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’ INTRODUCTION

Tea, extracted from the plant Camellia sinensis and initially
originating from China, is now the second most consumed
beverage in the world after water.1�5 In addition to proteins,
carbohydrates, and minerals, tea leaves contain polyphenols,
a class of organic compounds composed of at least one benzene
ring containing one or more hydroxyl groups; they are present in
numerous plants and are known to be potent antioxidants.6,7 In
particular, catechins are a subgroup of polyphenols comprising a
common catechin backbone, from which other structures derive
by hydroxyl and/or gallate moieties grafting. Their potential role
as free radical scavengers in vivo and in vitro is of interest from
the perspective of prevention, health and nutritional physiology.8

Accordingly, the concept of food fortification with green tea
polyphenols has received considerable interest over the last
years.9�13 Green tea has been extensively studied because of its
high content in catechins.14 Addionally, polyphenols are used as
antioxidants in various applications in food or consumer
products.9 Unfortunately, the purported health or functional
benefits of green tea polyphenols are accompanied by unpleasant
organoleptic characteristics: they are notoriously bitter at typical
concentrations relevant for nutritional fortification or as additives.
Therefore, it would be desirable to mask or inactivate bitterness
and/or off-flavors of green tea polyphenols without negatively
affecting their structural integrity. Several studies have focused on
the encapsulation of polyphenols to reduce or mask their bitterness:
Kosaraju et al.15 described the encapsulation of different polyphenols
extracts in caseinate/lecithin microcapsules by spray-drying. The

resulting microcapsules showed a good retention of the polyphe-
nols’ radical scavenging activity. Hu et al.16 reported on the
encapsulation of tea catechins in ionically cross-linked tripolypho-
sphate/chitosan nanoparticles and demonstrated the feasibility of
catechin release in vitro. Li et al.17 used electrospinning to produce
protein fibers for stabilization of catechins. Polyphenols (tannic acid
and tannins) were also shown to influence themechanical and glass-
transition properties of protein films.18 Kalogeropoulos et al.19

investigated the ability of β-cyclodextrin to form complexes and
include polyphenols inside their cavity. The freeze-dried β-cyclo-
dextrin/polyphenol complexes showed a good stability against
thermal oxidation.

In our approach, described in this paper, we encapsulate green
tea catechins in calcium phosphate/carbonate-based hybrid
microparticles. Using mixed phosphate/carbonate matrices as
host material offers numerous advantages. First, calcium phos-
phate (apatite) is itself an important source of nutrients, as it is a
major component in bone mineral and in tooth enamel. In
addition, the dissolution of this biodegradablematerial is strongly
pH-dependent, and the release of the polyphenols may easily be
triggered by gastric acid. Calcium phosphate and carbonate-
based materials are extensively studied as model systems and in
the field of biomineralization20�28 and tissue regeneration,29

where the main interest lies in the preparation of composite
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ABSTRACT: We investigate the formation of bioactive/
inorganic coprecipitates of polyphenols catechins with calcium
carbonate and calcium phosphate. Extracted from the leaves of
Camellia sinensis, green tea catechins are efficient free radical
scavengers, but their purported benefits from the perspective of
prevention, health, and nutritional physiology are accompanied
by unpleasant organoleptic characteristics: they are notoriously
bitter. Selective complexation of polyphenols with metal salts is
a possibility to mask or inactivate bitterness and/or off-flavors.
We produce such complexes using a continuous coprecipitation
process. With excess calcium chloride present in the matrix we
observe a correlation of the carbonate to total anions molar ratio with the catechin load. To characterize the composition and
structure of the coprecipitates we combine elemental analysis, scanning electron microscopy, X-ray powder diffraction, and liquid
chromatography coupled to tandem mass spectroscopy (LC/MS-MS). We quantify the release kinetics in different model
environments to predict the behavior of the catechins from the coprecipitates in model media simulating the conditions during oral
ingestion and storage.The dissolution data suggest that the release profile of these delivery systems can be influenced andfine-tuned via the
anion composition of the mineral carrier.
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biopolymer/inorganic materials for bone defect reparation. For
instance, pectin hydrogels,30 hyaluronic acid hydrogels,31 or
collagen32 have been successfully mineralized with calcium
phosphate for bone engineering. Likewise, inorganic silica sur-
faces were shown to have a good affinity for calcium phosphate
and were used for the preparation of hybrid materials for the
same purpose.33�35 Calcium phosphate was also discussed as a
protein delivery system by Matsumoto et al.,36 whereas calcium
carbonate for encapsulating proteins was used as template for
layer-by-layer deposition, followed by dissolution of the calcium
carbonate core.37 Butler et al.38 investigated the crystallization of
calcium carbonate in the presence of various gelling and nongel-
ling biopolymers. Green at al.39 described the encapsulation of
various human cell types and growth factors in alginate/chitosan
microcapsules mineralized with calcium phosphate and showed
that the degree of mineralization of the polysaccharide micro-
capsules determined the delivery of the cells at the targeted site.
Xu et al.40 produced stable amorphous calcium carbonate
microparticles stabilized by phytic acid. MacKenzie et al.27

investigated the mechanisms for hierarchical growth of calcium
carbonate in the presence of acidic glycoproteins from sea
urchins. Finally, Fakhrullin et al.41 encapsulated individual living
yeast cells in calcium carbonate microcapsules

Our brief overview suggests that over the last years, interest
has increased both in the oral delivery of polyphenols on one
hand and, more generally, in the synthesis of mineral-based
delivery systems on the other hand. Masking of green tea
polyphenol bitterness is a real need, and although several delivery
systems have been discussed in the literature, encapsulation of
green tea polyphenols in coprecipitated bioactive/inorganic
matrices has not yet received much attention.

Here, we report on the encapsulation of polyphenols
(extracted from green tea leaves) in mixed calcium phosphate/
calcium carbonate microparticles produced by a continuous
coprecipitation process.42,43 By tuning the initial carbonate to
phosphatemolar ratio we attempt to reach high catechin loadings
with a high encapsulation yield. In particular, it has previously been
shown that catechins may be degraded considerably when the
mineral matrix is rich in carbonate.43 Here, we aim to stabilize the
active ingredients across a wide range of anion carbonate and
phosphate compositions by providing excess calcium chloride in
the reactant solutions. We assess the role of the inorganic composi-
tion for the efficiency of polyphenol encapsulation in the presence of

excess calcium and characterize the stability of the coprecipitates as
well as their release behavior in different model environments.

’MATERIALS AND METHODS

Materials. Anhydrous calcium chloride (96%) and anhydrous
dibasic sodium phosphate (>99%) were purchased from Acros Organics
(Belgium). Trisodium phosphate hexahydrate from Fluka (Germany),
sodium dihydrogen phosphate from Riedel-de Ha€en (Germany), so-
dium carbonate from VWR Prolabo (Belgium) and acetic acid from
Carlo Erba (Italy) were used. Green tea extract (GTE) extracted from
Camellia sinensiswas purchased fromNaturex, France.Water for LC/MS
analysis was prepared using a Synergy 185 purification device (Millipore,
Bedford, MA). LC/MS grade methanol was purchased from Merck
(Darmstadt, Germany). Mass spectrometry grade formic acid was
purchased from Fluka (Buchs, Switzerland).
Structural Characterization. Powder X-ray diffraction (XRD)

spectra were recorded using a Stadi P diffractometer (Stoe & Cie GmbH,
Germany). The radiation source used was a Ge (111) monochromator for
Cu radiation yielding pure KR1 radiation. For SEM, the samples were
dispersed in a droplet of water, placed onto the conducting slab and excess
water was removedwith a small piece of paper; prior to imaging the samples
are dried in vacuum and sputter-coated with gold. Scanning electron
microscopy (SEM) was performed on a LEO 1550-GEMINI instrument.
Compositional Analysis. Carbon, hydrogen, and nitrogen deter-

minations were performed on an elemental analyzer (LECO CHN-800
analyzer, USA) by dry combustion followed by thermal conductivity
measurement and infrared detection. Phosphorus was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES)
on an Optima 3000 DV spectrometer (Perkin-Elmer, Massachusetts).
The water content was determined using the Karl Fischer method.
Quantification of Green Tea Polyphenols by LC/MS-MS.

TheLC/MS-MSmethod is an improved version43 of an approachdeveloped
previously by Zeeb and co-workers.45 Briefly, the coprecipitated samples
were analyzed using a Shimadzu (Kyoto, Japan) UFLC XR chromatograph
on a 150� 2mmUptisphere-5TF column(Interchim,Montluc)on, France)
and an Applied Biosystems/MDS Sciex (Concord, Canada) hybrid triple
quadrupole/ion trap mass spectrometer. Data were reprocessed using
Analyst 1.4.2 software. Full details for the specific parameter settings,
calibration, and data analysis have been described elsewhere.43

Coprecipitation Experiments. Hybrid catechin/inorganic parti-
cles were prepared using a continuous coprecipitation process based on
double-inlet mixing cells.42,43 The setup consists of three peristaltic pumps
(FEM08TT.18RC, KNFFlodos) and two PMMAmixing cells, connected

Table 1. Composition of the Polyphenol and Anion Solutions Used for the Coprecipitation Experiments in the Presence of Excess
Ca2+a

anion solution (mol/L)

Na2CO3 Na3PO4 Na2HPO4

cation solution,

CaCl2 (mol/L)

polyphenol solution,

GTE in acetic acid 0.01M

ratio carbonate

to total anions, Rc (mol/mol)

ratio calcium

to total anions, Rca (mol/mol)

0.000 0.100 0.100 0.4 20 0 2

0.050 0.075 0.075 0.4 20 0.25 2

0.100 0.050 0.050 0.4 20 0.50 2

0.160 0.020 0.020 0.4 20 0.80 2

0.200 0.000 0.000 0.4 20 1 2
a For all compositions, blank samples were produced, corresponding to identical mineral composition in the absence of green tea polyphenols; GTE is
the green tea extract raw material. All total concentrations in the anion solutions are kept constant at ccarbonate + cphosphates = 0.2 mol/L and the degree of
protonation of the phosphate species is 0.5 in all cases. This means the only parameter varied here is Rc = ccarbonate/(ccarbonate+ cphosphates), whereas all
counterion solutions were prepared as aqueous calcium chloride solutions at a concentration of c(CaCl2) = 0.4 mol/L, resulting in an excess calcium:
total anions molar ratio Rca = cCa2+/(ccarbonate + cphosphates) = 2 in all cases.
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by silicone tubes. The phosphate/carbonate solution and the polyphenol
solution were contacted in the first mixing cell at a flow rate of 2.5 mL/min
each. The pH values of the reactant fluids were pH 8.9�11 for the anionic
carbonate and phosphate solutions, pH 10.2 for the calcium chloride
solution, and pH 3.15 for polyphenol/acetic acid solution. Then, the
calcium solution was injected in the second mixing cell at the same flow
rate to be brought in contact with the previous mixture and complete the
coprecipitation, entrapping the polyphenols in the inorganic material.
Immediately after precipitation, pH values in the slurries were in the range
of pH 5.5�8. The resulting particles were collected at the outlet of the
device and centrifuged during 3min at 3500 rpm(2383 g). The solid phases
were separated from the aqueous supernatants, which were acidified with
10 mmol of acetic acid in 100 mL volumetric flasks to avoid degradation of
the nonencapsulated polyphenols in the supernatant. The solid precipitates
were rinsed with 20 mL of Millipore water under sonication for 30 s and
centrifuged again. The rinsing supernatants were immediately acidified with
2.5 mL of 0.1 M acetic acid and diluted to a volume of 25 mL with water.
Blank samples were prepared by replacing the polyphenol solution with
0.01M acetic acid. We performed coprecipitation experiments with varying
carbonate:phosphate molar ratios Rc = ccarbonate/(ccarbonate+ cphosphates),
where the carbonate and phosphate concentrations are in mol/L.

Here, calciumwas always provided in excess (cCa2+ = 0.4 mol/L in the
cation reactant solution), and each anion solution prepared contained a
total ccarbonate+ cphosphates = 0.2 mol/L, where the carbonate is always
Na2CO3 (at concentrations varying from ccarbonate = 0�0.200 mol/L).
This results in a total mineral concentration of 0.6 mol/L in the final
slurry for all experiments. The phosphates are made up of Na3PO4 and
Na2HPO4 at equimolar concentrations (at total phosphate concentra-
tions from cphosphates = 0�0.200 mol/L). This protocol was developed
based on the previous finding43 that the loading was best for excess
calcium (here: molar calcium to total anions ratioRca = cCa2+/(ccarbonate+
cphosphates) = 2 in all cases), and a phosphate degree of protonation
(based on reactant solution stoichiometry) of 0.5.

The resulting solids were redispersed in water and freeze-dried. All
liquid phases were immediately analyzed by LC/MS-MS, either directly or
after 1:10 dilution. The freeze-dried powders were dissolved in 1MHCl in
10-ml volumetric flasks and filled to volume with Millipore water. The
resulting solutions were analyzed by the same LC/MS-MSmethod either
directly or after 1:10 dilution.

A stock solution of the green tea extract was prepared in 0.01M acetic
acid44 (pH 3). For each coprecipitation experiment, a blank sample was
prepared in the same conditions without the active. Among the samples
with Rc = 0.8, additional samples were prepared with 8 g/L ascorbic acid
in the polyphenol solution. An overview of the solutions used for the
precipitation experiments is given in Table 1.
Dissolution Kinetics. Dissolution and release of the coprecipitated

microparticles containing green tea polyphenols were evaluated in pH 6.8
phosphate buffer (NaH2PO4 0.1 M/Na2HPO4 0.1 M, pH adjusted to 6.8
with a 1MNaOH solution). The dissolution kinetics were recorded using
a fiber-optic UV spectrometer (Ocean Optics Inc., Dunedin, FL, USA
SD2000) equipped with a deuterium� halogen light source (Top sensor
system DH-2000-FHS). The UV probe and a magnetic stirring bar were
immersed in a beaker containing 50 mL of the phosphate buffer. The
amount of freeze-dried sample corresponding to 1.7 mg total catechin
content (calculated using the loadings obtained by LC/MS-MS) was
dispersed therein, and data acquisition was initiated immediately. The
dispersion was stirred magnetically during the experiment and the UV
absorbance of the solution wasmeasured in 2 s intervals at a wavelength of
274 nm, which is the absorbance maximum for the polyphenols used.

’RESULTS AND DISCUSSION

We have previously shown that high loadings of green tea
polyphenols in coprecipitated microparticles can be achieved,43

and that at certain degrees of protonation of the phosphate
species and at certain calcium:anion molar ratios the polyphenol
loading in the particles attains a maximum value. With the
combination of salt and catechin solutions of interest here, this
was the case at a protonation degree of 0.5 c(Na2HPO4) =
c(Na3PO4) and a calcium:anions molar ratio Rca =cCa2+/
(ccarbonate+ cphosphates) = 2. Therefore, using these most favorable
ratios, our objective here was to find the optimum combination
of polyphenol complexation and carbonate/phosphate precipita-
tion by varying Rc = ccarbonate/(ccarbonate+ cphosphates) from 0 to 1,
i.e., by moving from pure phosphate precipitates to pure carbo-
nate precipitates via mixtures of the two. To characterize the
process and particles, we focus on the most important catechin
species found in the leaves of Camellia sinensis (see Scheme 1 for
examples): epigallocatechin gallate (EGCG), catechin gallate
(CG), epicatechin gallate (ECG), epigallocatechin (EGC), gal-
locatechin gallate (GCG), gallocatechin (GC), epicatechin (EC),
and catechin (C); these abbreviations will be used in the
following.
Effect of the Carbonate:Total Anion Ratio on the Mass

Balance in the Presence of Excess Calcium.We used LC/MS-
MS analysis of the three phases resulting from the coprecipitation
process (supernatant, rinsing water and the freeze-dried powder)
to determine a mass balance, providing the loading l = mgp/mp,
the encapsulation yield y = mgp/mg0, and the loss p = 1� (mgs +
mgr +mgp)/mg0. Here,mg0 is themass of green tea extract initially
added, mgs is the mass of green tea polyphenols in the super-
natant, mp is the total mass of the powder, mgp is the mass of
green tea polyphenols in the powder, and mgr is the mass of
polyphenols measured in the water used for rinsing.
The evolution of the catechin loading, the encapsulation yield

and the losses are represented in Figure 1 as a function of the anion
stoichiometric ratio Rc. The loading in the powder systematically
improved with increasing Rc. Likewise, the higher the carbonate
content in the inorganic carrier, the higher the encapsulation yield:

Scheme 1. Known Molecular Structures of the Most Impor-
tant Catechins Extracted from the Leaves of Camellia
sinensisa4�7

aThey are based on a common catechin backbone; individual structures
vary with respect to the presence of hydroxyl and/or gallate moieties and
epi-forms. The abbreviations given between brackets are used in the text
to indicate the different molecules.
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higher Rc values therefore favored encapsulation of green tea
polyphenols in the mineral matrix. In contrast, the portion of
catechins lost by degradation remained small, whatever theRc value.
We have observed that with a 1:1 calcium:anion molar ratio

and a protonation degree of 0.5, the catechin loading passes
through a maximum at Rc = 0.8 and then dramatically drops as Rc
is increased further;43 in other words, catechins are degraded
considerably at high values of Rc due to the high pH inherent to
anion compositions rich in carbonate.43 Here, we attempt to
achieve better stability by providing excess calcium chloride in
the precursor solutions. The calcium:anion molar ratio was set to
2 while the Rc value was varied from 0 to 1, and the protonation
degree was retained at 0.5. Indeed, Figure 1 demonstrates that
increased loadings are obtained even at the highest Rc values.
This key result suggests that excess calcium stabilizes the catechins
and/or enhances their availability for precipitation-based encap-
sulation at high carbonate content. It is possible that the excess of
calcium and its important role in the formation of amorphous
calcium carbonate, as it is known from biomineralization,46

positively influences the precipitation of calcium/polyphenol
complexes at the expense of crystalline calcium carbonate; we will
address this hypothesis below using X-ray powder diffraction.
Selectivity of Polyphenol/Inorganic Coprecipitation. Fig-

ure 2 demonstrates the encapsulation selectivity of the copreci-
pitation method for different catechin species. A comparison of
the loading determined for different polyphenol tracers suggests

strong variations in affinity between the inorganic carriers and
individual polyphenols. For instance, the ratio GCG/EGCG is
the proportion of the epi- configuration of a gallated species; the
ratio CG/C compares the relative amount of the galloyl moiety;
the ratio C/EC reflects the presence of the epi-configuration of
nongallated species, and the ratio C/GC quantifies the effect of
the gallo-group. Most importantly, CG/C was far above unity
when Rc > 0. This key result indicates that the coprecipitation
process was selective toward the gallated species as compared to
their nongallated counterparts. In the example shown in Figure 2,
gallocatechin exceeded catechin up to a factor 5 by mass. In
contrast, neither the epimer configuration nor the gallo-group
influenced the encapsulation efficiency, as shown by the ratios
GCG/EGCG ≈ 1, C/EC ≈ 1, and C/GC ≈ 1 at any Rc value.
The continuous precipitation process using the double-inlet

flow cells provides stable, reproducible reaction conditions. For
example, eight replicates of a sample with Rc = 0.8 were produced
(data not shown) and their average EGCG loading determined
by LC/MS-MS was 39.8( 2.6%. The topography of the samples
(Figure 3) indicates that they are constituted of agglomerated
units having an average size of 60�80 nm. Besides the size of
the typical primary particles, the micrographs demonstrate the
strong effect of anion stoichiometry on the aggregation state of
the coprecipitates..The SEM images of particles indicate a mostly
amorphous morphology; green tea polyphenols seem to inhibit
classical crystallization of carbonate or phosphate salts. This result
is reminiscent of the amorphous, stable CaCO3 microparticles
formed in the presence of phytic acid, as prepared by Xu and co-
workers40 using a gas-diffusion method. More generally, morphol-
ogy development and controlled, nonclassical crystallization in the

Figure 1. Influence of the anion stoichiometric ratio Rc on the poly-
phenol loading, encapsulation yield, and loss in the presence of excess
Ca2+ for mixed mineral matrices (precursor solutions: c(CaCl2) =
2(c(Na2CO3) + c(Na3PO4) +c(Na2HPO4)). Under these conditions,
loads and yields remain stable at high Rc. The tracer considered for the
LC/MS-MS determinations is EGCG.

Figure 2. Selectivity of the coprecipitation toward gallated species, epi-
forms and gallo-forms of catechins, and epi-forms of gallated species in
the presence of excess Ca2+ for mixed mineral matrices (precursor
solutions: c(CaCl2) = 2(c(Na2CO3) + c(Na3PO4) + c(Na2HPO4)).

Figure 3. Typical scanning electron micrographs of amorphously
coprecipitated, mixed polyphenol/mineral complexes; cphosphate = 0.07
mol/L, ccarbonate = 0.03 mol/L.
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presence of additives has recently attracted much attention, espe-
cially from the perspective of biomineralization.47,48 The primary
particle size for types of precipitates is well-defined, and is typically in
the range of 60�80 nm. Their assembly into miciometer-sized and
larger particles appears to be influencedby the distributionof charges
on the particles and due to nonprecipitated electrolytes in the
suspension, and by colloidal stabilization of both the primary
particles and their aggregates by both coprecipitated and free
polyphenols. We expect that all of these factors depend on the
particular formulation, resulting in different aggregation states of the
material.
XRD Patterns for Polyphenol/Calcium Carbonate and

Polyphenol/Calcium Phosphate Coprecipitates. Powder
XRD patterns were collected to study the differences in crystal-
linity obtained with different mineral matrices. Again, the cal-
cium:anion molar ratio was held constant at 2 in both cases. In
Figure 4 we compare the spectra of the coprecipitated particles
with their blank counterparts for the cases calcium carbonate and
calcium phosphate/dicalcium phosphate matrices. The carbo-
nate-only system (Rc = 1), more highly loaded with polyphenols,
was predominantly amorphous as indicated by the absence of
sharp peaks and the wavy baseline. In contrast, the pattern for
Rc = 0 was merely attenuated in the presence of catechins, with
both the mineral blank and the coprecipitates exhibiting identical
peaks with comparable relative magnitudes. This similarity

suggests that either the amount of polyphenols present in the
particles at Rc=0 is insufficient to siginificantly inhibit crystal-
lization, and/or that calcium phosphate/dicalcium phosphate
crystallization is less susceptible to inhibition by polyphenols. We
also point out that mixing different anionic species already has an
effect on the crystallization behavior, independent of the pre-
sence of polyphenols.43 Inclusion of catechins in the mixed and
pure carbonate particles appears to have an inhibitory effect on
the crystallization of the inorganic material, but the effect appears
to be strongest for Rc = 1.0 (carbonate only), where the sample is
mostly amorphous; in contrast, for Rc = 0 (phosphates only), the
polyphenols do not strongly suppress crystallization.
Elemental Analysis. We performed elemental analysis of

carbon, hydrogen, nitrogen, calcium, phosphorus and measured
the water content to determine the chemical composition of the
coprecipitates. Because the carbon content in the product can
stem from either the carbonate anions or the catechins, we first
determined the chemical formulas of the blank samples. We
assumed that the composition of the inorganic material was the
same in the coprecipitated particles and in their blank counter-
parts and attributed the exceeding carbon in the loaded particles
to the catechins. For simplicity, we assumed that EGCG is the
predominant polyphenol. This way, the amount of polyphenols
can be estimated and compared with the LC/MS-MS results.
Additionally, the electroneutrality of the resulting precipitates
was also verified. Table 2 displays the formulas determined for
the three polyphenol-free mineral matrices, and highlights the
differences between the nominal Rc values based on the solution
concentrations and the actual Rc in the product obtained by
elemental analysis. The variation between the two values indi-
cates a competition between the carbonate ions and the phos-
phate ions during the precipitation process. The higher the
nominal Rc value, the lower the relative variation and the better
the agreement between the nominal and actual values. For low
carbonate content (cphosphate > ccarbonate), we expect a competi-
tion between the carbonate and the phosphate species during
formation of the microparticles. At high Rc, this effect becomes
insignificant. At low Rc, the predominating phosphate species are
preferentially included in the inorganic microparticles as com-
pared to the carbonate. Indeed, a comparison of the solubility

Figure 4. XRD spectra of polyphenol/mineral coprecipitates prepared
with excess Ca2+; (a) phosphate only (Rc = 0 and c(Na2HPO4) =
c(Na3PO4) = 0.1 mol/L in the reactant solution), (b) carbonate only
(Rc = 1, c(Na2CO3) = 0.2 mol/L in the reactant solution). Both the
catechin/inorganic coprecipitates and their corresponding blank
(mineral-only, “-B”) counterparts are included. The intensity is plotted
in arbitrary units (a.u.) against the scattering angle 2Θ.

Table 2. Determination of the Stoichiometry of the Precipitated Blank (inorganic) Microparticles by Elemental Analysis;
Difference between the Nominal and Actual Rc Values

nominal Rc (mol/mol) actual Rc (mol/mol) hypothetical formula charge balance

0.25 0.103 Ca(PO4)0.65(CO3)0.075, 0.97 H2O 2 � (3 3 0.65) � (2 3 0.075) = 0

0.50 0.368 Ca(PO4)0.48(CO3)0.28, 0.97 H2O 2 � (3 3 0.48) � (2 3 0.28) = 0

0.80 0.764 Ca(PO4)0.21(CO3)0.68, 0.62 H2O 2 � (3 3 0.21) � (2 3 0.68) = 0

Table 3. Evaluation of the Polyphenol Content in the
Samples with Rc = 0.25, 0.50, and 0.80 Based on Carbon
Determination and Comparison with the LC/MS-MS
Determination, Based on Epigallocatechin Gallate
(EGCG) as the Tracer

Rc

0.25 0.50 0.80

polyphenol content, elemental analysis (wt %) 18.3 27.0 34.5

polyphenol content, LC/MS-MS based on EGCG (wt %) 18.0 30.3 35.3
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products of calcium carbonate (Ksp(CaCO3) ≈ 1 � 10�9) and
calcium phosphate (Ksp(Ca3(PO4)2) ≈ 1 � 10�26) indicates
that the calcium phosphate was formed preferentially and was
more stable than calcium carbonate. Table 3 summarizes the
catechin loadings calculated from the carbon determination and
compares the results with the LC/MS-MS determinations pre-
viously obtained, indicating excellent correlation between the
loading results obtained by elemental analysis and by LC/MS-
MS. This agreement supports our hypothesis that the composi-
tion of the mineral carrier is similar in the catechin-loaded
particles and in the blank inorganic matrices.
Evaluation of the Release Kinetics and Stability. The

release profile of the coprecipitated microparticles was evaluated
using UV-spectroscopy. We quantified pH-controlled release
under two different conditions at pH 6.8, where we expected
the particles to remain relatively stable against dissolution, and at
pH 5, where rapid dissolution and complete release of the active
should occur. The measurements were performed at the absor-
bance maximum of the green tea polyphenols, determined to be
at 274 nm. Figure 5 shows the release profile from the hybrid
particles at two different anion stoichiometric ratios. The parti-
cles made of pure carbonate released their total amount of
polyphenols within tens of seconds, independent of the pH
value, since calcium carbonate, which constituted the mineral
matrix for Rc = 1, dissolves more easily at neutral pH. This
behavior suggests that pure carbonate particles are suitable if the
active is to be released during oral ingestion (release at neutral
pH during seconds to tens of seconds); however, if the goal is
to keep the active at least partially encapsulated during oral
ingestion, the calcium carbonate matrices produced here dissolve
too quickly. In contrast, the particles containing calcium phos-
phate carrier were far less soluble at neutral pH.49,50 In this case
(here, Rc = 0), the release at neutral pH occurred gradually
over 15 min; exposing the identical particles to a lower pH again
led to more rapid release. Therefore, mixed carbonate/phosphate
or phosphate-based particles may be suitable if the dissolution
during oral consumption has to be minimized and subsequent
release in acidic conditions is desired. The difference in dissolu-
tion behavior for inorganic matrices composed of different salts
suggests that the dissolution behavior of the coprecipitates can
easily be controlled via the anion stoichiometric ratios in the initial
solutions.
To assess the effectiveness of precipitated mineral particles as

delivery systems, it is important to understand the behavior under
typical storage conditions, both for the entirety of polyphenols and
for the individual species. We exposed the lyophilized precipitates

to various storage conditions. Figure 6 summarizes the evolution of
the polyphenol content under anaerobic conditions (the samples
were held under argon atmosphere and isolated from light) over the
course of 60 days. The evolution of the relative content in selected
tracers as compared to the loading in the freshly prepared micro-
particles is plotted at 23 �C and at �18 �C, using different
polyphenol tracers. These curves suggest that the coprecipitation
process, along with a decrease in temperature, reduces and delays
degradation across all polyphenol tracers investigated, and up to
70%of the initial polyphenols remain intact at the endof the stability
tests. The most sensitive compounds are polyphenols having a
galloyl group, such as EGCG and GCG. Identical tests were also
performed in air instead of argon but did not reveal any significant
differences, indicating that storage under aerobic conditions did not
affect sample degradation. Similarly, photodegradation under aero-
bic conditions was excluded as a factor influencing the long-term
stability of the polyphenols within the precipitates. In contrast, the
storage temperature is a key parameter for the chemical stability of
the encapsulated polyphenols, as shown in Figure 6: under low-
temperature conditions, we observed not only a retention in total
polyphenols content over extended times but also reduction in
selective degradation for individual species; Figure 6 suggests that
the encapsulation process along with a decrease in temperature
efficiently reduces and delays degradation for individual polyphenols.
The gallated species (EGCG and GCG) are the most sensitive to
degradation, and probably to hydrolysis of the galloyl moiety. On the
other hand, the level of EGC remained high, whereas the amount of
GC dropped. This may be due to the epimerization of the GC,
transforming it into EGC. The effect of ascorbic acid was evaluated
with respect to its reported stabilizing capacity against catechin
degradation.51 Contrary to results presented by Chen et al.51 for
simple solutions of green tea polyphenols, the addition of ascorbic
acid did not improve the storage stability: its reported stabilizing effect
in fresh solutions apparently does not translate into sustained
stabilization in the precipitated mineral matrices investigated here
over extended storage times.

’SUMMARY AND CONCLUSIONS

Our objective was to design and characterize a delivery system
for catechins from green tea based on their coprecipitation with
salt solutions to form hybrid particles. Catechin-loaded inorganic/
bioactive particles were formed by contacting sodium phosphate/
sodium carbonate and calcium chloride precursor solutions in the
presence of the polyphenols in aqueous solution. The rapid
continuous precipitation process using the double inlet flow cells
provides stable, reproducible reaction conditions and avoids
extended exposure of the catechins to unfavorable medium
conditions that could lead to degradation. Screening the carbonate
to total anions ratio, we found that the higher the carbonate
content in the inorganic material, the higher the polyphenol
loading and the better the encapsulation yield. Moreover, increas-
ing the carbonate content did not induce polyphenol degradation,
presumably due to the presence of excess Ca2+ stabilizing the
polyphenols.

The specific nature of the interactions between the catechins,
calcium cations, and/or intermediate nanoscale precursors of the
particles formed during precipitation is a topic that needs further
investigation. Chelation of polyphenols and the formation of
metal-polyphenol complexes has been studied and discussed52,53

for iron(III), iron(II), copper(II), zinc(II), and aluminum(III);
however, those authors specifically pointed out that polyphenols

Figure 5. pH-responsive release: dissolution profiles of the catechin/
inorganic coprecipitates with varying anion composition at two different
pH values. Normalized absorption at a wavelength of 274 nm measured
by UV/vis spectroscopy. Lines guide the eye.
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do not chelate alkali and alkaline earth cations (Na+, K+, Ca2).
They also argue that in the case of Mg2+, there might be some
weak interaction with polyphenols, which is, however, expected
to be negligible in competition with phosphate. Besides, ionic
interactions with cations in the reactant solutions, it is worth
assessing interactions of polyphenols with the surfaces of the
nascent (co)precipitates. In the framework of nonclassical
crystallization,20 polyphenols may well play a role similar to phytic
acid40 (inositol hexakisphosphate), which has been argued to act
not only as a crystallization inhibitor in the formation of amor-
phous CaCO3, but also as a colloidal stabilizer of the primary
precipitated nanoparticles as they undergo mesoscale assembly.

XRD spectra of the samples with the highest loadings indi-
cated a mostly amorphous structure in the coprecipitates. The
encapsulation process along with a decrease in temperature
efficiently reduces and individually delays degradation with up
to 70% of the initial polyphenols remaining intact at the end of
the stability tests. The most sensitive compounds are polyphe-
nols having a galloyl group, such as EGCG and GCG. We also
demonstrated that the dissolution and release kinetics can be
influenced via the anion composition of the mineral carrier. This
allows the design of delivery systems with rapid, pH-triggered
release upon contact with an acidic environment but only slow
and gradual dissolution at neutral pH. Using appropriate ion
compositions, the time window of release can be optimized to be
anywhere between a few seconds up several minutes. A possible
application is themasking or inactivation of bitterness and/or off-
flavors of green tea polyphenols54 while minimizing degradation.
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(39) Green, D. W.; Levêque, I.; Walsh, D.; Howard, D.; Yang, X.;

Partidge, K.; Mann, S.; Oreffo, R. O. C. Adv. Funct. Mater. 2005, 15, 1–7.
(40) Xu, A. W.; Yu, Q.; Dong, W. F.; Antonietti, M.; C€olfen, H. Adv.

Mater. 2005, 17, 2217–2221.
(41) Fakhrullin, R. F.; Minullina, R. T. Langmuir 2009,

25, 6617–6621.
(42) Peytcheva, A.; C€olfen, H.; Schnablegger, H.; Antonietti, M.

Colloid Polym. Sci. 2002, 280, 218–227.
(43) Elabbadi, A.; Jeckelmann, N.; Haefliger, O. P.; Ouali, L.

J. Microencapsulation 2011, 28, 1–9.
(44) Zhu, Q. Y.; Zhang, A.; Tsang, D.; Huang, Y.; Chen, Z. Y. J. Agric.

Food Chem. 1997, 45, 4624–4628.
(45) Zeeb, D. J.; Nelson, B. C.; Albert, K.; Dalluge, J. J. Anal. Chem.

2000, 72, 5020.
(46) Gower, L. Chem. Rev. 2008, 108, 4551.
(47) Pouget, E. M.; Dujardin, E.; Cavalier, A.; Moreac, A.; Val�ery, C.;

Marchi-Artzner, V.; Weiss, T.; Renault, A.; Paternostre, M.; Artzner, F.
Nat. Mater. 2007, 6, 434.
(48) Pouget, E. M.; Bomans, P. H. H.; Dey, A.; Frederik, P. M.;

deWith, G.; Sommerdijk, N. A. J. M. J. Am. Chem. Soc. 2010, 132, 11560.
(49) Schiller, C.; Epple, M. Biomaterials 2003, 24, 2037–3043.
(50) Shellis, R. P.; Lee, A. R.; Wilson, R. M. J. Colloid Interface Sci.

1999, 218, 351–358.
(51) Chen, Z. Y.; Zhu, Q. Y.; Wong, Y. F.; Zhang, Z.; Chung, H. Y.

J. Agric. Food Chem. 1998, 46, 2512–2516.
(52) Hider, R. C.; Liu, Z. D.; Khodr, H. H. Method. Enzymol. 2001,

335, 190–203.
(53) Brown, J. E.; Khodr, H.; Hider, R. C.; Rice-Evans, C. A. Biochem.

J. 1998, 330, 1173.
(54) Zeng, Q. C.; Wu, A. Z.; Pika, J. J. Breath Res. 2010, 4, 036005.


