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Enzyme-assisted mineralization of calcium
phosphate: exploring confinement for the design
of highly crystalline nano-objects†
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C. Dupont-Gillain, b K. El Kirat,a S. Demoustier-Champagne *b and
J. Landoulsi *a,d

In hard tissues of vertebrates, calcium phosphate (CaP) biomineralization is a fascinating process that

combines specific physicochemical and biochemical reactions, resulting in the formation of extracellular

matrices with elegant nanoarchitectures. Although several “biomimetic” strategies have been developed

for the design of mineralized nanostructured biointerfaces, the control of the crystallization process

remains complex. Herein, we report an innovative approach to overcome this challenge by generating,

in situ, CaP precursors in a confined medium. For this purpose, we explore a combination of (i) the layer-

by-layer assembly, (ii) the template-based method and (iii) the heterogeneous enzymatic catalysis. We

show the possibility of embedding active alkaline phosphatase in a nanostructured multilayered film and

inducing the nucleation and growth of CaP compounds under different conditions. Importantly, we

demonstrate that the modulation of the crystal phase from spheroid-shaped amorphous CaP to crystal-

line platelet-shaped hydroxyapatite depends on the degree of confinement of active enzymes. This leads

to the synthesis of highly anisotropic mineralized nanostructures that are mechanically stable and with

controlled dimensions, composition and crystal phase. The present study provides a straightforward, yet

powerful, way to design anisotropic nanostructured materials, including a self-supported framework,

which may be used in broad biomedical applications.

1. Introduction

The design of anisotropic nano-objects, such as nanotubes
and nanowires, has attracted growing interest in biomedical
research owing to their fine-tuned physical and chemical pro-
perties. In particular, nanotubes incorporating bioactive mole-
cules are especially interesting and have several advantages
relative to spherical nanoparticles that are typically used in
biotechnological applications, such as drug delivery nano-
carriers or nano-bioreactors.1–5 Firstly, nanotubes offer more
possibilities of tailoring the functionality of the nanostructure

than nanospheres. They have indeed distinct outer and inner
surfaces, which can be differentially (bio)-chemically functio-
nalized. This opens the possibility, for instance, of loading the
inside of a nanotube with a specific biochemical payload while
imparting chemical features to the outer surface that renders
it biocompatible. Secondly, nanotubes have a larger inner
volume than nanospheres of the same diameter, which can be
filled with any desired (bio)-chemical species ranging in size
from small molecules to large macromolecules, such as pro-
teins. Thirdly, cylindrical nanotubes possess open mouths,
which make the inner surface accessible and allow the incor-
poration or release of species into or from the tubes, particu-
larly easy. Finally, recent reports have suggested that the use of
anisotropic geometry with higher aspect ratio would increase
the chances of cell internalization.5 A combination of the tem-
plate-based synthesis and the layer-by-layer (LbL) assembly
method has been proposed as a powerful technique for the
elaboration of nano-objects with highly regular dimensions.6

The use of track-etched polymer membranes7 is, indeed, an
efficient way to produce monodisperse objects with a high
aspect ratio: their diameter is defined by the nanopore size
(from 30 nm up to a few µm) and their length by the template
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thickness (from 5 to 25 µm). The LbL technique offers the
possibility to incorporate a variety of (macro)molecules of bio-
logical interest, as previously demonstrated for globular8 and
fibrillar proteins,9,10 enzymes,11,12 biomembrane fractions,13

virus,14 etc. (for recent review see ref. 15). Moreover, it is a ver-
satile technique which may be applied to almost all substrates
independently of their shape, chemical composition and
physical properties, including nanoporous materials.16

Bioactive nanotubes/nanowires have been obtained by
some of us17–19 and other groups.20–22 They were successfully
used for different purposes, such as the control of preosteo-
blast adhesion.18 These functional anisotropic nano-objects
are indeed relevant for the design of nanostructured biointer-
faces mimicking the extracellular matrix (ECM). Their dimen-
sions, high surface area/volume ratio, and biocompatibility
resemble those of natural ECM fibers. In many situations of
practical relevance, nanotubes exhibit poor mechanical stabi-
lity when used in a biological medium. This requires their
strengthening, which may be achieved by reinforcing the nano-
tube walls by incorporating rigid compounds, such as polypyr-
rol,23,24 or inorganic nanoparticles, however with a possible
consequence on the chemical composition of the final nano-
objects.

In connective tissues, the ECM of which is composed of the
mineral phase, such as bone, the design of these nano-objects
is particularly relevant for the control of cell–material inter-
action. In addition to the mechanical stability, the control of
the chemical composition of the mineral phase, typical
calcium phosphate (CaP), is crucial to direct the cell
behavior.25–27 The crystallinity of CaP compounds is also a key
parameter to be considered when the mineral is in contact
with cells (e.g. in implants). This may influence the remodel-
ing process, due to the different dissolution rates of the CaP

phases, and may directly impact cell adhesion, proliferation
and differentiation.28

In vivo, the biogenic crystallization of hydroxyapatite, the
main CaP phase in bone, is an outstanding process that
requires the combination of specific physicochemical con-
ditions and (bio)chemical reactions, resulting in the formation
of highly regular nano-objects with anisotropic features.29 The
precise mechanisms of nucleation and growth of CaP remain
largely unexplained, particularly in the early stages, but the
involvement of extracellular matrix vesicles through an
enzyme-assisted process is now well established.30 Particularly,
the non-specific alkaline phosphatase (ALP, EC.3.1.3.1) is
implicated to generate a CaP precursor, namely orthopho-
sphate ions, as follows:

R–PO4
2� þH2O ! R–OHþHPO4

2�

The concept of enzyme-assisted mineralization has thus
motivated the design of CaP-based materials, the control of
their crystallinity being the most important challenge.31–36

Following a biomimetic bottom-up approach, we propose,
in this study, an innovative strategy to generate mineralized
anisotropic nanostructures while tuning their chemical
composition and crystal phase. For this purpose, we explore
the mechanism by which organisms direct CaP crystalliza-
tion through a combination of key factors: (i) chemical
environment (polyelectrolyte multilayers), (ii) in situ gene-
ration of CaP precursors (through an enzyme-catalyzed reac-
tion), and (iii) confinement (in a nanoporous template).
Relying on the versatile LbL assembly method, we incorpor-
ated ALP into a multilayered film within the nanopores of a
track-etched membrane (Scheme 1), and explored its activity
to generate, in situ, orthophosphate ions, thus initiating CaP

Scheme 1 Strategy used for the elaboration and characterization of the mineralized anisotropic nano-objects. (A) Sequential layer-by-layer assem-
bly of (PAH/ALP)n multilayers. (B) Mineralization by incubation in aqueous solution containing Ca2+ ions and α-glycerol phosphate (S), substrate of
the enzyme that is converted into phosphate (P, product of the enzymatic reaction), resulting in the formation of calcium phosphate (CaP) mineral.
(C) Dissolution of the PC template and collection of the obtained nano-objects by filtration through a Au-coated PET membrane.
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mineralization in confinement. Recently, we have used this
enzyme in the homogeneous phase and revealed the impact
of its catalytic activity on the process of CaP crystallization.37

The building of the enzyme-based multilayers and the
mechanism of mineralization are first investigated on flat
substrates under different physicochemical conditions, and
then monitored in situ using a quartz crystal microbalance
with dissipation monitoring (QCM-D). The assembly and
subsequent mineralization are then performed within nano-
porous track-etched membranes. The obtained mineralized
nanostructures are characterized, by a variety of techniques,
in terms of

morphology, composition, crystallinity and mechanical
stability.

2. Results and discussion
2.1 The properties of ALP in aqueous solutions

The isoform of ALP used in this study consists of a multimeric
metalloenzyme.38 Fig. 1A presents the change in the hydrodyn-
amic diameter (dH) and ζ-potential of the enzyme as a function
of pH in water. It showed a dependence of the surface charge
of the enzyme on pH, as expected, yielding an isoelectric point
(iep) near pH = 5.0. This is consistent with theoretical con-
siderations, as the isoelectric point computed using the amino
acid composition of the enzyme on the basis of the ProtParam
tool is found to be 5.7.39 The hydrodynamic diameter was
around 20 nm at pH 7.4 and remained almost unchanged at
pH values higher than 6. There was a significant increase in

Fig. 1 (A and C) Evolution of ζ-potential (squares) and hydrodynamic diameter (dH, circles) of ALP (ζ-potential: 0.1 mg mL−1 and DLS: 1.0 mg mL−1)
(A) as a function of pH at RT and (C) under different physicochemical conditions: at pH 7.4 (RT), at pH 9 (RT) and at pH 7.4 (37 °C). (B) Three-dimen-
sional structure of an ALP homodimer: two views of ALP dimer related by a 90° rotation (PDB, code “P19111”). (D) Two other views of an ALP homo-
dimer, related by a 180° rotation, showing the distribution of the superimposed residues, Glu (in blue) and Asp (in red) amino acids. Figures and sizes
were generated using RasMol (v.2.7.5.2). (E and F) Measurements of the catalytic activity of ALP in aqueous solution (CaCl2 = 11.6 mM) under
different conditions, as indicated. (E) Evolution of the catalytic activity (initial velocity) as a function of the enzyme concentration. (F) Specific activity
of ALP under different conditions.
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the dH value and the maximum value was observed at the iep
of ALP, owing to the extensive aggregation of the enzymes. In
solution, each ALP dimer is surrounded by multiple water
molecules interacting particularly with the polar and charged
amino-acid residues of the protein through hydrogen
bonds.40,41 Moreover, the water molecules trapped into the
bulk of the enzyme contribute to loosen its macromolecular
structure leading to an increase in its volume. The three-
dimensional structure available in the protein data bank39 pro-
vided helpful information about the size of the dimer and the
visualization of the monomer/monomer interface (Fig. 1B). It
showed the computed dimensions of 8.9 × 5.8 × 7.9 nm3 for
the dimer. The size measured by DLS at pH ≥ 6 (dH ∼ 20 nm, a
negligible proportion of aggregates are observed in this range
of pH) may be consistent with a tetrameric form.

Fig. 1C provides a comparison of DLS and ζ-potential data
obtained in ALP solutions under three different physico-
chemical conditions: (i) pH 7.4 (RT) taken as the reference, (ii)
pH 9 (RT), a pH value close to the optimum pH value for ALP
activity,42 and (iii) pH 7.4 (37 °C), a physiologically relevant
condition. The negatively charged surface of the enzyme is due
to the presence of several tens of side chain –COOH residues,
originating from Glu (3.8%) and Asp (6.2%).39 These residues
are evenly distributed on the enzyme surface as clearly shown
in the three-dimensional structure (see Glu in blue and Asp in
red in Fig. 1D). At pH 9, ALP is more negatively charged than
at pH 7.4 owing to a higher degree of deprotonation of the
–COOH and –NH3

+ residues, originating from Lys and Arg. At
pH 7.4 (37 °C), the ζ-potential value of ALP was also more
negative than that at RT, which may be explained by a decrease
in the pKa value due to an increase in the Gibbs free energy
with temperature.43 It may be also associated with the changes
in the protein conformation and/or its state of aggregation.
Regarding DLS data, it appears that the enzymes maintain
their three-dimensional structure, presumably in the form of
tetramers, under the three studied conditions.

The activity of ALP under the studied conditions was also
investigated. Fig. S1 (ESI†) shows the formation kinetics of
pnp over time at different concentrations of ALP ranging
from 1 to 100 µg mL−1. As expected, the concentration of pnp
increased gradually with the concentration of ALP in the
medium, fitting properly to the Michaelis–Menten model. In
the first linear part of the curve corresponding to the initial
activity of the enzyme, a noticeable, rapid increase was
observed. Then, the slope of 4-nitrophenol (pnp) formation
decreased with time owing to the decrease in the reaction
kinetics. The initial activity as a function of the enzyme con-
centration is shown in Fig. 1E, indicating a linear relation-
ship that provides the specific activity of ALP under the three
studied conditions (Fig. 1F). It revealed the highest value at
pH 9 (RT) which is close to the optimum pH value for ALP
activity.

2.2 Assembly/mineralization on planar surfaces

The incorporation of active ALP enzymes into a multilayered
film and subsequent mineralization are examined under the

three studied conditions: pH 7.4 (RT), pH 9 (RT) and pH 7.4
(37 °C). For this purpose, the sequential LbL assembly method
was used. As can be seen from its three-dimensional structure,
ALP exhibits the negatively-charged residues which are ran-
domly distributed and accessible at the macromolecular
surface (Fig. 1D). This may allow its adsorption onto its polyca-
tion counterpart, e.g. PAH, without a preferential orientation.
The building and the subsequent mineralization of (PAH/
ALP)n multilayers (where n represents the number of adsorbed
bilayers) were monitored in situ using a QCM-D. Typical shifts
in the resonance frequency (Δf ) and dissipation (ΔD) recorded
at pH 7.4 (RT) during (i) the alternate adsorption of polyelec-
trolytes and enzymes, and (ii) subsequent mineralization are
shown in Fig. 2A. Noticeable shifts in the frequency and dissi-
pation were observed during each injection step of ALP into
the QCM-D cell. The addition of PAH gave rise, however, to an
increase in Δf and a decrease in ΔD suggesting either a partial
desorption or a compaction of the multilayers (Fig. S2, ESI†).
Similar behavior was observed in other proteins, such as
denatured collagen,44 and was attributed, in this case, to the
formation of soluble protein–polyelectrolyte complexes.
Similar multilayer growths were also observed at pH 9 (RT) and
at pH 7.4 (37 °C) (Fig. S2, ESI†). The plots of −Δf vs. n, explored
to monitor the building of the multilayers as a function of the
number of added bilayers, showed a clear saw-toothed pattern
for all the studied conditions up to 5 bilayers, except that the
increase of −Δf was more pronounced at pH 7.4 (RT) (Fig. 2B).
These findings demonstrated the successful incorporation of
ALP into LbL assemblies under different physicochemical
conditions.

Regarding mineralization, after the construction of (PAH/
ALP)5 multilayers, a solution containing Ca2+ ions and
α-glycerol phosphate was injected into the QCM-D cells at the
same pH and temperature as the LbL growth conditions. At
pH 7.4 (RT), a significant shift in the frequency towards nega-
tive values (around −1600 Hz) was observed with a strong
increase of dissipation signal (Fig. 2A). This suggests the for-
mation of mineralized structures on the surface. The injection
of only either Ca2+ ions or α-glycerol phosphate did not induce
any noticeable shifts in Δf and ΔD signals (Fig. S3, ESI†). This
clearly indicates that both Ca2+ and α-glycerol phosphate, the
substrate of the enzyme, are required for mineralization at the
solid surface. At pH 9 (RT) and pH 7.4 (37 °C), the frequency
shift was around 4 to 5 times lower than that at pH 7.4 (RT)
(Fig. S2, ESI†), indicating less extensive mineralization com-
pared to pH 7.4 (RT). The dissipation was also about 40 times
lower than that at pH 7.4 (RT) and did not exceed 12 × 10−6

(Fig. S2, ESI†). Complementary insights into the growth
mechanism of the mineralized layer is provided by the para-
metric plots of the ratio ΔD/−Δf as a function of −Δf (Fig. 2C).
The ΔD/−Δf ratio is proportional to the elastic compliance and
thus gives a relative measure of the layer softness, whereas −Δf
gives a relative measure of the surface coverage.45 This
approach, initially developed to characterize monolayer
systems, has been recently used to investigate multilayered
films.46 At pH 9 (RT) and pH 7.4 (37 °C), a decrease in the
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ΔD/−Δf ratio with an increasing −Δf was observed, indicating
that the layer progressively stiffens due to the formation of
mineralized structures. The situation at pH 7.4 (RT) is however
different; the ΔD/−Δf vs. −Δf plot exhibited two regimes. First,
the ratio ΔD/−Δf increased markedly, and then it decreased
progressively with increasing −Δf but remained significantly
higher than that under the former conditions. The first regime
could not be attributed to the swelling of the multilayers due
to the presence of Ca2+ or α-glycerol phosphate ions, as this be-
havior was not observed with the injection of one of these ions
(data from Fig. S3, ESI†). At pH 7.4 (RT), the first regime may
correspond to the nucleation and growth of a few particles,
probably aggregated and heterogeneously distributed on the
surface, resulting in a striking increase of the ΔD/−Δf ratio
(see Fig. 2G, low coverage). The second regime is then associ-
ated with further mineralization, the possible formation of
multilayers made from nanoparticle aggregates, which pro-
gressively stiffen the layer. The latter phenomenon may be

explained by the lateral growth of the layer resulting from the
fact that adjacent mineralized objects are brought into contact
with each other (Fig. 2G, high coverage). This is consistent
with the SEM observations obtained after 24 h of mineraliz-
ation (Fig. 2D). Under other conditions, the growth of the
mineralized films mainly involves the formation of smaller
amount of particles in a less aggregated state, resulting in a
rapid increase in the surface coverage, as shown in Fig. 2H
and I. This growth mechanism is consistent with the mor-
phology of the film obtained after 24 h of mineralization, as
shown in SEM images (Fig. 2E and F).

The above findings clearly show that the immobilization of
enzymes on the planar surface, through the LbL assembly,
allows the catalytic activity to be maintained, and leads to the
formation of mineralized films in the presence of Ca2+.
Moreover, combined together, QCM-D data and SEM images
clearly show that the growth mechanism of the mineral phase,
induced by embedded enzymes within the LbL film, strongly

Fig. 2 Enzyme-assisted-mineralization on a planar surface. (A) QCM-D measurements showing the frequency changes in the 5th overtone and the
corresponding dissipation during the (PAH/ALP)n LbL assembly followed by the mineralization at pH 7.4 (RT) and rinsing (R), as indicated by the
arrows on the top of the graph. (B) The frequency shift, taken at the 5th overtone, as a function of the number of bilayers n, upon building (PAH/
ALP)n under the studied conditions: pH 7.4 (RT), pH 9 (RT) and pH 7.4 (37 °C). (C) Typical changes in the ΔD/−Δf ratio as a function of −Δf of the min-
eralization after the (PAH/ALP)n LbL assembly under the same studied conditions. (D–F) SEM images recorded after building the (PAH/ALP)5 bilayers
and subsequent mineralization under different conditions, as indicated. (G–I) Sketch depicting the growth mechanisms of the mineral phase in the
LbL film at an early stage (low coverage) and after 24 h (high coverage) of mineralization under different conditions, as indicated. For the sake of
clarity, CaP compounds are presented as globular particles, the diameter of which varies in a proportion consistent with the sizes shown in SEM
images.
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depends on the physicochemical conditions, namely pH and
temperature.

2.3 Assembly/mineralization in nanoporous templates

Based on the results obtained for assembly/mineralization on
planar surfaces, the LbL assembly and subsequent mineraliz-
ation were performed within the nanopores of the track-etched
membrane (template) according to the procedure depicted in
Scheme 1. These assemblies were characterized by dissolving
the membrane and imaging the liberated (PAH/ALP)5 nano-
structures. TEM micrographs showed the formation of (PAH/
ALP)5 nanotubes using templates with pore sizes of 200 and
500 nm, regardless of the conditions (Fig. S4, ESI†). The
hollow structure of these nano-objects can be distinguished in
TEM micrographs as they exhibit a higher electronic density at
their edges when observed in transmission mode (e.g. see
Fig. S4A, ESI†). However, their dimensions, that is, their
length and outside diameter, greatly fluctuate. In fact, because
of the small number of bilayers (n = 5), the walls of the nano-
tubes are too thin to maintain the mechanical integrity of the
whole structure after membrane dissolution. This results in
their breakdown, twisting or flattening when collecting them.
The enzymatic activity of (PAH/ALP)5 nanotubes within the
template was monitored (Fig. S5, ESI†), showing that the
immobilized enzymes remain active, regardless of the pore
size of the template.

After the construction of (PAH/ALP)5 multilayers, the tem-
plates were incubated in a solution containing Ca2+ ions and
α-glycerol phosphate for 2, 24 and 48 h. It is worth noting that
prior to immersion in the mineralization medium, the multi-
layers potentially formed on the top and bottom surfaces of
the membranes were removed to ensure better diffusion of
ions (see more details in Fig. S5, ESI†). After the template dis-
solution, the obtained nanostructures were collected and
observed using electron microscopes. When using the tem-
plate with a pore size of 500 nm at pH 7.4 (RT), the formation
of particles distributed all along the tubular structure was
observed by TEM, especially after 24 and 48 h of mineraliz-
ation, and the average size of the particles was about 37 nm
(Fig. 3A–C). SEM images revealed that the obtained nano-
structures, after 48 h, exhibited a smooth surface and, prob-
ably, a hollow structure that may be seen in the broken areas
(Fig. 3D). At pH 9, the formation of mineralized nano-
structures was more pronounced (Fig. 3E–G), leading to the
formation of particles with larger size, about 155 nm, after
24 h (Fig. 3F) and the formation of a hollow structure with a
continuous mineralized wall after 48 h (Fig. 3G). The chemical
nature of these CaP nanostructures was confirmed by the
elemental maps (using EDX in STEM mode) of Ca (the inset of
Fig. 3G,) and P (not shown). SEM images showed a mor-
phology similar to that observed at pH 7.4 (RT). When the min-
eralization was performed at pH 7.4 (37 °C), small CaP par-
ticles, ca. 57 nm, were formed after 2 h (Fig. 3I), and evolved
after 24 and 48 h into well-defined tubular structures with a
distinct wall of about 70 nm thickness (Fig. 3J and K). These
nanotubes were significantly more stable than those described

under other conditions; their length is in the range of a few
µm and may reach 10 µm (Fig. 3L). The measurement of the
diameter of all the nanostructures obtained under the three
studied conditions showed that mineralization leads to a
narrow size distribution with an outside diameter close to the
diameter of the template nanopore, i.e. around 500 nm
(Fig. 3M–O). This trend was more obvious when the mineraliz-
ation was performed at pH 7.4 (37 °C).

The situation was radically different when using the tem-
plate with a pore size of 200 nm (Fig. 4). At pH 7.4 (RT), no
mineral phase was observed and only (PAH/ALP)5 nanotubes
were visible in TEM images, regardless of the incubation time
in the mineralization solution (Fig. 4A–D). This result is not
expected as enzymes remain active in the nanoporous template
(Fig. S6, ESI†). This may be due to the fact that the mineraliz-
ation at pH 7.4 (RT) (see the growth mechanism described on
the planar surface, Fig. 1D) yields large aggregated/agglomer-
ated CaP particles which could be unfavorable in this confined
medium. At pH 9 (RT), extensive mineralization was observed,
leading to the formation of nanowires completely filled with
mineral particles until clogging the pores, particularly after
48 h (Fig. 4E–H). This clearly creates diffusion constraints that
result in the formation of non-mineralized areas (Fig. 4G).
Finally, the mineralization at 37 °C (pH 7.4) led to the for-
mation of hollow nanostructures after 24 h (Fig. 4J) and the
formation of nanowires uniformly filled with mineral particles
after 48 h (Fig. 4K). Interestingly, in the latter case, the
mechanical stability of nanotubes was shown to be remarkably
high with lengths exceeding 10 µm (Fig. 4L). The outside dia-
meter of the mineralized nanostructures obtained under the
different studied conditions showed a narrow size distribution,
and was particularly monodisperse at pH 7.4 (37 °C) and pH 9
(RT) at about 200 nm. Indeed, the polydispersity index (PDI),
computed from the Gaussian diameter distributions measured
by TEM, is markedly higher at pH 7.4, RT (PDI = 0.45) than
those computed under other studied conditions (PDI = 0.09 at
pH 9 (RT) and PDI = 0.14 at pH 7.4 (37 °C)).

Particular attention is dedicated to the morphology and
composition of the nanowires obtained at pH 7.4 (37 °C) after
48 h. Fig. 5A and B present higher magnification TEM micro-
graphs and the corresponding elemental maps obtained by
EDX for phosphorus, calcium, oxygen and nitrogen, respect-
ively. They revealed the formation of well-defined nanowires
filled with highly aggregated elongated nanostructures. Maps
clearly showed that the nanowires are entirely composed of
CaP compounds. The accumulation of nitrogen also indicates
the presence of enzymes and the PAH polyelectrolyte used for
the LbL assembly. Importantly, these nanowires are made of
crystalline CaP, which was identified by SAED (Fig. 5C) and
HRTEM (Fig. 5D). The SAED pattern revealed the crystalliza-
tion of hydroxyapatite in the hexagonal lattice by the (002) and
(112) diffraction spots (Fig. 5C). The inter-reticular distances
of the obtained calcium phosphate were evaluated using the
line intensity profiles extracted from HRTEM micrographs,
thus confirming the crystalline lattice planes of hydroxyapatite
with a d-spacing of d002 = 3.4 Å (Fig. 5D). TEM micrographs, in
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combination with the SAED pattern, thus revealed that the
mineral phase is mainly hydroxyapatite with a typical platelet-
like structure (see Fig. S7, ESI,† for more details), which is
similar to those observed using an enzyme-assisted mineraliz-
ation process in homogeneous phase.37 Only the side view of
the platelets is clearly observed, whereas it is difficult to visual-
ize their basal plane, suggesting that they are highly stacked
within the nanowire (Fig. S7, ESI†). The morphology of the
latter nanowires is in contrast with those obtained in the
500 nm pore size template under the same conditions,
showing a clear hollow structure and a wall with a thickness of
about 70 nm (Fig. 5E). Moreover, they are made of amorphous
CaP as characterized by the absence of diffraction spots in the
SAED pattern (not shown).

The above findings showed that the template pore size
plays a pivotal role in the mineralization process, particularly

regarding the morphology and crystallinity of CaP compounds
and the mechanical stability of the obtained nano-objects. To
thoroughly examine this hypothesis, complementary enzyme-
assisted mineralization experiments were performed in the
template with a pore size of about 300 nm under conditions at
which the formation of crystalline hydroxyapatite was
observed, i.e. at pH 7.4 (37 °C). Interestingly, both nanowires
densely filled with crystalline platelets (Fig. 5F) and hollow
nanotubes made of amorphous particles (Fig. 5D) were
obtained. However, all of the observed nanostructures were
either purely crystalline or purely amorphous. A rough esti-
mate of the proportion of amorphous/crystalline nano-
structures may be provided, the distinction being made based
on their morphologies as clearly shown in Fig. 5F and G. The
results showed a noticeable increase in the fraction of amor-
phous nanostructures with an increase in the template pore

Fig. 3 Enzyme-assisted mineralization in nanopores (500 nm pore size template). TEM micrographs of the (PAH/ALP)5 nano-objects after mineraliz-
ation for 2 h, 24 h, and 48 h at (A–C) pH 7.4 (RT), (E–G) pH 9 (RT) and (I–K) pH 7.4 (37 °C), respectively, with the elemental map of calcium (G and K,
inset); (D, H and L) SEM images of the (PAH/ALP)5 nano-objects mineralized for 48 h at pH 7.4 (RT), pH 9 (RT) and pH 7.4 (37 °C) respectively; (M–O)
size distributions (100 nano-objects) of the diameter of the nanotubes prior to (0 h) and after mineralization for 2 h, 24 h, and 48 h (as indicated) at
pH 7.4 (RT), pH 9 (RT) and pH 7.4 (37 °C) respectively.
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size (Fig. 5H). The aspect ratio, computed as the ratio of the
mean diameter to the mean length of the mineralized nano-
structures, followed an opposite trend; that is, it decreased
with an increase in the pore size of the template (Fig. 5H).
These observations provide relevant information regarding the
mechanical stability of the mineralized nanostructures,
suggesting that the nanostructures containing crystalline plate-
lets exhibit a better mechanical stability than the amorphous
ones.

Following the procedure that led to the formation of crystal-
line platelet-containing nanostructures, the LbL assembly and

mineralization of (PAH/ALP)5 multilayers were carried out
within the track-etched membranes displaying a network of
intersecting nanopores of 300 nm diameter (Fig. 6A). After dis-
solution of the templating membrane, highly-ordered inter-
faces made of intersecting nanowires were reproducibly
obtained (Fig. 6B). Each tubular building block was filled with
densely-aggregated CaP platelets (Fig. 6C).

These findings show the possible design of a self-supported
mineralized framework that may be easily fabricated and used
in broad cell culture tests, such as to evaluate the differen-
tiation process of mesenchymal stem cells. Interestingly,

Fig. 4 Enzyme-assisted mineralization in nanopores (200 nm pore size template). TEM micrographs of the (PAH/ALP)5 nano-objects after mineraliz-
ation for 2 h, 24 h, and 48 h at (A–C) pH 7.4 (RT), (E–G) pH 9 (RT) and (I–K) pH 7.4 (37 °C), respectively, with the elemental map of calcium (G, inset);
(D, H and L) SEM images of the (PAH/ALP)5 nano-objects mineralized for 48 h at pH 7.4 (RT), pH 9 (RT) and pH 7.4 (37 °C), respectively; (M–O) size
distributions (100 nano-objects) of the diameter of the nanotubes/nanowires prior to (0 h) and after mineralization for 2 h, 24 h, and 48 h (as indi-
cated) at pH 7.4 (RT), pH 9 (RT) and pH 7.4 (37 °C), respectively.
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owing to the versatility of the LbL technique, the range of
achievable bioactivities can be considerably extended to inte-
grate additional substances originally delivered to the cells by
the ECM (e.g. growth factors).

2.4 Crystallization in a confined medium

Several investigations focused on the effect of confinement on
the mineralization of inorganic compounds by means of a

nanoporous template,47,48 a crossed-cylinder apparatus49–51 or
a picoliter droplet.52 It has been shown in particular that con-
finement has a significant impact on the crystallization of
minerals. In the most general trend, it has been observed that
a confined medium stabilizes the amorphous phase of CaP.
However, the nature of physicochemical processes influenced
by confinement remains unclear (diffusion of ions, adsorp-
tion, nucleation, crystallization, dissolution, etc.). Importantly,
confinement is a parameter that could not be exclusively con-
sidered, independently of the chemical environment in which
the mineralization is initiated. In contrast to the results
described in the literature (see above), herein, the mineraliz-
ation is induced locally through immobilized enzymes, i.e. via
a heterogeneous catalytic reaction, in the presence of a poly-
electrolyte, PAH, which may in turn influence the crystalliza-
tion process. Polyelectrolytes may, indeed, influence the CaP
crystallization process both in the homogeneous phase53,54

and in multilayered films.55–57 It is thus crucial to decipher, in
the present study, the role of the polyelectrolyte used, particu-
larly when CaP nucleation and growth presumably occur at the
solid/liquid interface. For this purpose, a series of enzyme-
induced mineralization tests were carried out both in solution
and in the adsorbed phase (on a planar surface), and charac-
terization performed in a manner to reliably discriminate the
amorphous vs. crystalline CaP phases. In solution (homo-
geneous phase), well-crystallized platelet-shaped hydroxy-
apatite particles were obtained at pH 7.4 both at RT (Fig. 7A)
and at 37 °C (Fig. 7D) after 48 h of mineralization. SAED pat-
terns clearly show bright diffraction rings which are the (002)
and the (112) diffraction of hydroxyapatite (Fig. 7B and E). IR

Fig. 5 (A) TEM micrograph focused on a platelet-containing nanowire synthesized at pH 7.4 (37 °C) for 48 h in the 200 nm pore size template with
(B) the corresponding elemental maps of nitrogen, oxygen, phosphorus and calcium. (C) SAED pattern and (D) HRTEM micrograph showing inter-
reticular distance from the line profile. (E) Typical micrographs of mineralized nanotubes/nanowires at pH 7.4 (37 °C) for 48 h using a template with
a mean pore diameter of (E) 500 or (F and G) 300 nm, as indicated. (H) Proportion of amorphous nanotubes/nanowires (100 nano-objects) and the
aspect ratio measured for each sample as a function of the pore size.

Fig. 6 Enzyme-assisted mineralized network of intersecting (PAH/ALP)5
nanowires: (A) schematic illustration. (B and C) SEM images at increasing
magnification of the template-free mineralized interfaces: (B) lateral
view of the networks, showing the numerous intersections between the
nanowires, giving rise to a nanostructured network; (C) high magnifi-
cation of the network edge, showing the lamellar structure of intersect-
ing nanowires, the characteristic of the enzyme-assisted mineralization
process of CaP crystals.
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analysis showed almost identical vibrational fingerprints in
the 900–1200 cm−1 region due to ν3(PO4

3−) and ν1(PO4
3−)

(Fig. 7C and F). In contrast, in the presence of PAH in solution,
the mineralization of calcium phosphate was strongly affected
and resulted in the formation of globular (Fig. 7G and J) and
amorphous structures, as shown by the diffusive diffraction
results (Fig. 7H and K). IR spectra showed a noticeable change
in the spectrum shape which leads to a striking decrease of
the band at about 1041 cm−1 (Fig. 7I and L). The stabilization
of the amorphous phase in the presence of PAH is consistent
with previous findings.58 The effects of different polyelectro-
lytes, anionic or cationic, on the mineralization of inorganic
compounds has been, indeed, widely investigated in
solution.48,58–62 It has been suggested that polyelectrolytes are
adsorbed onto the surface of the amorphous calcium phos-
phate particles, and prevent further interaction with the
calcium and phosphate ions, which limits their
crystallization.58,59,61 This is what is observed, for instance, for
poly(ethylene imine).59

In the adsorbed phase (LbL film), IR data showed a finger-
print similar to that observed previously in PAH solution
(Fig. 7M and N). This suggests the formation of poorly crystal-
line/amorphous CaP compounds with a globular shape on the
planar surface as observed in SEM images (see the insets of
Fig. 7M and N). Furthermore, the same trend was observed at
RT and at 37 °C. Accordingly, on planar surfaces, the mineral-
ization through immobilized enzymes, embedded within the
polyelectrolyte multilayers, seems to lead to the formation of

poorly crystalline/amorphous CaP compounds, independently
of the temperature. The main characteristics of all these CaP
compounds obtained under the studied conditions (RT vs.
37 °C; with vs. without PAH) in solution, on planar surfaces or
in nanopores are summarized in Table S1 (ESI†). It appears
that temperature mainly impacts the growth mechanism of
mineralized particles on the planar surface (see the mecha-
nism depicted in Fig. 2G and I) but not the crystallinity.

In 500 nm diameter nanopores, the situation seems to be
comparable to the planar surface; the nanopore wall may be,
in this case, viewed as a planar surface at the length scale at
which the mineral particles grow. In contrast, in nanopores
with 200 nm diameter, a confinement effect is observed,
impacting the crystallinity of the mineral phase. Importantly,
the fact that the formation of highly crystalline platelets of
hydroxyapatite was observed only at 37 °C, and not at RT, indi-
cate that the confinement could not be limited to a “templat-
ing effect”, as observed elsewhere.63 Indeed, while the temp-
erature did not induce noticeable changes in the kinetics of
the enzymatic reaction (see Fig. 1F), it may influence the
diffusion of ions, the mechanism of nucleation and phase
transformations. Thus, evidencing the precise mechanism in a
confined medium would be an important result, the question
clearly deserves further investigation.

The above findings support a synergetic effect in the
process of enzyme-assisted calcium phosphate mineralization
to produce a crystalline phase, hydroxyapatite. It mimics the
process by which organisms exploit the extracellular space to

Fig. 7 Morphologies, crystallinity, and vibrational characteristics of calcium phosphate compounds formed in the presence of PAH in solution
(homogeneous phase) or in the adsorbed state (heterogeneous phase) at RT or 37 °C, as indicated. (A, D, G and J) TEM micrographs, (B, E, H and K)
SAED patterns and (C, F, I and L) PM-IRRAS spectra recorded on CaP particles formed in aqueous solution (pH 7.4) without (C–F) or with (I–L) the
addition of PAH (1 mg mL−1). (M and N) PM-IRRAS spectra recorded after building the (PAH/ALP)5 bilayers and subsequent mineralization at pH 7.4 at
(M) RT or (N) 37 °C.
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direct the crystallization process. This mainly includes the
control of three key factors:

(i) chemical environment (polyelectrolyte multilayers)
mimicking proteins from the extracellular matrix, but the
study can also be extended to other macromolecules (proteins,
polysaccharides, etc.) in the ECM,

(ii) in situ generation of CaP precursors (orthophosphate
ions) through an enzyme-assisted process, mimicking matrix
vesicles which are known to initiate mineralization enzymati-
cally, and

(iii) confinement, using nanoporous templates, mimicking
confined locations in the ECM where the mineralization
process may be initiated, such as within collagen fibrils (cf.
intrafibrillar mineralization).

From a material chemistry perspective, the biomimetic
approach proposed in the present study may pave the way
toward the design of crystalline nano-objects with highly
ordered anisotropic features, which can be used in various bio-
medical applications.

3. Conclusion

In summary, combining the (i) LbL assembly, (ii) hetero-
geneous enzymatic catalysis and (iii) template-based method is
a relevant way to control the mineralization process of calcium
phosphate compounds. This study reveals that the in situ gene-
ration of orthophosphate ions through immobilized enzymes
in a confined medium leads to the formation of highly crystal-
line hydroxyapatite. The approach described in this paper
opens up new horizons for designing biomimetic functional
scaffolds while tailoring their properties at the supramolecular
level. Indeed, this may be achieved by combining an in situ
generation of mineral precursors, through an enzyme-cata-
lyzed reaction, and the use of a template with intersecting
nanopores. The fine-tuning of a set of parameters including
ALP, its substrate and Ca2+ ion concentration and mineraliz-
ation time, pH and temperature is foreseen to modulate the
properties of the three-dimensional structure, particularly the
mechanical stability. Besides, the enzyme-assisted mineraliz-
ation of hydroxyapatite/CaP nanocrystals/lamellae/nano-plate-
lets directly inside such confined environments is expected to
accurately mimic the mineralization processes naturally occur-
ring in vivo within the ECM of some tissues. The synthesized
ECM-like interfaces could therefore be of peculiar interest to
any application requiring the mimicry of native tissue environ-
ment: tissue engineering, regenerative medicine, biosensing
devices, drug delivery, etc.

4. Experimental section
4.1 Materials

Poly(allylamine hydrochloride) (PAH, Mw ∼ 17 kDa), poly
(acrylic acid) (PAA, Mw ∼ 15 kDa), alkaline phosphatase from
bovine intestinal mucosa (ALP, ≥10 U mg−1), sodium chloride

(NaCl, ≥99%), calcium chloride (CaCl2, ≥99%), α-glycerol
phosphate magnesium salt hydrate (∼85%), 4-nitrophenyl
phosphate disodium salt hexahydrate (pnpp, ≥99%) and
4-nitrophenol (pnp) were purchased from Sigma-Aldrich
(France). Hydrochloric acid (HCl, 37%) was purchased from
VWR (France) and 9.31 M sodium hydroxide (NaOH) was pur-
chased from Volusol (US/Canada). Polyelectrolyte, ALP and
mineralization solutions were prepared in ultrapure water
(MilliQ, Millipore, France) and their pH values were adjusted
by adding 0.1 M HCl or 0.1 M NaOH.

4.2 Mineralization in solution

A solution of CaCl2 (11.4 mM) was prepared in ultrapure water.
α-glycerol phosphate was then added to obtain the final con-
centration of 7 mM. ALP was subsequently added at the final
concentration of 0.1 mg mL−1. The solution was finally
adjusted to pH 7.4 and the mixture was gently stirred for 48 h
at RT, forming a precipitate. It was then centrifuged, washed
three times with ultrapure water and dried under air. The pro-
cedure was also carried out at pH 9 (RT) and at pH 7.4 (37 °C).

4.3 Procedures on planar surfaces

Glass slides (∅ = 10 mm, VWR, France) were cleaned before-
hand in piranha solution (30% H2O2 and 96% H2SO4 mixed in
1 : 3 ratio) for 20 min and then thoroughly rinsed with ultra-
pure water. The adsorption process was carried out under the
three studied conditions: pH 7.4 (RT), pH 9 (RT) and pH 7.4
(37 °C), by first incubating the support in the PAH solution
(1 mg mL−1) and then in the PAA solution (1 mg mL−1) for
10 min each to build an anchoring layer. The support was then
alternately immersed in the PAH solution (1 mg mL−1) for
10 min and in the ALP solution (0.1 mg mL−1) for 30 min.
Between each dipping step, the substrate underwent a rinsing
step in two different water baths for 2 min each. After building
5 bilayers, the samples were incubated in the mineralization
solution: 11.4 mM CaCl2 and 7 mM α-glycerol phosphate mag-
nesium salt hydrate at pH 7.4. The substrates were then rinsed
in two different water baths for 2 min each and dried under
nitrogen flow.

4.4 Procedures in nanoporous templates

The building of (PAH/ALP)5 multilayers was performed under
the three studied conditions: pH 7.4 (RT), pH 9 (RT) and pH
7.4 (37 °C), by immersing alternately a 25 µm thick polycarbo-
nate (PC) membrane (1 cm × 1 cm) with a pore size of 200 (∅ =
204.9 ± 14.4 nm) or 500 nm (∅ = 495.4 ± 15.8 nm) and a pore
density of 1 × 108 pores per cm2 supplied by It4ip (Louvain-la-
Neuve, Belgium) in PAH (1 mg mL−1) and ALP (0.1 mg mL−1)
solutions for 30 min each (Scheme 1). The membrane was
rinsed in two water baths for 2 min each between each layer
deposition. After the deposition of five PAH/ALP bilayers, the
top and bottom surfaces of the membrane was decrusted with
a cotton swab immersed in a solution of 3 M NaCl (pH 12)
and then rinsed with water. The membrane was subsequently
incubated in the mineralization solution at pH 7.4 (11.4 mM
CaCl2 and 7 mM α-glycerol phosphate magnesium salt
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hydrate) for 2 h, 24 h and 48 h (Scheme 1). A rinsing step was
then carried out in two different baths (2 min each) of water.
The membrane was subsequently dried under nitrogen flow.

A similar procedure was used for building the (PAH/ALP)5
multilayers within track-etched PC templates with a thickness
of 25 µm, showing a network of 300 nm diameter nanopores
intersecting at a controlled angle of ∼90°, with a density of 2.8
× 108 pores per cm2 (supplied by It4ip).

4.5 DLS and ζ-potential

The solutions of ALP were studied by dynamic light scattering
(DLS) and electrophoretic mobility (EPM) in water. In order to
perform significant DLS measurements, the concentration of
the enzyme dispersion was set at 1.0 mg mL−1. The DLS corre-
lograms were recorded using a Zetasizer Nano ZS instrument
(Malvern, France). The General Purpose algorithm (non-nega-
tive least squares (NNLS) analysis) in the Zetasizer software
was used to fit the measured correlograms. DLS is a technique
that is used for measuring the intensity-weighted size distri-
bution of particle dispersions. It is extremely sensitive even to
very small quantities of aggregates, as the size distribution is
proportional to the sixth power of the particle size. In order to
give a more representative result, the hydrodynamic diameters
reported herein correspond to the values of the intensity-
weighted distribution peaks, taking into account their relative
amount in extrapolated number-weighted distributions. Above
ca. 1 µm the hydrodynamic diameters determined for this
kind of system correspond to large aggregates for which the
size cannot be very well defined.

ζ-Potential calculations through EPM measurements were
carried out using a Malvern Zetasizer nano ZS equipped with
disposable polystyrene cuvettes (DTS1061, Malvern
Instruments Ltd, UK). The calibration of the instrument was
performed using a ζ-potential transfer standard polystyrene
latex solution (DTS1235, Malvern). The experiments were per-
formed with ALP dispersions (100 µg mL−1) and the obtained
results correspond to the mean of five replicates.

4.6 A quartz crystal microbalance with dissipation
monitoring (QCM-D)

The LbL assembly was monitored in situ using a QCM-D.
Measurements were performed at RT (22 °C) or at 37 °C using
a Q-Sense E4 System (Sweden). The adsorption of particles was
performed onto sensors coated with a thin layer of SiO2 in the
Q-Sense system. The sensors were cleaned by UV-Ozone for
15 min and rinsed with ethanol before measurement. The
oscillation of the quartz crystal at the resonant frequency
(5 MHz) or at one of its overtones (15, 25, 35, 45, 55, and
65 MHz) was obtained by applying an ac voltage. The shifts in
the resonance frequency (Δf ) and dissipation (ΔD) were moni-
tored upon adsorption of the different components. The
reported results are based on the fifth overtone. Solutions were
injected into the cells using a peristaltic pump (Ismatec IPC-N
4) at a flow rate of 50 µL min−1. Prior to building the multi-
layers, water adjusted to pH 7.4 was used to establish the base-
line. First, the PAH solution (1 mg mL−1) adjusted to pH 7.4

was brought into the measurement cell for 10 min followed by
a rinsing step with water at pH 7.4 for 10 min. The PAA solu-
tion (1 mg mL−1) at pH 7.4 was then brought into the measure-
ment cell for 10 min and rinsed for 10 min with water at pH
7.4. Then, PAH and ALP (0.1 mg mL−1) solutions were alter-
nately injected for 10 and 30 min, respectively. After building
five bilayers, the cell was rinsed with water for 20 min and
then the mineralization solution at pH 7.4 (CaCl2 11.4 mM
and α-glycerol phosphate magnesium salt hydrate 7 mM) was
injected into the cell overnight. The LbL assembly and miner-
alization were also performed under two additional con-
ditions, pH 9 (RT) and pH 7.4 (37 °C), following the same pro-
cedure as described above.

4.7 Electron microscopies

Scanning electron microscopy (SEM). Mineralized multi-
layers were imaged using a scanning electron microscope
(SEM, FEI Quanta FEC 250) at an acceleration voltage in the
range of 10–20 kV. After rinsing in three water baths at pH 7.4
and subsequent drying under nitrogen gas, samples were
metallized by gold sputtering for a better image contrast.

The morphology of nanotubes was characterized by SEM by
dissolving the PC membrane in 3 mL of dichloromethane and
filtering through a 23 µm-thick poly(ethylene terephthalate)
(PET) membrane that had an average pore size of 200 nm (sup-
plied by It4ip) to entrap the liberated nanotubes, then rinsing
with dichloromethane and drying under vacuum (Scheme 1).

Transmission electron microscopy (TEM). TEM micrographs
were acquired using a JEOL JEM-2100F instrument equipped
with a CCD camera, at an acceleration voltage of 200 kV. The
PC membrane with embedded nanotubes was dissolved in
3 mL of dichloromethane and the nanotubes were collected on
a copper mesh grid coated with an amorphous carbon film.
The elemental content of the nanotubes was determined by
performing energy-dispersive X-ray spectroscopy (EDX)
measurements in scanning transmission electron microscopy
(STEM) mode and their crystallinity by selected area electron
diffraction (SAED). For each representative TEM micrograph,
SAED patterns were recorded to determine the crystallinity of
the nano-objects and possibly identify the crystal phase.

4.8 Polarization–modulation infrared reflection absorption
spectroscopy (PM-IRRAS)

PM-IRRAS spectra were recorded on a commercial Nexus
spectrometer (Thermo-Scientific, France). The external beam
was focused on the sample with a mirror at an optimal inci-
dent angle of 80°. A ZnSe grid polarizer and a ZnSe photoelas-
tic modulator, modulating the incident beam between p- and
s-polarizations (PEM 90, modulation frequency = 37 kHz,
Hinds Instruments, Hillsboro, OR), were placed in front of the
sample. The light reflected from the sample was then focused
onto a nitrogen-cooled mercury cadmium telluride (MCT)
detector. All of the spectra presented were obtained from the
sum of 128 scans; the band positions were estimated to have a
resolution of 8 cm−1. The samples were prepared as described
in section 2.2 on glass substrates coated with a gold film. For
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analyzing nanotubes, the PC membrane with embedded nano-
tubes was dissolved in 3 mL of dichloromethane and filtered
through a PET membrane coated with a gold film to entrap
the liberated nanotubes (Scheme 1). The PET membrane was
then rinsed with dichloromethane and dried under vacuum.

4.9 Enzymatic assay

The enzyme activity was measured in solution by monitoring
the production of pnp in the presence of a pnpp substrate
(7 mM) and CaCl2 (11.4 mM), according to the following reac-
tion:

R–PO4
2� þH2O ! R–OHþHPO4

2�

where R is the nitrophenyl group.
The measurement was performed using a UV-visible

spectrophotometer (Jenway 7315) at 410 nm as a function of
time. The catalytic activity was monitored for “free” enzymes
(in solution) and for membrane-embedded (PAH/ALP)5 nano-
tubes under the three studied conditions: pH 7.4 (RT), pH 9
(RT) and pH 7.4 (37 °C). For the latter case a piece of PC mem-
brane (5 × 5 mm2), incorporating (PAH/ALP)5 multilayers, was
placed in a 3 mL solution under gentle stirring.
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