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Abstract In an approach to under-
stand the influence of structural
parameters of interfaces on calcifi-
cation in biomineralisation, the dis-
tribution of COOH groups as active
sites in an inert matrix was varied
using two-component lipid model
monolayers. Octadecanoic acid
(ODA) and octadecyl succinic acid
(OSA), respectively, were the active
components, and methyl octadeca-
noate (MOD) the inactive matrix.
Surface pressure-area isotherms
provide evidence for a different dis-
tribution of the active components
in the matrix. Formation of solid
calcium carbonate (CaCQOs3) with

two-component monolayers on sub-
phases containing aqueous CaCO;
was observed in situ by Brewster
angle microscopy, where CaCO;
domains appear bright. Striking
differences in kinetics and extent of
CaCO; formation were observed
between monolayers containing
ODA and those containing OSA of
the same average surface density of
COOH groups.
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Introduction

The formation of solid calcium carbonate (CaCOs) is
an important process in biological systems at the
interface between living organisms and mineral phases
[1, 2, 3,4]. In recent years much effort has been devoted
to the characterisation of the extracellular polymeric
substances (EPS) in microbial biofilms, which are
playing an important role in binding Ca ions in calci-
fication of marine stromatolites [5]. A variety of
organised organic matrices as templates has been
developed for controlling the nucleation and growth of
solid CaCOs;. Insoluble Langmuir monolayers at the
air-water interface provide excellent opportunities to
systematically vary relevant parameters. Therefore,
lipid monolayers with different head groups have been
used for such investigations [6,7]. The transfer of
structural information from the monolayer to the 3-D
crystal can also provide evidence on the correlation

between size and structure of the 2-D nuclei and the
tendency for the 3-D crystal formation. The minimal
lateral size of monolayer domains inducing 3-D crystal
nucleation may be determined by using mixed Lang-
muir films. In an attempt to mimic the dimensions of
crystalline material, mixed monolayers of a long-chain
amide and of a particular amphiphilic acid have been
used for epitaxial growth of 3-D crystals of silver
propionate [8,9]. In this two-component monolayer, the
amide is inactive, and by variation of the molar ratio of
the two components, it has been shown that domains
of the active component of finite size are required to
initiate crystallisation of silver propionate [§].

A new approach in the investigation of CaCOj
formation at interfaces is the variation of parameters
like density and distribution of active sites in an inert
matrix with respect to initialisation of mineralisation,
in order to obtain new insights into the nucleation
process as well as to control the size of the crystal
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nuclei. As active site we used the carboxyl group
COOH [lipids: octadecanoic acid (ODA) and octadecyl
succinic acid (OSA)]. The methyl carboxylate group
[lipid: methyl octadecanoate (MOD)] served as inactive
matrix for the variation of the average surface density
of the active groups. For a variation of the distribu-
tion, the dicarboxylic acid OSA was used to inten-
tionally provide a pair of active groups in close vicinity
to each other. Since the pure monolayers of both ODA
and OSA did show limited long-term stability on
aqueous solutions of CaCOs;, the formation of solid
CaCO; with the two-component monolayers only are
reported here. Brewster angle microscopy (BAM) al-
lows the observation of the topography of monolayers
and temporal changes, e.g. during compression, at the
air-water interface without the addition of a fluorescent
probe [10, 11,12]. BAM has been used for studying in
situ the interfacial growth of meso-structured silica
thin films in the presence of water-soluble tensides [13],
and the CaCOj precipitation in dependence on long
chain fatty acids of various chain length [14]. The
formation of solid CaCOs; initiated by the active head
groups of a two-component monolayer should also be
detectable in situ with a Brewster angle microscope if
the domains are of sufficient lateral size, since a layer
of CaCO; a few nanometres thick has a reflectivity
similar to that of the monolayer at the air-water
interface [15].

Materials and methods

Materials ODA and MOD were purchased from Merck (Ger-
many). OSA was purchased from Lancaster Synthesis, England.
All lipids were used without further purification and dissolved in
chloroform (Baker, HPLC grade) to form a 1 mM spreading
solution. Water (resistance 18 MQ cm) purified in a Milli-Q system
(Millipore) was used for preparing the aqueous CaCOj solutions as
the subphase. Calcium chloride tetrahydrate, sodium hydrogen
carbonate and sodium chloride (all suprapure quality) were ob-
tained from Merck, Germany. The aqueous 2 mM and 4 mM
CaCOs; solutions were prepared by mixing equal volumes of
NaHCOj; and CaCly4 H,O solutions (4 and § mM 17" in 0.1 M I™!
Nacl) at 20 °C.

Procedures The CaCOj; solutions were poured into a custom built
PTFE trough (74x10 cm?) with a maximum working area of
590 cm? and two simultaneously moving barriers.

Monolayers were formed by spreading 180 pl of solutions of
lipids or mixtures of these, respectively, in chloroform on sub-
phases containing CaCOj; solutions at 20 °C with a microsyringe.
The surface pressure n was measured with a filter paper
(Schleicher & Schiill 589) Wilhelmy balance and was kept
constant after reaching 7=15 mN m~! by a feedback loop. The
speed of monolayer compression was 20.7 cm’min~'. The for-
mation of solid CaCOj; in the head group region of monolayers
at the air-solution interface was followed in situ using a modified
Brewster angle microscope BAM 2 from Nanofilm Technologie,
Gottingen, with a 514 nm Ar-Kr laser (Coherent Innova 70
Spectrum).

Results and discussion
Two-component monolayers

The two-component monolayers on the subphase con-
taining CaCOs used in this study behave quite differently
depending on the components and the molar mixing
ratio, as illustrated by the surface pressure-area (m-A)
isotherms (Fig. 1).

For comparison, the isotherms of the monolayers of
the pure components are also shown. Two mixtures have
been selected for each system, ODA/MOD and OSA/
MOD, respectively. Since the most important parameter
in the first approximation is the surface density of the
active groups, the isotherms are plotted as surface
pressure versus the area per COOH group (except for
MOD, area per molecule). The aqueous subphases were
different in the two sets: 2 mM CaCO; for monolayers
with ODA, and 4 mM CaCO; for monolayers
with OSA. In the following, the behaviour of
ODA:MOD=3:2 will be compared to that of
OSA:MOD=1:2, and ODA:MOD=9:11 with that
of OSA:MOD =1:3. At the surface pressure of 15 mN
m~! (horizontal dotted line in Fig. 1), these pairs have
nearly the same area per COOH group and corre-
sponding surface densities of the active groups (Table 1).

The shape of the n-A4 isotherms is quite different in
the two systems. For the ODA mixtures, the surface
pressure rises abruptly and quite steeply upon com-
pression. Atr=15mN m™', the observed area per
COOH group coincides very well with that calculated

Surface pressure m [MNm]

T T T
0.2 0.4 0.5 0.6 0.7

0 0.1 0.2
Area per COOH group [nm?]

Fig. 1 Characterisation of monolayers at the air—solution interface
by surface pressure (w)-area (A4) isotherms. Area A plotted as area
per COOH group [monolayers with octadecanoic acid (ODA) and
octadecyl succinic acid (OSA), respectively] or area per molecule
[methyl octadecanoate (MOD), dash-dotted curve]. Full lines
Monolayers of ODA, ODA:MOD =3:2, and ODA:MOD=9:11;
dashed lines OSA, OSA:MOD =1:2, and ODA:MOD = 1:3; molar
mixing ratios indicated at the curves, horizontal dotted line
represents 7=15mN m~'. Subphase: CaCO;, 2 mM (ODA
monolayers) and 4 mM (OSA monolayers), respectively; 20 °C
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Table 1 Monolayer parameters. Area per COOH group, Acoon,
(area per molecule for MOD) of monolayers at the surface of
aqueous solutions of CaCOs, at concentrations of 2 mM (mono-
layers with ODA) and 4 mM (monolayers with OSA, and of pure

MOD), respectively. Parameters a, 7o, and a of least squares fits of
Eq. 1 to the observed time dependences of the area fraction of
bright domains, fyomain (Fig. 3)

Acoon(nm?) Acare(nm?) a(s) to () a
MOD 0.207 — — — —
ODA 0.218 - - - -
ODA:MOD=3:2 0.353 0.356 380 2530 1*
ODA:MOD=9:11 0.480 0.471 5552 15100 1*
OSA 0.097 - - - -
OSA:MOD=1:2 0.345 0.304 800* 1800* 0.433
OSA:MOD=1:3 0.478 0.407 800* 1800* 0.179

“Parameter fixed

from the areas of the components indicating ideal
behaviour (Table 1). This may be interpreted as a
homogeneous distribution of the active groups in the
inert matrix. The OSA mixtures, in contrast, show a
smooth increase and a phase transition at a surface
pressure of about 24 mN m™'. The isotherm of OSA:-
MOD = 1:3 closely resembles that of OSA:MOD=1:2,
except for the displacement to larger area per COOH
group (due to a larger fraction of the inert matrix). Such
a behaviour is often taken as an indication of phase
separation in the monolayer with the collapse of one
phase occurring at the same surface pressure indepen-
dent of the mixing ratio [16]. Therefore, the phase
transition may be due to the collapse of a separate phase
of OSA, since the monolayer of pure OSA is rather
unstable. Alternatively, OSA might be stabilised (since
the surface pressure of the phase transition is some-
what higher than the collapse pressure of OSA,
Tleollapse™ 18 MmN m_l) by forming a phase of an associ-
ation with MOD. The area per COOH at =15 mN m™'
observed for the two-component monolayers is larger
than that calculated from the areas of the components
(Table 1).

Brewster angle microscopy

BAM images of the two-component monolayers taken
at different times ¢ after starting the compression (first
images recorded when the surface pressure n has reached
15 mN m™!) clearly show the formation and growth of
bright domains (Fig. 2).

At =15 mN m™', the monolayers ODA:MOD = 3:2
and OSA:MOD=1:2 have the same average surface
density of COOH groups initialising the formation of
solid CaCOj; at the interface (Fig. 1). However, a strik-
ing difference is seen in the images at t~1800 s: many
more bright domains indicating the ultra thin layer of
CaCOj in contact with the monolayer head groups, are
observed for OSA:MOD = 1:2 (Fig. 2b, t=1764 s) than
for ODA:MOD =3:2 (Fig. 2a, t=1883 s). Further, the

fdomain = a4 (1 + erf(
2 o

time evolution differs dramatically for the two mono-
layers compared here. The area fraction covered with
bright domains at t~2750 s obviously is much larger for
the monolayer with ODA (Fig. 2¢, t=2733 s) than with
OSA (Fig. 2d, t=2765 s).

Growth model for CaCO; domains

We have adapted to our needs a growth model used in
the determination of heterogeneous nucleation rates
[17]. A Gaussian size distribution of the bright domains
of CaCOj in contact with the monolayer head groups is
assumed. As the distribution shifts with time in size and
thickness of the ultra thin layer, the domains become
visible in the BAM exceeding a fixed brightness level.
The time dependence of the area fraction fyomain Of
bright domains in the monolayer then is the integral of
the Gaussian distribution, described as

))

The parameter a represents the amplitude (limiting value
of fyomain fOT # — o), 20 the half width of the Gaussian
distribution, and ¢, the offset time of the distribution.
With this type of dependence least squares fits to the
results of the image evaluation have been performed
(Fig. 3, solid lines) assuming a behaviour of the mono-
layers with ODA different from that with OSA. In case
of the ODA monolayers, the amplitude value has been
set to a=1, and the two other parameters ¢ and ¢, have
been obtained from the fit. All fit parameters are listed in
Table 1. For fitting the curves to the data of ODA
monolayers, the parameters ¢=800s and 7,=1800 s
have been set, and the amplitude a only was determined
by fitting. This approach implies that in the case of ODA
with homogeneously distributed active sites, the whole
surface will eventually be covered with CaCQOs, although
nucleation and growth may be too slow to observe this
process within reasonable times. In contrast, the active
sites are clustered in monolayers containing OSA due to

t— 1t
2

(1)
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Fig. 2a—d Observation of
CaCOs; formation by Brewster
angle microscopy. BAM images
of monolayers on top of CaCO;
solutions (2 mM for
ODA:MOD =3:2 and 4 mM
for OSA:MOD = 1:2) taken at
different times ¢.

a ODA:MOD=3:2, r=1883 s.
b OSA:MOD=1:2, t=1764 s.
¢ ODA:MOD=3:2, t=2733 s.
d OSA:MOD=1:2, r=2769 s.
Images taken at constant
monolayer area (m=15 mN
m™Y); 20 °C

phase separation, and fast formation of CaCOj is ob-
served even for small molar fractions of the active
component as compared to monolayers containing
ODA. Since no CaCOs; is formed underneath the frac-
tion of the monolayer with MOD, the amplitude in the
time dependence varies with the molar fraction of the
active component OSA.

o o o -
H o w L]
1 1 1 1

Area fraction fyomain
]
~a
L

Time [s]

Fig. 3 Kinetics of CaCO; formation at two-component monolay-
ers. Area fraction fyomain Of bright domains determined from
BAM images as function of time ¢ for the monolayers
ODA:MOD=3:2 and 9:11 (squares), and OSA:MOD=1:2 and
1:3 (circles), respectively as indicated; the full curves are least
squares fits of Eq. 1 to the experimental data with the parameters
listed in Table 1. Images taken at constant monolayer area
(m=15mN m™"); 20 °C

The series of images has been evaluated by deter-
mining the area fraction fyoma.i, of domains exceeding a
limiting brightness value. The results clearly indicate
the fundamentally different behaviours of the mono-
layers ODA:MOD =3:2 and OSA:MOD = 1:2, respec-
tively; concerning kinetics of formation and area
fraction of the bright domains extrapolated to very
long times (Fig. 3). This becomes more evident by
regarding the second pair of two-component mono-
layers, again with the same average surface density of
active groups at 7=15 mN m™!, i.e. ODA:MOD =9:11
and OSA:MOD=1:3 (Fig. 1). From the BAM images
(not shown here), the time evolution of the area frac-
tion of domains exceeding the limiting brightness level
has been determined. Again, the two monolayers show
a strikingly different behaviour (Fig. 3). Whereas do-
main formation is hardly visible with ODA, bright
domains form rather rapidly at the monolayer with
OSA, reaching a limiting value smaller than in the case
of OSA:MOD=1:2 after time ?~3500s. Since the
physical natures of the groups initialising the formation
of solid CaCO; and of the inactive matrix are identical
in both systems, the reason for the dramatically dif-
ferent behaviour of ODA containing monolayers as
compared to monolayers with OSA has to be the dif-
ferent distribution of the active groups in the matrix.

To conclude, the formation of CaCO; in the head
group region of insoluble two-component model
monolayers at the solution-air interface has been
observed by Brewster angle microscopy. Two pairs of
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monolayers with the same average surface density of
COOH groups have been compared. According to the
surface pressure-area isotherms, the active component
octadecanoic acid is homogeneously distributed in the
inert matrix, whereas a phase separation of active
component and matrix occurs in monolayers with oc-
tadecyl succinic acid as active component. The striking
differences in kinetics and extent of CaCO; formation
observed in these systems, therefore, have to be attrib-
uted to the different distributions of the active groups
as evidenced by the surface pressure-area isotherms.
This fact demonstrates the dominant role of the
lateral distribution of active sites in the process of

biomineralisation at interfaces. In particular, the
observations suggest that a minimum number of active
groups (a critical cluster) is required to act as nucleation
site for the formation of solid CaCOs.

Further investigations using in situ synchrotron
X-ray scattering will help to improve our understanding
on the influence of the active sites distribution on the
CaCO; formation, as well as to determine the specific
CaCOs3 polymorph phases.
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