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ABSTRACT: In the present study, we report on enzyme-
assisted formation of biomineralized amorphous calcium
phosphate nanocomposites (ACP-NCs). About 100−200 nm
sizes of the spherical porous enzyme-assisted ACP-NCs were
successfully synthesized via double reverse microemulsion, but no
ACP-NCs formed without the enzyme. It is believed that the
enzyme was used as an organic template or additive that could
regulate the biomineralization process. The enzyme-assisted
ACP-NCs were well characterized by X-ray diffraction, trans-
mission electron microscopy, scanning electron microscopy,
dynamic light scattering, and Brunauer−Emmett−Teller (BET) criteria. The BET surface area, total pore volume, pore size from
adsorption, and pore size from desorption of the ACP-NCs were 163 m2 g−1 or 0.37 cm3 g−1, 8.87 nm, and 7.48 nm, respectively.
The enzyme-assisted ACP-NCs retained about 43% of the catalytic activity of free carboxyl esterase. Furthermore, they preserved
their bioactivity even after the 10th reuse and were stable over 10 days even under a stringent shaking conditions. The reported
method paves the way for novel biomineralization via enzyme molecules to form functional enzymes containing nanocomposites.
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■ INTRODUCTION

Bioinspired mineralization for inorganic material synthesis, such
as bone, crustacea, egg shell, and seashell, has drawn
tremendous attention as a highly efficient and environmentally
friendly process.1−4 Recently, the morphology of the precipitate
was reported to be affected by specific structure of an organic
aggregation, especially in which the mineralization with a self-
assembled organic molecule produced a unique inorganic
structure.5−7 For the first time, we have demonstrated that
enzyme-assisted biomineralization and novel inorganic−organic
biomineral structure with catalytic properties are derived from
organic enzyme molecules.8 By mimicking the formation of
natural calcium phosphate, it has been found that the hard
tissue contributes significantly to the biologically functionalized
engineered materials with the rapid growth of nanotechnology.9

Especially, the increasing evidence has shown that the phase of
the amorphous calcium phosphate (ACP) plays a crucial role in
the precipitation of calcium phosphate in a neutral solution
with a suitable additive, such as a polymer, a charged adsorbing
molecule, proteins, peptides, or amino acids.9,10

Since the amorphous calcium phosphate nanocomposites can
be synthesized via either simple mixing or microemulsion
formulation in wet chemical synthesis methods, the amorphous
and porous nanocomposites thus obtained could be ideal
nanocontainers. These biomolecules−nanocomposites have
been engineered to form nanosized particles in the range of
20−300 nm.11,12 The easy formation of biomineralized ACP

have made them applicable eventually to the biomedicine
field.13−18 For example, they have been widely studied as
delivery carriers of genes, siRNA, drugs, and flouro-
phores.13,14,19 A key feature of ACP nanocomposites is its
intrinsic porosity that is useful for loading proteins, genes,
drugs, etc.20

Considering the facts that the biomineralized ACP can be
well formulated into nanoparticles, in the present study, we
report successful fabrication and its feasibility of the
biomineralized ACP-NCs assisted by enzyme molecules for
the first time. About 100−200 nm sizes of the spherical porous
ACP-NCs modulated by enzyme were successfully synthesized
via double reverse microemulsion. These enzyme assisted ACP-
NCs were characterized by using X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), dynamic light scattering (DLS), and
Brunauer−Emmett−Teller (BET) to show the surface areas
and their pore size distribution. The catalytic activity and
stability of these enzyme-assisted ACP-NCs were also measured
in vigorous shaking condition. Finally, the role of enzyme and
the mechanism in these ACP-NCs assisted by enzymes were
studied for understanding alternative biomineralization method
for novel enzymatic applications.
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■ EXPERIMENTAL SECTION
Materials. Igepal CO-520 (Sigma, St. Louis, MO, USA),

cyclohexane (99%, Sigma), N,N-dimethylformamide (99.8%, Sigma),
calcium chloride dihyride (Sigma), p-nitrophenyl butyrate (Sigma),
and sodium phosphate dibasic (Sigma) were purchased and used
without any additional purification. Alcohol dehydrogenase from
baker’s yeast (Sigma), α-chymotrypsin from bovine pancreas,
peroxidase type II from horseradish, and carboxyl esterase from
Rhyzopus oryzae (Biochemik Chemicals) were purchased from Sigma
and used in the biomineralization process. BCA Protein Assay kit
(Pierce, Rockford, IL, USA) was used to measure enzyme
concentrations following the manufacturer’s protocol.
Synthesis of Enzyme-Assisted ACP-NCs. The enzyme-assisted

ACP-NCs were synthesized via a well-known double-reverse micro-
emulsion procedure as reported previously.15 In brief, separate 10 mL
glass vials with an aqueous phase of 120 μL of (A) 100 mM calcium
chloride and (B) 100 μL of 60 mM disodium hydrogen phosphate
containing 20−100 μL of varying amounts of carboxyl esterase enzyme
(10−50 mg mL−1) were added to 2.65 mL of cyclohexane containing
30 vol % of Igepal CO-520 and stirred at high speed (600 rpm) for 20
min to obtain clear microemulsions of A and B. Next, microemulsion
B, containing enzyme, was slowly dropped into microemulsion A and
stirred for 5 min to completely mix both emulsions and allow for the
formation of a calcium phosphate precipitate in the nanosized droplets
of the microemulsion. Then, 50 μL of sodium citrate (15 mM) was
added to the microemulsion to stabilize the amorphous calcium
phosphate nanocomposites and further reacted for 20 min. The
emulsion was disrupted by adding three times the volume of ethanol,
and a clear white fluffy precipitate of amorphous calcium phosphate
particles was seen. The solution was centrifuged at 6000 rpm, washed
three to four times with ethanol and water, vacuum-dried, and stored
as a dry powder until further use. The entrapped enzyme loading
capacity was measured using a BCA protein assay kit.
Characterization of the Enzyme-Assisted ACP-NCs. The XRD

patterns were obtained using a PW 3830 X-ray generator and Ni-
filtered Cu Kα radiation. Intensity data were collected over a 2θ range
of 20−80° with a 0.02° step size using a counting time of 0.1 s per
point. TEM (Tecnai 12, Philips, Eithoven, The Netherlands) was used
for obtaining the high resolution imaging of enzyme-assisted ACP-
NCs dispersed in distilled water and dropped onto a carbon supported
300 mesh copper specimen grid. Imaging was done at 100 keV to
avoid beam damage to the enzyme-assisted biomineralized nano-
composites. A particle size analysis was carried out by DLS using
Malvern Instruments nanocomposite size analyzer (NanoZS,
Worcestershire, UK). The hydrodynamic diameter of the enzyme-
encapsulated nanocomposites was measured by dissolving 1 mg of dry
nanocomposite powder per 1 mL of distilled water. The morphology
and elemental analysis of the enzyme-assisted ACP-NCs were
investigated by SEM (S-2360N equipped with energy-dispersive X-
ray spectroscopy (EDAX) (Hitachi Co. Ltd., Tokyo, Japan). BET
surface area and pore size analyses were conducted using a
Micromeritics instrument (Tristar 3020). Pore-size distributions
were calculated using the Barett−Joyner−Halenda (BJH) method.
ACP-NCs Esterase Activity Measurement and Reuse in the

Hydrolysis Reaction. The bioactivity of 1 mg of enzyme-assisted
ACP-NCs was measured by monitoring the production of p-
nitrophenol from the hydrolysis of p-nitrophenyl butyrate dissolved
in N,N-dimethylformamide. In brief, 1.98 mL of 100 mM phosphate
buffer (pH 6.5) containing 20 μL of 50 mM p-nitrophenyl butyrate
dissolved in N,N-dimethylformamide was prepared as a substrate. The
ACP-NCs were dispersed in this substrate solution and shaken at 200
rpm. After a short reaction, initial activity was measured by absorbance
changes at 400 nm with time, and the absorbance was converted to a
standard curve of p-nitrophenol concentrations. For reuse experi-
ments, ACP-NCs were washed with 100 mM phosphate buffer (pH
6.5) three times and stored at room temperature for further use under
a stringent shaking condition at 200 rpm. The same experimental
protocol was used when we measured ACP-NC activity during
repeated use. One unit (U) of carboxyl esterase activity was defined as

the amount of enzyme releasing 1 μmol p-nitrophenol per minute
under assay conditions. All samples were measured in triplicate for
error analysis. The standard deviations are shown as error bars within
the graphs.

■ RESULTS AND DISCUSSION
Physicochemical Characteristics of Enzyme-Assisted

Biomineralized ACP-NCs. Fabrication of the ACP-NCs was
successfully modulated by the enzyme carboxyl esterase (CE).
The synthesis of these ACP-NCs was carried as previously
reported for preparing a simple double reverse micro-
emulsion,12 but no ACP-NCs formed without the enzyme.
These enzyme-assisted biomineralized ACP-NCs with a porous
structure are depicted in Scheme 1. It is believed that the

enzyme could be used as an organic template or additive that
could regulate the biomineralization process in this study. We
presume that the biomineralization process to form ACP with a
porous structure was due to the interaction of calcium and
phosphate ions with amino and carboxyl group residues of the
enzyme in the water-in-oil emulsion stabilized by the IGEPAL
CO-520 surfactant. Once the amorphous calcium phosphate
nanocomposites formed, they were further stabilized by sodium
citrate to make the particles water dispersible and inhibit the
nucleation and/or growth due to citrate binding onto active
growth sites of the newly formed nuclei.21 In such a scenario,
growth of the nuclei was inhibited until there was sufficient
supersaturation of calcium in solution for precipitation to occur.
Some studies have found that the presence of citrate delays the
occurrence of crystals and reduces the crystallization rate, which
slows down the transformation of these particles into a more
stable calcium phosphate form.22

In order to show the effects of different enzymes on the
morphological changes during the formation of ACP-NCs,
glucose oxidase, alcohol dehydrogenase, and chymotrypsin,
which are frequently utilized via immobilization onto the
porous materials as representative biocatalysts in chemical
synthesis and industrial applications,23 was tested in this study.
As shown in Figure 1b−d, each enzyme induced different
morphologies which can be seen in tree shaping showing

Scheme 1. Schematic Illustration of Biomineralized
Amorphous Calcium Phosphate Nanocomposites (ACP-
NCs) Showing Formation of ACP-NCs via an Entrapment of
Enzyme

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302580p | ACS Appl. Mater. Interfaces 2013, 5, 532−537533



tripinnatisect, lobate, and pinnatisect, respectively. These
changes were attributed to the different PIs, amino acid
residues, rigidity, and three-dimensional structure of each
enzyme used as a template during biomineralization. In
addition, the different experimental conditions in the double-
reverse microemulsion method also affected ACP-NCs
formation. In fact, several parameters, such as the concen-
trations of calcium and phosphate ions, ionic strength, pH,
temperature, and the concentration of surfactants, were known
to play an important role on the size and morphologies of the
calcium phosphate nanoparticles.24 Especially, the previous
study reported the ionic strength of the surfactants influence
the size and the morphology change.25 Since the carboxyl
esterase is widely used in many different industrial processes
including a chiral building block drug synthesis in an organic
solvent,26,27 it has been specifically focused to make uniform
spherical biomineralized nanocomposites in this study.
The fabricated enzyme-assisted ACP-NCs were successfully

characterized by XRD patterns, TEM, DLS, pore-size-
distribution analysis, SEM, BET surface area, pore size analysis,
and elemental analysis. No discernible peaks of crystalline
calcium phosphate were observed in the XRD pattern, but
characteristic data, 2θ = 30°, indicating the amorphous nature
of the calcium phosphate nanocomposites, were obtained
(Figure 2a). The TEM images of the enzyme-assisted ACP-
NCs showed uniform spherical nanospheres of about 100−200
nm (Figure 2b), and no precipitation of ACP was observed
without enzyme. The particle size distribution obtained by DLS
concurred with the TEM images (Figure 2c).
A key feature of the ACP-NCs the previous studies were

their porosity, which is highly desirable for drug or protein
loading.28 In this study, these enzyme-assisted ACP-NCs
synthesized are also expected to have pore sizes large enough
for small molecules to pass through without limitation. In fact,
the representative nitrogen adsorption/desorption isotherms
along with the corresponding pore-size distributions were
obtained from the N2 adsorption data using the BJH method.
The presence of these pores (7−9 nm) in the enzyme-assisted
ACP-NCs is also clearly shown in Figure 3. The BET surface
area and single-point total pore volume of the enzyme-assisted
ACP-NCs were 163 m2 g−1 and 0.37 cm3 g−1, respectively.
These unique characteristics offer several favorable biocatalyst

features. It is anticipated that a proper size of nanocomposites
would be desirable, because they can accommodate large as well
as an increased number of pores, leading to efficient diffusion of
substrate in and product out from the surface of the
nanocomposites.
The elemental composition of these enzyme-assisted ACP-

NCs was analyzed to be its atomic ratio of Ca:P, 1.41:1.24,
measured by energy-dispersive X-ray spectroscopy (EDAX)
and found to contain various elemental peaks corresponding to
carbon, oxygen, calcium, and phosphate, respectively (Figure
4). The ratio of Ca:P was low, compared to the synthesis ratio
(1.35:1) in another report.29 This seems to be likely due to the
formation of calcium−enzyme complexes which are excluded
from the particle during the biomineralization.15 In addition,
the ratio of organic:inorganic was found to be 1.30:1.00, and
the high organic ratio content must be due to citrate coating
and enzyme composition.

Reuse of Enzyme-Assisted Biomineralized ACP-NCs.
We hypothesize that the enzymes entrapped in the ACP-NCs

Figure 1. Representative transmission electron micrograph (TEM) images of enzyme-assisted amorphous calcium phosphate nanocomposites
(ACP-NCs) obtained when various enzymes were used in the microemulsion synthetic procedure, (a) carboxyl esterase, (b) glucose oxidase, (c)
alcohol dehydrogenase, and (d) chymotrypsin, respectively.

Figure 2. Characterization of amorphous calcium phosphate nano-
composites (ACP-NCs) prepared in this study, (a) X-ray diffraction
patterns, (b) transmission electron micrograph images of ACP-NCs,
and (c) particle size distribution of ACP-NCs.
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would not be leached out, leading to high enzyme loading with
concomitant improved stabilization of the enzyme activity. It
was found that the entrapment of CE enzyme was completed in
less than 30 min. In the mineralization process, if the enzyme
concentration is varied, the entrapped amounts of the enzyme
came to be changed, and so the amounts of ACP-NCs are
changed as well. In other words, unless the ratios of enzyme
and calcium and phosphate ions are not maintained constant as
the amount of enzyme is changed, then some are not
entrapped. In fact, these experimental conditions were
successfully optimized for the highest specific activity. There-
fore, in this study, the highest enzyme loading condition is
obtained for the formation of the enzyme-assisted ACP-NCs, as
shown in Figure 5. First, 0.5 mg of enzyme was used in the
biomineralization process, and then, ACP-NCs were washed
and dried to remove all enzymes which were not entrapped. To
measure a concentration of entrapped enzyme, the ACP-NCs
were treated with a chemical agent, ethylenediaminetetraacetic

acid, to dissolve them, and the enzyme concentration was
estimated to be 0.35 mg from the micro BCA protein assay test,

Figure 3. Characterization of ACP-NCs by (a) N2 adsorption−desorption isotherms and pore size distributions from (b) adsorption and (c)
desorption.

Figure 4. Scanning electron microscopy (SEM) image and energy-dispersive X-ray spectroscopy (EDAX) analysis of enzyme-assisted amorphous
calcium phosphate nanocomposites (ACP-NCs). The blowup of SEM image shows the small, individual enzyme-assisted ACP-NCs aggregates with
sizes <100 nm.

Figure 5. Enzyme loading efficiency of ACP-NCs according to varying
enzyme concentrations.
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indicating that 70% of free enzyme (0.5 mg) was the theoretical
maximum value.
After enzyme-assisted biomineralization, the specific activities

of free CE and ACP-NCs were measured to be 1.20 and 0.51
μM s−1 per mg of CE, respectively, as shown in Figure 6. In

other words, the specific activity of ACP-NCs was calculated to
be 43% of the free CE’s specific activity. The enzyme kinetics
was determined and compared to that of the free enzyme as
listed in Table 1. Only a small change in the Km value was seen

when compared to that of the free enzyme (Table 1). As shown
in Table 1, the decrease in Vmax can be interpreted as reduced
enzyme flexibility for catalysis, due to the multipoint attach-
ment between the amino acid residues in each enzyme
molecule and the Ca2+ and PO4

3− anions of the ACP-
NCs.8,30,31 However, the apparent binding constant (Km) of
the enzyme-assisted ACP-NCs was nearly the same as that of
the free enzyme. This suggests that the precipitated amorphous
calcium phosphate structure did not cause a large mass-transfer
limitation for the substrate, which was likely due to its large
sized pores.
Prevention of enzyme leaching from the ACP-NCs is

accompanied with improved enzyme stability and these effects
were investigated. The stabilities of the free CE and ACP-NCs
were evaluated by incubating them in aqueous buffer under
shaking conditions (200 rpm), to mimic natural environments
occurring in enzyme reactor studies. In a typical industrial
enzymatic process setup, harsh shaking conditions are involved
and it is highly desirable to maintain the stability of enzyme
under such conditions. The initial esterase activity of the ACP-
NCs is assumed to be 100%, as the relative esterase activity of
ACP-NCs was defined as the ratio of the activity to that of the
initial enzyme activity. As shown in Figures 7 and 8, the ACP-
NCs showed high stability without any loss of catalytic activity
under stringent shaking conditions (200 rpm). The ACP-NCs
preserved >85% of their initial catalytic activity, even after 10

reuses, over 10 days. The ACP-NCs showed excellent recycling
and storage stability under rigorous shaking conditions, as
depicted in Figures 7 and 8. In comparison with the other
previous studies,32 in which enzymes were immobilized with
different nanomaterials, such as polymeric nanofibers, nano-
particles, carbon nantubes, or mesoporous silica, this study
showed high retention of activity and stability. Those other
methods employed enzyme coating on the surface of materials
or enzyme entrapment inside of materials by using a
glutaraldehyde (GA) based cross-linking technique. In addition,
the nanomaterials were synthesized in advance, and then
utilized for enzyme immobilization. However, in this study,
ACP-NCs enable highly stable enzyme entrapment inside the
nanoparticles with formation of their composites, simulta-
neously without any GA treatment. The high stability of the
enzyme-assisted ACP-NCs occurred due to the interaction of
the amino acids Glu and Asp in the enzyme with calcium
phosphate species and their wide distribution within the
amorphous calcium phosphate matrix.31,33 Furthermore, the
ACP-NCs were separated by centrifugation and resuspended in
distilled water for the next use, which allowed easy separation
from the reaction medium. The two ionized carboxyl groups in
the amino acids interacted with Ca2+ and the phosphate anions
interacted with the protonated amino group (−NH3

+). This
amino acid residue interacting mechanism enhanced stability of
the ACP-NCs and induced formation of stable and unique
ACP-NCs. This is the first report on the feasibility of enzyme-
assisted ACP-NCs. As a model, these ACP-NCs could be

Figure 6. Retained esterase activity of the ACP-NCs after
biomineralization.

Table 1. Summary of Lineweaver−Burk Plots for the Free
Enzyme and the ACP-NCs

km [μM] Vmax [μM s−1]

free enzyme 858 3.397
ACP-NCs 928 1.284

Figure 7. Storage stability of the ACP-NCs in the hydrolysis reaction,
ACP-NCs were kept under rigorous shaking conditions of 200 rpm,
and relative activity was calculated using the residual activity at each
use, relative to that found initially on its first use.

Figure 8. Reuse of the ACP-NCs in the hydrolysis reaction (relative
activity was calculated using the residual activity at each use, relative to
that found initially on first use).
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further modified with polymeric ligands for control of their
morphology and as a novel application for enzymatic processes.

■ CONCLUSIONS
ACP-NCs were successfully fabricated by enzyme-assisted
biomineralization and were found to be novel nanocomposites
in terms of enzyme stability and reusability. The ACP-NCs
were successfully characterized by X-ray diffraction, trans-
mission electron microscopy, scanning electron microscopy,
dynamic light scattering, BET surface area, pore size analysis,
and energy-dispersive X-ray spectroscopy (EDAX) analysis.
The ACP-NCs composites showed high enzyme loading
capacity up to ∼70%. They were highly stable and retained
up to 85% of their relative enzyme activity even after 10 reuses
under very harsh shaking conditions. In addition, the enzyme
was easy to load and separate via precipitation.
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