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The large variation in inorganic structures encountered in
biological systems, often with exquisite and unique morphol-
ogies, has fascinated researchers in all scientific disciplines for
a long time.[1] For materials scientists, an understanding of the
principles underlying the process of biomineralization holds
great promise for the design and synthesis of new inorganic
and hybrid structures with yet unrealized properties. The
central concept in biomineralization research is that organ-
ized biomacromolecules, which contain well-defined arrays of
functional groups, control polymorph selection and the
oriented nucleation of crystals by lowering the nucleation
energy of specific crystal faces.[2] Control over crystal
morphology is then exerted by the interaction of biomole-
cules in solution with specific crystal planes during growth.

Recently, it has become clear that the classical concept,
which proposes that a template containing well-defined arrays
of functional groups controls the nucleation of the inorganic
crystals by geometric and stereochemical matching, needs
expanding.[3] Furthermore, a crucial role for amorphous
calcium carbonate as a transient intermediate has been
proposed.[4] In the last few years it was demonstrated that
specific nucleation of calcite can be achieved without an
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epitaxial match with the exposed crystal planes,[5–7] and it has
been suggested that electrostatic interactions play an impor-
tant role in the control of the orientation of crystal growth.[8,9]

In nature crystal nucleation and growth are often con-
trolled by carboxylate-rich polypeptides (containing, for
example, aspartate and glutamate), which are present within
a macromolecular matrix with organized b-sheet domains.[10]

Although (poly)peptides have been successfully employed as
additives that are capable of modifying the growth of calcium
carbonate crystals,[11] there have been few reports in which
peptides with predefined secondary structures have been
studied as templates for mineralization.[9a,12–14] Recently, it
was demonstrated that amphiphilic peptides comprising
phenylalanine (Phe) and glutamic acid (Glu) residues can
form ordered Langmuir monolayers with a b-pleated sheet
structure at the air/water interface.[15]

We have modified the water-soluble (Leu-Glu)4 octapep-
tide motif 1 with a phospholipid moiety (dioleoyl phospha-

tidyl ethanolamine, DOPE) to increase its amphiphilicity so
that it would form stable monolayers at the air/water inter-
face. We anticipated that the resulting lipopeptide 2 should be
able to form a b-sheet structure, thereby exposing an ordered
array of carboxylate groups to the aqueous phase. Herein, we
report how this monolayer interacts with Ca2+ ions and is
employed subsequently as a biomimetic mineralization tem-
plate for the formation of a new crystal habit of calcite.

Surface-pressure–surface-area (p–A) isotherms of the
resulting lipopeptide 2 were characterized by an apparent
condensed liquid phase that was present over a rather large
trajectory (Figure 1a). The slope of the isotherm indicated a
fluidlike character of the monolayer, most probably provided
by the unsaturated lipid chains.[16] Brewster angle microscopy
(BAM) images (not shown) revealed that 2 self-assembled
into preformed domains with millimeter dimensions. These
domains, which were present in the expanded state, fused
upon compression to form a continuous film. The compressed
monolayer was transferred to quartz plates and ZnSe prisms
for CD and FTIR analysis, respectively (see the Supporting
Information for details). The b-sheet structure was confirmed
by the appearance of a CD signal displaying a maximum at

202 nm and a minimum at 218 nm,[17] as well as by an amide I
vibration at 1628 cm�1 in the FTIR spectrum. The small IR
band at 1694 cm�1 indicated an antiparallel organization of
the strands (Figure 1c,d).[18] The b-sheet organization of
lipopeptide 2 at the air/water interface was further confirmed
by in situ grazing incidence X-ray diffraction (GIXD)
measurements (see the Supporting Information).[19]

To verify the stability of the lipopeptide secondary
structure upon complexation with Ca2+ ions, isotherms were
recorded with an aqueous CaCl2 solution (10 mm) as the
subphase (Figure 1a). An expansion in molecular area from
189 to 202 A2molecule�1 was observed; however, the CD and
IR spectra of the transferred monolayers still revealed the
spectroscopic characteristics typical of b-pleated strands (see
the Supporting Information). A further expansion of the
molecular area to approximately 250 A2molecule�1 was
observed when 2 was spread on a subphase containing
Ca(HCO3)2 (9 mm, Figure 1a), which is the solution used in

the crystallization experiments de-
scribed below.[20] In this case BAM no
longer revealed the formation of
domains, either before or upon com-
pression. These results indicate that, on
account of the DOPE moiety, the
lipopeptide 2 forms a monolayer that
self-assembles without compression,
but is still dynamic and adapts its
structure upon complexation of calcium
ions to interact efficiently with the
nucleating crystals.

Calcium carbonate crystals were
grown under self-organized monolayers
of 2 (p= 30 mNm�1) by using the
Kitano method[20] and collected after
5, 20, and 48 h. Calcite was produced
predominantly in the form of pyramidal
crystals together with rhombohedral

crystals having a concave central region.[21] The pyramidal
crystals were characterized by three thermodynamically
stable {10.4} faces that were oriented to the aqueous phase
and one face consisting of three facets that was oriented to the
monolayer (Figure 2a). Crystals with a similar elevated
feature consisting of three inclined facets have been observed
before.[6b,9c,22] It was suggested that the apex represented the
initial point of attachment to the monolayer, and that the
outer edges of the crystal detached in time from the
monolayer as a result of gravity. Computer modeling of the
crystals based on scanning electron micrographs[23] indicated
that, in almost all cases, the facetted faces belonged to the
class {01.l}, with l ranging from 1–2. The formation of this class
of crystal faces in solution has been reported frequently for
biogenic calcite,[24] and recently also for the octapeptide (Phe-
Asp)4.

[9a] In addition, (01.2)-oriented calcite crystals were
obtained with different monolayer systems.[5,6a,9b,25,26]

Previously, Lahiri et al. reported the formation of calcite
crystals with symmetrical indentation defined by three {01.2}
faces around a (00.1) face, which formed the attachment point
to a porphyrin monolayer.[27] In the present case the concave
indentation of these crystals is defined by four roughened
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planes (Figure 2b), the outer edges of which form a plane that
can be modeled by the (11̄.4̄) face of calcite. However, this
morphological appearance of indented rhombohedral crystals
has not, to our knowledge, been reported before. Also in the
present case, a central patch could be located on several
crystals (Figure 2c). The indented crystals were dominant
over the pyramidal crystals after 5, 20, and 48 h and this
population slightly increased with time (Figure 3a). Selected-
area electron diffraction performed on crystals with a
rhombohedral shape collected within 20 minutes after the
start of the experiment revealed that these crystals had a
{10.0} orientation (Figure 2c). This finding suggests that for
the indented crystals, crystal nucleation starts from a {10.0}
face.

Crystal indentation might be the combined result of
gravity and limited Ca2+ and HCO3

2� ion transport from the
mineralization solution. As the crystal grows it becomes
heavier and tends to sink, while still being attached to the
monolayer. Being flexible, the monolayer presumably bends
to follow the sinking crystal. This will create a gap between
the monolayer and the face of the crystal attached to it,
toward the edges of the crystal (Figure 3c). Therefore, the
hindering effect of the monolayer on ion transport will also be
reduced in that region. This allows the outer corners of the

crystal facing the monolayer to grow upwards, thus creating
an indentation in the crystal.

The N-acetylated octapeptide 3 was also prepared for
comparison. The p–A isotherm of 3 revealed a sharp
transition from the gaseous to the solid phase (Figure 1b).
A molecular area of 61 A2molecule�1 was determined from
this curve, a value which was lower than expected
(130 A2molecule�1 [28]), probably as a result of the high
water solubility of 3. CD and FTIR studies of the transferred
monolayers indicated the presence of an antiparallel b-sheet
structure (see the Supporting Information). The CD spectrum
displayed a maximum at 201 nm and a minimum at 221 nm,
while the IR spectra showed a strong band at 1627 cm�1 and a
weak one at 1694 cm�1.[29] When the isotherm of 3 was
recorded on a CaCl2 subphase (10 mm) or on a subphase
containing Ca(HCO3)2 (9 mm) no expansion of the monolayer
was observed, which suggests that 3, in contrast to lipopeptide
2, does not significantly adapt its structure upon exposure to
Ca2+ ions (Figure 1b).

Crystals grown under monolayers of 3 again showed both
types of modifications. However, in this case predominantly
pyramidal crystals were observed after five hours and only a
minor (< 5%) amount of indented crystals was present. The
latter population increased to approximately 50% of the total

Figure 1. p–A isotherms of the monolayer of a) lipopeptide 2 and b) N-acetylated octapeptide 3 on (c) H2O, (c) CaCl2 (10 mm), and (c)
Ca(HCO3)2 (9 mm) subphases at 20 8C. The limiting molecular areas for compounds 2 and 3 were determined by extrapolating the slope in the
liquid condensed region to zero pressure (see dashed line as an example for 3).[15] c) CD and d) FTIR spectra of the monolayer of lipopeptide 2
transferred from a water subphase at p=30 mNm�1 at 20 8C.

Angewandte
Chemie

755Angew. Chem. 2006, 118, 753 –758 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de



number of modified crystals after 20 hours, and only became
predominant after 48 hours (65%, Figure 3b). Importantly,
most of the pyramidal crystals increased in size rather than in
number, which suggests that their nucleation only occurred in
the earlier stages of the experiment. In contrast, we observed
the appearance of small indented crystals throughout the
whole experiment, thus indicating that these crystals also
nucleated in the later stages of the experiment.

From the change of the composition of the mineral phase
with time, it is apparent that the monolayers of 2 and 3 differ
in their ability to nucleate the indented versus pyramidal
morphology at the different time points. We propose that in
the case of 3, the nucleation of the face leading to the
indented calcite takes place in the later stages of the
experiments, probably because the solidlike monolayer
needs more time to reorganize and to adapt to the growing
crystals.

The {01.1} and {01.2} crystal planes are defined by the
same 4.99 A distance in one direction, but show a gradual
change in the orientation of the carbonate groups which are
rotated over approximately 108 on going from l= 1 to l= 2
(Figure 4). The 4.99 A distance most probably relates to the
interstrand distance in the template as defined by the
hydrogen bonds in the b-sheet (4.7–4.8 A; GIXD, see the
Supporting Information), which allows an approximate match
of the template carboxylate groups with the carbonate ions in
the crystal plane. Although there is only a 108 rotation
between the planes with l= 1 and l= 2, significant differences
are found in the interion distances in the different nucleation
planes. It is therefore likely that in this direction the align-
ment of the carboxylate groups with respect to the carbonate
ions plays a much more important role than the matching of
the distances of the two phases.

The more adaptable monolayer of 2 clearly favors the
formation of a different set of planes, that is, those belonging
to the {10.0} family. Interestingly, these planes are related to
the {01.l} planes (l= 1 or 2) by a further rotation of the
carbonate ions (Figure 4). The {10.0} faces are again defined
by a distance of 4.99 A in one direction and have a spacing of
8.53 A in the other direction. These data suggest that in this
case the spacing of 4.99 A also relates to the interstrand
distance of 4.7–4.8 A in the b-sheet. The interaction of the
carboxylate groups of the template with the {10.0} faces along
the other direction is most likely related to the ability of the
monolayer to adapt to the growing crystal.

The surface-pressure–surface-area isotherms recorded on
H2O and Ca(HCO3)2 subphases showed an expansion of the
mean molecular area from 189 to 250 A2molecule�1, respec-
tively. We presume that the expansion in the direction of the
backbone of the molecule should account for most of the
observed increase in mean molecular area.[30] If a small
expansion in the interstrand distance from 4.7–4.8 to 4.99 A is
envisioned, the molecule should then expand from � 40 to
� 50 A (that is, by about 25%) along its long axis. It is
important to note, however, that stretching of the peptide
backbone alone to an all-trans configuration yields a max-
imum distance between the Glu side chains of about 7.6 A
compared to the 8.53-A spacing of the {10.0} face. Never-
theless, the flexibility of the template should allow it to
organize such that the carboxylate groups align with the
carbonate ions in the nucleation plane while matching the
4.99 A distance, similar to the proposal for amide-containing
phospholipid derivatives.[6] However, other factors, such as
the charge density of the amphiphile and the possible
presence of a layer of carbonate ions between the crystal
and the monolayer, should not be neglected.[8c,9] We propose
that the N-acetylated octapeptide 3 has a limited ability to

Figure 2. Calcite crystals grown under monolayers of 2. a) Left: SEM
image of a (01.2)-oriented pyramidal crystal as observed from the side
attached to the monolayer; right: model[23] and SEM image of a similar
crystal viewed from the side exposed to the solution. b) Left: SEM
image of a rhombohedral crystal with a concave central region from
the side attached to the monolayer; right: model and SEM image of a
similar crystal viewed from the side exposed to the solution. c) Left:
SEM image of an indented crystal showing a central patch; right: TEM
image and electron diffraction pattern of a rhombohedral crystal
isolated after 20 min. The pattern corresponds to the [10.0] zone of
calcite. Reflections A (01̄.1̄) 4.2 K; B (01̄.4) 3.0 K; C (00.5) 3.4 K. Angles
(01̄.1̄)^(00.5)=1048 ; (01̄.1̄)^(01̄.4)=598. Camera length=60 cm. Bars
represent 20 mm except when indicated otherwise.
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adapt to the growing crystal, and hence is responsible for the
preferred nucleation of the {01.l} faces (l= 1 or 2) and the
much slower formation of the indented crystals.

In conclusion, we have demonstrated that amphiphilic
lipopeptide 2 forms stable monolayers with an antiparallel b-

sheet conformation. This finding enabled us not only to
study the effect of these monolayers on the crystalliza-
tion of calcium carbonate, but also to investigate
interactions with the developing mineral phase.
Indeed, the formation of habit-modified calcite was
observed. Apart from a small amount of pyramidal
{01.l}-oriented crystals (l= 1 or 2), the majority of the
modifications resulted in a new type of indented calcite
crystal, which according to electron diffraction studies
nucleated from a {10.0} face. The formation of this
morphological form was significantly suppressed when
the less adaptable peptide 3 was used.

In previous studies, the formation of crystals with
the {01.2}[6a, 25,26] and {10.0}[6b,31] orientations was related
to geometrical lattice matching and stereochemical
complementarity between the functional groups of the
template and the positions of ions in the nucleation
plane. In other studies, the oriented nucleation of
crystals was attributed to nonspecific electrostatic
effects rather than to an epitaxial match between the
monolayer and the crystal face.[8,9] We have demon-
strated that the nucleation of different crystal faces can
be achieved depending on the ability of the template to
adapt to the structure of the inorganic phase. Although

the importance of the flexibility of the template has been
known for many years,[32] it is rarely taken into account in
reports on crystal nucleation. Furthermore, the results
indicate that stretching of the template in only one direction
allows the reorientation of its functional groups, so that the

Figure 3. Distribution of the two populations of crystals (Type I: pyramidal
shape; Type II: indented crystals) nucleated under monolayers of a) lipopep-
tide 2 and b) N-acetylated octapeptide 3, as a percentage of the number of
modified crystals (crystals isolated after 5, 20, and 48 h). c) Proposed model
for the formation of indented crystals.

Figure 4. Models of the a) (01.2), b) (01.1), and c) (10.0) planes of calcite with the viewing direction along (left) and perpendicular to (right) the
plane.
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stabilization of different crystal planes can be achieved
without the need for an epitaxial relation between the two
components.
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