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“Carving on the Nanoscale”: Polymers
for the Site-Specific Dissolution of
Calcium Phosphate**

Anna Peytcheva and Markus Antonietti*

In biologically mineralized systems the constructive inter-
action of the inorganic crystal phase with the organic matrix
material results in composite materials that are exceptional in
their outward appearance and material properties.l': 21 Of the
60 minerals known to be “processed” by living organisms, the
most frequently used are calcium carbonate, calcium phos-
phate, and hydrous silica. They are used for the formation of
scales, prickles, shells, or endoskeletons. The mineral is usually
crystallized within a protein or polysaccharide matrix which
has a number of functions: it shapes and aligns the single-
crystalline building blocks, and it serves as a ductile compo-
nent for mechanical stress dissipation.® * The resulting nano-
scale composite structures make biominerals such as bone or
teeth superior to most artificial ceramics.

One of the reoccurring motives in biomineralization is that
the polymer controls the crystal structure or the biomineral
shape, in that the crystal surface is stabilized by an opposite,
complementary form of the polymer, which results in an
overall structure of minimal energy.l> ® This method can be
described by ideas that originate from solid-state physics
(“finding epitaxial relations”), but that do not consider
polymer flexibility or adaptability. For simplicity, this class
of models is called “energetical” models.

On the other hand, it is well known in biomedicine and
colloid chemistry that crystals in equilibrium with a support-
ing aqueous phase are not static objects but are continuously
reconstructed. Thus the crystal shape is the result of dynamic
processes, that is, the crystal geometries which are built up
fastest and dissolved slowest are those that survive. A model
based upon interfacial energies and kinetics was introduced
and improved over the years by Nancollas and Wul"l with a
special emphasis on calcium phosphates. Here, the influence
of a polymer or the biomatrix is purely kinetic, the structure-
controlling molecules are not necessarily bound to the surface,
but act by lowering the averaged surface energy, and an
epitaxial fit of polymer and crystal is not required. We call this
mode of operation the “kinetic” mode.

Although important for biomedicine and for controlled
nanoparticle synthesis, there is still some controversy about
the validity of both mechanisms. The development of scan-
ning force microscopy (SFM) allowed the visualization of
dissolution and growth processes in water in a time-resolved
fashion.!® ! First experiments focused on the influence of low
molecular weight components such as aspartic acid!'” or
magnesium ions!'] on the growth of calcium carbonate. Also
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protein fractions extracted from seashells!'! or from algae!"!
have been added to growing calcite crystals so that these
molecular controlling units can be observed “at work” in
solution.

Herein, we focus on the biomedically relevant calcium
phosphate (bone and teeth) and examine the controlled
redissolution of model crystals. These crystals were grown by
the double-jet technique!'¥! which allows a high monodisper-
sity and structural uniformity of the particles.'>'9] The
observation of dissolution instead of crystallization is exper-
imentally much more simple and also reproducible than
crystal growth. The results of such experiments can be
understood as a “structural inversion of kinetics”, that is,
the sites and faces being dissolved fastest will never be found
exposed in a crystallization experiment, whereas the remain-
ing faces are most favored and are also those which dominate
a crystal formed under similar conditions. The platelike
crystals of brushite were chosen as a good model system, since
they are very stable against other structural rearrangements,
sufficiently thick to be not immediately dissolved, and exhibit
a smooth and even (010) plane with an area of 1-2 mm?
suitable as a substrate for SFM. However, we expect that the
general trends found for brushite also hold for the other
calcium phosphate polymorphs.

Droplets of a solution containing crystals are allowed to dry
on a freshly cleaved mica surface. On top of the mica, a fluid
cell for SFM is placed. Different polymer solutions are
injected through a thin capillary so that they thoroughly wet
the crystal surface. Images of the dissolution of the crystal
surface under the influence of the polymer solution are
recorded with a scan rate of 0.5 lines per second. The digital
resolution of all the pictures is 256 x 256 points.

The experiments were repeated on different crystals of one
sample as well as with different samples to show that the
single crystal behaves as the ensemble of crystals. Thus, the
presented “single site” experiments represent a sufficiently
averaged limit in time and scale for the kinetic—thermody-
namic results to be reproducible. This is different to mechan-
ical atomic force microscopy (AFM) experiments with single
molecules.

The scanning force microscope used is a commercial
Nanoscope I1Ia (Digital Instruments, Santa Barbara, USA)
operating in contact mode in air and in tapping mode in liquid.
It was equipped with a 100 x 100 pum J-scanner, with commer-
cial silicon cantilevers (NT-MDT, Moscow) used in liquid at
resonance frequencies of 5-40kHz and with a radius of
curvature <10 nm.

As polymers with specific
mineral interactions (as op-
posed to the extracted, chemi-
cally uniform, biomaterial spe-
cies investigated to date),
two thermally polymerized
poly(sodium)aspartate samples
(which have been optimized for
their application as lime-scale
inhibitors; Rohm & Haas)!!7)
with  different = molecular
weights, as well as poly(L+)ly-

Angew. Chem. Int. Ed. 2001, 40, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

sin and bovine serum albumin (BSA) from Sigma Chemicals
were chosen.

As a reference experiment, the unspecific dissolution of the
(010) plane of brushite in deionized water was examined. The
SFM image in Figure 1 presents the characteristic pattern

Figure 1. SFM height images of the (010) plane of brushite in deionized
water, taken with a time interval of 2048 s. Scale bar =2 um.

which accompanies the dissolution. Triangular etch pits are
framed by three characteristic steps which are parallel to the
crystallographic directions (201), (001), and (101).0'8] These
directions coincide with partly or fully double bonded ion
rows within the crystal latticel™ (see also Figure 5). The
analysis of the SFM height image shows that the (010) plane is
dissolved in terraces of 7 A height which correspond to one
monolayer of the brushite crystal. This is in good agreement
with data published by other authors.”’) Recording successive
pictures results in a movie of the time-dependence of
dissolution.’ Form the series of images, a velocity of
dissolution can be calculated which along the (201) step is
estimated to 0.16 nms~.

The same experiment was repeated in the presence of a
dilute aqueous solution (0.63 umolL™!) of poly(sodium)as-
partate with molecular weight 18000 gmol~! (pH of 8.1). The
SFM height images in Figure 2 are selected from a series of
24.24 Noteworthy is that there is no polymer adsorption onto
the crystal surface. This finding is in good agreement with
equilibrium binding constants determined by Nancollas and
Tsortos for a similar polyaspartate on the related hydroxy-
apatite.?”l All interactions of the polymer with the (010) plane
are therefore temporary and kinetic.

The dissolution of the (010) plane follows the triangular
pattern known from the experiments in deionized water.

Figure 2. SFM height images of the (010) plane of brushite in 0.63 umol L~! polyaspartate solution selected from
a series of 24 pictures taken at 512 s intervals. Scale bar=1 um.
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Pronounced complexation of Ca’*" ions by the carboxylate
groups of the poly(sodium)aspartate can be assumed while no
flocculation of the polymer is found. However, major differ-
ences are found for the dissolution of the (010) plane of
brushite in poly(sodium)aspartate compared to the dissolu-
tion in deionized water:

o The velocity of dissolution along the (201) step rises to
0.45 nms™, that is, the complexing carboxylic acid units
promote dissolution (the expected result).

e Dissolution perpendicular to the (010) plane occurs, that is,
the polymer works itself into the plane of observation. In
water, these planes just dissolve layer-by-layer from the
side, whereas the polymer allows penetration into a bare
and otherwise intact crystal plane.

@ The conversion of brushite into hydroxyapatite is com-
pletely suppressed (not seen by SFM, but seen in the
macroscopic crystallization experiments).

This attack of the bare crystal planes is also nicely seen by
light microscopy after longer contact times with the polymer
solution (Figure 3); the molecular holes seen by SFM have
grown to create a typical surface texture of the crystal.

Figure 3. Light microscopy of a brushite crystal (length 0.5 mm) after
contact with a polyaspartate solution of 18000 gmol~! molecular weight.

The obvious question to ask is, are both the increase of the
dissolution rate as well as the ability of the polymer to attack
moieties in the plane really a result of the added polymer and
not the result of the change of pH?
Reference experiments with a low
molecular weight acid or even the
poly(sodium)aspartate with lower
molecular weight (10000 gmol!)
showed at the same molar concen-
tration a much slower dissolution
(very close to the behavior in pure
water, and no considerable dissolu-
tion perpendicular to the (010) plane
was detected. This is clear proof that
the effect is because of the specific
polymer and relies on a distinct
mesoscopic size and a distinct pattern
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of functional groups. These observations also support the
kinetic model and can be explained in that the accumulation
of polymers close to attracting surfaces or the probability of
contact increase with increasing polymer size and molecular
weight.

Beside of the industrially relevant poly(sodium)aspartate, it
is interesting to follow polypeptides throughout the regulation
of mineralization/demineralization processes. In contrast to
previous work we focus on the use of very simple and common
model peptide structures. Albumines are an essential compo-
nent of biological mineralization reactions (as shown for
bonel?). Taking into account that the known and character-
ized bovine serum albumine (BSA) consists of 582 amino acid
residues, 41 of which are aspartic acid, 59 glutamic acid, and
59 lysine units,?! its ability to interact with minerals becomes
obvious.

Again, a BSA solution was prepared in the concentration
0.63 umol L~ at pH 5.5 and brought into contact with the
(010) plane of brushite. The result of the dissolution experi-
ment is shown in three SFM amplitude images in Figure 4
which were taken at 512s intervals. Again no protein
adsorption onto the crystal surface is observed; the protein
essentially stays in solution. The triangular pits, already
known from the poly(sodium)aspartate solutions, confirm
that step edges along the same strongly bonded ion rows are
formed as seen in Figure 1. Also, to a minor extent, dissolution
from sites within the plane is observed, which we attribute to
the carboxylic sites and the sufficiently high molecular weight
of BSA. In addition, there is a set of new characteristic steps
appearing with time, indicated with arrows in Figure 4, which
were not seen in the previous dissolution experiments.
Knowing the crystal structure and the orientation of the
brushite crystals (fixed by the direction of the pits, which
are the Ca-rich [201] and [101] edges), it is straightforward
to index these newly occurring stable edges: Figure 5 shows
that they are formed along directions lacking doubly
bonded calcium ions in the crystal lattice. Obviously, the
binding between calcium sites and the carboxyl groups of
the amino acids can not account for the stabilization of these
steps.

The cationic groups of BSA, mainly the 59 lysine residues,
have the possibility to interact selectively with the phosphate
ions of the crystal lattice. To check this hypothesis, a pure
poly(L+)lysin with a molecular weight of 27000 gmol~' was
independently used as crystallization modifier. Since our SFM

Figure 4. SFM amplitude images of the (010) plane of brushite in 0.63 umolL~' BSA solution. Scale
bar=1 pum.
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Figure 5. Assignment of the AFM image of Figure4 to the crystallo-
graphic directions of brushite. The newly exposed edges correspond to
phosphate-rich sections through the unit cell.

setup does not allow molecular resolution with cationic
polyelectrolytes (they bind to the tip and most other surfaces),
images of the crystals taken in a light microscope were
analyzed. Figure 6 shows a brushite crystal aged for two days
in a poly(L+)lysine solu-
tion.

First, it is underlined that
the developing surface
structures are not induced
by cracking, since those
structural motives develop
uniformly from whole crys-
tals in a thermo-controlled,
sealed liquid cell. The pat-
tern found also has nothing
in common with the trian-
gular pits on the crystal
surface caused by poly-
(sodium)aspartate or BSA
(anionic polymers). This re-
flects the obvious fact that a
cationic polymer can inter-
act with a number of faces
or edges but does not sta-
bilize those where Ca’* ions
are exposed. In addition, no
dissolution from the surfa-
ces, only from the edges is found, that is, the attack of intact
planes is indeed specific for the polycarboxylic acids. The
measured angles being exposed in these crystals (Figure 5)
correspond to those of the additional step edges on the
crystals aged in the BSA solution. This comparison supports
the idea that these additional step edges were indeed
generated by interaction promoted by the lysine moieties in
the BSA.

At the low concentrations applied in our experiments, the
adsorption of polymers onto the brushite (010) plane by
interaction of their functional groups with the lattice ions is
not observed in any experiment. Instead, a highly selective
dissolution of the crystal surface takes place, which is not
caused by pH changes or local functional patterns, as shown
by the use of polymers with different molecular weights.
Presumably the modifier accumulates close to the crystal
because of partial binding and controls the surface by
promoting dissolution of different sites with different selec-

. L [ ]
Figure 6. Light microscope image
of the (010) plane of brushite in
poly(L+)lysine solution. Scale bar =
200 pum.
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tivity. The proximity of a polymer lowers the interfacial
energy of the different crystal surfaces, which gives rise to an
altered dissolution and growth behavior. Our experiments
agree well with the observations of Nancollas et al. who
described effective blocking of crystal growth of calcium
phosphate octahydrate with polyaspartic acids at a surface
occupation of 1% of the total crystal area,?’ which precludes
a merely static structural explanation.

The ability to attack even the intact (010) plane is clearly a
function of the molecular weight of the acidic polymer, and
different functional polypeptides act as different “carving
tools” exposing different crystal faces after their application.
Interestingly, the rather simple and well known BSA interacts
and modifies calcium phosphate by two operational modes,
either employing the acidic or basic groups of the amino acids.

Clearly in our experiments kinetic considerations are more
significant than epitaxial matching between the crystal lattice
and the polymer. This points to a more flexible approach to
the processes of controlled crystallization or dissolution by
using the concept of interface energies and dynamic crystal-
lization/dissolution equilibria.
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