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The growth of calcite in an aqueous gel of 1 was studied and the appearance of the crystals was found to change over
time. Crystals removed from the gel at progressively longer times showed severely affected surfaces resulting from
dissolution. If crystals were removed from the gel after 3.5 hours, at which point there were no etch pits, and then
placed in either buffer or pure water, etch pits, similar to those observed on crystals that are left in the gel, were
observed. Control calcite crystals exposed to similar conditions (water or buffer) show no significant dissolution after
equivalent times. A probable cause of the altered dissolution is the non-specific occlusion of gelator aggregates at
sites of imperfection. The gel appears to provide a microenvironment in which the molecules that form the matrix
also participate in the crystallization. This system allows the study of the unique properties of a gel for influencing
the nucleation and growth of inorganic crystals, some of which may be important for better understanding

biomineralization.

Introduction

The conventional model for crystallization by organisms
includes nucleation and growth from a saturated solution.
Recently, however, based on new experimental evidence, the
presence of a hydrogel phase has been suggested in several min-
eralizing systems including the insoluble matrix of the arago-
nitic nacreous layer of bivalve mollusks,' the insoluble matrix
of fish otoliths,> and a major protein component in tooth
enamel, the amelogenins.® In addition, organic fibrous net-
works, which are related to hydrogels but with a lower water
content, have been identified in several other organisms includ-
ing the collagen fibers in mammalian bone* and the extra-
cellular matrix in scleractinian coral.® The environment in a
hydrogel differs greatly in diffusion rates, ion activities, and
water “structure” (due to the hydrophobic nature of the gel)® as
compared to solution conditions for crystallization. All of these
factors have a direct impact on the level of supersaturation and
thus a gel phase is predicted to influence the kinetics of crystal-
lization. The hydrophobic environment provided by a gel phase
may also induce structure in the macromolecules comprising
the soluble matrix, and thus facilitate their ability to influence
crystal morphology, size and orientation.” It is conceivable that
growth in a gel environment coupled with controlled delivery of
reagents allows organisms much finer control than growth from
saturated solutions.

Artificially formed gels and fibrous networks are excellent
systems for studying crystallization because of the control they
afford over local supersaturations and diffusion rates.®® For
example, in an in vitro experiment, an insoluble matrix com-
posed of B-chitin (isolated from the squid pen, a non-mineral-
ized source) and silk-fibroin (isolated from silk worm cocoons,
another non-mineralized source) was used to demonstrate the
polymorph selectivity of proteins from the calcitic and
aragonitic layers of mollusk shells."™! More recently, collagen
matrices with adsorbed polypeptides,'? agar with a variety of
carboxylic acids additives," silica gel,'* gelatin,'>'® polyacryl-

T Electronic supplementary information (ESI) available: Scanning elec-
tron micrographs of calcite etched with EDTA. See http://www.rsc.org/
suppdata/ob/b3/b309731e/
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amide,"” and a sulfonic acid based hydrogel *® have all been used

as matrices for the growth of calcium carbonate.
Self-assembling, small molecule organic gels (of both aque-
ous' and organic solvents?”) are attractive matrices for min-
eralization. Recently there have been several published reports
of successful mineralization around organogelator fibers using
sol-gel methods to create silica and titanium oxide structures
with templated fibrous, tubular and spherical shapes.! Another
example of mineralized gel fibers is the semi-conductor nano-
helices recently reported by Sone ef. al.** The same group has
also used aqueous gels to study the growth of biologically rele-
vant carbonated apatite crystals (the bone mineral).”® These
are all elegant examples of the use of self-assembled organic
suprastructures to control the growth of inorganic minerals.
We were interested in exploring the utility of a self-assembled
hydrogel of 1%*** as a matrix for the growth of calcium
carbonate. Gels of this type display Ca**-binding domains
(carboxylate groups) on the fibers®® that can potentially either
nucleate the growth of a given mineral or interact strongly
and specifically with growing crystal faces, thus altering the
morphology of the crystals in a controlled fashion. The one-
component scaffold created by the aggregation of these mole-
cules in water is well-suited for studying mineralization in an
environment where the type and density of functionality as well
as the pore size can be manipulated. In particular, we asked
the question: how does growth in a gel environment alter the
physical characteristics of the crystals as compared to solution
growth? The result is an artificial system where the presence
of occluded organic material — organic hydrogel aggregates —
appears to alter the physical properties of calcite crystals.

Of)H
SN)
: 0
CHS(CHZ)HOT(-\N)J\N—(CH ) _H H%
H H 28 \ﬂ/ " 0(CHy)11CHs
o) 5 i

H;\LO

1

Org. Biomol. Chem., 2004,2, 137-141

137




Results
Growth experiments

The growth of calcium carbonate crystals in the colloidal gel of
1 was studied using the slow diffusion of carbon dioxide (from
subliming (NH,),CO,) into a calcium ion containing solution.?
Initial attempts, with a high ratio of gelator to calcium chloride
(2 : 1; 1 : CaCl,), resulted only in the formation of vaterite
spherulitic crystal aggregates, presumably because of the strong
calcite inhibitory effects of the carboxylates of 1. By increasing
the calcium concentration (to 7 mM) and ratio (to 1 : 3, 1 :
CaCl,), calcite became the dominant polymorph.?”

The appearance of calcite crystals grown in the organic
hydrogel changes dramatically over time (Figs 1 and 2). Crystals
removed from the gel at progressively longer times show
increasingly affected surfaces, apparently due to dissolution
(Fig. 1).% Initially (3.5 hours) the crystals are rhombohedral
with mostly flat and smooth {10.4} main surfaces (Fig. 1a),
without the crevasses typical after longer time periods. The etch

Fig. 1 Changes in calcite surface texture as a function of time.
Crystals removed from a gel of 1 after a) 3.5 hours, scale bar: 5 um,
b) 10.5 hours, scale bar: 20 um, and c) 24 hours, scale bar: 20 um.
d) A magnified veiw of the surface texture of the 24 hour crystal shown
in ¢), scale bar: 5 pm.

Fig. 2 Changes in calcite surface texture as a function of time.
Crystals removed from a gel of 1 after a) 48 and b) 168 hours (scale
bars: 20 pm). A magnified view of the surface texture is shown to the
right of each (scale bars: 5 um).
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pits observed after 10.5 and 24 hours do not have the geometry
(rhombohedral or trigonal) observed when calcite is etched
with acid,*® chelators such as EDTA (see ESIt)3! or additives
such as aspartic acid.* Instead, they appear irregular, following
no crystallographic symmetry and penetrate deep into the
crystals (Fig. 1(b—d)). After even longer times growing in the gel
(greater than 2 days), the original rhombohedra completely lose
their shape. They are round, and there appears to be overgrowth
on the surfaces of the crystals in addition to continued dis-
solution (Fig. 2). The new overgrown crystals are small, perfect
rhombohedra with smooth faces (Fig. 2b), whereas the surface
of the original crystal remains pitted and uneven.

Dissolution experiments

To test our hypothesis that the unusual surface features were
due to etching, a series of dissolution experiments were
performed. All experiments were done using the 3.5 hour
gel-grown crystals (Fig. 1a) which, after removal from the gel,
appear as unaltered rhombohedral calcite crystals. We wanted
to know if these crystals were “pre-programmed” to develop
the surface features observed after longer growth times.

Buffer and water

After 24 hours in a Tris solution (50 mM, pH 9), the 3.5 hour
gel-grown crystals develop etch pits similar to those observed
on crystals that continue to grow in the gel, although the etch-
ing was less severe (Fig. 3b). Even more strikingly, after a similar
time period in HPLC grade water (~ pH 6), the same crystals
dissolve completely. If removed from the water after 2.5 hours,
severe etching, similar to that observed under basic conditions,
is observed (Fig. 3a). Control calcite crystals exposed to similar
conditions (water or Tris) show no significant dissolution after
equivalent times (Fig. 4). The etch pits that do appear are
shallow and geometric, which is consistent with literature
reports of how calcite is etched in different solutions.*

Fig. 3 Etching of calcite crystals grown in a gel of 1 removed after
3.5 hours. a) After treatment with distilled water for 2.5 hours (scale bar
left: 5 pm, right: 1 um). b) After treatment with Tris (50 mM, pH 9) for
24 hours (both scale bars: 5 um).

Gelator as etchant

Another possibility examined was that the gelator, 1, itself
became the etching agent as time progressed. It was possible
that as the calcium supply was depleted (due to crystal growth),
the gelator, which is known to bind Ca?**** became “Ca®’-
starved” and began dissolving the crystals to reclaim the Ca?*.3
To test this, a solution of 1, at the same concentration as the
gel (3.2 mM 1 in 50 mM Tris, pH 9), with no added salt,* was
used as the etching solution for both control calcite crystals and

3.5 hour gel-grown crystals (Fig. 5). 1 does not etch like a



Fig. 4 Etching of control calcite crystals. a) After treatment with
distilled water for 24 hours (scale bar left: 20 um, right: 5 um). b) After
treatment with Tris (50 mM, pH 9) for 24 hours (scale bar left: 50 um,
right: 2 um).
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Fig. 5 Etching with 1 (3.2 mM 1 in 50 mM Tris) for 24 hours of
a) a control calcite crystal (scale bar: 200 um) and b) a 3.5 hour gel-
grown crystal (scale bar: 20 um). The right hand column show high
magnification images of the crystal surfaces (Scale bars: 5 um).

chelator (EDTA) however, it also does not produce the very
deep etch pits observed over time in the gel. This suggests that 1
is not causing the formation of the etch pits by acting from
solution after crystal growth.

Discussion

Both the unique surface features that develop with time and the
dissolution behavior of the gel-grown crystals indicate that the
organic hydrogel alters the growth and physical characteristics
of these calcite crystals as compared to those formed from
aqueous solutions. A probable cause of these observations is
the occlusion of gelator material inside the growing crystal
lattice.*® The observed overgrowth on the crystals left in the gel
for over 48 hours (Fig. 2), can be attributed to a ripening pro-
cess in which more soluble areas (those containing occluded
gelator) are dissolved and more stable calcite (without occluded
material) is slowly reprecipitated (Ostwald ripening).*”

Precedents for the occlusion of gels into crystal lattices

There are reports in the literature of polymeric gel matrices
(agarose and silica) being occluded into protein crystals.®®** In
addition, calcite crystals grown in silica,* polyacrylamide >
and gelatin'>'7 gels have been shown to incorporate the
gel matrix. Interestingly, the force of a growing crystal* is
greater than the force required to break most polymer gels.****

Therefore, there must be an interaction between the crystals
and the gel matrix that causes the occlusion of the gel rather
than causing it to break. In addition, the occluded gel material
does not affect the diffraction of the protein crystals indicat-
ing that, in at least one example, the fibers are randomly
incorporated.*

Dissolution of biogenic minerals

There have been several reports of unusual etching behavior of
biominerals, perhaps due to occluded macromolecules. For
example, Ryall ez. al. have demonstrated that the occlusion of
proteins into calcium oxalate urinary crystals makes the
crystals more susceptible to etching by NaOH and proteases.*
Calcitic sea urchin spicules, sponge spicules and brittle star
vertebrae, were observed to be etched during overgrowth
experiments, while new crystals developed on the surfaces.***
Finally, it is well documented that the mineralized skeletons of
different species of marine plankton (e.g. coccolithophora and
foraminifera) have different solubilities.** All of these observ-
ations suggest that as a result of occluded macromolecules, the
biological materials have increased solubility as compared to
synthetic calcite.

Designer etchants

Lahav, Leiserowitz and co-workers have designed additives to
etch organic crystals in a controlled fashion.*”*® By construct-
ing molecules that resemble the substrate, it is possible to
stereoselectively bind to specific crystallographic sites. In this
way, dissolution is retarded in certain directions and enhanced
in others, resulting in etch pits with a controlled shape and
orientation. In similar work, carboxylate-containing additives,
when absorbed onto the surface of calcite, have been shown to
retard dissolution, presumably by lowering the surface energy
and protecting the surface. 3**** It is important to emphasize
the difference between surface-absorbed impurities, such as
those discussed above, and occluded material, such as the
gelator aggregates discussed in this work. Additives only pres-
ent on the surface can impede dissolution, while additives inside
of the crystalline lattice may enhance it (see below). This may
be why when 1 is used as an etchant, the gel-grown crystals do
not develop any deep etch pits (Fig. 5b)

The possible basis for altered dissolution of gel-grown crystals

The carboxylate groups of 1 have an affinity for the calcium
ions on the surface of the growing calcite crystals and therefore
promote adsorption.®® The lack of symmetry or consistent
geometry of the etch pits observed on the gel-grown crystals
suggests that while this interaction is strong, it is also non-
specific. The effect on growth is also weak and non-specific,
suggesting that adsorption occurs at imperfections. Etching
with the “Ca®*-starved” gelator, which shows no preferential
etch patterns (Fig. 5), also supports a non-specific interaction.
We propose, therefore, that gelator molecules or aggregates
preferentially absorb onto the calcite crystals at sites of imper-
fections (screw dislocations, kink sites etc.), which are distri-
buted randomly over the crystal surface, and subsequently
become occluded. The accumulation of aggregates at these sites
amplifies the imperfections, resulting in more gelator becoming
adsorbed at that location, further increasing the size (and
depth) of the imperfection. It is well accepted that dislocations
are the origin of etch pits.*"*? The presence of occluded gel
material at these locations enhances the imperfections and thus
increases dissolution along the path of the emerging imperfec-
tions, resulting in the irregular and deep etch pits observed.**
For crystals to develop the deep etch pits, gelator must be
occluded during growth, which explains why etching control
calcite crystals with a “Ca®*-starved” gelator solution does not
produce similar results.
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Conclusions

The hydrogel formed by 1 provides a microenvironment in
which the molecules that form the matrix also participate in the
crystallization of calcite. In so doing, the physical properties of
the crystals are altered. This system influences the nucleation
and growth of inorganic crystals and allows us to gain insight
into key factors governing biomineralization. It is well docu-
mented that organisms use macromolecules to control the
growth of minerals.” These macromolecules have many possible
roles including specific adsorption onto growing crystal faces
(which influences crystal morphology),*® intercalation into the
crystalline matrix (which affects the fracture strength) and the
display of ordered arrays of functionality for nucleation (which
can control polymorph selectivity).!®** One possible effect that
has not been fully explored is an increased susceptibility to dis-
solution due to the occluded macromolecules. The results pre-
sented here suggest that during growth of calcite crystals in
an organic hydrogel, gelator aggregates become occluded into
the crystalline lattice at sites of imperfection and in turn alter
the physical properties of the crystals, in particular their
dissolution behavior.

Experimental

The synthesis and properties of 1 have been reported
previously.?**

Crystal growth

The crystal growth experiments were carried out in a 24-well
plate mini-desiccator. (NH,),CO;(s) was placed in one corner
and covered with tin foil and sealed with Parafilm with only one
needle hole in the center. CaCl,(s) and aqueous calcium chlor-
ide solutions were placed in between the carbonate source and
the gel to slow diffusion and prevent condensation from form-
ing and preventing visualization of the gel with the light micro-
scope. A heated solution of 1 (3.2 mM) in 50 mM Tris buffer
(pH 9) was filtered through a 0.45 um hydrophilic PTFE syringe
filter (Millipore) into the well. To initiate gelation, a small
aliquot (depending on the desired final concentration) of
300 mM CaCl, was added and the solution was briefly agitated.
The cover of the 24-well plate was then sealed with Parafilm
and the mini-desiccator was left undisturbed for the desired
amount of time. The crystallization could be carried out under
a dissecting microscope (Olympus SZH12, 7X-225X) to deter-
mine when the first crystals began to appear. After a certain
period of time, the crystals were removed from the gel using
drawn glass fibers. This was necessary since rinsing with aque-
ous or organic solvents and/or bleach treatment altered the
appearance of the crystals, apparently via dissolution. The
crystals could be manipulated away from the wet gel before it
dried and appeared clean by SEM.

Crystal dissolution

The dissolution experiments were carried out using crystals
removed from the gel (with glass fibers) after 3.5 hours of
growth as well as control calcite crystals grown from 7 mM
Ca(l, solution in the same set-up. Glass coverslips (Fisher-
Brand, 12 mm dia.) were used as substrates for the growth to
make manipulation easier. Ten to twenty crystals were placed in
a well with the etching solution and then rocked on a rocking
table (to prevent a build up of acid around the crystals) for a
given amount of time. Glass fibers were again used to remove
the etched crystals to minimize damage and they were then
imaged with SEM.

Scanning electron microscopy

The crystals were transferred to stubs covered with double-
sided carbon tape and then sputter-coated with either carbon or
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gold. The samples were then either imaged by a JEOL
JXA-8600 electron microprobe (Department of Geology, Yale
University, New Haven, CT) or a JEOL 6400 scanning electron
microscope (Electron Microscope Facility, Weizmann Institute
of Science, Rehovot, Israel).
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