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Abstract A wide variety of peptides and their

natural ability to self-assemble makes them very

promising candidates for the fabrication of solid-state

devices based on nano- and mesocrystals. In this work,

we demonstrate an approach to form peptide compos-

ite layers with gold nanoparticles through in situ

reduction of chloroauric acid trihydrate by dipeptide

and/or dipeptide/formaldehyde mixture in the pres-

ence of potassium carbonate at different ratios of

components. Appropriate composition of components

for the synthesis of highly stable gold colloidal

dispersion with particle size of 34–36 nm in dipep-

tide/formaldehyde solution is formulated. Infrared

spectroscopy results indicate that dipeptide partici-

pates in the reduction process, conjugation with gold

nanoparticles and the self-assembly in 2D, which

accompanied by changing peptide chain conforma-

tions. The structure and morphology of the peptide

composite solid layers with gold nanoparticles on

gold, mica and silica surfaces are characterized by

atomic force microscopy. In these experiments, the flat

particles, dendrites, chains, mesocrystals and Janus

particles are observed depending on the solution

composition and the substrate/interface used. The

latter aspect is studied on the molecular level using

computer simulations of individual peptide chains on

gold, mica and silica surfaces.

Keywords Gold nanoparticles � Peptide �
Morphology � Nanocomposite � Synthesis � Nanoscale

architechture

Introduction

Recent advances in nanoscience and nanotechnology,

particularly the development of new nanocomposite

materials and coatings have increased concerns

regarding the risks they may have on human health

or the environment. Current methods for the synthesis

of inorganic nanostructures have serious drawbacks,

involving hazardous and toxic reactants, synthesis
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under extreme conditions of temperature, pressure, pH

or salinity. By contrast, biological systems allow for

synthesis of nanostructures in an environmental

benign way using eco-compatible reagents according

to one of the concepts of Green Chemistry by Marteel-

Parrish and Abraham (2013). The use of biomimetic

components such as amino acids (Lerner 2004; Dahl

et al. 2007) or synthetic peptides (PTs) (Brorsson et al.

2010) provides an additional possibility to control the

synthesis and self-assembly of functional nanocom-

posite structures.

The size of nanoparticles (NPs) makes them ideal

candidates for the fabrication of new ‘‘smart’’ mate-

rials. On the other hand, their biocompatibility can be

tuned using polypeptides. The latter possess various

chemical structures, are chemically and thermally

stable, and pH-sensitive. Besides, PTs exhibit a high

binding affinity to inorganic surfaces including metals,

and therefore can be successfully used for the synthe-

sis of various hybrid nanostructures and coatings. It

was recently demonstrated that PT solid-state coatings

possess enhanced adhesion strength, anti-friction

properties and hardness, which depend on the confor-

mation of the polypeptide chains in adsorption layers

(Prokopovich and Starov 2011). For instance, the

hardness of some self-assembled PT fibrils is charac-

terized by extremely high values up to 20 GPa

(Knowles and Buehler 2011).

Much research on PTs has been carried out to

maintain their structure and biological function in a

liquid phase which is in focus of medicine and

molecular biology. In contrast, for the formulation of

functional biomimetic nanomaterials, PTs usually are

considered as active thin films on a solid support, for

example for biosensors or electronic applications.

Despite the fact that these organic/inorganic interfaces

determine the device properties, both the PT binding

to the substrates and the formation of coatings are still

poorly understood, in particular with regard to the

structural and electronic properties of such interfaces.

The interactions at the interfaces depend on several

important factors: the surface chemistry, its nanoto-

pography and the strength of intermolecular interac-

tions. For the practical applications of PT-based

composite materials, such aspects as how to control

the degradation or to maintain the stability also play a

very important role (Loskutov et al. 2013a).

For instance, assemblies consisting of amyloid-type

PTs (Loskutov et al. 2013b; Loskutov et al. 2015) can

be used as a promising component of new solid-state

bio-inspired functional materials, as well as anti-

friction coatings for MEMS/NEMS devices. Our

previous studies have shown that PT composite

materials and coatings with silver and gold NPs

exhibit structural, electro-physical and tribological

properties that make them promising for large-scale

practical applications (Loskutov et al. 2013b, 2015). In

these studies, we used a new dipeptide (DPT) which

belongs to a class of short neuroprotection PTs

(Seredenin and Gudasheva 2011). We suppose it

could be used not only for medical applications, but

also as a perspective functional material for organic

electronics. On the other hand, the combination of

DPT with gold NPs might reveal previously unknown

pharmacological properties of composite materials.

In the development of advanced smart materials,

the control of morphology plays a major role because

the latter determines the functional properties of the

materials. To understand the structure–property inter-

relation, a high level of understanding of the under-

lying processes and mechanisms is required which in

turn depend on the conditions of materials synthesis.

The simultaneous formation of the NPs and their

self-assembly with PTs on surfaces into ordered

ensembles is considered one of the most important

questions in formulation of bio-inspired nanoarchi-

tectonics for a variety of reasons. First of all, the

driving forces behind these processes are caused by a

gentle interplay between different intermolecular non-

covalent bonds, including organic/inorganic, organic/

organic and adsorbent/substrate interactions (Grzy-

bowski 2014). Secondly, the self-organization occurs

on different time and length scales. Here, particularly

difficult case is to drive the assembly of primary NPs

into different 3D mesocrystals of micron size (Bahrig

et al. 2014; Polte 2015). We have recently demon-

strated exemplary mesostructured growth of solid-

state PT composite layers with silver NPs (Loskutov

et al. 2013b), where regular-shaped isolated tetrahe-

drons with sides up to 30 lm in length and more than

5 lm in height were observed. This process was

substantially dependent on the chemical nature and

geometry of the substrate, as well as on the NPs used.

The next aspect of supramolecular nanoarchitec-

tonics is rational design of intrinsic structure of the

molecular building blocks. However, the properties of

materials are finally defined at the macroscopic level,

and the relationship between chemical composition
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and macroscopic action of matter remains a hot topic

of modern nanoscience (Ariga et al. 2016). Although

recent studies have uncovered a morphological diver-

sity of PT solid layers and related effects, e.g.

polymorphism (Conejero-Muriel et al. 2015; Bedford

et al. 2016; Karki et al. 2015), there are still many

unknowns yet to be resolved. Further progress on the

characterisation of the PT composite layers and its

incorporation into the computer simulation framework

is expected to shed additional light on the role of

interfacial interactions and the structure–property

relationships.

The main goal of this work is to link the molecular

structure of the DPT chains during the synthesis of

gold NPs composites and the morphology of the

resulting solid-state nanocomposite layers. In order to

achieve our goal, we have established the following

specific objectives: (i) to develop a one-step synthesis

of gold NPs in the DPT environment, prepare

monodisperse and stable Au-NPs, (ii) to study the

PT self-assemblies on different substrates and (iii) to

investigate the influence of different factors such as

ratio of components, pH, the nature of the substrate

and deposition method used on the processes of

crystallization and growth of large mesocrystals. We

believe that our results will be particularly useful for

gaining a deeper understanding of the systems under

study and would allow for further development of

various PT/NPs nanocomposites with prescribed

properties.

The remainder of this paper is organized as follows:

‘‘Experimental section’’ describes the experimental

methods for the synthesis of NPs and preparation of

solid films, the morphological characterisation and

computer simulation of interfacial interactions.

Results are presented in ‘‘Results’’ section, which is

followed in ‘‘Conclusions’’ section by final conclu-

sions and directions for future work.

Experimental section

Dipeptide bis-(N-monosuccinyl-L-glutamyl-L-lysine)

hexamethylenediamide, {HOOC–(CH2)2–CO–Glu–

Lys–NH–(CH2)3–}2, Mw = 830,9 Da, pH = 4.2

(0.1 %wt aqueous solution) were synthesized at the

FSBI ‘‘Zakusov Institute of Pharmacology’’ (Russia),

(Fig. 1) (Seredenin and Gudasheva 2011; Povarnina

et al. 2013).

Dispersions of gold NPs were obtained in situ by

chemical reduction of Gold(III) chloride hydrate

99.999 % trace metals basis (ALDRICH, USA) using

DPT or a mixture of DPT and formaldehyde (ACROS

ORGANICS, A.C.S. reagent) as reducing agents in

aqueous solutions in the presence of potassium

carbonate. All other reagents were of analytical grade

and were used as received without further purification.

Double-distilled deionized water (Milli-Q (Millipore))

with resistance of 18 MX�cm was prepared on the day

of experiment. Five different samples P1–P5 have

been investigated depending on the combination and

the molar ratio of components. A summary of

experimental setup is shown in Table 1. The aqueous

solution of DPT solution with added salt is designated

as sample P1.

Synthesis of gold NPs (samples P2–P5) was

performed as follows: 0.5 ml of 0.4 %wt solution of

HAuCl4�3H2O was added to a specified volume of

water under constant stirring. The mixture was heated

to 95 �C for 30–40 min under intense stirring, and

remaining components of the synthesis have been

added sequentially: a fresh stock DPT solution,

potassium carbonate and formaldehyde. All reactions

gave a coloured dispersion of gold NPs: sample P2

became pink in colour, and the samples P3–P5

demonstrated a deep crimson colour, indicating that

the gold ions were reduced to form Au-NPs.

The IR spectra were recorded by a Nicolet 6700

spectrometer in the transmission mode with a resolution

of 2 cm-1 averaged over 128 scans in a wavenumber

range of 3700–400 cm-1. For IR measurements, thin

layers of samples P1 and P2 were deposited on KRS-5

windows using a standard technique. Particle size of the

Fig. 1 Structure of dipeptide molecule designated as ‘‘GK2’’ in

original papers (Seredenin and Gudasheva 2011; Povarnina

et al. 2013)
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synthesized Au-NPs was evaluated by dynamic light

scattering (DLS) by a Zetasizer Nano ZS (Malvern,

UK) analyzer. It was assumed that gold NPs were

spherical in shape and that chloroauric acid trihydrate

and DPT reacted completely.

For the formulation of solid layers, DPT solution

and synthesized Au-NP dispersions were deposited at

room temperature onto various substrates: surfaces of

polycrystalline gold prepared by thermal vacuum

evaporation, cleaned surfaces of glass and freshly

cleaved mica. The deposited layers were dried in air at

room temperature. Two methods of deposition were

used: drop casting technique and spin coating at

2000–3000 rpm, resulting in thin and ultrathin layers,

respectively. Prepared layers showed dramatic differ-

ences not only in film thickness, but also in film

structure. In the first case, a droplet of a colloid

dispersion left a ring-shaped spot, the so-called

‘‘coffee ring’’, on a solid substrate after solvent

evaporation. The maximal averaged layer thickness

determined by optical microscopy and profilometry

was found about 1 lm and the border line was several

microns in height. For the second approach, ultrathin

layers with radial thickness and without border line

were obtained. Besides, in this case, one can investi-

gate the concentration effects on both the crystalliza-

tion process and final morphology of the solid layer. It

is worth mentioning that the main difference between

two methods consists in more equilibrium conditions

of growth process and more pronounced dependence

of the layer structure on the distance from the droplet

centre in the case of drop casting technique. The

methods used for the preparation of solid layers in

present exploratory study help gather preliminary

information about system design including molar

ratios of components, substrates, etc. for further more

complex experiments with layer height control.

The atomic force microscopy (AFM) has been used

to study the morphology and microstructure of DPT

and DPT/Au-NP coatings using a universal high-

vacuum AFM–STM probe microscope ‘‘Solver HV-

MFM’’ (NT-MDT, Russia) at Metrological laboratory

of the State Engineering Centre of the Moscow State

Technological University STANKIN. All measure-

ments were performed at room temperature either in

air or under a vacuum of 10-5 Pa. No significant

differences in results were obtained in these two cases.

Therefore, all subsequent measurements were carried

out at room temperature in air.

To complement the experimental findings, a full-

atomistic molecular dynamics (MD) simulation of the

adsorption of an isolated DPT chain in aqueous

(implicit model) solution is performed in BIOVIA

Materials Studio 8.0 (BIOVIA 2014). Structural

characteristics, intramolecular forces and the interac-

tions with surfaces have been modelled within poly-

mer consistent force field analogously to the previous

simulations (Gus’kova et al. 2010). Mica (muscovite,

surface area S = 10.28 nm2), gold (111, surface area

S = 13.01 nm2) and amorphous silica (siloxane

groups were saturated with hydrogen, surface area

S = 12.9 nm2) surfaces were considered taking into

account their real chemical structure and modelled as

immobile layers at the bottom (ab plane) of the

simulation cell. The vacuum slab in c direction of the

simulation box was kept fixed at 10 nm for every

simulation setup.

Gold atoms in the simulations carried no charge;

therefore, all the interactions between the adsorbate

and the substrate were considered to be purely van der

Waals interactions and described by Lennard-Jones

potential. Molecular models of mica and silica surface

have been described previously (Gus’kova et al. 2010;

Guskova et al. 2013; Heinz et al. 2009). The atoms of

Table 1 A summary of the experimental setup and the size of gold nanoparticles

Samples Water

(ml)

The volume

of 0.1 %wt

DPT (ml)

The volume

of 0.1 %wt

K2CO3 (ml)

The volume

of 0.37 %wt

formaldehyde

(ml)

HAuCl4
0.4 %wt

(ml)

Particle size (nm)

P1 22.0 2.0 0.5 – – –

P2 22.0 2.0 0.5 – 0.5 2 peaks: 10 and 60 nm

P3 21.0 2.0 0.5 1.0 0.5 2 peaks: 2–3 and 76 nm

P4 12.5 10.0 1.0 1.0 0.5 3 peaks: 8, 100 and 600 nm

P5 18.0 5.0 1.0 0.5 0.5 one narrow peak at 34–36 nm
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these surfaces carried partial charges, and the inter-

molecular adsorbate/adsorbent interactions included

additionally Coulomb contribution (Ewald summation

method). The systems in our study were simulated

using molecular dynamics in an NVT ensemble. The

calculations were performed at T = 300 K. The

temperature was controlled with the Nosè–Hoover

thermostat. After the equilibration phase (1 ns), the

DPT conformational properties were analysed using

MD trajectories of length 4 ns.

Results

Synthesis of nanocomposites and the size of gold

NPs

The reaction conditions for the synthesis of NPs and

nanocomposites, their stability and NPs size distribu-

tions are presented in Table 1. As follows from the

experimental setup, the total volume of the reaction

mixture is fixed at 24.5 ml, which means that the

amount of gold is the same (ca. 0.00023 g-atom/l) in

all samples. The samples P2 and P3 contain only

0.0001 g-mol DPT. In sample P4, DPT concentration

is five times higher than in the previous samples

(0.0005 g-mol) and two times higher than the con-

centration of gold in this sample.

For the sample P2, DPT acts as a reductant of gold

ions. It has been demonstrated previously that PTs

having amino groups in the side chains can reduce

gold salts to form Au-NP without adding any reducing

agent under boiling conditions (Gong et al. 2015). In

our case, two amino groups of DPT chain firstly attract

the oppositely charged chloroaurate anions in aqueous

phase and then play a role as a mild reductant; here

amides or ketones as oxidation products of the amino

groups might appear, as it was obtained in a

polyamine-induced gold NPs formation (Sun et al.

2006). The redox reaction for sample P2 is rather slow,

and after 1 h the bimodal dispersion with average Au-

NP size of 10 and 60 nm is formed. This colloidal

system is characterized as unstable and aggregates

within a month.

When strong reducing agent formaldehyde is added

to the mixture with the same ratio of the reactants

(sample P3), the Au-NP dispersion is formed rapidly

within 10–15 min. However, in this case, we also

obtain an unstable system with a bimodal particle size

distribution. It comprises smaller and larger particles

with an average diameter of 2–3 and 76 nm, respec-

tively. As in previous experiment, the sample P3

aggregates within 1 month.

Sample P4 is characterized by maximal amount of

DPT in the reaction mixture (Table 1). The size

distribution has three peaks at 8, 100 and 600 nm. The

sample is also unstable, and two values of 100 and

600 nm correspond to particles aggregates.

The most stable dispersion with a narrow mono-

modal particle size distribution is obtained only for

sample P5 with 1:1 molar ratio of components

(Table 1). This system is classified as the most

stable for a prolonged period of time (more than

3 years’ storage at room temperature).

In samples P3–P5, DPT can adsorb on the gold

surface during the synthesis (Bhargava et al. 2005;

Selvakannan et al. 2004; Aryal et al. 2006; Negishi and

Tsukuda 2003; Wu et al. 2015) preventing them from

aggregation or in the last stages of Au-NP nucleation

and further growth probably via ligand substitution

reaction. In any case, the surface of gold NP exhibits a

high affinity for the amino groups of DPT (Horovitz

et al. 2007; Zakaria et al. 2013) giving rise to various

bioconjugates.

It is worth noting that DPT itself can undergo

modifications in mixtures with formaldehyde. Usually

such reactions involve N-terminal groups and side

amino groups of lysine (Metz et al. 2004) forming

methylol groups or Schiff bases. Further investiga-

tions are required to identify the formaldehyde-

induced DPT alteration.

Thus, the component composition for the synthesis of

highly stable gold colloidal dispersion in DPT/formalde-

hyde solution is formulated (Sample P5). It is shown that

DPT itself can function as a reductive agent of gold ions

(Sample P2). The latter provides a convenient system for

investigating the Au-NP/DPT interactions in bioconju-

gates using IR spectroscopy.

IR spectroscopic studies of Au-NP/DPT

bioconjugates

In order to understand the character of binding in Au-

NP/DPT conjugates at the molecular level, and to

study how NPs affect the conformation and the self-

assembly of DPT which finally reflects in morpholog-

ical changes of functional PT composites, IR spec-

troscopy has been applied. As reference systems, IR
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spectra of two peptide solutions are recorded: the first

one corresponds to the solution of pure DPT at pH 4

(Fig. 2, spectrum 1), and the second one is the sample

P1 (Fig. 1, spectrum 2).

These two cases are considered with the aim to

characterize the influence of pH on the chain confor-

mation. The spectrum of the Au-NP/DPT bioconju-

gate (sample P 2) is depicted as well (Fig. 2, spectrum

3). Assignment of IR bands of DPT is performed on

the basis of the data available in the literature (Philip

2009; Basavaraja et al. 2008; Ahmad et al. 2003;

Venyaminov and Kalnin 1990).

The stretching vibrations of the NH groups have

several absorption bands in the region of

3500–3000 cm-1 in spectra 1 and 2. Indeed, this

stretching appears as a doublet of two broad absorp-

tion bands at 3292 and 3074 cm-1, which corresponds

to vibrations of hydrogen-bonded NH groups. Some

authors (Miyazawa 1960) consider the low frequency

band of this doublet as an overtone of the Amide II

vibration for the trans-configuration of the amide

group of secondary amides. A barely visible shoulder

on the high-frequency band at 3292 cm-1 corresponds

to the stretching vibrations modes of the hydroxyl end

groups of DPT connected via hydrogen bonds. In the

region of the Amide I and Amide II bands, the most

intense absorption of DPT is observed (spectrum 1). It

is interesting to note that both bands have a complex

contour, almost the same intensity and are symmetric

with respect to each other. The position of two amide

bands provides the information about the conforma-

tional states and alterations in the secondary structure

of the PT (Dong et al. 1990). In the present case, these

bands form symmetric doublet characterizing a and b
conformation of the DPT molecule. The band at

1547 cm-1 (Amide II) clearly indicates the trans-

configuration of the peptide groups in the DPT

molecule. The carbonyl band (mass) at 1655 cm-1

(Amide I) has a shoulder at 1720 cm-1, which points

out that not all terminal carboxyl groups are ionized in

DPT molecule. Symmetric oscillations (mss) of the

ionized carboxyl groups correspond to the band at

1409 cm-1. In the region of 1300–1130 cm-1, a broad

absorption band with maxima at 1174, 1252 and

1304 cm-1 is observed. It corresponds to in-plane

bending vibrations of CH and NH bonds (Amide III).

Thus, IR results demonstrate that DPT molecules are

strongly intermolecularly hydrogen bonded in the

solid state at pH 4.

As one would expect that upon thermal DPT

treatment and in the presence of added salt (pH 7),

IR absorption spectrum undergoes a remarkable

change (Fig. 2, spectrum 2). At this pH, all the

carboxyl groups are ionized and as a result, the

absorption band at 1720 cm-1 of non-ionized COOH

groups disappears. The band at 1622 cm-1 and a sharp

shoulder near 1649 cm-1 correspond to ionized car-

boxyl groups. Therefore, the ionized terminal groups

and PT groups (Amide I) are now better resolved in the

spectrum, and the latter band is shifted towards lower

frequencies by 32 cm-1. Besides, all characteristic PT

bands become very intense: the band intensity ratio of

Amide I to the stretching vibrations band of CH group

equals 2.9 (spectrum 1) and 5.9 (spectrum 2), and the

band intensity ratio of Amide III to the stretching

vibrations band of CH group is 1.3 (spectrum 1) and 10

(spectrum 2). Both the significant increase in band

intensities and the shift of Amide I band towards lower

frequencies might be attributed to the changes in DPT

chain packaging from b-antiparallel to b-parallel

structure in the folded layer. Shift of absorption band

occurring as a result of structural changes leads to the

appearance of two new IR bands centred at 1009 and

836 cm-1 (spectrum 2) are attributed to the m4 bending

vibrations of NH group in the plane of the amide group

and to m5 skeletal modes of N–C and C–C bonds,

respectively. A weak absorption band at 1397 cm-1

corresponds to the absorption of potassium carbonate.

The IR spectrum of DPT/Au-NP bioconjugate is

presented in Fig. 2 (spectrum 3). Assuming that DPT

acts as gold reductant and amine groups of Lys are

participating in this redox reaction, the corresponding

bands of amino groups in spectrum 3 should be less

intense as compared to the bands in spectrum of DPT

(spectrum 2). Indeed, the NH stretches at 3300 and

3074 cm-1, which are clearly seen in the spectra 1 and

2, are almost negligible in the spectrum 3 because of

broad absorption bands of hydrogen-bonded NH and

OH groups in region. When comparing spectra 3 and

2, one can conclude that Amide I and Amide II differ

significantly. For instance, the absorption bands of

ionized carboxyl groups become very broad and have

a complex contour, which is an indication of partially

overlapping bands. A new band appears at 1649 cm-1

(spectrum 3), which was previously detected as a

shoulder of Amide I band at 1622 cm-1 (spectrum 2).

All these data suggest that PT in the sample P2 has

more than two types of ionized carboxyl groups,
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meaning that ionized carboxyl group of the PT form

various bonds/compounds with Au-NP, e.g. monoden-

tate, bidentate-cyclic, bidentate-bridged complexes,

etc. The appearance of a shoulder at 1265 cm-1 on the

intensive Amide III band is also associated with a

specific interaction between the carboxyl group and

gold NP. Similar IR absorbance band has been

observed in Au-NP dispersion produced by a reduction

of HAuCl4�3H2O by cellulose derivatives as an

indication of bioconjugation (Urupina et al. 2013).

The most intensive bands in spectrum 3 correspond to

in-plane NH bending and changes of CNH angles (for

the comparison, in spectrum 2 the carbonyl band at

1622 cm-1 (Amide I) is the most pronounced one). It

confirms the structural changes of DPT molecules in

the process of formation of bioconjugates define which

groups of DPT take part in formation of the Au-NPs

conjugated complexes and show that Au-NPs affect

the self-assembly motifs of PTs in thin films.

The structure of thin and ultrathin layers

Morphological characterisation of DPT films

at different pH

In order to obtain insight about the morphology of the

DPT thin films and DPT/Au-NPs nanoarchitectonics,

atomic force microscopic measurements were carried

out. Figure 3 shows the AFM images of thin and

ultrathin DPT layers deposited at pH 4 (i.e. at the

isoelectric point of the DPT) on mica and glass

surfaces. These samples correspond to the spectrum 1

in Fig. 2. In the case of ultrathin layer at 1:30 dilution

(Fig. 3a), a structureless layer forms with a surface

roughness of 0.5–1 nm.

The morphology of thin layers of DPT on the glass

surface can be characterized as having elongated short

chains formed by individual flat particles (‘‘pan-

cakes’’) as main structural elements of self-assembling

(Fig. 3b, lower left corner). These building blocks

form 100-lm-long chains composed of individual flat

particles with an average length of ca. 800 nm, a width

of 1.2 mm and a height of 100–150 nm. For the latter,

the aspect ratio length/width is 2/3. The longer chains

are built atop of the layer consisting of tightly packed

‘‘pancakes’’ which can be seen at higher resolutions.

Their average size is ca. 50 nm and the aspect ratio

height/diameter is 1/10. On the surface of mica, DPT

forms separated 3D islands which then coalesce

(Fig. 3c).

Figure 4a shows the AFM image of ultrathin DPT

layer at pH 7 on mica (this system corresponds to

spectrum 2, Fig. 2). According to IR results, when pH

increases, the structure of DPT undergoes significant

changes. These alterations related to the changes of the

DPT total charge induce molecular self-assembly and

the generation of more crystalline films which consist

of narrow plates having width of 200–300 nm and

height of ca. 0.5 nm. Over this structural layer, the

growth of flat isolated particles further proceeds. At

pH 10 on glass substrate, DPT chains build dendritic

structures atop of a continuous peptide layer (Fig. 4b).
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The angle between the branches of dendrites is

30–40�. The formation of such structures was never

observed at pH 4 (Fig. 3b).

When the concentration of DPT in solution

increases (pH 7, 1:10 dilution), the individual

mesocrystals are growing on mica (Fig. 5). Their

height is less than 80 nm, and the angles formed by the

crystal faces are 60� and 120�. These structural

features indicate on one side a higher degree of

perfection of such mesocrystals and on the other side,

that the growth front is formed by certain crystal

facets. Along with mesocrystals, the chain-like aggre-

gates are observed on the mica surface. Their structure

is similar to the structure of DPT layers at pH 4 in

Fig. 3. The height of these chains does not exceed

4 nm.

Morphological characterisation of Au-NPs/DPT

conjugates

Figure 6 shows the first example of DPT composite

layers with gold NPs, which corresponds to the IR

experiment on Fig. 2 (spectrum 3). As it was outlined

above, for sample P2, DPT plays a dual role as a

reductant of gold ions and as a stabilizer of NP surface.

In this case, we also see the formation of dendrites and

the dendrite-like structures on top of a layer of

separated particles. However, unlike the dendrites

depicted in Fig. 4b, the angle between the branches in

composites is 90�.
Figures 7, 8 and 9 illustrate the morphologies of

DPT/Au-NPs composites synthesized with formalde-

hyde as reducing agent at various molar ratios of DPT.

The most dramatic structural changes occur in these

samples (P3–P5, Table 1).

Figure 7 shows the AFM images of a composite

layer prepared with gold excess as compared to the

amount of DPT in the reaction mixture. Along with

dendrites whose structure was obtained to be similar to

depicted one in Fig. 6, the formation of various cubic-

shaped mesocrystals is observed (Fig. 7a). The cube

sides reach 10–15 lm (Fig. 7c). However, their height

does not exceed 0.5 lm. Two structural features are

important to note: first of all, such mesocrystals are

characterized by the presence of the cavity having

four-sided inverted pyramid shape and located at the

Fig. 3 AFM image of DPT-based layers; ultrathin layer (1:30 dilution) on mica (phase image) (a) and thin layers without dilution on

glass (b) and mica (c)

Fig. 4 AFM images of

dipeptide layers (Sample

P1); ultrathin layer (pH 7,

1:30 dilution) on mica

(a) and thin layer without

dilution at pH 10 on glass (b)
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Fig. 5 AFM image of DPT

mesocrystal after deposition

of ultrathin dipeptide layer

(pH 7, 1:10 dilution) on

mica; 3D image (a) and

phase image (b)

Fig. 6 Self-assembly and

fractal feature of thin layers

of DPT/Au-NPs (Sample

P2) on glass (a) and gold (b).

(Color figure online)

Fig. 7 AFM image of

different mesocrystals in

thin layers of DPT/Au-NPs

(sample P3) on glass surface

Fig. 8 AFM image of Janus

particles in thin layers of

DPT/Au-NPs (sample P3)

on glass: Janus particles (a),

a detailed 3D image of Janus

particle (b)
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centre of the cube; secondly, the formation of different

twins is detected as well (Fig. 7b). Twin crystals were

also detected earlier in other experiments on synthesis

of composites based on plate-like gold monocrystals

and PTs (Brown et al. 2000; Kim et al. 2010).

Another interesting morphology seen in thin layers

of sample P3 is the growth of Janus-like particles

(Fig. 8), which is detected only for such molar ratios

of components. Their analysis reveals that all these

particles have the same geometry and structure, which

indicates their fractal nature. They are sufficiently flat

in shape: the aspect ratio height/diameter does not

exceed 1/10 and does not change substantially from

particle to particle. Phase contrast imaging does not

detect significant differences between Janus particles

and the surface layer. This may be an indirect

indication that the upper part of Janus particles

(Fig. 8b) is also covered with DPT layer.

The sample P4 is prepared with both DPT and

potassium carbonate excess in solution as compared to

gold content. In this case, the growth of mesocrystals

with different shapes is also seen (Fig. 9). A charac-

teristic feature of all of these structures is the presence

of the cavity at their centre. Similar to the previous

case (Fig. 7), three-dimensional mesocrystals are also

formed (Fig. 9a,b). However, they have more diverse

shapes and are more disordered. The glass surface

between mesocrystals is not covered with DPT layers.

In other areas of the glass surface, various aggregates

or clusters are present. They are oriented in a certain

direction on the surface and consist of ordered linear

chains of 3–4 separated NPs (Fig. 9c). The size of NP

is 40–50 nm, and the aspect ratio height/diameter is of

0.1–0.2. The formation of such aggregates is a result of

the self-assembly of Au-NPs. Similar aggregates of

NPs are formed on the surface of gold (Fig. 9d). But in

this case, they form dense layers without preferable

orientation.

The sample P5 represents the most stable dispersion

of DPT/Au-NPs. The ultrathin layers of P5 are shown

in Fig. 10a. The layers consist of gold NPs immersed

in the DPT matrix. The thickness of the layer is

negligible as evidenced by the presence of small pores.

The average NP size is 50 nm and the height is less

than 2 nm which results in the aspect ratio of 0.04.

These data show that gold NPs have a shape of very

thin flat discs, rather than spheres. Thin layers on the

glass substrate are characterized by the regions which

contain only self-assembled gold NPs (Fig. 10b) and

dendrites, similar to those shown in Fig. 6. The size of

gold NPs (Fig. 10b) is 60–70 nm with aspect ratio of

0.2. The processes of NPs self-assembly lead to the

formation of elongated aggregates, oriented along a

certain direction. Such ordering of the NPs is also

observed in the case of sample P4 (Fig. 9c). It is worth

mentioning that the self-assembling of gold NPs is

Fig. 9 AFM images of

different areas on the surface

of thin layers of DPT/Au-

NPs (sample P4) (a,b),

lateral forces image

(c) deposited on a glass

substrate (a–c) and gold (d).

(Color figure online)
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observed only in samples P4 and P5, and that

mesocrystals were never observed in sample P5. Only

disordered structures consisting of individual flat

particles of different sizes are observed on the gold

substrate (Fig. 10c). The reason for these differences

may be explained by higher concentrations of reagents

in sample P4. These data indicate the determining role

of reactant molar ratios in the processes of molecular

self-assembly of gold NPs.

Dipeptide self-organization: test molecular

dynamics simulations

In order to summarize the experimental results

described in the previous sections and to shed light

on possible mechanisms of nanostructure formation, it

is necessary to consider the properties of an isolated

DPT chain and its interactions with gold, mica and

silica surfaces.

The total charge of DPT molecule depends on pH,

because it contains amino acids with ionic side groups,

which can strongly interact with charged surfaces of

adsorbents (Rimola et al. 2013). The presence of

charged groups of DPT upon pH changes is confirmed

by IR measurements (Fig. 2). The total charge Q of

DPT in the absence of intramolecular interactions

between the functional groups can be estimated using

Henderson–Hasselbalch equation (Fig. 11a). This

Figure (Fig. 11b,c) depicts the snapshots of the neutral

and negatively charged DPT molecule in its optimized

geometry as well. From the picture follows that in a

strongly acidic environment, the total charge is

positive and is equal ?2, which corresponds to two

protonated amino groups of lysine. Molecule is neutral

when pH reaches the value of 3 and is characterized by

four stabilizing intramolecular hydrogen bonds, which

are shown in Fig. 11b. At pH[ 5, DPT becomes

negatively charged due to the acid dissociation of two

terminal carboxylic groups at first, and then at

pH[ 10, Q reaches the value -4 due to the acid

dissociation of two carboxylic groups at the side

chains of the glutamic acid residues. Conformation of

an isolated anion in a strongly basic environment is

stabilized by eight intramolecular hydrogen bonds.

Because of the repulsion of like-charged groups, the

DPT chain stretches and its radius of gyration

increases.

A majority of experiments on nanocomposite

synthesis are conducted at pH 7, which corresponds

to DPT molecule having one or two ionized terminal

carboxyl groups; and two uncharged amino groups of

lysine residues can participate in coordination with

gold NP surface. Transition from pH 4 to 7 promotes

the growth of a number of ionized carboxylic groups

and the conformational changes, which are in agree-

ment with IR spectra (Fig. 2).

The aggregation of NPs into anisotropic chain-like

structures proceeds probably according to the mech-

anism of bridge formation between adjacent NPs. If

we consider DPT molecule in its elongated confor-

mation, then we can assume that amino groups are

connected covalently or ionically to the surfaces of

two adjacent NPs, or both amino groups are attached

to one NP and the aggregate is stabilized via hydrogen

bonding between carboxylic groups of two DPT

chains on two NPs next to each other. Thus, such a

combination of Lys and Glu residues governs the

unique properties of DPT: lysine coordinates with

NPs, and glutamic acid, which itself acts as stabilizer

of NPs (Zakaria et al. 2013), in combination with

lysine can promote directional growth of aggregates

via non-covalent interparticle interactions.

Fig. 10 Ultrathin layers of DPT/Au-NPs (sample P5, 1:10 dilution) on mica (a) and thin layers without dilution on glass (b) and gold

(c). (Color figure online)
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The strong dependence of the morphology of DPT

layers on the nature and roughness of the adsorbent

surface indicates a significant role of interfacial

interactions in the NPs growth and self-assembly

processes. This dependence is clearly seen in the case

of ultrathin DPT layers growing on the surface of

freshly cleaved mica, which is the most active one

among considered substrates (Fig. 12a).

We have previously found out that Au-NPs self-

organization in composite layers based on cellulose

derivatives (Urupina et al. 2013) and more complex

peptides consisting of seven amino acids (Loskutov

et al. 2015) is observed in case of weak particle/sub-

strate interactions at poor wetting conditions and at

low rate of solvent evaporation. Apparently, the

stronger interactions between negatively charged

carboxyl groups of DPT and positively charged mica

surface due to a large number of potassium ions

prevent the formation of extended ordered structures.

Strictly speaking, DPT molecule (Fig. 1) belongs to

a class of diantennary peptides (Gus’kova et al. 2010),

since two PT fragments in its structure are separated

by a short alkyl (hexyl) hydrophobic spacer. Owing to

amphiphilic character of the molecule, i.e. the com-

bination of polar, water-soluble PT antennas and

hydrophobic hydrocarbon chain, DPT chain self-

organizes differently on the substrates of various

polarities. Figure 12 illustrates the behaviour of the

molecule at pH 7, when two terminal carboxylic

groups are negatively charged. These groups of two

antennas are anchored on mica surface through

hydrogen bonding and electrostatically (Fig. 12a).

Similar behaviour of carboxylic group of model

tripeptide H–Lys–Glu–Lys–NH2 on mica was

described by Monti et al. (Monti et al. 2009).

Remaining part of the molecule including its central

hydrophobic unit stays non-adsorbed due to the high

surface charge of muscovite. Therefore, anchored

DPT chains are ordered parallel to mica surface, and

strongly interact with the substrate.

On the non-charged surface of gold DPT chain

adsorbs entirely (Fig. 12b). Here COOH and NH2

groups build intramolecular hydrogen bonds. Because

of the van der Waals character of the interaction

between the chain and the surface, the strength of the

adsorption is moderate. The silanol SiOH groups on

the silica surface can participate in hydrogen bonding

with PT chains. Because of the surface roughness,

molecules are found to be tilted with respect to the

surface (Fig. 12c). The interaction between molecules

is weak hydrogen bonding between amino- and

carboxylic groups and silanol groups of the silica,

which is confirmed by quantum chemical (Rimola

et al. 2009) and molecular dynamics simulations

(Laura Gambino et al. 2006) of Lys and Glu adsorption

onto silica.

During solvent evaporation, the cocrystallization of

all components of a colloidal solution is likely to

occur. The solvent contains Au-NPs functionalized/

stabilized with residues of formic acid or DPT, free

DPT with ionized carboxyl groups (Fig. 11a) and

inorganic salts. In this case, the cocrystallization may

Fig. 11 Total charge of the DPT as a function of pH calculated

using Henderson–Hasselbalch equation (a) and the conforma-

tions of neutral molecule (b) and molecular anion at Q = -4

(pH[ 12) (c). Optimization of molecular geometry is per-

formed using density functional theory at B3LYP/6-31G(d,p) in

Gaussian 09 (Rev. A01) (Frisch et al. 2009). Carbon, oxygen,

nitrogen and hydrogen atoms are coloured in grey, red, blue and

white, respectively. Intramolecular hydrogen bonds are shown

as light-blue dashed lines. (Color figure online)
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occur by various mechanisms, including the non-

classical crystallization with gold NPs and colloidal

crystal growth (Grzybowski 2014; Bahrig et al. 2014).

This may explain a wide variety of morphologies

observed in the experiments and their substantial

changes by varying the molar ratios of reactants or pH,

which is in line with previous experimental and

theoretical results (Han et al. 2013; Rusin et al. 2013;

Losev et al. 2013).

Discussion of the results

The presence of Au-NPs affects both self-assem-

bly/growth of the DPT layers and finally the morphol-

ogy of nanostructures in several ways. For instance,

Au-NPs create a number of crystallization centres.

This causes the formation of structures consisting of

flat particles. The NPs play a role of obstacles to the

directional growth of DPT assemblies. Bioconjugation

of DPT to the surface of gold NP can alter or even

prevent the formation of ordered structures: the

crystallinity of DPT layers is lowered and the diversity

of their morphology is reduced as compared to the

sample P1. As it was outlined above, for highly

branched DPT/Au-NPs dendrites (Fig. 6), the angle

between the direction of the growth of the main and

side branches is 90�. This is a typical value for the

diffusion-limited crystallization of polymers, in which

the crystal growth rate is determined by the diffusion

rate of macromolecules from the liquid phase to the

crystal growth front and the probability of chain

attachment to the different parts of the front is almost

the same (Wang et al. 2004).

Our experimental results demonstrate that the

structure and morphology of the thin layers of the

DPT composite depend significantly on the properties

of the substrate–layer interface. Otherwise, on differ-

ent substrates, we would observe the same morphol-

ogy of relatively thick layers. The crystallization

processes are largely dependent not only on the nature

of the substrate, but also on the surface roughness and

the method of deposition used. As a consequence, at

different areas of the same substrate, the various

structures can be observed. This is important espe-

cially in the case of thin layers formation by drop

casting technique. In general, evaporating droplet of a

colloidal solution deposited on a solid surface is a

complex non-equilibrium system, where the supersat-

uration is constantly changing; there are gradients of

concentration, temperature, and the mass transfer from

the centre of the droplet to its borders. Therefore, the

thin layer structure formed at the centre and at the rim

Fig. 12 Orientation of DPT

molecule in the vicinity of

mica (a), gold (b) and silica

(c); side view (left) and top

view (right column).

Snapshots show the most

energetically favourable

conformation and

orientation of DPT. For

a and c (top views) the

substrate atoms are shown in

grey for clarity. Hydrogen

bonds are shown as blue

dashed line. (Color

figure online)
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of the droplets can vary significantly. Besides, the final

morphology depends upon NPs size and the local

concentration of components, the overall geometry

and surface pattern of the NPs (Alfimov et al. 2006).

The aspect ratio height/diameter of gold NPs is

found in the range of 0.1–0.2 which indicates a disc-

like shape rather than a spherical particle. NPs with

similar geometric characteristics have been synthe-

sized earlier by Brown et al. (Brown et al. 2000) in the

reduction of gold ions by other peptides promoting the

growth of metal crystals in a specific direction, as well

as in our previous studies (Loskutov et al. 2015). It

should be emphasized that DLS method based on Mie

scattering, a priori assumes a spherical particle shape.

In our case, the particles have a disc-like shape.

Therefore, the numbers collected in the Table 1 may

not correspond to the real geometrical dimensions of

nanoparticles. In order to improve this situation, the

multiangle light scattering should be applied, which is

beyond that allowed by our standard equipment .

Obtained cubic mesocrystals (Fig. 7) have well-

faceted pyramidal cavity at the centre. Previously, it

has been suggested (Losev et al. 2013) that such

unique crystal faces are chemically active and may

serve as active centres for the adsorption of DPT

molecules. Observed twin structures have been found

in other experiments with plate-like single crystals of

Au-NPs in nanocomposites with various PTs (Brown

et al. 2000; Kim et al. 2010). Janus particles depicted

in Fig. 8 can be considered as components for the

formulation of more complex superstructures

(Walther and Müller 2013; Jiang et al. 2012). This

enables a fine-tuning of their shape, which in addition

to their anisotropic structure leads to the development

of new properties (Liang et al. 2014).

Conclusions

In this work, an approach to formulate PT composite

layers with gold NPs through in situ reduction of

chloroauric acid trihydrate by DPT and/or

DPT/formaldehyde mixture in the presence of potas-

sium carbonate is proposed. Spectroscopic measure-

ments suggested that DPT acts as a mild reductant of

gold and builds bioconjugates with Au-NPs surface

stabilizing them in colloidal solution. At the same

time, the self-assembly of DPT chains on solid

surfaces is affected by gold NPs and accompanied

by changing PT chain conformations. The morpho-

logical properties of solid layers are investigated by

AFM measurements. As a result, a diverse set of

crystal morphologies is observed including disc-like

particles, dendrites, chains, mesocrystals, and Janus

particles. It is shown that the morphology of PT-based

thin films or DPT/Au-NP nanoarchitectonics substan-

tially depends on the molar ratio of the components,

pH, the substrate chemistry and topology, and the

deposition technique. We believe that our results

would allow for further development of various PT/

NPs nanocomposites with prescribed properties. The

approaches used in this work to form DPT/Au-NPs

nanoarchitectonics may be useful for the formulation

of a variety of nanostructures for practical applications

in biomedical, electronic, and nanotechnological

fields of modern materials science.
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