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Model biomimetic studies of templated growth and assembly of nanocrystalline FeOOH
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Abstract—We studied biomimetic mineralization of self-assembling polymer matrices in order to develop a
model for biomineralization of iron oxides in nature. High-resolution transmission electron microscopy
(HRTEM), rheology, and fluorescence probe analyses show self-assembly of acidic polysaccharide alginic
acid (Alg) to form fibrils in dilute solutions. The resulting Alg fibrils are subsequently mineralized by FeOOH
in a biomimetically controlled process. Experiments were conducted in pH 9.2 solutions containing millimolar
concentrations of iron at 38°C. The unperturbed state of the hybrid mineral–organic structures was studied by
characterization of samples of interfacial films collected from an inorganic–organic interface. Progress of
mineralization over a 4-week period was followed by HRTEM, energy-dispersive X-ray analysis, and selected
area electron diffraction. Morphologies of hybrid structures determined by HRTEM, X-ray powder diffraction,
Fourier transform infrared spectroscopy, energy-dispersive X-ray analysis, and selected area electron diffrac-
tion suggest formation of iron (III) oxyhydroxide phases and their assembly through a variety of mechanisms,
possibly occurring simultaneously. An initial step involves precipitation of nanometer-scale amorphous
particles and two-line ferrihydrite in bulk solution. Some nanoparticles assemble into chains that recrystallize
to form akaganeite (�-FeOOH), presumably via a solid-state transformation pathway. Small organic molecules
may mediate this process by stabilizing the akaganeite structure and controlling particle assembly. Ferrihydrite
particles also bind to acidic polysaccharide fibrils and are transformed to ordered arrays of akaganeite. The
parallel orientation of adjacent akaganeite nanocrystals may be inherited from the orientation of precursor
ferrihydrite, possibly conferred during attachment of ferrihydrite to the polyacid fibrils. Alternatively,
particle–particle interactions may induce orientation, leading to recrystallization. Subsequently, akaganeite is
transformed to goethite that is characterized by nanoscale porosity and fine-scale twinning on {021}.
Dislocation, twin, and nanopore microstructures are consistent with coarsening by nanoparticle assembly,
possibly templated by the substrate. Nanoparticle assembly to generate biomimetic hybrid materials may be
relevant to formation of complex natural biominerals in natural systems where mineral nanoparticles, small
organic molecules, and more complex polymers coexist.Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION

Biologicactivitycangeneratemineralswithuniquecomposi-
tions, morphologies, and forms that may persist long after
organic remains of such organic matrices associated with
biomineralization are destroyed. Geomicrobiology provides
many examples of composite mesostructures that are based
on organic polymer molecules carrying charged functional
groups along polymer chains. Model studies of mineraliza-
tion on, or in proximity to, organic polymer assemblages are
of direct relevance to studies of possible biosignatures (Ban-
field et al., 2000; Thomas-Keprta et al., 2001). Insights into
morphogenesis of such materials are employed in biomi-
metic manufacturing of advanced materials (e.g., Davis et
al., 1998; MacLachlan et al., 2000). The term “biomimetic”
refers to human-made processes, substances, devices, or
systems that imitate nature.

Earth science often deals with natural materials such as
clays, zeolites, iron, aluminum and manganese oxides, and
oxyhydroxides that constitute the inorganic component of

soils, often as nanoparticles. Similarly, natural hybrid, or-
ganic–inorganic structures also contribute to the properties
and health of aquatic systems. It was shown recently that a
large pool of organic carbon exists in the Earth’s oceans in
the form of dissolved exopolymers that can undergo self-
assembly (Leppard, 1995, 1997; Chin et al., 1998). For
example, algae-derived organic matter provides a spectrum
of various polyanions. One of them, alginic acid (Alg),
consists of linear 1 to 4 linked gulurono mannuronans and is
well known for its ion selectivity and tendency to form
heterogeneous as well as homogeneous polymer associations
(e.g., Largeau, 1995; Leppard, 1995).

An intrinsic feature of such water-soluble polyelectrolytes
(PEL) is their tendency to self-assemble in, and from, aque-
ous solution with various counterpart species. Factors such
as ionic strength, type of low- and high-molecular-weight
counterions, composition of the media, and the presence of
heterogeneous surfaces (charged and uncharged) all alter the
geometry (conformation) of PEL molecules in the solution
and the subsequent organic–inorganic composite (Dautzen-
berg et al., 1994). These properties enable employment of
PEL in model studies of biomineralization as a process of
spontaneous self-assembly.

The properties of bulk solutions containing PEL and their
aggregates are nonlinear as a result of the existence of
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charged domains along the polymer chains. As a result of
strong, predominantly ionic and hydrophobic interactions,
alginates are known in nature as “scavengers” of various coun-
terparts in solutions (e.g., dyes, hydrocarbons, metal hydrolyzed
species, other macromolecules). The templating function of such
polymers in the formation of organic–inorganic composites has
been noted previously (Williams, 1984; Mann, 1993; Heywood,
1996; Ozin et al., 1997; Jones et al., 2000; Nesterova et al., 2000).

A number of recent studies of Fe(III)-polymer matrix
biomimetic mineralization have reported the influence of the
organic matrix structure on the mineral phase nucleation and
crystallization processes, mostly at elevated temperatures
and pHs between 10.3 and 13. Generally, preformed func-
tional matrix templates were employed (Kroll and Winnik,
1996; Breulmann and Colfen, 1998; Dante et al., 1999; Dutta
et al., 2000; Jones et al., 2000). The objective of the present
study was to devise a model mineralization system that
permits simultaneous formation of a templating polymer
matrix through self-assembly and its controlled biomimetic
mineralization by iron (III)-containing hydrolyzed species at
millimolar concentration of iron(III) and pH of natural
aquatic systems.

In the range 5 � pH � 9, which is pertinent to biologic and
aquatic systems, hydrated transition metal species pervading
the aqueous pools need to be stable for long enough to function
in biomineralization. This is achieved mainly through forma-
tion of mixed metal–organic complexes (Schneider and Erni,
1985; Wu et al., 2001). In the biomimetic studies reported here,
tris(acetylacetonato) Fe(III), (Fe(acac)3) (or 2,4-pentanedione
Fe(III)) was chosen as a the starting iron-containing compound
because it forms comparatively stable, polynuclear hydrolyzed
species at neutral and basic conditions; thus, it can serve as the
transit pool species in biomimetic mineralization (Echmaeva et
al., 1994).

In our experiments, special consideration was given to han-
dling of fragile and colloidal structures to prevent damage to
their architecture. Our strategy was to introduce an additional
interface—that is, to create a boundary area between aqueous
and organic phases that enables formation of hybrid, organic–
inorganic structures. From this interfacial area, the samples
could be collected for characterization by transmission electron
microscopy (TEM). The interface has characteristics that make
it an important proxy for natural processes because biominer-
alization often occurs at boundaries between more hydrophilic
(aqueous) and more hydrophobic (colloidal particle, micelle,
solid surface) regions (MacLachlan et al., 2000).

2. MATERIALS AND METHODS

Alg, sodium salt (Sigma-Aldrich; from Macrocystis pyrifera[kelp],
high viscosity) was used. The carboxylic group content, determined by
colloid titration with chitosan, was 18.3% (theoretical, 22.3%). Borate
(pH 9.2) buffer solution was prepared from commercial tablets (BDH
& Merck Laboratory Chemicals). Iron(III) acetylacetonate (Fe(acac)3),
99% purity (Aldrich Chemical) was used. The fluorescence probe,
N,N-dymethyl-1-naphthylamine (DMNA), was obtained from Sigma.
Pyrocatechol violet (pyrocatechol sulfonphtalein) and crystal violet
dyes were purchased from Fisher.

A total of 100 mL of freshly prepared dilute pH 9.2 buffer solution
containing 0.05 g (1.396 � 10�3 mol/L) of Fe(acac)3 and 0.0119 g of
Alg was placed into each of six 250-mL flasks. The amount of polyacid

was calculated to provide Fe: COO� � 3:1 (Nesterova et al., 2000). To
localize formation of the organic–inorganic composite phase, hexane
(100 mL) was carefully added to each flask to generate an upper
organic layer immiscible with the aqueous solution. Sealed flasks were
placed in a shaker and thermostated at 38°C for 6 weeks.

Control iron-free solutions were prepared, and the geometry of
interfacial iron-free polymer films was studied after 4 weeks of incu-
bation at 38°C. For visualization, �5 � 10�6 mol/L pyrocatechol
violet was added to the aqueous polymer solution layers that did not
contain iron (III) compounds before the 4-week incubation.

In some experiments (e.g., for polymer fibril morphology studies),
no iron (III) or pyrocatechol violet dye was used. Instead, interfacial
polymer films were stained with crystal violet after 4 weeks of incu-
bation at 38°C. Films were characterized by light microscopy with a
Leica Leitz DMR microscope.

During the hydrolysis, stable thin films separating the organic and
aqueous phases and containing solid aggregates were sampled period-
ically (after 4, 10, and 18 d, 4 weeks, and 6 weeks), mounted on
Formvar-coated grids, and coated with carbon for examination by
high-resolution transmission electron microscopy (HRTEM).

When the hydrolysis was completed, precipitates formed in all flasks
were collected, washed three times with water and once with absolute
ethanol, and dried by lyophilization. These samples were characterized
by X-ray powder diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), and HRTEM. XRD used a Scintag automated powder
diffractometer operated at 35 kV and 40 mA with the Cu-K� radiation
tube. TEM-based studies were carried out with a Philips CM200UT
TEM with a 0.2-nm point resolution operated at 200 kV. Compositional
microanalyses were collected via TEM-based energy-dispersive X-ray
spectrometry. FTIR data were collected with a Nicolet 740 FTIR
spectrometer. Mineralized, unmineralized, and stained films were ex-
amined with a light microscope.

To elucidate the process of polymer matrix self-assembly, the rhe-
ology of Alg solutions was studied by viscometry and surface tension
measurements. Fluorescence probe studies were employed to determine
the conformational state of the polyacid. A Cannon-Ubellohde glass
capillary viscometer (Cole-Parmer Instruments) with a flow time for
water of 180.87 � 0.5 s at 25°C was used. Surface tension was
measured by a platinum ring method with a du Nouy tensiometer
calibrated to provide direct values of �, the surface tension coefficient
(N/m2). At least three measurements were made for each solution. The
data obtained were reproducible, with negligible deviation.

To test hydrophobic properties of microdomains created by polyacid
molecules (and their associates) in bulk solution, fluorescence probing
by DMNA was carried out as follows: aliquots of Alg solution con-
taining a calculated amount of polyacid and solution of DMNA were
quickly mixed in a volumetric flask, the volume adjusted, and emit-
tance spectra recorded on a Perkin-Elmer MPF-66 spectrometer at
room temperature. All measurements were carried out with isoionic
dilution.

3. RESULTS

During 6 weeks of hydrolysis of Fe(acac)3 solutions, the thin
films separating organic (hexane) and inorganic (aqueous) lay-
ers in the flasks developed mineralized composite material that
contained submicron particles of hydrolyzed iron(III) com-
pounds. Polymer interfacial films also formed in iron-free so-
lutions.

3.1. Examination of Polyacid Phase

Figure 1 shows light microscope and TEM images of
interfacial polyacid films collected from the organic–inor-
ganic interface in iron-free solutions. Light microscope im-
ages demonstrate straplike, 1 to 5 �m wide, hundreds of
micron long polymer fibrils that are mutually aligned (Fig.
1a). TEM images reveal the detailed structure of polymer
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arrangements as visualized by sorption of electron dense
particles of dye. Twisted and braided single polymer fibrils
are �1 �m wide (Figs. 1b,c). A TEM image of a specimen
of interfacial polyacid film formed in the absence of inter-
acting counterparts in the solutions, and stained with crystal
violet after its formation, is shown in Figure 1d. Long, thin
filaments of polyacid, visualized by sorption of electron-
dense dye species, resemble the extracellular polymer phase
observed in slimy microalgae materials (Leppard, 1997).
Some filaments self-assemble and form thin polymer ribbons
(Fig. 1d).

To study the conformational state of Alg molecules, viscom-
etry, surface tension, and fluorescence probe studies were car-
ried out in the dilute polymer solution at low (I � 3.7 � 10�2

mol/kg; [Na�] � 2.7 � 10�2 mol/L, [Cl�] � 6.9 � 10�3

mol/L, [B2O7
�2] � 10�2 mol/L) and very low ionic strength

(ultrapure water, conductivity 5.5 �S/m). Flexible polyelectro-
lyte molecules such as dissociated Alg usually possess a rodlike
expanded conformation state in dilute, low-ionic-strength so-
lutions as a result of the electroviscous effect (Molyneux,
1983). The value of solution viscosity number, �, relates to the
hydrodynamic volume of a single polymer molecule in the
solution. The data obtained from viscosity and surface tension
measurements of dilute Alg solutions in pure water are pre-
sented in Figure 2.

The plot of Alg solution viscosity number � vs. polymer
concentration C (Fig. 2, plot a), shows a clear maximum at
polyacid concentration near 1 � 10�4 g/mL. In the same
concentration region, the broad minimum of �, surface tension
coefficient values can be observed, as shown in Figure 2, plot
b. These changes in solution properties at Alg concentrations
�1 � 10�4 g/mL presumably correspond to the expanded

Fig. 1. Images of self-assembling Alg fibrils in an unperturbed state as collected in an interfacial organic-aqueous layer:
(a) field of polyacid fibrils aligned (light microscopy), (b) TEM picture of separate polymer fibrils visualized by sorption
of hydrophobic dye particles, (c) single braided polymer fibril of complex morphology, and (d) thin threads and “sheets”
of Alg filaments (Crystal Violet stain).
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conformation of Alg molecules in the solutions, conditions
close to those of our experiments. We propose that the surface
tension minimum relates to the conformational state where the
expanded polyacid molecules (or their aggregates) form a sur-
face layer, with their hydrophilic carboxylic groups facing the
bulk aqueous solution.

DMNA was used as a fluorescence probe to investigate local
environments within the polymer self-assemblies. In general,
DMNA fluorescence intensity increases, or the fluorescence
maximum of DMNA spectra shift toward the shorter wave-
lengths upon increasing hydrophobicity of the probe’s sur-
roundings (spectral blue shift) (Ohtaki, 1998). Figure 3 shows
the effect on the DMNA emission spectra of change in polyacid
concentration with constant fluorescence probe concentration
in very dilute pH 9.2 buffer solution. A similar but more
pronounced effect was obtained for solutions prepared with
pure water (data not shown). This is due to withdrawal of the
shield effect of small ions, which is followed by unfolding of
polyacid molecules to a more expanded state. The solution
compositions are described in the caption. The fluorescence
intensities in low concentration pH 9.2 buffer and in pure water
were also recorded at the 441-nm maximum. The data obtained
are shown in the inset in Figure 3. The plots demonstrate a
steep increase in fluorescence in tensity of the DMNA probe at
an Alg concentration of �1 � 10�4 g/mL for both solutions
sets, close to the polyacid concentration used in our experi-
ments (1.119 � 10�4 g/mL). The presence of hydrophobic
interacting surfaces capable of hosting the hydrophobic parti-
cles of DMNA is inferred in the polyacid chains at these
conditions. Although spectroscopic data show reproducible
changes in fluorescence intensity with change in polyacid con-
centration, no reproducible blue shift in spectra was observed
during any measurements.

Comparing the fluorescence intensity of the DMNA probe at
the 441-nm maximum in the �Q water solution (Fig. 3 inset as
plot 1; also presented as plot c in Fig. 2) and Alg solution
rheology data (Fig. 2, we observed that the sharp maximum in
fluorescence intensity of DMNA in polyacid solutions occurs in
the polymer concentration region limited by dashed lines and

related presumably to most expanded conformation of Alg
molecules. Thus, the data of all three methods—viscometry,
fluorescence probe analysis, and surface tension measure-
ments—are in agreement.

3.2. Examination of Inorganic–Organic Composite Phase

Amorphous, crystalline, and hybrid organic–inorganic struc-
tures coexist in the interfacial polymer films. HRTEM images
and energy-dispersive X-ray analysis analyses of particles from
interfacial films collected after 4 to 10 d generally indicate
amorphous aggregates of iron oxyhydroxide compounds (data
not shown). HRTEM images of Alg-containing interfacial films
that hosted growth of iron(III)-containing solid phases are
shown in Figure 4. In some cases, samples of Alg fibrils
collected after 10 to 14 d were covered by mineral particles of
�2 nm diameter (Fig. 4a).

Images of specimens of organic–inorganic interfacial films
prepared after 2 to 4 weeks of mineralization are shown in
Figures 4b –e. Submicron-wide fibrils of Alg are encrusted
with large (� 50 nm wide) iron oxyhydroxide crystals (see
inset). The �1-nm periodicities are consistent with identifica-
tion as goethite or akaganeite. The presence of these large platy
crystals suggests that growth was templated by the polymer
matrix.

Figure 4c shows fibril assemblies that host many needle-
like nanocrystals, as shown in the inset. Crystals with aver-
age lengths of 10 to 30 nm, and aspect ratios of �9.2 proved
to be unstable under the electron beam. However, �0.29-,
0.52-, 0.65-, and 0.7-nm lattice fringes were detected in
these mineral particles, consistent with their identification as

Fig. 2. Changes of reduced viscosity (�red), surface tension (�), and
fluorescence intensity of Alg solutions (c) as a function of polymer
concentration, C.

Fig. 3. Effect of Alg on fluorescence emission spectra of DMNA in
aqueous solution at pH 9.2. Solution contains 9.2 � 10�4 mol/L of
DMNA and (from top to bottom) 1.08 � 10�4, 1.14 � 10�4, 6 � 10�5,
none, 2 � 10�4, 8 � 10�5, 2.8 � 10�4, 3.6 � 10�5, and 2 � 10�5

g/mL of polyacid in dilute pH 9.2 buffer. Inset shows relation between
fluorescence intensity of DMNA probe at 441 nm and concentration of
polymer in �Q water and dilute pH 9.2 buffer.
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Fig. 4. HRTEM images of representative morphologies of polyacid fibrils that template mineralization of iron(III)
oxohydroxy phase: (a) a single fibril covered with � 2-nm-diameter iron oxyhydroxide particles at early stages of
mineralization; (b) Alg fibrils “encrusted” with FeOOH phase with 1-nm lattice fringes; (c) fibrils that host a mesocrystalline
FeOOH phase consisting of needlelike crystals; (d) polymer ribbonlike assembly visualized by sorption of electron dense
species from mineralization solution; and (e) area of Alg fibril-template mineralized by two platy particles.
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akaganeite (�-FeOOH). Some needlelike akaganeite appear
to be constructed from chains of nanoparticles. The crystals
follow the geometry of the fibrils in these unperturbed
hybrid assemblies, indicating templation by the polymer
matrix.

In Figure 4d, the geometry of a single, ribbonlike Alg
assembly is visualized by sorption of electron dense species
(probably iron) from the mineralization solution. Figure 4e
shows a segment of the surface of a mineralized single fibril
where two platy mineral particles are semialigned. An edge
dislocation is associated with the low angle grain boundary
between the nanocrystals. The d-values calculated from lat-
tice fringes observed in various crystalline areas on the
surface of this submicron fibril by HRTEM, are 0.75 nm
(shown in Fig. 4e), 0.34 and 0.52 nm (data not shown). The
set of d-values for these fringes is closest to that of akaga-
neite.

The experimental study of the interfacial growth of iron(III)
oxyhydroxide aggregates yielded specimens after 4 weeks of
hydrolysis that contain micron-scale acicular crystals as shown
in Figure 5a., associated with organic–inorganic interfacial
films containing needlelike crystals (as shown in the inset).
Electron diffraction studies confirmed that these are goethites
that consist of multiple smaller rodlike crystals that are mutu-
ally aligned to generate the typical lathlike goethite crystal
form. At higher magnification, the fine structure of the crystals
can be observed (Figs. 5b –d). Nanoscale domains separated by
porosity indicate that the large goethite laths are composed of
aligned nanocrystals with an average diameter of 5 to 8 nm.
These are crystallographically “docked” to form a fairly
smooth solid surface (Fig. 5b). Lattice fringes with d-spacing
values of approximately 0.4 nm ({101} goethite) indicate that
nanoparticles are either crystallographically oriented with re-
spect to each other or are oriented so that adjacent nanoparticles
are in twin-related orientations with twin planes on {021}
(Cornell, 1996). The two orientational relationships occur with
about equal probability.

Figure 5c depicts part of an acicular crystal of goethite.
The {101} lattice fringes indicate that nanocrystals in this
region are imperfectly oriented with respect to each other
(misorientation indicated by rotation of lattice fringes are
marked). Figure 5d displays a region of the goethite aggre-
gate shown in Figure 5a viewed down [�111]. Roughly
hexagonal-shaped domains of low diffraction contrast indi-
cate thin regions of separate islands of goethite (note the
{101} (0.42-nm spacing) and {110} (0.28-nm spacing) lat-
tice fringes). On the basis of the HRTEM results, we infer
that these biomimetic materials are constructed from aggre-
gates of epitaxially attached FeOOH nanocrystals, similar to
observed recently in natural materials and aged colloids
(Alivisatos, 2000; Penn et al., 2001).

To compare templated (interfacial) and nontemplated
mineral phases formed in bulk solution, specimens of the
bulk precipitate from mineralization solutions were charac-
terized by HRTEM, XRD, and FTIR. XRD and HRTEM data
show that most of the bulk precipitate is poorly ordered, yet
it contains occasional crystals that range in size from micron
to nanometer scale. Electron diffraction studies yielded sets

of d-values consistent with ferrihydrite (0.25, 0.198, 0.147
nm) and akaganeite (0.56, 0.528, 0.27, 0.217, 0.184 nm).
Nanoscale needlelike particles identified as �-FeOOH (e.g.,
inset in Fig. 5a) were found both in precipitates formed in
bulk solution and interfacial hybrid films (e.g., Fig. 4c). The
formation and stabilization of nanoparticles of akaganeite
(�-FeOOH) (possible primary products of hydrolysis) we
attribute to the presence in solution of large anions (such as
acetylacetonate and, possibly, borate) and also Cl� ( Schnei-
der and Erni, 1985; Reeves and Mann, 1991; Schwertmann
et al., 1996; Saric et al., 1998; Music et al., 1999; Deliyanni
et al., 2001).

In some cases, aggregates formed in bulk solution are floc-
culated with polymer fibrils (Fig. 6). An FTIR spectrum con-
firmed the presence of significant organic material in the bulk
precipitate. This is likely to be sorbed acetylacetonate ligand
and the polyacid phase (two strong peaks observed at 1618
cm�1 and 1400 cm�1 were attributed to C�O groups vibration
and stretching). A broad shoulder in the spectrum at 490 to 400
cm�1 was attributed to Fe-O interactions. The particulates
formed in bulk solution (Fig. 6) are generally similar to those
found in aquatic natural systems and observed in recent studies
of mineralization of polysaccharide matrices (Leppard, 1995;
Chin, 1998). The major difference between the bulk precipitate
and the interfacial mineral phase lies in the very small size of
interfacial film mineral aggregates and the practical absence in
the bulk precipitate of micron-sized acicular goethites, as
shown in Figure 6.

4. DISCUSSION

In solution, polar molecules of Alg dissociated at pH 9.2 bear
functional groups that confer water solubility and dispensabil-
ity to the polymer. At the hydrocarbon–water boundary (or the
air–water boundary), the molecules are positioned so that the
generally more hydrophobic carbohydrate backbones face a
more hydrophobic phase. Thus, the carboxylic functional
groups of the surface polymer molecules are pointing inward to
the water phase, forming a thin two-dimensional functional
surface film that serves as a template for mineralization. In very
dilute solutions with very low ionic strength, some strong
polyanions such as Alg acquire an expanded, rodlike confor-
mation of chains that is manifested in negative slope of the
viscosity number (�) vs. polymer concentration (c) plot (plot 1,
Fig. 2; area limited by dashed lines). The reverse of the slope
after maximum � in the more dilute region has been attributed
to intermacromolecular interactions, presumably governing the
solution properties even in this very dilute region (Dautzenberg
et al., 1994).

Molecular modeling investigations reported recently pre-
dict that both �-L-polyguluronic (G-block of Alg, rigid
chain) and �-D-polymannuronic (M-block, semirigid chain)
polysaccharide residues exist as right-handed helices with a
twofold screw periodicity; the �-D-polymannuronic chain
can also form a threefold helix (Braccini et al., 1999). Acidic
polysaccharide chains in the solution are considered to be
highly hydrophilic as a result of the large number of polar
functional groups. Nevertheless, recent studies provide ex-
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perimental and theoretical evidence that some polysaccha-
ride conformations demonstrate amphiphilic properties in
solution as a result of the spatial geometry of their polymer
units. It appears generally that polysaccharides that adopt

the helix-structure might be amphiphilic (Balasubramanian,
1993). In our studies, the DMNA fluorescence probe exper-
iments provide evidence for the possible presence of hydro-
phobic binding sites or environments in expanded Alg mol-

Fig. 5. HRTEM image of typical aggregate of acicular goethites crystals from a composite interfacial film: (a) small
rotational misalignments between oriented acicular crystals; inset shows needlelike akaganeite crystal found in the area; (b)
oriented attachment of nanoscale crystallites (area (b) of picture (a)); (c) low angle rotational misorientation between two
acicular almost parallel goethites (area (c) of picture (a)); and (d) porosity incorporated into goethite crystalline region ((d)
area of picture(a)); note the hexagonal shape of incorporated pores.
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ecules in aqueous solution of low ionic strength at high
dilution. We presume that this is followed by thermodynam-
ically driven self-assembly of polymer chains and their
aggregates as a result of the persistent energy-minimized
conformation of molecules in the solution. This is consistent
with atomic force microscopy (AFM) data from very dilute
alginate solutions (Decho, 1999).

In the absence of counterparts in the solution that promote
polymer aggregation as shown in Figures 1a,b, Alg fibrils
driven to the aqueous–organic interface exhibit a rather fila-
ment-like morphology (Fig. 1d). Introduction of “binding”
moieties such as hydrolyzed transition metal species and volu-
minous hydrophobic dye particles resulted in a distinctive,
straplike structure of the composite aggregates (Fig. 1a–c).
Sorption on polyanion fibrils of pyrocatechol violet and the
metachromatic color change of the solution from yellow to
green due to aggregation and stabilization of dye species sug-
gest possible Van der Waals and hydrophobic interactions
between polymer fibrils and the dye species. Additionally,
specific Alg-Fe(III) binding is considered to occur in solutions
containing hydrolyzing iron-containing polynuclear species
(Leppard, 1995; Jones et al., 2000; Nesterova et al., 2000). We
propose associative polymer network formation that is based on
helix–helix polysaccharide aggregation that is thermodynami-
cally driven and promoted by binding of counterparts such as
the metal ions or the organic dyes. Eventually, this leads to
higher levels of lateral ordering of the system and results in
phase separation, as exemplified by light and electron micros-
copy results reported here.

Formation and growth of biomimetic polyacid fibrils (flocs)
results both from the continuous assembly of free expanded
Alg molecules and from secondary aggregation and dewatering
of small assembled strands. This drives them to the hydrophil-
ic-hydrophobic interface. In our experiments, we have also
observed that polymer fibrils can further aggregate on the
interface and mutually align to form “fi elds.” The resulting

two-dimensional self-assembled organic matrix controls biomi-
metic mineralization of iron (III) species, determines the ori-
entation of templated crystal growth, acts as a substrate for
assembly of nanoparticles, or some combination of these. Al-
though polyanion molecules that are flexible in solution may
act as crystal growth inhibitors, the same macromolecules can
act as nucleators when immobilized on a stable surface or
self-organized to provide such surface. Then they facilitate the
steady unperturbed growth of the crystals (Heywood et al.,
1988; Reeves and Mann, 1991; Furedi-Milhofer and Sarig,
1996). The alginate fibrils employed in our experiments may
have played both roles: inducing specific growth of platelets on
the fibrils and inhibiting crystallization of amorphous materials
in bulk solution.

The Ostwald rule of stages (Nyvlt, 1995) predicts that in
solutions, the first formed solid will be a metastable hydrolyzed
iron (III)-containing compound. Subsequently, the other ther-
modynamically stable phase crystallizes, either directly or after
transformations involving other metastable polymorphs. In our
experiments, the first-formed solid often consists of aggregates
of �2-nm particles (Fig. 5). Some of the nanoparticles are
amorphous; others have a structure related to two-line ferrihy-
drite or feroxyhite (Flynn, 1984).

Combining available data, we infer that the mineralization
solution contains colloidal multinuclear clusters as well as the
above-mentioned �2-nm-diameter nanoparticles (Flynn, 1984;
Gregory and Duan, 2001). The particles may aggregate in
solution and subsequently adhere to polymer fibrils. Alterna-
tively, the aggregation may take place at least in part on the
fibril surface. In the latter case, the fibrils could serve to
stabilize potentially unstable nuclei. This is essentially a het-
erogeneous nucleation process wherein the organic functional
groups bind to ions on the cluster or nanoparticle surface,
reducing the surface energy and thus the tendency of the
particles to dissolve. Thus, the alginate polymer is a substrate
for mineral crystallization.

Recent studies indicate that the presence of an organic–
inorganic interface in hydrolytic iron (III)-containing solu-
tion can lead to crystallization of �-FeOOH (Reeves and
Mann, 1991; Coe et al., 1995; Dante et al., 1999; Kilcoyne
and Lawrence, 1999; Gossuin et al., 2001; Wirnsberger et
al., 2001). After 4 weeks of hydrolysis and mineralization,
Alg fibrils in our experiments were encrusted with akaga-
neite (�-FeOOH) (Fig. 4e). Formation of this phase, which
is normally regarded as thermodynamically unstable at pH
9.2, could be attributed to the presence of the charged acidic
functional surface of the polyacid fibrils or acetylacetonate
anions in aggregates in bulk solution. The polymers may
alter the kinetics of nucleation and the transformation of the
iron oxyhydroxide phase and delay the progress of mineral
particle growth (Williams, 1984; Kurimura, 1991; Furedi-
Milhofer and Sarig, 1996; Heywood, 1996). Alternatively,
akaganeite may be the thermodynamically stable phase be-
cause its surface energy is reduced significantly as a result of
surface-bound organics ligands. It is also possible that aka-
ganeite has a lower surface energy than other FeOOH struc-
tures and becomes the stable phase as a result of a size-
related thermodynamic phase stability reversal (Gribb and

Fig. 6. Typical composite flocculate from bulk solution containing
aggregates of iron(III) oxyhydroxide nanoparticles (two-line ferrihy-
drite) and polymer fibrils.
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Banfield, 1997; McHale et al., 1997; Zhang and Banfield,
1998).

It is intriguing that akaganeite is only observed as small
crystals and goethite occurs only as larger crystals in our
samples. If surface energy contributes to phase stability and
influences the precipitate structure in this system, then phase
transformation of akaganeite induced by crystal growth is ex-
pected. The nanoscale twinning in goethite (Fig. 6) may be a
transformation microstructure that arises from random nucle-
ation of the goethite product in one of two symmetrically
(twin)-related orientations. Existence of a transformation twin-
ning would imply that the goethite forms from akaganeite by an
essentially solid-state transformation pathway. Alternatively,
the microstructure could be generated by oriented aggregation
based growth involving goethite nanoparticles (Penn and Ban-
field, 1998a, b).

Recent work suggests that the typical particle size of the
organically bound iron(III) oxyhydroxide phase is deter-
mined by the “capacity” of templating surface—that is, a
continuous functional organic phase may template a contin-
uous solid phase, both in synthetic biomemetic products
(Dautzenberg et al., 1994; Coe et al., 1995; Wirnsberger et
al., 2001) and natural materials (Banfield et al., 2000). In
contrast, mesoscopic akaganeite needles observed in our
specimens form on functional interfaces that provide re-
stricted area for nucleation such as aggregates of acetylac-
etonate amphiphilic moieties (Reeves and Mann, 1991;
McHale et al., 1997; Dante et al., 1999). This explains the forma-
tion of akaganeite nanoscale needles both in bulk solution and in
interfacial organic films in our experiments.

The multigrain, particulate nature of iron oxohydroxy
aggregates was observed in many composite film specimens,
as depicted, for example, in Figure 4a, e.. Such crystal
morphology may originate from the presence in the templat-
ing matrix of multiple, closely situated nucleation centers.
These enable nucleation of primary particles and further
growth of minerals by oriented attachment of nanoscale
precursors (Banfield et al., 2000) followed by coarsening.

Prior nanoparticle studies have focused on aggregation-
based growth in two contexts. First, supercrystal arrays con-
sisting of oriented, isolated nanoparticles bound into a periodic
array by organics can be formed (Murray et al., 2000). In this
case, upon removal of organic matter separating the nanopar-
ticles, crystal growth could yield large single crystals. Sec-
ondly, nanocrystals can aggregate on the organic substrate. If
crystals are free to rotate, then growth can occur when surfaces
are eliminated by formation of coherent interfaces (Penn and
Banfield, 1998a, b).

Defect microstructures characterize materials in which crys-
tal growth proceeds via an aggregation-based mechanism. Lat-
tice fringe images of materials formed in this study provide
evidence of line, planar, and three-dimensional defects associ-
ated with nanocrystal interfaces. Specifically, we observed
multiple dislocations, as shown in Figures 4c and 5b–d, twins,
and nanometer-scale pores evidenced by zones of low contrast
(Fig. 5d). These may indicate growth by an aggregation-based
pathway. However, if two particles are semioriented with re-
spect to each other, then dislocations will be present at the

interface, regardless of the reason why the particles are misori-
ented. In this study, misorientation may be due to imperfect
substrate templation of growth or restricted rotational move-
ment of primary particles after docking onto polymer substrate.
Pores may form for a variety of reasons (e.g., organic inclu-
sions, mineral particles misalignment) and could be preserved
because of the low solubility of iron-containing phase and slow
diffusion rates.

Biomimetic mineralization of the Alg matrix leads to forma-
tion of porous acicular goethites. These acicular crystals occur
in aggregates in which the goethite crystals are crystallographi-
cally oriented or are related by small rotations, as shown in
Figure 5a. The acicular crystals themselves appear to be con-
structed from oriented nanoparticles that may have assembled
before transformation to goethite. Thus, biomineralization of
the alginate polymer appears to involve oriented assembly of
FeOOH building blocks over a large range of scales.

The biomimetic process observed in our experiments may be
related to the process of formation of similar acicular goethite
in natural microbial mats (e.g., Konhauser and Ferris, 1996;
Akai et al., 1999). Acicular goethites also occur in extracellular
matrices associated with some bacteria, where their formation
is attributed to both metabolic bacterial activity and nonspecific
sorption by polyacidic extracellular polymers that are com-
monly associated with bacteria. Similar goethites are found
commonly in other living matter connected with templated
processes of iron biomineralization, such as in hemosiderin,
where close association of the organic components with the
nanoscale iron particles is present (Chua-anusorn and Webb,
2000).

Spontaneous formation of Alg fibrils and their subsequent
mineralization by iron(III) oxyhydroxide, as shown in Figure 4,
may be related to a natural process suggested recently for the
formation of organic fibrils due to aggregation of the oceanic
dissolved organic matter (Leppard, 1995, 1997; Chin et al.,
1998). The latter is often triggered by organic pollutants (i.e.,
hydrophobic substances) that promote phase separation. As in
natural decontamination of water bodies, aggregation may start
with binding of metal species or organic contaminants such as
petroleum products by polymers or polymer aggregates.

The presence of akaganeite in nature, mostly in aquatic
systems, has been attributed previously to the salinity of sea-
water—that is, to the presence of Cl� that is included in the
crystal structure of akaganeite (Eggleton et al., 1988; Schwert-
mann et al., 1998). Our results suggest that organic matter may
play a key role in inducing akaganeite crystallization during
biomineralization of cell-associated polymers, or when an or-
ganic matrix is available in bulk solution, both in form of
high-molecular-weight compounds (and their aggregates) and
associates of amphiphilic organic molecules of low molecular
weight.
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