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Designed Peptides for Biomineral Polymorph
Recognition: A Case Study for Calcium Carbonate
Timo Schüler,a Jochen Renkel,a Stephan Hobe,b Moritz Susewind,a Dorrit E.
Jacob,c Martin Panthöfer,a Anja Hoffmann-Röder,a Harald Paulsen,b Wolfgang
Tremel a*
With their unique ability for substrate recognition and their sequence-specific self-assembly
properties, peptides play an important role in controlling the mineralization of inorganic materials in natural systems and in controlling the assembly of soft materials into complex structures required for biological functions. Here we report the use of an engineered heptapeptide
that can differentiate between the crystalline anhydrous polymorphs of calcium carbonate. This
peptide contains the positively charged amino acid arginine as well as proline rather than the
prototypical negatively charged aspartate or glutamate units. Its affinity to vaterite compared to
aragonite was demonstrated by fluorescence microscopy using biotinylated peptides. Crystallization experiments in the presence of vaterite-affine peptide afforded only vaterite, whereas a
mutant peptide, where a proline residue was replaced by glycine, exclusively lead to the formation of calcite.

Introduction
Many organisms exhibit highly specific control over mineral formation to generate skeletons and functional biomineral structures
based on complex inorganic/organic hybrid materials.1-4 Biominerals
such as bones, teeth, and mollusk shells serve as an inspiration for
engineers to develop new routes towards materials of technological
interest.5-8 The formation of these biominerals is under biological
control. Ion concentration, compartmentalization, and the concerted
action of various biomolecules regulate not only structural features
such as polymorph selection, crystal morphology and crystal orientation, but also the reaction pathway through the formation of labile/amorphous intermediates.9
The mollusk shell, a heterogeneous composite of two calcium carbonate polymorphs (i.e. calcite and aragonite), is a textbook example
of biomineralized hard tissue with a species- and tissue specific distribution of the CaCO3 polymorphs and an organic matrix.10 The
mechanism underlying the selection of these crystal polymorphs is
controversial, but it is accepted to depend on the organic matrix.11-14
The flexible polyelectrolyte hypotheses15 assumes that the interaction of the organic matrix with the mineral surface depends on
charge rather than conformation. An alternative model relies mainly
on the stereochemical match between the surface and surface ligands.16,17
One key question for an understanding of biomineralization processes is how the concerted action of proteins and other biomacromolecules can regulate nucleation, crystal growth and self-organization in
vivo. As the formation of mineral phases occurs in the presence of
complex mixtures of macromolecules and ions, attempts have been
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made to purify and characterize individual active proteins to understand the mechanism of biomineralization of CaCO3.11-14 In vitro
experiments have demonstrated that some proteins found in association with CaCO3 biominerals, as well as shorter-chain peptides with
sequences similar to those found in these proteins, can promote or
inhibit nucleation and growth of CaCO3 aside of any biological context.18
Vaterite, a metastable anhydrous crystalline polymorph of CaCO3
occurring in calcified tissues, is particularly intriguing. The crystallization of CaCO3 progresses, both, in vitro and in vivo, sequentially
according to Ostwald's step rule from amorphous CaCO3 (ACC) via
vaterite and aragonite to calcite, the most stable polymorph; metastable polymorphs like vaterite and aragonite may be skipped under
certain circumstances. Although vaterite acts as a precursor for the
formation of aragonite or calcite it rarely occurs in nature. It is inherently labile and relatively soluble; still, it has been reported to
form and persist in some biological systems, such as gallstones,19
gastropod eggshells,20 freshwater lacklustre pearls,21,22 in a member
of the ascidians,23 the snail, Biomphalaria glabrata,24 carp otoliths,25
or sea sqirts.26 Here the formation of vaterite is under strict genetic
control. Vaterite acts as a transient precursor or functioning for
structural purposes. Valiyaveettil and coworker27 isolated pelovaterin, a glycine-rich peptide with 42 amino acid residues and three disulfide bonds, from the eggshells of a soft-shelled turtle. Pelovaterin
appears to play a key role in the biomineralization of the turtle eggshell. In vitro CaCO3 crystallization tests showed that pelovaterin
induces the formation of vaterite, alters the crystal morphology, and
increases its growth rate.27

J. Name., 2014, 00, 1-3 | 1

Journal of Materials Chemistry B Accepted Manuscript

Page 1 of 7

Journal of Materials Chemistry B

Recently, it has been demonstrated that short peptides recognize and
specifically bind to surfaces of inorganic and organic crystals.28-30
These interactions are actuated through Coulomb forces, hydrogenbonding and van-der-Waals interactions, when the surfaces have a
two- or three-dimensional regular distribution of atoms or functional
groups. The peptides were selected from libraries displayed on surfaces of genetically engineered cells or phages. Relationships between the individual materials and the selected peptide sequences
have been noticed and applications of these material-binding peptides have also been exemplified.28-30
At the same time it could be shown that positively charged polymers
have an effect on calcium carbonate deposition, leading to the formation of thin films and fibers.31 In addition, two novel proteins, Pif
(an acidic protein) and PfN23 (a basic protein), were reported to play
a key role in the control over crystal growth in nacre,32,33 and in vitro
crystallization assays revealed them to enhance calcium carbonate
deposition. Positively charged basic residues are unexpected components in CaCO3 binding polymers or proteins. Their presence gives a
valuable complementary view to the classic dogma that acidic proteins or common polyelectrolytes such as poly(aspartic acid) exclusively control the deposition of calcium carbonate.9-12
The analysis of the effects of various organic additives (small molecules, amino acids, polymers, etc.) in in vitro crystallization assays
has produced a virtually unmanageable amount of literature.34 Therefore, exploiting the recognition properties of peptides specific to
CaCO3 would be highly useful. An early phage display study35 using
geological calcite yielded a phage, which produced spherical vaterite
crystals, but these crystals slowly transformed to calcite under the
conditions of precipitation. A second study using commercially
available calcite yielded decapeptide glycine amides that retarded the
crystallization of calcite from supersaturated solutions.36 Except for
a recent mechanistic study by Cölfen et al.37 using peptides whose
sequences were derived from phage-display assays with aragonite
binding affinity we did not encounter any identified sequences in the
literature. There is no phage display study using the least stable vaterite polymorph as a template, which is certainly due to the fact that
phase pure vaterite was not available until recently.38
Therefore we examined if peptide domains displayed on the surface
of the filamentous M13 phage could be used to screen for different
polymorphs of calcium carbonate and specifically for vaterite. In
phage display screenings using the pIII capsid of the filamentous
M13 phage a high frequency of charged acidic amino acids lead to a
diminished viability and/or reproduction of phages and therefore to a
strongly negative selection. Thus new slightly basic or non-charged,
calcium carbonate specific peptides could be identified using the
phage display technique. Here we report a phage display selection to
identify peptide sequences with affinity and specificity for vaterite.
The peptide motifs were selected from commercially available phage
libraries displaying heptamer random peptides. By using only short
displayed peptide sequences the flexibility of the binding domain is
reduced and fewer peptide-surface interactions are allowed, which
increases the affinity to vaterite between subsequent generations of
selection. With this library, we selected about 60 sequences based on
binding affinity. Two of them were synthesized for further investigation: one that exhibited the highest binding affinity (the sequence
selected from the third biopanning round) and one with a lower binding affinity to vaterite (selected from the first biopanning round as
control). The affinity to vaterite was demonstrated for microcrystal-

2 | J. Name., 2014, 00, 1-3

Journal Name
line samples by fluorescence microscopy after conjugation to a biotin-streptavidin fluorophor. By applying the same method on a shell
of the freshwater bivalve Diplodon chilensis patagonicus21 we could
show the affinity for vaterite being highly selective in the presence
of aragonite. Nanoparticle transformation and calcium carbonate
precipitation experiments in the presence of the basic vaterite-affine
peptide afforded only vaterite with typical “flower-like” morphology, whereas a mutant peptide, whose proline residue was replaced by
glycine, lead exclusively to the formation of calcite rhombohedra.

Experimental section
Synthesis of vaterite nanoparticles. The preparation of vaterite nanoparticles was described previously.38 Briefly, 2.5 mmol of calciumchloride dihydrate were dissolved in 25 mL of ethylene glycol
and 5 mmol of sodium bicarbonate, dispersed in 25 mL of ethylene glycol, were added. The resulting dispersion was heated up to
40°C and sonicated for 30 minutes. CaCO3 nanoparticles were separated by centrifugation, washed several times with water and ethanol and dried in vacuo.
Phage Display Screening. As prepared nanoparticles were dispersed
in TBST-buffer (1 mg mL-1) and 90 µL of this dispersion were
mixed with a 10 µL aliquot of the phage library (2.0 x
109 virions) in a LoBind-Eppendorf™ tube. The resulting dispersion
was mixed for 1 h on a shaker and centrifuged afterwards. The precipitate was washed six times with TBST and the supernatant was
discarded for each time to remove any non-specific binding phages. The bound phages were eluted from the nanoparticles in different ways. In the first and the second panning round the phagebounded particles were dissolved in 0.2 mol L-1 of pH 2.2 glycine
buffer and the solution neutralized afterwards with 1 mol L-1 of
Tris base pH 9.1. The phage-bounded particles were incubated in
1 mol L-1 of sodium acetate buffer (pH 8.5) for 30 minutes and
centrifuged afterwards. The eluted phages were amplified in 20 mL
of a 1:100 dilution of an overnight culture of Escherichia coli (ER
2738) grown in sterile LB media at 37°C for 4.5 h. Bacteria were
precipitated by centrifugation at 4°C and the supernatants were retained. Phages were precipitated at 4°C overnight by addition of
1/6th the volume of 20% PEG/2.5 mol L-1 sodium chloride. Pelleted phages were separated by centrifugation at 4°C and were resuspended in 200 µL TBS-buffer.
DNA Purification. After each round of selection, bacteria were infected with dilutions of the eluted phages and subsequently grown
upon IPTG/Xgal agar plates. Individual blue colony plaques (minimum 10 plaques) were selected and amplified in 1 mL of a 1:100
dilution of a overnight culture of E.coli for 4.5 h at 37°C. The amplified phages were separated as described above, and the singlestranded phage-DNA was collected and purified by addition of 50µL
of TE-saturated phenol and ethanol precipitation afterwards. The
DNA was re-suspended in 30 µL sterile distilled water and quantified by gel electrophoresis and UV-Vis spectra at 260 nm. DNA
sequencing was done by StarSeq and the sequences were translated
into the corresponding peptides using the serial cloner software provided by SerialBasics.
Peptide Synthesis and Analysis. Peptides were synthesized by
standard automated Fmoc solid phase peptide synthesis on Rinkamide resins using an ABI 433a peptide synthesizer. Solvents for the
peptide syntheses (peptide grade) and coupling-reagents were pur-
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chased from Iris Biotech GmbH (Marktredwitz, Germany). Protected
Fmoc-L-Amino acids were purchased from Orpegen Peptide Chemicals GmbH (Heidelberg, Germany), except for Fmoc-L-Cys-(Trt)OH, which was obtained from Novabiochem® Merck KGaA (Darmstadt, Germany). For the peptide syntheses preloaded Tentagel-SRAM resins with a Rink-amide linker (Rapp Polymere, Tübingen,
Germany) were applied.39,40 Other chemical reagents were commercially available at the highest possible purity. Optical rotations were
measured on a Perkin-Elmer 241 MC Polarimeter at 546 nm and 578
nm, of those the optical rotations at 589,5 nm (sodium-d-line) were
then extrapolated. ESI- and HR-ESI-mass spectra were recorded on a
Q-TOF Ultima 3 mass spectrometer (micromass/Waters, Milford,
Massachusetts-USA). RP-HPLC analyses were carried out on a
JASCO-HPLC system (PU-2080Plus pump, DG-2080-53 degaser,
LG-2080-02 ternary mixer, MD-2010Plus diode array detector) with
Phenomenex Jupiter C18(2) (250 × 4.6 mm, 5 µm) column at a flow
rate of 1 mL/min. Preperative HPLC runs were performed on a
JASCO-HPLC system (two PU-2087Plus pumps, UV-2075Plus detector) with Phenomenex Jupiter C18(2) (250 × 30 mm, 10 µm) column at a flow rate of 20 mL/min. 2D-NMR spectra were recorded on
a Bruker AM 400 or a Bruker DRX 600 spectrometer. Chemical
shifts are reported in ppm relative to residual DMSO (1H spectra: δ =
2.5 ppm; 13C spectra: δ = 39.5 ppm). Multiplicities are given as: s
(singlet), bs (broad singlet), d (doublet), t (triplet), dd (doublet of
doublet), ddd (doublet of doublet of doublet), q (quartet), dq (doublet
of quartet), pd (pseudo-doublet), pt (pseudo-triplet), pq (pseudoquartet), pdd (pseudo-doublet of doublet) and m (multiplet). The
peptide syntheses were performed in an Applied Biosystems (life
technology, Carlsbad, California, USA) peptide syntheziser ABI
433a combined with an external Perkin-Elmer Series 200 UV/visdetector.
General procedure for the automated solid-phase peptide syntheses. For the peptide syntheses 0.1 mmol of the corresponding
Fmoc-L-Aaa-RAM-Tentagel S resins were used applying the Fastmoc 0.1 mmol protocol. The assembly of the peptide sequence was
achieved in iterative cycles in which the appropriate amino acids
were coupled. In each cycle the N-Fmoc protecting group was removed by treating the resin with 20% piperidine in NMP (3 x 2.5
min). Amino acid couplings were performed using the N-Fmocprotected amino acids (1 mmol, 10 eq. based on the resin) after preactivation with HBTU41,42 (1 mmol), HOBt43 (1 mmol) and DIPEA
(2 mmol) in DMF (20-30 min vortex). Remaining amino groups
were acetylated with a mixture of Ac2O (0.5 M), DIPEA (0.125 M),
and HOBt (0.015 M) in NMP (10 min vortex). After the last coupling cycle the resins were treated with 20% piperidine in NMP (3 x
2.5 min) to remove the Fmoc group. Cleavages of the peptides were
carried out by shaking the resins with a mixture of TFA, water and
triisopropylsilane (18:1:1) for 3 h. The mixtures were filtered off, the
resins were washed with TFA (3 x 3 mL) and the combined filtrates
were co-destilled with toluene (3 x 25 mL). The residues were
washed with cold Et2O (4 x 5 mL), dissolved in 6 mL water and lyophilized.
Procedure for the syntheses of the biotinylated peptides. The
peptides were synthesized following the general procedure. After the
removal of the Fmoc-protective group the Fmoc-protected triethylenglycol-spacer44 (222 mg, 5 eq. based on resin) was coupled 2times, using the Fastmoc 0.1 mmol protocol and the remaining free
amino-groups were acetylated, with the capping-solution. The Fmoc-
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protective group was removed afterwards and Biotin was coupled
manually 2-times. Thereto Biotin (122 mg, 5 eq.) was preactivated in
2 mL NMP with HBTU (201 mg, 5.3 eq.), HOBt (72 mg, 0.53
mmol) and NMM (117 µL, 10.6 eq.) for 5 min. Afterwards the resin
was vortexed with this solution for 1 h.45 After the second coupling
the remaining amino-groups were acetylated. The cleavage of the
peptides from the resins was carried out as described above.
Biomimetic Calcium Carbonate Precipitation. The native peptides
were used to test their vaterite-precipitating ability. For this purpose,
we used the diffusion-based calcium carbonate precipitating method.
Peptides were used in a concentration of 0.5 mg×mL-1 as additive
in this process. Briefly, 1 mL of a 10 mM calcium chloride solution was prepared with 0.5 mg×mL-1 of peptide in a LoBindEppendorf tube, containing a freshly cleaned (acidic piranha) silicon
dioxide glass-slide. The tube was sealed with parafilm and 3 to 5
small holes were pricked with a syringe. The tubes were introduced
into a vacuum desiccator containing 7 g of freshly mortared ammonium carbonate. The resulting crystallization chamber was closed for
4 hours, leading to calcium carbonate precipitation by diffusion of
ammonia and carbon dioxide into the calcium chloride solution.
Subsequently, the silica glass slides were removed from the Eppendorf tube, carefully rinsed with MilliQ-water and dried at room temperature. The resulting precipitates were analyzed by SEM and micro-Raman spectroscopy and XRD.
Peptide binding specificity measurements. Freshly prepared vaterite nanoparticles were placed in a LoBind-Eppendorf™- tube and
blocked with a BSA solution (1 mg mL-1) in TBS to block unspecific
binding sites. The resulting dispersion was mixed at 20°C for 1 h and
centrifuged afterwards. The precipitate was washed six times with
TBST (0.1% Tween 20) and 50 µL of a 50 µM peptide solution (
biotinylated peptides Pep3 and Pep8) were added and the resulting
dispersion was mixed at 20°C on a rotary shaker. After 1 h, the dispersion was centrifuged and washed six times with TBST. A 50 µL
aliquot of an Alexa Fluor 488 conjugated streptavidine solution (0.1
µg mL-1 in TBS) was added and the mixture incubated at 20°C for
30 minutes. The dispersion was centrifuged, washed six times with
TBST and the precipitate was redispersed in ethanol. This dispersion
was dropped onto a freshly cleaned glass slide and measured by fluorescence microscope. A second drop was put onto a TEM grid and
measured with TEM.

Results and discussion
Phage Display and Uniqueness of Peptides. Our initial efforts involved a randomized heptamer peptide library (Ph.D.™-7, New
England Biolabs) with a theoretical diversity of 2 x 109 displayed
from the N-terminus of the pIII protein of the M13 bacteriophage
(Fig. 1A). We used single crystalline vaterite nanoparticles46 to enlarge the accessible surface and to decrease the variety of crystal surfaces. Vaterite nanoparticles with a BET surface area of approx. 50
m2g-1 were prepared following ref. 38, and their crystallinity was
confirmed by X-ray powder diffraction (PXRD). The as-prepared
vaterite nanoparticles (Ø ≤ 50 nm, Fig. S1, Supporting Information)
were used in the subsequent phage selection process. An aliquot of
the original phage library was incubated with the target. After the
washing steps the affinity of bound phages to vaterite nanoparticles
was challenged under two different panning conditions. In the first
and second panning round the particles were re-suspended in
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0.2 mol L-1/pH 2.2 glycine buffer, and the solution was neutralized subsequently with Tris (hydroxylmethyl) aminomethane (Tris
base, 1 mol L-1, pH 9.1) according to the standard phage display
protocol (Fig. 1B, left). In the third panning round, the phages were
eluted by displacement using sodium acetate (Fig. 1B, right). The
phage-bound particles were incubated in sodium acetate buffer
(1 mol L-1, pH 8.5, 30 min) and centrifuged afterwards to isolate
acetate eluted phages. The particular advantage of this biopanning
protocol and selection procedure with sodium acetate lies in its higher selectivity, which cannot be achieved with the standard protocol
using HCl/glycine (pH 2.2). After each selection round, bacteria (ER
2738 E. coli) were infected with dilutions of the eluted phages and
subsequently grown on IPTG/Xgal agar plates. Individual blue colony plaques (minimum 10 plaques) were selected and amplified in
1 mL of a 1:100 dilution of an overnight culture of E. coli for
4.5 h at 37°C. The amplified phages were separated as described
above and the single-stranded phage-DNA was collected by standard
phenol extraction. The DNA was re-suspended in 30 µL sterile distilled water and quantified by agarose gel electrophoresis and UVVis spectra at 260 nm. DNA sequencing was performed by
StarSeq, and the sequences were translated into the corresponding
peptides using the serial cloner software provided by SerialBasics.
A total of three selection rounds were performed as described above,
with the isolation and sequencing of individual clones after each
round (Fig. 2, all identified binders from the 3 rounds are given in
Table S1, Supporting Information) Peptide sequences even from the
first selection round against vaterite exhibit some evolutionary enrichment of amino acid functional groups, such as alcohol bearing
side chains and positively charged basic residues (Fig. 2A and B)
with only a small amount of acidic residues as assumed before.
The results from all selection rounds demonstrate a preferential
placement of specific chemical functionalities within the peptide sequence, in particular the same positions of several clones (e.g. Pep3,
Pep8), often adjacent to aliphatic residues. These trends were further
exemplified in the results for round three. Following this selection
round, a significant number of phage clones contained an alternating
pattern of hydrophilic followed by hydrophobic side-chains. The sequence Pep8 lacks any acidic residue, but the basic arginine residue
was found. In BLAST searches no restrictive domain of any known
protein could be found. Still, the peptide was isolated from a highly
selective elution mechanism, leading to the assumption of a highly
vaterite-specific peptide sequence.
Overall the amino acid sequences include chemical moieties capable
of electrostatic and hydrogen-bonding interactions, while the inclusion of proline provides the potential for structural features such as
β-turns.47,48 The presence of alcohol-containing residues may be important for the synthesis of vaterite, which is accessible synthetically
from alcohols, in particular ethylene glycol.38,49
The peptides Pep3 and Pep8 were prepared by standard Fmoc solid
phase peptide synthesis on a Rink-amide resins, yielding peptide amides as a phage-analogous system. In this way we avoided an influence of the carboxylic end on further measurements. Biotinylated
peptides were synthesized for binding measurements using fluorescence microscopy. In addition we prepared a derivate of Pep8
(gPep8) in which a proline-residue is exchanged by glycine to probe
the influence of this particular residue on the vaterite binding and
precipitating ability.
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Fig. 1. A Phage display selection scheme for the identification of a phage
with high affinity and specificity for vaterite nanoparticles. B Standard elution method (left) using pH 2.2 buffer and the displacement elution method
(right) using sodium acetate.

Clone
Pep1
Pep2
Pep3
Pep4
Pep5
Pep6
Pep7
Pep8

Selection
round
First
First
First
Second
Second
Second
Third
Third

Elution method
pH 2.2
pH 2.2
pH 2.2
pH 2.2
pH 2.2
pH 2.2
NaAc
NaAc

Sequence
TTDRPKY
SVPQRTP
VQTPARM [b]
QPPRSTS
VQTSSSY
RCAPPCN
HAPARVP
ASTQPLR[a][b]

Fig. 2. Top: Control peptide VQTPARM (A, Pep3) and ASTQPLR (B,
Pep8). Bottom: Selected sequences of peptides obtained from phage display
selection against vaterite. Characteristic for nearly all peptides is the presence
of proline (black).[a] Sequence was found several times.[b] Peptides synthesized by solid phase peptide synthesis (SPPS).
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The binding specificities of the synthetic Pep3 (Fig. 2A) and Pep8
(Fig. 2B) peptides were investigated by fluorescence microscopy.
The N-terminally biotinylated peptides were incubated with bovine
serum albumine (BSA)-blocked vaterite. After incubation, the samples were washed and incubated with Alexa fluor 488-tagged streptavidin to image the location of the biotinylated peptides (Fig. 3). A
second washing step was performed to eliminate non-specifically
bound streptavidin. As a control, BSA-blocked particles were incubated only with dye-conjugated streptavidin. Imaging the peptide
surface binding by confocal fluorescence microscopy (Fig. 3) revealed comparatively little adhesion of the Pep3 (1st panning) on vaterite (Fig. 3 (ii)), vs. control in (i)) whereas peptide Pep8 (3rd panning) showed a very strong affinity (Fig. 3 (iii)). Thereby the difference in the binding affinity of Pep3 and Pep8 could be shown in a
qualitative way. These findings provide evidence of a selection process with an increasing affinity by round of phage display. An analogous experiment was performed with a freshwater bivalve shell of
Diplodon chilensis patagonicus.50,51 Usually the shells of D. chilensis patagonicus consist of a periostracum, a thin prismatic layer and
a nacreous layer, but are only composed of aragonite.50,51 In contrast,
the shell used in this experiment also contained vaterite.51 These vaterite surface structures could be distinguished from aragonite by
using the biotinylated Pep8 (Fig. 3 (a and b)).

Fig. 3. Binding affinity measurements by biotin-streptavidin reaction. Fluorescence microscope images of biotinylated peptide-nanoparticle-adducts (iiii) and freshwater mussel shell from Diplodon chilensis patagonicus (a,b)
incubated with dye-conjugated streptavidin showing strong affinity between
Pep8 and nanoparticles (iii) respectively biogenic vaterite (b).

Effect of "Point Mutations” on Binding. Point mutations, where
the change of a single nucleotide causes a substitution of a different
amino acid are quite common in nature, even in biomineralization.
Point mutation can thus be silent/neutral or they can render the resulting protein non- or disfunctional. To determine whether mutated,
vaterite-specific peptides also had significant effects on the calcium
carbonate growth we carried out CaCO3 crystallization experiments.
We synthesized a derivative of peptide Pep8 to probe the importance
of particular residues for interfacial interactions and peptide vaterite
binding. We focused on the proline motif which is assumed to play a
critical role in binding because of its poor helix-forming propensities.47,48 Proline either breaks or kinks a helix, because of its inability
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to form hydrogen bonds and also because its side chain interferes
sterically with the backbone of the preceding turn.52,53 To determine
the influences of proline in Pep8 we replaced the amino acid proline
with glycine in the derivative gPep8 and carried out CaCO3 crystallization and nanoparticle incubation experiments. Both peptides, the
original Pep8 as well as its glycine-containing counterpart gPep8
were incubated with vaterite nanoparticles, and the outcome of the
incubation was evaluated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and PXRD to check for
vaterite-stabilizing or transformation effects. Crystallization experiments were carried out using the standard ammonium carbonate diffusion method in the presence of Pep8 and its glycine-containing
counterpart gPep8. The basic peptide Pep8 only lead to the formation of vaterite as shown by SEM (Fig. 4A), PXRD and microRaman spectroscopy (Fig. S2 and 4, Supporting Information). Crystallization in the presence of the mutant peptide gPep8 lead exclusively to the formation of calcite as demonstrated again by SEM
(Fig. 4B), PXRD (Fig. S3 and Table S2, Supporting Information)
and micro-Raman spectroscopy, demonstrating the importance of
proline in peptide Pep8. As evident from Fig. 4C the samples incubated with peptide Pep8 obtained from the 3rd panning contained
phase-pure vaterite particles with an ellipsoidal habit as shown by
PXRD and subsequent Rietveld refinement of the powder data (Fig.
S3 and Table S3, Supporting Information). In comparison, the mutant variant gPep8 triggered a vaterite to calcite transformation (see
Fig. 4D), verified again by PXRD (Fig. S3 and Table S3, Supporting Information).

Fig. 4. Influence of Pep8 and its glycine-derivative gPep8 on calcium carbonate precipitation and nanoparticle incubation. A calcium carbonate precipitation in the presence of (i) Pep8 and (ii) gPep8 lead to the crystallization of
vaterite (i) and calcite (ii). B Vaterite nanoparticle incubated in the presence
of (iii) Pep8 and (iv) gPep8 rendered vaterite stable (iii) or triggered a phase
transformation to calcite (iv).

Conclusions
Using phage display techniques combined with a displacement elution strategy we have identified a peptide sequence with highly specific binding to vaterite in the presence of aragonite, another crystalline polymorph of calcium carbonate. The peptide can recognize stereo-regularities and also small differences in the surface structure of
vaterite and aragonite. In addition they even show the potential for a
high degree of control over calcium carbonate polymorph crystalli-
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zation. A significant number of peptides exhibited an alternating pattern of hydrophilic and hydrophobic side-chain functionalities.
Importantly the peptides contain positively charged amino acids as
well as proline rather than the expected negatively charged aspartate
or glutamate units. This complements recent reports on the effect of
positively charged polymers (and proteins) on calcite morphologies31,54-57 yielding thin films and fibers of CaCO3 and of a novel
basic protein acting as a key accelerator for crystal growth in nacre.32
In addition, A derivative of the identified peptide, in which proline
was replaced by glycine showed a very different crystallization and
transformation behavior. As subtle changes in the peptide structure
generated large changes in the control over phase selection, this approach has great potential to offer new insights into how biopolymers precisely control mineral growth in natural systems.
Molecular recognition (studied in this work) and matrix formation
are two important processes associated with biomineralization. The
highly specific peptides obtained in the studies reported here could
be utilized as “anchor groups” with synthetic polymers (serving as
matrix components) to form new peptide polymers to mimic biological mineralization processes13,14 or the self-aggregation of proteins
involved in mineralization.58,59 Since large peptide-polymer libraries
can be built from chemically diverse polymers blocks, we expect the
discovery of highly effective hybrid peptide-polymers in the future.
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