications. [21–24] Within these composites ZnO serves as the

light harvesting unit which can trap solar energy and convert this energy into electrons. The quantum-

sized gold nanoparticles can control the transfer of electrons into and out of the metallic core for

electron storage (figure 6.4a).

We created two new 12mer sequences with a ZnO and a gold binding region: ZOA1: HSSHH-

GAPMPPF, ZOA3: HSSHHGAYSSGA. The sequence HSSHH from ZnOBP1 is known to interact with

ZnO based on an NMR study. [1] The peptide used as the template for the gold binding region of this

sequences is A3 (AYSSGAPMPPF), [25] due to the peptides ability to reduce Au3+ in solution to Au0 en-

abling in-situ formation of gold nanoparticles in the formed nanocomposite. Also, research by Yu et al.

suggests that each end is responsible for different binding behavior. The N terminus (AYSSG) is rich in

hydroxyl groups helping the peptide to break through the hydration layer on the metal. [26] Additionally,

the presence of tyrosine means that the peptide, in principle, according to reaction conditions can act

as the reducing agent for gold. The C-terminus (PMPPF) contains a methionine and phenylalanine

which are hydrophobic but can form strong bonds with the gold surface. This means that the chosen

sequence offers the possibility to create hybrid sequences where gold nanoparticles are synthesized

in-situ or preformed gold particles can be bound to a ZnO structure. We obtained first results suggest

the successful binding of Au nanoparticles to the zinc oxide particles, synthezised within this thesis
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(figure 6.4b).

We investigated the conformational development during the step-by-step assembly process of the com-

posites. The results can be found in the figure 6.5. Interestingly, both peptides do not just show different

spectral changes upon adsorption on different facets of ZnO, but additionally show further changes in

presence of gold nanoparticles. However, it must be noted that the exact concentration of gold nanopar-

ticles mediated by the peptides is not known yet. Therefore, an additional contribution from them might

arise, which has not been considered so far.

Further characterizations of the composites are necessary to confirm not only the presence of the

gold nanoparticles attached to the two different morphologies of zinc oxide nanoparticles, but also their

distribution. The two designed binding peptides consist of a ZnO-sequence part with a higher affinity

for the polar ZnO surfaces and therefore might lead to an enrichment of particles on the polar surfaces

of the ZnO nanoparticles.

The directed assembly nano-composites including zinc oxide could present to interesting properties. In

particular the usage of peptides might increase the specificity of the interaction but also the bio/compat-

ibility. Examples include for instance the usage of polymers to guide the assembly and incorporation

of magnetite, producing composites that benefit both from the wide band gap of ZnO and from fer-

romagnetism. [30] The creation of Fe3O4-ZnO core-shell nanoparticles for dendritic cell-based cancer

immunotherapy would also be considerable. [31]

259



6
C

onclusions
and

O
utlook

Figure 6.5: Conformational changes upon adsorption during the assembly of ZnO/Au composites ddH2O. a) and d) show the CD spectra of the solvated peptides
respectively. All spectra are averaged from three scans, the shades indicate the deviations. Conformational changes upon adsorption on ZnO
platelets followed by an incubation with gold nanoparticles are shown in b) and e), respectively. Conformational changes upon adsorption on ZnO
rods followed by an incubation with gold nanoparticles are shown in c) and f), respectively. The dashed line corresponds to the measurement in
ddH2O and the bars indicate the differences between the two spectra. These measurements were performed at the DISCO Beamline (Synchrotron
Soleil).
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Figure A.1: Overview of 21 amino acids occurring in eukaryotes, grouped according to the pKa values of their
side chains and charges carried at physiological pH (7.4).
Taken from: https://commons.wikimedia.org/wiki/File:Amino_Acids.svg. Prepared
by Dan Cojocari (Princess Margaret Cancer Centre, University of Toronto, 2010). Accessed:
2018.07.28
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Figure A.2: Dynamic light scattering results for ZnOBPs in H2O. Each of the distributions is summarized from five
measurements using a peptide concentration of 10 mg ml-1. Data kindly provided from Dr. Graham
Hickman and Dr. Dave Belton
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Figure A.3: Ramachandran plot: a) Φ/Ψ regions used for validation of experimental protein structures: areas
shaded in dark,medium, and light gray are the ’core’, ’allowed’, and ’generously allowed’ regions,
respectively. Taken from [1] Copyright 2003 Wiley-Liss, Inc. b) Showing the nomenclature used by
Swindells et al. including the a, b and p region. The b and p region constitute together the B region.
Reprinted by permission from Springer nature [2], copyright 1995.

Table A.1: Dynamic light scattering and zeta potential results for ZnOBPs in MeOH. Each of the results is sum-
marized from three measurements using a peptide concentration of 2 mg ml-1.

Peptide size (d.nm) zeta potential (mV)

ZnOBP1 0.74 ±0.23 -2.63 ±11.53

ZnOBP2 0.96±0.25 -1.68 ±15.51

ZnOBP3 0.96±0.32 -0.01 ±9.04

ZnOBP4 0.69 ±0.18 8.35 ±29.34

ZnOBP5 442.64 ±150.26 0.26 ±10.71
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Figure A.4: Surface zeta potential for ZnO (101̄0) in an aqueous environment (10 mM NaCl). Provided from Dirk
Rothenstein.

Figure A.5: Three possible protonation states for the His residue, HID (left), HIE (middle), and HIP (right).
Reprinted with permission from [3]. Copyright (2015) Elsevier B.V.
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Figure A.6: BeStSel analysis [4] of the temperature ramping for ZnOBP1
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Figure A.7: BeStSel analysis [4] of the temperature ramping for ZnOBP2
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Figure A.8: BeStSel analysis [4] of the temperature ramping for ZnOBP3
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Figure A.9: BeStSel analysis [4] of the temperature ramping for ZnOBP4
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Figure A.10: BeStSel analysis [4] of the temperature ramping for ZnOBP5
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Figure A.11: Clustering of calculated CD spectra via density-based spatial clustering of applications with noise (DBSCAN). [5] Input parameters for the clustering
are eps (maximum radius of the neighborhood from a point p) and min_ samples (desired minimum cluster size). The python script for the analysis
was developed together with Sebastian Potthoff.
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Source code for the analysis of force spectroscopy results

This python code for the analysis of the force curves obtained by force spectroscopy was developed

together with Sebastian Potthoff.

# ! / usr / b in / env python

from m a t p l o t l i b import pyp lo t as p l t

from sc ipy import s i g n a l

import numpy as np

import sys , os , s h u t i l

from peakfunc import peakdet

from s t r i n g import asc i i_ lowercase

inpa th = sys . argv [ 1 ]

o u t f i l e = sys . argv [ 2 ]

##############################################################################################

#Version f o r need to resca le the fo rce curves wi th new S e n s i t i v i t y and Spr ing_constant value !#

##############################################################################################

# PARAMETERS

p_nonspec i f i c = 0.12 # percentage of t ime considered to be non−s p e c i f i c i n t e r a c t i o n s (

s p e c i f i c _ s t a r t _ t i m e , new_spec i f i c_ fo rce )

p _ b a s e _ l i n e _ f i t = p_nonspec i f i c # p _ b a s e _ l i n e _ f i t base l ine f i t t i n g s t a r t po i n t ( new_time , f i t _ f o r c e )

poly_order = 3 # polynomia l order o f sav i t zky−golay f i l t e r

p_endpart = 0.30 # percentage of the end of the fo rce s i g n a l used to

# measure the noise l e v e l

t ime_de l ta = 0.00250 # seconds , t ime de l t a f o r l i n e a r f i t a t peak p o s i t i o n

# I f a po in t l i e s w i t h i n t h i s value +− 10% i t w i l l be

# se lec ted f o r the l i n e a r f i t

t ime_idx_back = 5 # peak f i t po in t s

big_peaks = −40 # pN, th resho ld f o r peaks grea te r than t h i s values

r e t _ s l o p e _ f i t = 15 # data po in t s used to do the 0 po in t f i t t i n g

r e t_s lope_de l t a = 0 # data po in t s used to p l o t the l i n f i t 2
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no i se_ fac to r = 1.0 # to scale the noise l e v e l

const_noise = 70 # pN, used when noise f a c t o r i s zero

S e n s i t i v i t y = 21.35 # nm/V

Spr ing_constant = 0.5226 # N/m

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# READ ALL TXT FILES FROM FOLDER

f i l e s = [ ]

for f in os . l i s t d i r ( inpa th ) :

i f os . path . i s f i l e ( os . path . j o i n ( inpath , f ) ) and f . s p l i t ( ’ . ’ ) [−1] == ’ t x t ’ :

f i l e s . append ( f )

#out f i le2_name = o u t f i l e + "_summary "

# o u t f i l e 2 = open ( outf i le2_name , "w" )

# o u t f i l e 2 . w r i t e ( " Number o f fo rce curves : " + s t r ( len ( f i l e s ) ) + " \ n " )

# CREATE SUBFOLDERS FOR NO−PEAK AND 1−PEAK FILES

nopeak f ld r = inpa th + " /NOPEAK"

t ry :

os . makedirs ( nopeak f ld r )

except :

pass

onepeakf ldr = inpa th + " /1PEAK"

t ry :

os . makedirs ( onepeakf ldr )

except :

pass

m u l t i p e a k f l d r = inpa th + " / Mu l t i−PEAK"

t ry :

os . makedirs ( m u l t i p e a k f l d r )

except :

pass

# LOOP OVER ALL FILES IN FOLDER

zeropeaks_tot = 0

onepeaks_tot = 0

twopeaks_tot = 0
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th reepeaks_to t = 0

fourpeaks_ to t = 0

morepeaks_tot = 0

for i n f i l e in f i l e s :

# f i lename = i n f i l e . r s t r i p ( " . t x t " )

f i l e _ n o = i n f i l e . s p l i t ( ’ . ’ ) [−2]

i n f i l e = os . path . j o i n ( inpath , i n f i l e )

pr in t i n f i l e

# READ RAW DATA FILE

wi th open ( i n f i l e ) as f :

rawdata = f . read l i nes ( )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# EXTRACT CORRECT FORCE AND TIME DATA FROM RAW DATA

for i , l i n e in enumerate ( rawdata ) :

i f " z−s t a r t : " in l i n e :

z _ s t a r t = l i n e . s p l i t ( ) [−1]

i f " r e t r a c t−scan−t ime : " in l i n e :

scan_time = l i n e . s p l i t ( ) [−1]

i f " s e n s i t i v i t y : " in l i n e :

S_tx t = l i n e . s p l i t ( ) [−1]

i f " spr ingConstant : " in l i n e :

K_tx t = l i n e . s p l i t ( ) [−1]

i f " force−s e t t i n g s . r e l a t i v e−s e t p o i n t : " in l i n e :

Se tpo in t = l i n e . s p l i t ( ) [−1]

i f " segment : r e t r a c t " in l i n e :

s t a r t = i

break

# CALCULATE VELOCITY

v e l o c i t y = f l o a t ( z _ s t a r t ) / f l o a t ( scan_time )

# CALCULATE FORCE RESCALE FACTOR

# f o r c e _ r e s c a l e _ f a c t o r = S e n s i t i v i t y * Spr ing_constant / ( f l o a t ( S_tx t ) *1e9* f l o a t ( K_tx t ) )

f o r c e _ r e s c a l e _ f a c t o r = 1.0

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# WRITE HEADER TO OUTFILE

i f not os . path . e x i s t s ( ’ . / ’ + o u t f i l e ) :

w i th open ( o u t f i l e , ’w ’ ) as f :

f . w r i t e ( " # {0 : >10} {1 : >14} {2 : >14} {3 : >14} {4 : >14} {5 : >14} {6 : >14} {7 : >14} \ n " . format ( "CURVE_No. " ,

" Loading Rate " , ’ Time ’ , ’T−S Separat ion ’ , ’ Force ’ , ’ Force (+ ) ’ , ’ S t a r t ’ , ’ Nosie l e v e l ’

) )
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f . w r i t e ( " # {0 : >10} {1 : >14} {2 : >14} {3 : >14} {4 : >14} {5 : >14} {6 : >14} {7 : >14} \ n " . format ( "−" , "pN / s " ,

’ s ’ , ’nm ’ , ’pN ’ , ’pN ’ , ’nm ’ , ’pN ’ ) )

f . w r i t e ( " # VELOCITY : { 0 : . 2 f } um/ s \ n " . format ( v e l o c i t y *1e6 ) )

f . w r i t e ( " # S e n s i t i v i t y _ t x t : { 0 : . 2 f } nm/V \ n " . format ( f l o a t ( S_tx t ) *1e9 ) )

f . w r i t e ( " # Spr ingConstan t_ tx t : { 0 : . 3 f } N/m\ n " . format ( f l o a t ( K_tx t ) ) )

f . w r i t e ( " # Force_resca le_ fac to r : { 0 : . 2 f } \ n " . format ( f o r c e _ r e s c a l e _ f a c t o r ) )

f . w r i t e ( " # Setpo in t : { 0 : . 2 f } nN \ n " . format ( S e n s i t i v i t y * Spr ing_constant * f l o a t ( Se tpo in t ) ) )

f . w r i t e ( " # F i t t i n g Parameters : \ n " )

f . w r i t e ( " # p_nonspec i f i c = { 0 : . 2 f }%\n " . format ( p_nonspec i f i c *100) )

f . w r i t e ( " # p _ b a s e _ l i n e _ f i t = { 0 : . 1 f }%\n " . format ( p _ b a s e _ l i n e _ f i t *100) )

f . w r i t e ( " # po ly_order = {0 :2 d } \ n " . format ( po ly_order ) )

f . w r i t e ( " # p_endpar t_ for_noise = { 0 : . 1 f }%\n " . format ( p_endpart *100) )

f . w r i t e ( " # t ime_de l ta = {0 :4 f } \ n " . format ( t ime_de l ta ) )

f . w r i t e ( " # big_peaks = {0 :3 d } pN \ n " . format ( big_peaks ) )

f . w r i t e ( " # r e t _ s l o p e _ f i t = {0 :2 d } \ n " . format ( r e t _ s l o p e _ f i t ) )

f . w r i t e ( " # no i se_ fac to r = { 0 : . 1 f } \ n " . format ( no i se_ fac to r ) )

f . w r i t e ( " # {0 : >10} {1 : >14} {2 : >14} {3 : >14} {4 : >14} {5 : >14} {6 : >14} {7 : >14} {8 : >14} \ n " . format ( "

CURVE_No. " , "LR(pN / s ) " , ’TIME( s ) ’ , ’TSS(nm) ’ , ’FORCE(pN) ’ , ’FORCE(pN) (+ ) ’ , ’ S t a r t (nm)

’ , ’ Nosie (pN) ’ , ’ b lank ’ ) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

data = np . asarray ( [ l i n e . s p l i t ( ) for l i n e in rawdata [ s t a r t : ] i f " # " not in l i n e ] ,

dtype= ’ f l o a t ’ )

f o rce = data [ : , 1 ] * 1e12 # 2nd column use i n pN

t ime = data [ : , −2]

fo rce_resca led = f o r c e _ r e s c a l e _ f a c t o r * fo rce

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# GET RID OF NON−SPECIFIC INTERACTIONS

t o t a l _ t i m e = t ime .max ( ) − t ime . min ( )

# BASE−LINE FITTING PART

new_star t = t ime . min ( ) + p _ b a s e _ l i n e _ f i t * t o t a l _ t i m e

new_time = t ime [ t ime > new_star t ]

new_force = fo rce_resca led [− len ( new_time ) : ]

# SPECIFIC FORCE PART

s p e c i f i c _ s t a r t = t ime . min ( ) + p_nonspec i f i c * t o t a l _ t i m e

s p e c i f i c _ s t a r t _ t i m e = t ime [ t ime > s p e c i f i c _ s t a r t ]

new_spec i f i c_ fo rce = fo rce_resca led [− len ( s p e c i f i c _ s t a r t _ t i m e ) : ]
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# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# GET RID OF BIGGEST PEAKS ( < big_peaks ) ONLY FOR PURPOSE OF THE BASELINE FIT

big_peaks_idx = np . where ( new_force < big_peaks )

mask = np . ones ( new_force . s ize , dtype=bool )

mask [ big_peaks_idx ] = False

new_ fo rce_ fo rB f i t = new_force [ mask ]

new_t ime_ fo rB f i t = new_time [ mask ]

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# SMOOTH THE CURVE WITH SAVITZKY−GOLAY FILTER ( x , window_length , poly−order )

# make sure window leng th f o r f i l t e r i s odd

i f len ( new_ fo rce_ fo rB f i t )%2 == 0:

window_length = len ( new_ fo rce_ fo rB f i t )−1

else :

window_length = len ( new_ fo rce_ fo rB f i t )

smooth_force = s i g n a l . s a v g o l _ f i l t e r ( new_fo rce_ fo rB f i t , window_length , po ly_order )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# MAKE A LINEAR FIT OF THE SMOOTHED SIGNAL

p o l y f i t = np . poly1d ( np .ma. p o l y f i t ( new_t ime_forBf i t , smooth_force , 1) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# SUBSTRACT THE LINEAR FIT OF THE SMOOTHED SIGNAL FROM THE ORIGINAL FORCE

# (W/O THE NON−SPECIFIC INTERACTIONS)

f i t _ f o r c e = new_force − p o l y f i t ( new_time ) #BASE−LINE

f i t _ f o r c e _ s p e c i f i c = new_spec i f i c_ fo rce −p o l y f i t ( s p e c i f i c _ s t a r t _ t i m e ) #SPECIFIC FORCE

f i t _ f o r c e _ t o t a l = fo rce_resca led − p o l y f i t ( t ime )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# FIND THE NOISE−LEVEL OF THE END PART OF THE SIGNAL

endpa r t_s ta r t = t ime .max ( ) − ( p_endpart * t o t a l _ t i m e )

endpart_t ime = t ime [ t ime > endpa r t_s ta r t ]

endpar t_ force = f i t _ f o r c e _ s p e c i f i c [− len ( endpart_t ime ) : ]

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# DELTA VALUE BETWEEN LARGEST PEAKS == NOISE LEVEL

i f no i se_ fac to r == 0:

de l ta_no ise = const_noise #pN

else :

de l ta_no ise = no i se_ fac to r * abs ( endpar t_ force .max ( ) − endpar t_ force . min ( ) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#
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# LOOK FOR PEAKS IN THE FITTED DATA

maxtab , mintab = peakdet ( f i t _ f o r c e _ s p e c i f i c [:− len ( endpart_t ime ) ] , de l ta_noise , x=

s p e c i f i c _ s t a r t _ t i m e [ s p e c i f i c _ s t a r t _ t i m e < endpa r t_s ta r t ] )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

i f len ( mintab ) == 0 :

zeropeaks_tot += 1

f i g = p l t . f i g u r e ( f i g s i z e =(12 ,6) )

ax = f i g . add_subplot (111)

ax . p l o t ( t ime , force , ’−x ’ , l a b e l = " O r i g i n a l Force Curve " )

ax . p l o t ( t ime , f i t _ f o r c e _ t o t a l )

ax . axh l i ne (0 , co l o r = ’ b lack ’ , l s = ’−− ’ , lw =2.0)

ax . se t_y l im ( top=max( fo rce_resca led ) / 3 )

#ax . se t_x l im ( 1 . 8 , 2 .0 )

pr in t ’ no peak found ’

p l t . save f ig ( i n f i l e . r s t r i p ( " . t x t " ) + " . pdf " )

p l t . c lose ( )

s h u t i l . move( i n f i l e , nopeak f ld r )

s h u t i l . move( i n f i l e . r s t r i p ( " . t x t " ) + " . pdf " , nopeak f ld r )

else :

i f len ( mintab ) == 1 :

onepeaks_tot += 1

e l i f len ( mintab ) == 2 :

twopeaks_tot += 1

e l i f len ( mintab ) == 3 :

th reepeaks_to t += 1

e l i f len ( mintab ) == 4 :

fourpeaks_ to t += 1

e l i f len ( mintab ) > 4 :

morepeaks_tot += 1

# LOOP OVER ALL FOUND PEAKS

for i i , minpeak in enumerate ( mintab ) :

# CREATE A LINEAR FIT THROUGH THE MINIMUM PEAK AND THE FORCE VALUE A CERTAIN

# TIME BEFORE THE PEAK

peak_idx = np . where ( f i t _ f o r c e _ t o t a l == minpeak [ 1 ] )

peak_idx = peak_idx [ 0 ] [ 0 ]

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

for idx , t in enumerate ( reversed ( t ime [ : peak_idx ] ) ) :

i f ( ( t ime [ peak_idx]− t ) > t ime_de l ta *(1−0.1) and # above t ime_del ta−10%

( t ime [ peak_idx]− t ) < t ime_de l ta * (1+0 .1 ) ) : # below t ime_de l ta+10%

t ime_de l ta_ idx = idx +1
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i f t ime_de l ta_ idx is None :

t ime_de l ta_ idx = t ime_idx_back

pr in t "No t ime de l t a found "

# p r i n t t ime_de l ta_ idx

l i n f i t _ s t a r t = peak_idx − t ime_de l ta_ idx

l i n f i t _ t i m e = [ t ime [ l i n f i t _ s t a r t ] , t ime [ peak_idx ] ]

l i n f i t _ f o r c e = [ f i t _ f o r c e _ t o t a l [ l i n f i t _ s t a r t ] , f i t _ f o r c e _ t o t a l [ peak_idx ] ]

l i n f i t = np . poly1d ( np .ma. p o l y f i t ( l i n f i t _ t i m e , l i n f i t _ f o r c e , 1) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# FIND ZERO CROSSING OF ORIGINAL DATA

f o rce_s ign = np . s ign ( f i t _ f o r c e _ t o t a l ) # get s igns o f fo rce values

# get s ign changes ( note np . r o l l w i l l compare f i r s t and l a s t element , so have

# to rese t [ 0 ] element to 0 by hand )

signchange = ( ( np . r o l l ( fo rce_s ign , 1) − f o rce_s ign ) != 0) . astype ( i n t )

signchange [ 0 ] = 0

# use only the f i r s t s ign change

xax is_ idx = np . where ( signchange == 1) [ 0 ] [ 0 ]

l i n f i t 2 _ t i m e = t ime [ 0 : r e t _ s l o p e _ f i t ]

l i n f i t 2 _ f o r c e = f i t _ f o r c e _ t o t a l [ 0 : r e t _ s l o p e _ f i t ]

l i n f i t 2 = np . poly1d ( np .ma. p o l y f i t ( l i n f i t 2 _ t i m e , l i n f i t 2 _ f o r c e , 1) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# PLOT

f i g = p l t . f i g u r e ( f i g s i z e =(12 ,6) )

ax = f i g . add_subplot (111)

ax . s e t _ t i t l e ( i n f i l e . r s t r i p ( " . t x t " ) +asc i i_ lowercase [ i i ] )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# FITTED FORCE CURVE

#ax . p l o t ( t ime , force , ’−x ’ , l a b e l =" O r i g i n a l Force Curve " )
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ax . p l o t ( t ime , f o r c e _ r e s c a l e _ f a c t o r * force , ’−x ’ , l a b e l = " resca led o r i g i n a l Force Curve " )

ax . p l o t ( t ime , f i t _ f o r c e _ t o t a l , l a b e l = " F i t t e d resca led Force Curve " )

ax . p l o t ( new_t ime_forBf i t , new_fo rce_ fo rB f i t , l a b e l = " curve f o r Base l i n e f i t " )

# PLOT LINEAR FIT FOR ZERO CROSSING

ax . p l o t ( t ime [ 0 : r e t _ s l o p e _ f i t + re t_s lope_de l t a ] ,

l i n f i t 2 ( t ime [ 0 : r e t _ s l o p e _ f i t + re t_s lope_de l t a ] ) , l a b e l = " l i n e a r f i t f o r y−ax is " )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# X−Axis

ax . axh l i ne (0 , co l o r = ’ b lack ’ , l s = ’−− ’ , lw =2.0)

# Y−Axis

ax . axv l i ne ( l i n f i t 2 . r [ 0 ] , co l o r = ’ b lack ’ , l s = ’−− ’ , lw =2.0)

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# F i t t e d Force Curve w i thou t non−s p e c i f i c i n t e r a c t i o n s

#ax . p l o t ( new_time , f i t _ f o r c e ,

# l a b e l =" F i t t e d Force Curve of l a s t { 0 : . 2 f }%". format ((1− p_nonspec i f i c ) *100) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# L inear f i t a t peak

ax . p l o t ( t ime [ l i n f i t _ s t a r t −2:peak_idx +2] ,

l i n f i t ( t ime [ l i n f i t _ s t a r t −2:peak_idx +2 ] ) ,

co l o r = ’m ’ , lw =1.0 , l a b e l = " L inear f i t a t peak " )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# Noise l e v e l a t the end of the fo rce curve

ax . f i l l _ b e t w e e n ( endpart_t ime , endpar t_ force . min ( ) , endpar t_ force .max ( ) ,

co l o r = " grey " , alpha =0.5 ,

# l a b e l =" Noise l e v e l o f { 0 : . 1 f } * base l ine o f l a s t { 1 : . 1 f }% = { 2 : . 1 f }pN " . format (

no ise_ fac to r , p_endpart *100 , de l ta_no ise ) )

l a b e l = " Noise fo rce { 0 : . 1 f } " . format ( de l ta_no ise ) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# A l l peaks found

ax . s c a t t e r ( mintab [ : , 0 ] , mintab [ : , 1 ] , co l o r = ’ k ’ , l a b e l = " Other Peaks " )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# Poin ts used f o r l i n e a r f i t a t peak

ax . s c a t t e r ( l i n f i t _ t i m e , l i n f i t _ f o r c e , co l o r = ’ r ’ ,

l a b e l = " Po in ts used f o r l i n e a r f i t " )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# S t a r t i n g po in t o f s p e c i f i c pa r t

ax . axv l i ne ( s p e c i f i c _ s t a r t _ t i m e [ 0 ] , co l o r = ’ b lack ’ , l s = ’−− ’ , lw =1.0 ,
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l a b e l = " s t a r t i n g Po in t o f s p e c i f i c pa r t { 0 : . 1 f }nm" . format ( v e l o c i t y * (

s p e c i f i c _ s t a r t _ t i m e [0]− l i n f i t 2 . r [ 0 ] ) *1e9 ) )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

# Annotate d is tance to peak

ax . annotate ( ’ ’ ,

xy=minpeak , xycoords= ’ data ’ ,

x y t e x t =[ l i n f i t 2 . r [ 0 ] , minpeak [ 1 ] ] , tex tcoords= ’ data ’ ,

arrowprops ={ ’ a r rows ty le ’ : ’ <|−|> ’ } )

d e l t a _ t = minpeak[0]− l i n f i t 2 . r [ 0 ]

ax . annotate ( ’ $ \ De l ta$ t = { 0 : . 3 e } ’ . format ( d e l t a _ t ) ,

#xy =[ l i n f i t 2 . r [ 0 ] + d e l t a _ t / 2 . 0 , minpeak [ 1 ] ] , xycoords = ’ data ’ ,

xy =[ l i n f i t 2 . r [ 0 ] , minpeak [ 1 ] ] , xycoords= ’ data ’ ,

x y t e x t =(5 ,5) , tex tcoords= ’ o f f s e t po in t s ’ )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

ax . se t_y labe l ( " fo rce / pN" )

ax . se t_x labe l ( " t ime / s " )

ax . se t_y l im ( top=max( fo rce_resca led ) / 3 )

#ax . se t_x l im ( 1 . 8 , 2 .0 )

p l t . legend ( )

p l t . t i g h t _ l a y o u t ( )

# p l t . show ( )

p l t . save f ig ( i n f i l e . r s t r i p ( " . t x t " ) +asc i i_ lowercase [ i i ]+ " . pdf " )

p l t . c lose ( )

t ss = v e l o c i t y * d e l t a _ t * 1e9

f i le_no_peak = f i l e _ n o + asc i i_ lowercase [ i i ]

w i th open ( o u t f i l e , ’ a ’ ) as f :

f . w r i t e ( " {0 : >11} {1 :14 .6 e } { 2 : 1 4 . 6 e } { 3 : 1 4 . 1 f } { 4 : 1 4 . 1 f } { 5 : 1 4 . 1 f } { 6 : 1 4 . 1 f } { 7 : 1 4 . 1 f

} {8 : >14 .6 e } \ n " . format ( f i le_no_peak , l i n f i t [ 1 ] , de l t a_ t , tss , minpeak [ 1 ] , −minpeak

[ 1 ] , v e l o c i t y * ( s p e c i f i c _ s t a r t _ t i m e [0]− l i n f i t 2 . r [ 0 ] ) *1e9 , de l ta_noise , l i n f i t .

coe f f s [ 0 ] ) )

i f len ( mintab ) > 1 :

# s h u t i l . move( i n f i l e , m u l t i p e a k f l d r )

s h u t i l . move( i n f i l e . r s t r i p ( " . t x t " ) +asc i i_ lowercase [ i i ]+ " . pdf " , m u l t i p e a k f l d r )

i f len ( mintab ) == 1 :

s h u t i l . move( i n f i l e , onepeakf ldr )

s h u t i l . move( i n f i l e . r s t r i p ( " . t x t " ) + " a . pdf " , onepeakf ldr )
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i f len ( mintab ) > 1 :

s h u t i l . move( i n f i l e , m u l t i p e a k f l d r )

" " "

o u t f i l e 2 . w r i t e ( " 0 " + s t r ( zeropeaks_tot ) + " \ n " )

o u t f i l e 2 . w r i t e ( " 1 " + s t r ( onepeaks_tot ) + " \ n " )

o u t f i l e 2 . w r i t e ( " 2 " + s t r ( twopeaks_tot ) + " \ n " )

o u t f i l e 2 . w r i t e ( " 3 " + s t r ( th reepeaks_to t ) + " \ n " )

o u t f i l e 2 . w r i t e ( " 4 " + s t r ( fourpeaks_ to t ) + " \ n " )

o u t f i l e 2 . w r i t e (" >4 " + s t r ( morepeaks_tot ) + " \ n " )

" " "

sorted_no = [ zeropeaks_tot , onepeaks_tot , twopeaks_tot , threepeaks_tot , fourpeaks_to t , morepeaks_tot ]

index = np . arange ( len ( sorted_no ) )

f i g , ax = p l t . subp lo ts ( )

p l t . bar ( index , sorted_no , l a b e l =( ’%d curves ’ %(len ( f i l e s ) ) ) )

for a , b in zip ( index , sorted_no ) :

p l t . t e x t ( a , b+0.05 , ’%d ’ % b , ha= ’ center ’ , va= ’ bottom ’ , f o n t s i z e =11)

p l t . x l a b e l ( ’ Found peak ’ )

p l t . y l a b e l ( ’ Curve Counts ’ )

p l t . x t i c k s ( index , ( ’ 0 ’ , ’ 1 ’ , ’ 2 ’ , ’ 3 ’ , ’ 4 ’ , ’ >4 ’ ) )

p l t . legend ( )

#save_path2 = " . / . . / . . / . . / Desktop / p lo t ted_graph / "

p l t . save f ig ( o u t f i l e + ’ _sorted_summary ’ )

# p l t . save f ig ( save_path2 + ’ sorted_summary ’ )

p l t . show ( )
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