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Interaction of L-leucyl-L-leucyl-L-leucine
thin film with water and organic vapors:
receptor properties and related
morphology
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The ability of highly ordered tripeptide structures to keep or change their morphology in contact with organic vapors was
studied. A thin film of tripeptide L-leucyl-L-leucyl-L-leucine (LLL) was prepared having microcrystals and nanocrystals on its
surface, which are stable upon vacuum drying but become objects of selective morphology change after a contact with vapors
of organic solvents. Fine separate LLL crystals and their agglomerates of submicron and larger dimensions were observed by
atomic force microscopy and scanning electron microscopy. After saturation with guest vapors, these crystals can remain
intact or change their morphology with the increase in size or complete destruction depending on the guest molecular struc-
ture. The crystals completely lose their shape after the binding of pyridine vapors. The other studied guests produce much
smaller transformations or have no effect on crystal morphology despite being sorbed by solid LLL, which was shown using
quartz crystal microbalance sensor. The observed size-exclusion effect for guest sorption by LLL was found to be broken by
the same guests that can change the initial crystal shape. This helps to explain the morphology changes of LLL crystals after
the guest sorption and release. Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Peptides forming highly ordered structures are interesting
materials for recognition, binding and storage of gaseous com-
pounds [1–3]; encapsulation of neutral organic solvents [4,5];
creating membranes [6], superhydrophobic surfaces [7] and
ionic channels [8,9]; and separation of enantiomers [10–12].
For this, various structures with hydrophilic or hydrophobic
nanochannels [2,4,13], layered crystals with two-dimensional
or three-dimensional network of hydrogen bonds [2,5], can be
prepared by crystallization of peptides from liquid solutions.
Such materials can be used in bionanotechnology [6,14–16]
and nanomedicine [6,17–20] because of their non-toxicity,
biocompatibility and ecological acceptability [21–24].

Generally, peptide frameworks remain stable after the solvent
removal [4,25], which is important for their applications. A
specific H-bonded self-assembly of peptides, which supports
their structural stability, may define also their selectivity with size
restrictions on the binding of neutral guests. For example, a
strong ‘size exclusion effect’ was observed for similar objects –
dry proteins [26,27]. One can expect such size exclusion effect
from peptide structures as far as their H-bonded framework
remains intact.
209–214
Similar to hydrated proteins [28], the peptides are considered
as ‘soft materials’ [29], which can change their packing under
external stimuli, e.g. in interaction with some substrate (guest)
[2]. For example, the interaction of amorphous diphenylalanine
film with water or organic vapor may give highly ordered
nanowires or nanotubes [30–32]. The morphology change of
L-alanyl-L-valine film after binding of organic vapors was visual-
ized by atomic force microscopy (AFM) [33]. This ‘softness’ may
complicate the relationship between a guest-binding capacity
of peptide and the guest size. A guest, which breaks the peptide
H-bonded structure, may break also a size-exclusion effect. Such
loss of size-exclusion effect was observed, e.g. for initially dry
Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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protein upon hydration [34]. Therefore, the structure–property rela-
tionships for guest binding by peptides and for stability of their
highly ordered structures in contact with guest may be similar.
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In present work, these structure–property relationships were
studied for tripeptide L-leucyl-L-leucyl-L-leucine (LLL). This tripeptide
forms well-defined monoclinic or triclinic crystals with b-sheet
structures when crystallized from methanol [5]; pyridine; or a-
picoline, b-picoline and g-picoline [24] solutions. An ability of
various guests to destroy such LLL crystals was studied using
AFM. Besides, the binding capacity of LLL film for vapors of water
and several organic guests was determined using quartz crystal
microbalance (QCM). The correlation between the guest-binding
capacity and induced morphology changes of LLL film depend-
ing on the guest size and H-bonding ability was analyzed.
Materials and Methods

Materials

Tripeptide LLL (Chem-Impex) was used without additional purifi-
cation. The purity of the studied organic guests dried using
standard techniques [35] was tested using gas chromatography
to be better than 99.5%.

QCM Study of Guest Binding

In the present study, a sensor device with 10MHz QCM crystals
(Part No. 151620–10; ICM Co. Inc., USA) of thickness shear mode
was used [36]. The tripeptide coatings (~0.65mg) were prepared
by dropping and drying (for 2min) using hot air (45 �C) of
methanol solution on the gold surface of quartz crystals. These
coatings with an average thickness of 40 nm give a decrease of
F~800Hz in the crystal frequency after solvent removal. The
thickness value was estimated by the layer area, mass and
density of crystal LLL with methanol r=1.051 g/cm3, calculated
from X-ray single crystal data [5].
In a typical QCM sensor experiment, a liquid guest was sampled

using microsyringe to the sensor cell bottom through a dosing
hole in the cell cover. The sampled guest amount was twice as
large as necessary to create a saturation vapor in the sealed cell.
Still, the cell was made not to be hermetic during sensor experi-
ment to avoid guest condensation on the crystal coating surface.
The guest relative vapor pressure P/P0 was kept below saturation
level by the vapor leak through the dosing hole. This level is equal
to P/P0 = 0.85 [37]. A sensor baseline noise did not exceed 2Hz. The
frequency change of quartz crystal ΔF in sensor experiments was
determined with the reproducibility of 5% for ΔF> 50Hz.
To regenerate the tripeptide coatings after the guest binding,

they were dried using hot air as described earlier. This regeneration
procedure was repeated at least twice until the constant sensor fre-
quency was achieved. Such procedure gave the value of frequency
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
change corresponding to initial coating prepared from the metha-
nol solution. The residual water content (3% w/w) in this coating
was determined using the frequency increase of coated quartz crys-
tals equilibrated over P4O10 powder for 2000 s. The same value was
obtained with a piece of sodium metal as the drying agent.

Atomic Force Microscopy

The AFM images in topography and phase modes were recorded
using the atomic force microscope Solver P47 (NT-MDT, Russia).
Measurements were performed in air using a tapping mode.
Standard silicon cantilevers NSG-11 (NT-MDT) were used. Scan
speed was in the range of 0.5–0.9 line/s.

For AFM experiments, tripeptide films with diameter of 3mm
were prepared on the surfaces of highly oriented pyrolytic graphite
(HOPG) plates (1� 1 cm) using the same technique as for QCM
study. HOPG was freshly cleaved before use. In these experiments,
first, an AFM image was obtained for the initial tripeptide film dried
off methanol solvent. Then the tripeptide layer was saturated with
organic or water vapors. Thereafter, the guest was removed from
the film as described earlier for sensor experiment, and an AFM
image of the same film region was obtained.

Scanning electron microscopy

For scanning electron microscopy (SEM), a sample of tripeptide
film was prepared on the surfaces of HOPG as for AFM studies.
Then it was dried in vacuum (10 Pa) during 12 h before the exper-
iment. SEM images were recorded using a scanning electron
microscope Evo 50 (Carl Zeiss, Germany) at 20 kV.

Results and Discussion

QCM Study of Guest Binding

The QCM sensor responses ΔF of quartz crystals coated with LLL
were determined for vapors of 11 organic guests and water with
relative vapor pressure of P/P0 = 0.85 at 298 K. Typical sensor
responses for guest vapors are given on Figure 1 and ESI.

The equilibration time in this experiment was in the range
from 130 s for nitromethane (Figure 1B) to more than 1600 s for
pyridine vapor sorption (ESI).

The guest/host molar ratio S (Table 1) was calculated using the
equation

S ¼ ΔF=ΔFLLLð Þ MLLLMguest

� �

where ΔFLLL is a frequency change corresponding to the tripeptide
mass, corrected on the residual water content in the air-dried
coating (3% w/w). MLLL and Mguest are molar weights of tripep-
tide and guest, respectively. The observed values of guest
content S in LLL saturated with methanol and pyridine are in
good agreement with single crystal XRD data for corresponding
inclusion compounds (Table 1).

A general picture of tripeptide selectivity for guest vapors
may be seen in the correlation between stoichiometry of the com-
plexes S and guest molar refraction MRD (Figure 2). Molar refraction
is a good parameter of molecular size [38,39]. There is a general
decrease of guest content S with the increase of guest size, which
indicates a size exclusion effect for guest molecules. The sorption
capacity of LLL for vapors of aliphatic alcohols decreases approxi-
mately on 20% for each added methylene group.
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 209–214



Figure 1. Responses of QCM sensor coated with LLL to organic vapors with the relative vapor pressure of P/P0 = 0.85 at T=298 K. Sensor responses ΔF
are normalized to the coating mass with corresponding frequency decrease of ΔFLLL = 800Hz.

LEU-LEU-LEU: RECEPTOR PROPERTIES & MORPHOLOGY
A difference in guest H-bonding properties may explain the
observed dependence of LLL guest-sorption capacity S on the
group composition of guest molecules. Guest pairs with nearly
the same molecular size but with different H-bonding ability,
such as ethanol and nitromethane, pyridine and benzene, have
S values differing by three and four times, respectively (Table 1
and Figure 2). The highest sorption capacity S of LLL for alcohols
Table 1. The guest/host molar ratio calculated fromQCM sensor data

Guest MRD
a (cm3/mol) S (mol guest/mol LLL)

H2O 3.7 0.56� 0.03

CH3OH 8.2 1.41� 0.08; 1.5b

CH3CN 11.1 0.59� 0.03

CH3NO2 12.5 0.42� 0.02

C2H5OH 13.0 1.22� 0.06

n-C3H7OH 17.5 0.94� 0.05

i-C3H7OH 17.6 0.87� 0.04

n-C4H9OH 22.1 0.78� 0.03

C5H5N 24.2 0.87� 0.03; 1.0c

C6H6 26.3 0.22� 0.02

n-C6H14 29.9 0.10� 0.01

C6H5CH3 31.1 0.18� 0.01

aMRD= (M/d)� (nD
2� 1)/(nD

2 +2), where M is molecular weight of
organic compound, d and nD are density and refractive index of
liquid guest,respectively.
bX-ray data from Ref. [5].
cX-ray data from Ref. [24].

Figure 2. Correlation of the guest/host molar ratio S in inclusion com-
pounds of LLL with guest molar refraction MRD.

J. Pept. Sci. 2012; 18: 209–214 Copyright © 2012 European Peptide Society a
and pyridine may be because of the ability of these guests to
form H-bonds with tripeptide, as it was found for methanol [5]
and pyridine [24].

Besides, LLL is more selective for n-propanol than for isopropa-
nol, which is similar to the binding selectivity of albumin [34],
trypsin [40], cross-linked poly(N-6-aminohexylacrylamide) [41]
and phosphorus-containing dendrimer of fourth generation [42]
for these isomers. The observed lower sorption capacity of LLL
for water than for alcohols indicates a rather hydrophobic nature
of this tripeptide.

Morphology of Tripeptide Thin Layer

To get detailed information on the guest effect on the morphol-
ogy of LLL film prepared from methanol solution, its surface was
studied in dried state on HOPG using AFM and SEM.

According to the SEM image (Figure 3) the initial LLL film is
covered with microcrystals and nanocrystals. The most LLL
crystals have the shape of parallelograms or their combinations
with the edge length from 250 nm to 5mm (Figure 3). The crystals
with different top faces were observed. More of them have
angles of 87� 3� and 94� 2�. This fits to the X-ray diffraction
data for LLL clathrate with methanol and water, which unit cell
angles are a= 90�, b=97.29� and g=90� [23]. Less crystal faces
have angles of 74� 3� and 105� 3�. The SEM image of the film
from the same experiment in a smaller scale and image of pure
HOPG are given in ESI.

The surface of separate tripeptidemicrocrystal was characterized
by AFM in topography mode (Figure 4A and ESI) and in phase
contrast mode (Figure 4B). The phase contrast image proves that
the LLL crystal lies on the more amorphous film of tripeptide, not
directly on the surface of HOPG. Both images on Figure 4 show
Figure 3. SEM image of initial LLL film deposited on HOPG frommethanol
solution and dried using hot air (45 �C) for 2min.
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Figure 4. AFM images of LLL crystal on the surface of initial dried film deposited on HOPG from a methanol solution: obtained in topography mode (A)
and in phase contrast mode (B). Before AFM experiment, LLL film was dried using hot air (45 �C) for 2min.
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the growth terraces on the crystal face. So, its surface has an
ordinary rectangular pyramidal structure. The average width and
height of its growth steps are 55 and 1.3 nm, respectively. The last
value is in agreement with the cell lengths a=12.031, b=15.578
Figure 5. AFM images of the surface of the initial film with crystals of LLL dep
crystals of LLL saturated with water vapors for 92min (B), nitromethane vapo
ment, LLL films were dried using hot air (45 �C) for 2min.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
and c=14.087Å of LLL clathrate hydrate with methanol [23]. The
height of this crystal in its center is equal to 9nm (Figure 4A).

For LLL film deposited on HOPG from methanol solution, the
effect of saturation with guest vapors on surface morphology
osited on HOPG from a methanol solution (A), (C) and (E) and the film and
rs for 17min (D) and pyridine vapors for 110min (F). Before AFM experi-

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 209–214



LEU-LEU-LEU: RECEPTOR PROPERTIES & MORPHOLOGY
was studied using AFM. For each guest, the saturation time was
enough to reach the saturation of LLL film in QCM sensor experi-
ment (Figure 1).

The LLL crystal, as shown in Figures 5A and 5B, remains
undamaged after saturation with water vapor. The angles of its
top face parallelogram become a little different, but this differ-
ence is within experimental errors. The terrace structure also
did not change. No change of crystal morphology was observed
also after LLL saturation with n-hexane vapor (ESI).

Small changes in morphology of LLL crystals were found after
saturation of the initial film with nitromethane vapor (Figures 5C
and 5D) and with vapors of methanol and toluene (ESI). In these
cases, an insignificant stratification of crystalline agglomerates,
displacement of the crystals relative to each other and slight
variations in their lateral dimensions were observed. The height
of the crystals remains practically unchanged. The saturation of
LLL film with pyridine vapor gives a significant change of micro-
crystals. They become loose and shapeless (Figures 5E and 5F).

The observed different ability of the studied guests to change
morphology of LLL crystals correlates with the structure–property
relationship between LLL sorption capacity S and guest molar
refraction MRD (Table 1 and Figure 2). Because of a free volume
in LLL crystal structure is restricted according to X-ray data
[20,23], one can expect larger changes of LLL crystal for guests
with higher S and MRD values. According to Table 1, the product
S�MRD changes for the studied guests in the order H2O<C6H14

CH3NO2<C6H5CH3<CH3OH<C5H5N. This coincides with the
order of the observed ability of these guests for destruction of
LLL crystals. So, the data on vapor binding capacity of the studied
tripeptide can be used for prediction of its molecular packing
stability in contact with organic vapors.
Conclusions

An essential dependence of the guest-induced changes in the
nanocrystal morphology of LLL tripeptide on the guest molecular
structure was found. An ability of guest to destroy LLL single
crystals depends both on the guest size and H-bonding capacity.
The pattern of this dependence correlates with the structure–
property relationship observed for QCM sensor responses of LLL
thin film for nearly saturated guest vapors under comparable
conditions. This correlation makes much easier the search of
solvents and guests that may keep, modify or destroy highly
ordered peptide structure. Instead of expensive SEM and AFM
microscopy studies, very simple QCM sensor experiment may
be used in a preliminary screening of solvents and substrates
for potential peptide applications.
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