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ABSTRACT: The growth and nucleation of biominerals are directed and
affected by associated biological molecules. In this paper, we investigate the
influence of occluded biomolecules on biogenic calcite from the
coccolithophorid Pleurochrysis carterae and from chalk, a rock composed
predominantly of fossil coccoliths. We compare the results with data on
chalk from the extensively studied mussel Pinna nobilis that served as a
control. Using high resolution synchrotron powder X-ray diffraction
combined with in situ heating, the influence of organic compounds on the
structure of the inorganic phase was probed. Two heating cycles allow us to
differentiate the effects of thermal agitation and organic molecules. Single
peak analysis and Rietveld refinement were combined to show significant differences resulting from the occluded biomolecules
on the mineral phase in biogenic calcite in the mollusk shell and the coccolithophorids. These differences were reflected in lattice
deformation (macrostrain), structure (microstrain), and atomic disorder distributions (δorganic). The influence of the biological
macromolecules on the inorganic phase was consistently smaller in the P. carterae compared to P. nobilis. This suggests that the
interaction between biomolecules and calcite is not as tight in the coccoliths as in the shell. Although the shape of chalk has been
preserved over millions of years, no major influence on the crystal lattice was observed in the chalk samples.

■ INTRODUCTION

Many organisms control the polymorph, size, morphology, and
orientation of crystals in biominerals.1,2 This high level of
control is achieved in part through interaction between organic
molecules and their inorganic counterparts. Inter- and intra-
crystalline biomolecules direct and control the nucleation and
growth of the crystals.3−5 A thorough understanding of the
intimate interplay between organic phases and the growing
mineral in these nanocomposite structures would help us
understand the details of material design in nature, laying the
foundation for the development of new composite “bioins-
pired” materials with fascinating properties.6 The interplay
between biological macromolecules and the inorganic mineral
phases can be very intimate indeed. In mollusk shells, occluded
biomacromolecules have been shown to lead to lattice
deformation in both aragonite and calcite.7−12 While the
magnitude of the changes varies with mollusk species, the sign
(compressive or expansive) of the deformation is the same.9,10

In the calcified byssus of the bivalve Anomia simplex,13−16 lattice
deformation was also observed in aragonite, but the
deformation had a different distribution of signs than in
shells,17 suggesting that there is no general pattern for lattice
deformation.
The biomolecules interacting with minerals in nature can be

roughly separated into two categories: polysaccharides (PSs)
and proteins.3,18 Many research groups have worked on
elucidating the role of biomolecules in crystallization of
biominerals by mainly focusing on proteins.3,19,20 Although

the association of PSs with biominerals has been realized for a
long time,21−24 more recently, their role in biomineralization
has been emphasized.25−30 Indeed, acidic PSs are the main
components directing coccolith formation,31,32 in contrast with
the predominance of proteins for many other biominerals.3,18

Coccolithophorids are unicellular marine phytoplankton. They
grow a protective cage composed of coccoliths, which are
shields of roughly 3 μm in diameter, made of 20−60 individual
calcite single crystals (Figure 1). These crystals are arranged at
highly specific positions with precise orientations, giving the
coccoliths a complex, species-specific structure.
It is not known whether the interactions between the

polysaccharides and the mineral are the same as for proteins.
The polysaccharide, chitin, is well-known for its role in
biomineralization, but it serves mainly as a structural
component and does not support calcium carbonate
nucleation.27,33 In coccolithophorids such as Pleurochrysis
carterae, which we use as the model coccoliths in this study,
the PSs have been shown to protect the calcite against
dissolution, as well as affect the growing mineral.28,29,34−40 The
coccoliths from P. carterae contain approximately the same
proportion of organic material as observed in molluscan
calcite.5 In P. carterae, three PSs, denoted PS-1, PS-2, and PS-
3, are essential for various parts of the mineralization process:
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PS-1 and PS-2 bind calcium and deliver it to the growth site.
PS-2 also plays a role in the creation of a protococcolith ring of
calcite crystals, which acts as the base for the further formation
of the coccolith shield, and PS-3 helps shape the
coccolith.31,36,37

In this work, we compare the influence of occluded organic
molecules in the biogenic calcite produced by the coccolitho-
phorid P. carterae, with that of the mussel Pinna nobilis and that
of chalk. In P. nobilis, mainly proteins are associated with the
mineral,41−43 in comparison with the PSs described in P.
carterae. Chalk is composed predominantly of biogenic calcite
in the form of fossilized coccoliths. There is often some
recrystallization in chalk, but recognizable coccoliths and the
coccospheres they create are common.44 That the coccolith
morphology is so well preserved over geologic time suggests
that the material is stabilized. Indeed, biomolecules can be
extracted from chalk, and these resemble fragments of the PS
known from current coccolithophorids.45 Such extracted
molecules retain their ability to influence calcite crystallization
kinetics in vitro,28−30,46 demonstrating that PS retains its activity
even after aging over many millions of years. In turn, this
prompts the question of whether these molecules also maintain
lattice deformation in coccoliths.
To address the questions about the impacts of PS in

biomineralization, we investigated calcite of different origins,
using high resolution synchrotron powder X-ray diffraction
(PXRD). The occlusion of large biological molecules within the
crystalline structure of a biomineral would intimately affect the
crystal structure. By using the very bright and highly
monochromatic X-rays of a synchrotron, even the smallest
perturbations in the inorganic phase can be detected, providing
the data needed for deciphering how the crystal structure is
affected by the organic molecules. By performing two in situ
heating experiments burning off the organic components, it is
possible to separate the contributions to lattice strain that
results from thermal expansion and from occluded biomole-
cules.47 We examined the crystalline structure using Rietveld
refinement and single peak fitting.

■ EXPERIMENTAL DETAILS
Samples. The P. nobilis shell was from a specimen recently

collected off the marine biology station of Villefranche-sur-mer (Alpes
Maritimes, France), in accordance with the DREAL PACA regulations.
In the subsequent experiments, only the outer calcitic shell layer, made
of “simple-type” prisms, was used as a shell reference. Coccoliths were
obtained from culturing the species, Pleurochrysis carterae, CCMP645,
acquired from the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton. We followed the procedure previously

described48 with slight modifications. The algae were grown in 2 L
flasks at 17 °C under constant air bubbling and illumination in an F/2
medium that had been made with seawater collected at Helsingør,
Denmark,49,50 filtered and autoclaved. To prepare the sample, the
algae were left for 2 weeks in air to die and sediment. The slurry was
centrifuged at 8000g for 10 min, resuspended in seawater, and
centrifuged once more. Six grams of sediment was resuspended in 1 L
of 50 mM NaHCO3 and sonicated for 2 min and then centrifuged
again. The resuspension and centrifugation steps were repeated twice
more. Finally, the pellet of coccoliths was washed with 50 mM
NaHCO3. We also examined two types of chalk: a fragment from a
core drilled in a Maastrichtian formation in the North Sea Basin (C24)
and a sample taken from a few meters below the ground surface in a
Danian Formation, at Klintholm, Funen, Denmark. No trace of
vaterite was observed in the XRD patterns, even though this may occur
in seawater cultures as seen for P. carterae by Andersson et al.48

Synchrotron X-ray Powder Diffraction. Samples were ground in
an agate mortar, placed in 0.3 mm diameter quartz capillaries, and
mounted on a rotating stage for better grain averaging. Diffractograms
were collected as a function of temperature in the following way: First
cycle: room temperature (RT), 373, 473, 623 K, then cooling to room
temperature and the second cycle: RT, 373, 473, 623 K. The
diffraction data were collected at the high resolution diffractometer of
ID31 of the ESRF, Grenoble, France, using X-rays with an energy of
26 keV (λ = 0.4768 Å). The data sets covered the 2θ range from 0 to
52.5° in 0.001° steps. The instrument line broadening was determined
using a Si reference and included in the Rietveld refinements (fwhm
for Si {111} = 0.0038°). For the single peak analysis, the observed
instrument line broadening was significantly lower than the line
broadening extracted from the fits. No traces of CaO were observed,
indicating that no detectable CaCO3 decomposition took place within
the closed capillaries.

Peak Fitting. Individual peaks were analyzed using asymmetrical
pseudo-Voigt fitting routines in MATLAB.51 A linear background and
the asymmetrical fit yielded very high quality fits, and the full width at
half-maximum (fwhm) could be obtained. In general, line broadening
in powder diffraction results from microstrain fluctuations, crystallite
size, and instrument broadening.52 With highly monochromatic
synchrotron X-rays, the instrument contribution is effectively
negligible, so the size of coherently scattering domains in the
crystallites and the microstrain fluctuations in the lattice dominate line
broadening. In the case of strain broadening, the fwhm can be related
to the relative change in d-spacing through the following equation:53

θ θΔ = Δd
d

2 tan( )

The widths that we have reported from the individual peaks, as Δd/
d, were calculated using this formula. Hence the reported values reflect
a mixture of crystal size and strain broadening effects. We used this
approach because the chance that there is a distribution of size
broadening and/or strain broadening effects precludes the possibility
of separating the effects by single peak fitting.

Rietveld Refinement. Rietveld refinement was carried out in the
FullProf Software Suite54 with a linear interpolation between points as
background. For the P. nobilis, C24 and Klintholm samples, two
distinct calcite phases were observed and incorporated into the refined
model. For the chalk samples, two distinct phases are expected because
the sample is a mixture of fossil biogenic calcite and calcite that has
resulted from some degree of recrystallization. Recrystallized calcite
could originate from coccoliths or from the remains of some other
organism. For the material from the P. nobilis shell, different effects of
the organic phase on the biomineral could be expected, as was
suggested but not observed, by Pokroy et al.7 For the C24 sample, KCl
and aragonite impurities were included in the model.

Individual isotropic displacement parameters were used for all
atoms, except in the C24 sample, where an overall displacement
parameter was used. Where several calcite phases were present, the
displacement parameters were constrained to the same value. In P.
carterae, a two-term spherical harmonic size broadening term was
included and in P. nobilis, a single parameter was used to describe the

Figure 1. Scanning electron micrograph of Pleurochrysis carterae
coccoliths, extracted from cultured material.
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preferred orientation induced by the needle-like shape of the shell
prisms.
The lattice strain was estimated by subtraction of the effects of

thermal expansion.17 This was done by subtracting the lattice constant
value from the second heating cycle from that of the first cycle and
normalizing to excess macrostrain by dividing by the room
temperature unit cell parameter. Hence for the c-axis at 300 K, ε300
= (c300,1st − c300,2nd)/cRT,2nd·100%.

■ RESULTS
Figure 2 shows high resolution synchrotron data collected on
the two recent biological samples, the calcitic prisms of the
large fan mussel P. nobilis and cultured coccoliths from the
coccolithophorid P. carterae, as well as two chalk samples,
collected from just below the surface at Klintholm on Funen in
Denmark and from a core drilled in the North Sea Basin, here
called C24. Figure 2A shows the diffractogram measured at
room temperature with the accompanying Rietveld fit for P.
carterae after the first heating round. The material is phase pure
and adequately fitted by the Rietveld model. The applied heat
treatment leads to significant changes for the freshly
biomineralized samples. Figure 2B compares the room
temperature diffraction data of the calcite {104} peak before

and after heat treatment for the four samples. The peak in the
P. carterae diffractogram shifts to a lower angle in contrast to P.
nobilis, where a shift to a higher angle as well as peak
broadening is observed. The P. nobilis behavior is in accordance
with expectations.7,9,11 The two chalk samples show the same
trends: only an insignificant change in peak shape and position
is seen.
In Figure 3, additional peaks from the diffractograms are

plotted to explore the difference in behavior for calcite from P.
nobilis and P. carterae. The differences in behavior indicate how
the mineral is affected differently by the organic phase in the
two samples. The data suggest that while there is significant
change in the c-axis and minimal change in the a-axis for P.
nobilis, a different picture is seen in P. carterae. The peaks {110}
and {122} shift to higher angles. These peaks remain essentially
unchanged in P. nobilis. Substitution of magnesium into the
calcite lattice can affect the unit cell size and thereby the
position of the peaks. However, the effect of substitution will
not be affected by the heat treatment that is below diffuse onset
temperatures;8 the observed changes thus result from other
effects.

Figure 2. (A) Example diffractogram of calcite from P. carterae sample between cycles and (B) {104} Bragg peaks at room temperature before
(black) and after (gray) the first heating for the four calcite samples. The arrows indicate the direction of movement of the peaks.

Figure 3. Bragg peaks {110}, {113}, and {122} plotted at room temperature before (black) and after (gray) the first heating for P. carterae and P.
nobilis. The arrows indicate the direction of peak movement after heating.
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Quantitative insights into the heat-induced changes were
obtained by single peak fitting, which gave the fwhm of the
peaks. Figure 4 compares the peak widths for selected

reflections, expressed as effective Δd/d. For the Klintholm
sample, Δd/d is high and largely insensitive to heating for both
the {104} and {110} peaks. The large value indicates a
distribution of unit cell parameters that is consistent with the
partial recrystallization observed, whereas the insensitivity to
heating indicates minimal influence of organic biomolecules on
the atomic mineral structure.
The chalk sample has higher values of Δd/d compared to

calcite from mussel and algae. For the shell of P. nobilis, heating
produced a large difference in Δd/d for reflections with a
component along the c-axis (only {104} shown). During the
first heating cycle, a large increase in Δd/d was seen for
temperatures above 600 K, whereas for the second heating,
only a small change with temperature was observed. These
differences are attributed to the buildup of local lattice

fluctuations as a result of the loss of organic molecules.7 A
similar behavior was seen for reflections without components
along the c-axis, although with a less pronounced difference
between first and second cooling. In contrast, for P. carterae,
there was negligible difference for the {104} peak between first
and second heating, whereas for the {110} reflection, Δd/d
changed between the two cycles. The dissimilar behavior for
the P. carterae and P. nobilis samples suggests that the mineral
and the organic phase interact differently in the two samples.
Full Rietveld refinement was performed on each of the

diffraction patterns, as exemplified by the fit shown in Figure
1A. The refined unit cell parameters for all temperatures are
reported in Table 1. The unit cell parameters for P. nobilis agree

well with the values, a = 4.98138(2) Å and c = 17.05803(9) Å
previously reported by Pokroy et al.9 The small differences can
be ascribed to biological variation between specimens and
minor differences in the instrument. The high degree of
agreement between these two independent determinations of
unit cell parameters for P. nobilis indicate similar levels of
magnesium in the sample we investigated and that investigated
by Pokroy et al.9 Considering the known relation between the
calcite unit cell parameters and magnesium content55 and
taking into account the precision of our measurements and the
known magnesium content in P. nobilis, we conclude that there
is only an insignificant amount of magnesium in P. carterae.
In the chalk samples, smaller differences were observed than

for the fresh samples. For the modern samples, the temperature
influence on macrostrain is shown in Figure 5. The temperature
dependence was nonlinear during the first heating, but it was
perfectly linear during the second heating. By correcting for
thermal expansion, the heat-induced relaxation of macrostrain
could be obtained. This was done by subtracting the unit cell
parameters obtained from the second heating cycle (where the
organic material had been removed) from those of the first
heating, as shown in Figure 5B.
For P. carterae, different behaviors were seen for the a- and c-

axes parameters. At room temperature, the macrostrain was
expansive along the a-axis but contractive for the c-axis. These
differences decreased as temperature increased, showing that

Figure 4. Δd/d obtained from asymmetric pseudo-Voigt fits, as a
function of temperature, for the {104} and {110} reflections for P.
nobilis (black), P. carterae (light gray), and Klintholm (dark gray). The
first heat cycle is plotted with solid lines, the second, with dashed lines.
In some cases, error bars are smaller than the size of the symbol. C24
data are not shown because they follow the same trend as the
Klintholm data.

Table 1. Unit Cell a- and c-Axis Parameters in Å at Room
Temperature, Obtained from Rietveld Refinement

a-axis (Å)

first heating
second
heating difference

P. carterae 4.99066(1) 4.98953(2) −0.00113(2)
P. nobilis Phase 1 4.98091(2) 4.98116(3) 0.00025(4)

Phase 2 4.9784(1) 4.97938(7) 0.0009(1)
Klintholm Phase 1 4.98878(2) 4.98798(2) −0.00080(3)

Phase 2 4.98201(4) 4.98162(5) −0.00040(6)
C24 Phase 1 4.98838(2) 4.98812(2) −0.00026(3)

Phase 2 4.98674(3) 4.98633(3) −0.00040(4)
c-axis (Å)

first heating second heating difference

P. carterae 17.06342(7) 17.06845(8) 0.0050(1)
P. nobilis Phase 1 17.0534(1) 17.0462(2) −0.0072(3)

Phase 2 17.0431(4) 17.0279(3) −0.0152(5)
Klintholm Phase 1 17.0579(1) 17.0596(1) 0.0017(1)

Phase 2 17.0261(2) 17.0251(2) −0.0010(3)
C24 Phase 1 17.05862(8) 17.0614(1) 0.0027(1)

Phase 2 17.0483(1) 17.0548(1) 0.0065(2)
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the amount of occluded organic material is an important factor
influencing the unit cell size: As the molecules gradually burned
off during the first cycle, the difference to the second cycle
became smaller.
For P. nobilis, the behavior was different. The macrostrain

was expansive along c, initially increasing with temperature until
623 K, where the organic molecules have burned off and no
difference in unit cell size is observed. For the a-axis, a behavior
similar to the c-axis is seen, but with smaller fluctuations
starting just below zero macrostrain. This is consistent with
trends reported by Pokroy et al.9 The trends observed for the
macrostrain suggests that the organic molecules in the
coccoliths and the mollusk shell interact differently with the
inorganic phase.
The structural model used in the Rietveld refinements on P.

carterae included the mean square displacement parameters for
each atom, which reflects the combined effects of thermal
agitation, static disorder, and possible random systematic
error.56,57 The obtained values are shown as a function of
temperature in Figure 6A. In the mean field harmonic
approximation, displacement parameters of an atom are
described as

ω
ω δ≈ ℏ ℏ +

⎛
⎝⎜

⎞
⎠⎟U

m k T2
coth

2iso
b (1)

where ω represents the vibrational frequency and m, the mass
of the oscillating atom. ℏ and kb are constants and T represents
temperature. δ is a term independent of temperature which
originates from static disorder or systematic error.56,57 In the
classical regime, eq 1 reduces to the linear form:

δ≈ +U kT (2)

where k is a constant. Figure 6A also shows fits to such linear
expressions. We suggest that the term, δ, is dominated by the
effect of occluded biomolecules in the calcite, introducing
disorder in the system. For the room temperature data, the
difference between the first and second heating cycles thus
provides an estimate of δorganic, the disorder contribution from
the organic phase, note that the use of the difference also
subtracts any common systematic errors such as absorption
effects. Values of the differences in atomic displacement
parameters between first and second heating cycles, ΔU-iso,
are plotted in Figure 6B. As the temperature increases, ΔU-iso
decreases because of the gradual burning off of occluded

molecules. At 623 K, the differences between the two cycles are
within the standard uncertainty, reflecting that the largest part
of the biomolecules affecting the mineral has been burned off.
The values of ΔU-iso at room temperature provide an

estimate of the disorder introduced into the system by the
occluded biomolecules. They are shown for the different types
of calcite in Figure 6C. For the fossil calcite in the Klintholm
chalk, no significant difference is observed during the heating
cycles, whereas for the modern samples, a clear difference after
heating is observed.
The values of δorganic for P. carterae differ from those of P.

nobilis. For the mollusk shell, the largest value is obtained for C
followed by Ca and O, whereas for the cultured coccoliths, C
has the smallest value and Ca and O are almost the same. The
average values for δorganic for P. nobilis and P. carterae are 44(17)
Å2 and 21(13) Å2, i.e., significantly smaller in the coccolith than
in the shell. The values of δorganic reflect the impact of occluded
organic molecules on the atoms in the calcite lattice. The large
difference in magnitude and order of size for the two modern
calcite samples indicates that the atomic scale interactions
between the biomolecules and the inorganic phase are different
in the two cases.

■ DISCUSSION AND CONCLUSIONS

The results show that there are significant differences in the
effect of occluded biomolecules on the biogenic calcite in
mollusk shell and coccolithophores. These differences were
reflected in lattice deformation (macrostrain), microstructure
(peak widths), and atomic disorder distributions (δorganic).
Lattice deformation was also found to be different for aragonite
in shells and in the calcified byssus of Anomia simplex. This
indicates that the details of the biomineralization processes
profoundly influence the intimate contact between organic
molecules and the inorganic crystals.
The exact mechanism of interaction between functional

groups in the organic phase and the forming and growing
mineral remains unknown. Many groups have worked on this
issue with two approaches dominating: modeling of the
interactions between mineral faces organic molecules or the
synthesis of calcium carbonates in the presence of additives,
either synthetic or extracted from organisms.19,20,28,42,46,58

Performing true molecular scale experiments is a daunting
challenge that, to our knowledge, has not been truly achieved
by any researchers on any system. Here, we observe that the

Figure 5. (A) Unit cell a- and c-axis evolution with temperature for P. carterae and P. nobilis obtained from Rietveld refinement. Data for the first
heating are shown as gray dots, while those from the second heating are shown as connected black dots. (B) Macrostrain calculated as the unit cell
parameter in the second cycle subtracted from that of the first cycle and normalized to the room temperature value from the second cycle, i.e., for the
c-axis at 300 K: ε300 = (c300,1st − c300,2nd)/cRT,2nd·100%. The a-axis is indicated by dashed lines. In most cases, standard uncertainties are smaller than the
symbol size.
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magnitude of the effect of occluded biomolecules was
consistently smaller in the coccoliths than in the mollusk
shell. This suggests that the interaction between biomolecules
and calcite is not as tight in the coccoliths as in the shell. This
remarkable finding is certainly related to the nature of the
interacting macromolecules and functions, acidic aspartic-rich
(polyanionic) proteins in the case of P. nobilis, and acidic
polysaccharides, in the case of the coccolithophore algae. The
proteins interacting with biominerals are often very acidic
showing how the carboxylic acid moieties interact closely with
the mineral phases. In the polysaccharides the presence of

sulfate modifications leads to another possible mode of
interaction with the mineral, which could be the reason for
the differences we observe.
The presence of magnesium in the calcite lattice will induce

changes in the absolute value of the unit cell parameters. From
the comparison of the unit cell parameters in P. nobilis with
literature values, we can get a measure of the magnesium
content in our samples. However, since the effect of
substitution of magnesium in the lattice remains the same
after annealing and we report relative changes of lattice
parameters, chemical substitution does not affect the present
conclusions. In chalk, essentially no impact of occluded
biomolecules was observed, and the atomic scale hold of
biomolecules on the crystals has thus been released. This is
somewhat surprising, given that chalk clearly features
recognizable coccolith fragments suggesting that there is a
morphology preserving effect and that biomolecules extracted
from chalk do influence crystallization of calcite in vitro.28,29,46

Thus, while the atomic scale influence of biomolecules on
crystal lattice and displacement parameters has been released in
chalk over the millions of years since its deposition, the overall
shape is preserved. For shell, a similar behavior has been
observed, where associated biological molecules are partially
preserved in fossil samples.59
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