
Facile One-Pot Preparation of Chitosan/Calcium Pyrophosphate
Hybrid Microflowers
Xiaoli Wang,†,‡,§ Jiafu Shi,†,§ Zheng Li,†,§ Shaohua Zhang,†,§ Hong Wu,†,§ Zhongyi Jiang,*,†,‡,§

Chen Yang,†,§ and Chunyong Tian†,§

†Key Laboratory for Green Chemical Technology of Ministry of Education, School of Chemical Engineering and Technology, Tianjin
University, Tianjin 300072, People’s Republic of China
‡National Key Laboratory of Biochemical Engineering, Institute of Process Engineering, Chinese Academy of Sciences, Beijing
100190, People’s Republic of China
§Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin 300072, People’s Republic of China

*S Supporting Information

ABSTRACT: Flower-like chitosan/calcium pyrophosphate
hybrid microparticles (microflowers) are prepared using a
facile one-pot approach by combining ionotropic gelation with
biomimetic mineralization. Chitosan−tripolyphosphate (CS-
TPP) nanocomplexes are first synthesized through ionotropic
gelation; meanwhile, excess TPP is partly hydrolyzed into
pyrophosphate ions (P2O7

4−). Upon addition of CaCl2, CS-
TPP nanocomplexes serve as a versatile template, inducing in
situ mineralization of Ca2P2O7 and directing its growth and
assembly into microflowers. The whole preparation process
can be completed within half an hour. The as-prepared
microflowers are composed of 23.0% CS-TPP nanocomplexes and 77.0% Ca2P2O7 crystals. Mesopores (3.7 and 11.2 nm) and
macropores coexist in the microflowers, indicating porous and hierarchical structures. The microflowers exhibit high efficiency in
dye adsorption and enzymatic catalysis. Specifically, a high adsorption capacity of 520 mg g−1 for Congo red is achieved. And the
immobilized enzyme retains about 85% catalytic activity compared with that of the free enzyme. The facile one-pot preparation
process ensures the broad applications of the porous hybrid microflowers.
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■ INTRODUCTION

Hierarchically structured porous materials, representing multi-
ple level porosity integrated in a single scaffold, have recently
triggered extensive research due to their potential technological
impact in separation, catalysis and energy storage.1−4 Natural
bone is a hierarchically organized hybrid material and one of
the toughest natural materials.5 Calcium phosphate (CaP, such
as CaHPO4, Ca2P2O7, Ca10(PO4)6(OH)2, etc.) is the main
inorganic component of bone and responsible for its
remarkable strength and stiffness,6,7 which thus has excellent
biocompatibility and affinity to biological substances, such as
collagen, proteins, enzymes, cells and viruses.8,9

Numerous research efforts were devoted to the controllable
preparation of calcium phosphate with diverse morphologies
and hierarchical structure. Organic matrix mediated mineraliza-
tion of CaP crystals was the predominant method, where
organic molecules (collagen,10,11 amino acids,12,13 polyelec-
trolytes,14 etc.) were used as the template and the sequestration
agent. Other methods, including electrolytic deposition,15 laser
deposition,16 hydrothermal synthesis,17,18 and hydrolysis of
salts,19,20 were also reported. These studies demonstrate the
successful preparation of hierarchical CaP, the preparation

process often involves complicated operations or extreme
operating conditions, such as high temperatures, organic
solvents and microwaves. This often cause the irreversible
denaturation of biomolecules. Liu et al. investigated the mild
and facile formation of flower-like hydroxyapatite agglomerates
at the interface of a bamboo/egg shell membrane after setting
under ambient temperature for several days.21,22 However, it
was difficult to scale-up because of low reaction rate, arduous
particle collection and the limited availability of materials.
Recently, encouraging progress in the preparation of CaHPO4/
α-amylase hybrid nanoflowers with enhanced enzymatic activity
was made by Zeng’s group,23 which was partly ascribed to
flower-like hierarchical structures and biocompatibility of
CaHPO4. Continued research efforts toward seeking straight-
forward, inexpensive and rapid chemical methods to synthesize
porous and hierarchical CaP, and understanding of their
formation mechanism are highly required.
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Chitosan (CS), a natural cationic polysaccharide, is widely
used in combination with CaP to develop a hybrid scaffold for
hard tissue engineering due to its nontoxicity, biofunctionality,
biocompatibility and antibacterial nature.20,24,25 CaP can be
incorporated into chitosan by incubating chitosan in phosphate
ions and calcium ions mixture (e.g., a simulated body
fluid)6,26,27 or by the straightforward mixing of chitosan with
CaP.25,28 Chitosan can be quickly cross-linked by tripolyphos-
phate (TPP) through ionotropic gelation to form nano-
complexes, which are biocompatible and can stabilize proteins
against denaturation.29−31 This method utilizes the reversible
physical cross-linking, proceeded in aqueous environments and
under mild conditions, and thus has attracted strong interest for
drug delivery systems.32 Furthermore, TPP is able to hydrolyze
into pyro- and orthophosphate ions (P2O7

4−, PO4
3−) in

aqueous solution.33,34 Hence, porous and hierarchical CaP
may be prepared by using CS-TPP nanocomplexes as the
template and TPP hydrolysates as the precursor.
In this study, a rapid one-pot approach to chitosan/calcium

pyrophosphate hybrid microflowers is developed by combining
ionotropic gelation with biomimetic mineralization. CS-TPP
nanocomplexes were first synthesized through ionotropic
gelation; meanwhile, part of TPP was hydrolyzed to P2O7

4−

anions, which were then adsorbed on the CS-TPP nano-
complexes. Upon addition of Ca2+, the anisotropic growth of
Ca2P2O7 crystals on the CS-TPP nanocomplexes network
resulted in the formation of hybrid microflowers. CS-TPP
nanocomplexes provided a well-defined template and inducer
for the nucleation and growth of Ca2P2O7 crystals. The
formation mechanism of the microflowers was tentatively
elucidated. The as-prepared microflowers were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) and Brunauer−Emmett−
Teller (BET) surface area analyses. Moreover, the applicability
of hybrid microflowers as a dye adsorption agent and enzyme
immobilization carrier was explored.

■ MATERIALS AND METHODS
Materials. Chitosan (viscosity−average molecular weight: 450 kDa

and 90.2% N-deacetylation degree) was purchased from Jinan
Haidebei Marine Bioengineering Co. Ltd. (Jinan, China). Calcium
chloride dehydrate (CaCl2·2H2O, Bioxtra, ≥99.0% pure), sodium
tripolyphosphate (Na5P3O10, NaTPP), glacial acetic acid
(CH3COOH) and hydrogen peroxide (H2O2, 30 wt %) were
purchased from Tianjin Guangfu Fine Chemical Research Institute
(Tianjin, China). Catalase (CAT, hydrogen peroxide oxidoreductase;
EC.1.11.1.6, C3145, 2000−5000 units/mg protein) from bovine liver,
tris(hydroxymethyl)amiomethane (Tris) and fluorescein isothiocya-
nate (FITC) were purchased from Sigma-Aldrich Chemical Co.
(USA). The water was purified by the Millipore Milli-Q before using
in our experiments. CAT was labeled by FITC as follows: CAT was
mixed with FITC in buffer solution (PBS, 50 mM, pH 8.0, [dye]/
[enzyme] = 5) and then incubated overnight followed by dialysis
against buffer solution (PBS, 50 mM, pH 7.0) for 72 h and water for
24 h.
Preparation of the Hybrid Microflowers. Chitosan (CS) was

dissolved in 1 wt % acetic acid solution (2 mg mL−1). 1.2 mL of 125
mg mL−1 TPP solution was added into 3 mL of 2 mg mL−1 CS
solution upon stirring for 10 min. Then, 4.2 mL of 100 mM CaCl2 was
added into the above mixture upon stirring for another 10 min at room
temperature. The hybrid microflowers were then obtained following
centrifugation and washing.
Immobilization Efficiency and Loading Capacity of Enzyme.

The immobilization efficiency was defined as the ratio of CAT amount

coprecipitated in the microflowers to the initial amount of CAT. The
loading capacity was defined as the ratio of CAT amount
coprecipitated in the microflowers to the weight of microflowers.
The CAT concentrations with a known volume of washing solution
was measured by the Bradford’s method.35 The immobilization
efficiency and loading capacity were calculated according to eqs 1 and
2:

=
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×
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m
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where m (mg) is the CAT amount introduced into the CaCl2 solution;
C1 (mg mL

−1) and V1 (mL) are the CAT concentration and volume of
the supernate, respectively; W (g) is the weight of the microflowers.

Enzymatic Activity, Kinetic Constants (Km and Vmax) and
Stabilities. The activity of CAT was assayed by the decrease of
absorbance at 240 nm due to enzymatic H2O2 decomposition.36

Specifically, the free or immobilized CAT was added to buffer solution
(Tris−HCl, 50 mM, pH 7.0) with a H2O2 concentration of 19.58 mM.
The decrease in absorbance was noted after reacting for 3 min at room
temperature under stirring, and the enzymatic activity was determined
according to eq 3:

⎯ →⎯⎯⎯ +H O H O O2 22 2
CAT

2 2 (3)

the relative activity was determined by comparing the activity of
immobilized CAT with that of an equal amount of free CAT.

To determine Km and Vmax (Km is the Michaelis−Menten contant;
Vmax is the maximum reaction rate), the activity was assayed at H2O2
concentrations varying from 20 to 70 mM. Enzymatic activity was
determined in buffer solution (Tris−HCl, 50 mM, pH 7.0) under
ambient temperature. Vmax and Km were calculated by the Michaelis−
Menten model as shown in eq 4:

= × +
V

K
V S V
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[ ]
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max max (4)

where [S] (mM) is the initial H2O2 concentration and V (mM min−1)
is the initial reaction rate.

The reusability of immobilized CAT was assessed by measuring the
activity in each cycle. The CAT-containing microflowers were
collected and washed with buffer solution (Tris−HCl, 50 mM, pH
7.0) after each batch and then added to the next cycle. The thermal
stability was evaluated by measuring the residual activity after
incubating at different temperature (30 to 70 °C) for 3 h.

Characterizations. SEM images of the microflowers were
recorded with SEM (Nanosem 430). Elemental analysis of the
microflowers was accomplished with an energy dispersive spectroscopy
(EDS) instrument attached to a SEM instrument. Transmission
electron microscopy (TEM) imaging of the microflowers was
performed on a JEM-100CX II instrument. The ζ-potentials of
microflowers surface were measured in water using a Brookhaven ζ-
potential analyzer. Thermal gravimetric analysis (TGA) of the
microflowers was conducted with a PerkinElmer Pyris analyzer by
heating from 40 to 800 °C under air atmosphere. The microflowers
were analyzed by a powder X-ray diffraction meter (XRD, D/MAX-
2500). FTIR spectra of the microflowers were obtained using a
Nicolet-6700 Fourier transform infrared spectrometer. The surface
properties of the microflowers were characterized by X-ray photo-
electron spectroscopy (XPS, Mg Kα) in a PerkinElmer PHI 1600
ESCA system. The pore-size distribution of the microflowers was
determined by nitrogen adsorption−desorption isotherm measure-
ments on a Tristar 3000 gas adsorption analyzer at 77 K. Pore-size-
distribution curves were calculated based on the adsorption branch of
nitrogen isotherms using the Barrett−Joyner−Halenda (BJH) method.
UV−vis spectrophotometer (Hitachi U-3010) was used to measure
the CAT concentration. Confocal laser scanning microscopy (CLSM)
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images were obtained with a Leica TCS SP5 microscope, and the
excitation wavelength for FITC-labeled CAT was set at 488 nm.

■ RESULTS AND DISCUSSION

Preparation and Characterizations of the Hybrid
Microflowers. Scheme 1 illustrates the preparation process
of the hybrid microflowers. Chitosan−tripolyphosphate (CS-
TPP) nanocomplexes were synthesized by ionotropic gelati-
on.37 Upon the addition of TPP into the CS solution with
stirring for 10 min, obvious turbidity changes of the solution
were observed immediately. Simultaneously, the pH of the CS
solution increased from 3.5 to 6.0, at which level the charge
number of TPP was −3.3 and the ionization degree of CS was
0.8 according to the literature.38 Hence, the spontaneous
formation of CS-TPP nanocomplexes occurred due to intra-
and intermolecular linkages between the positively charged CS
and negatively charged TPP anions. SEM and TEM images
(Figure 1a,b) indicated that the flocculent network structure of
nanocomplexes. Subsequently, CaCl2 was added into the CS/
TPP mixture under stirring for another 10 min, and calcium
phosphate would precipitate to generate spherical microflowers

through the regulation of CS. Microflowers were obtained after
three centrifugation/water rinsing/redispersion cycles. The
preparation process can be accomplished within 30 min. SEM
images (Figure 1c,d) showed that the microflowers with a
diameter of 3−5 μm were composed of well-defined 70 nm
thick nanosheets. TEM images (Figure 1e,f) further verified the
porous and hierarchical structures of the microflowers, which
consisted of plate-shaped microparticles. Moreover, the center
of microflowers was more porous according to the analysis of
TEM. Quantitative analysis of the microflowers indicated that
approximately 56 mg of the microflowers were collected from
the solution. In addition, the one-pot preparation method was
low cost and easily scale-up to obtain more than 10 g of the
microflowers in one batch, and their morphology can be well
maintained (Figure S1, Supporting Information).
Energy dispersive spectroscopy (EDS) analysis of the

microflowers manifested the presence of C, O, P and Ca
elements (Figure S2, Supporting Information). The presence of
Al element was arisen from the aluminum foil for sample
preparation. The atom ratio of P to Ca was 1.448 according to
the analysis of EDS. Moreover, EDS mapping analysis

Scheme 1. Preparation Process of the Hybrid Microflowers

Figure 1. (a) SEM and (b) TEM images of the chitosan-TPP nanocomplexs, and SEM (c, d) and TEM (e, f) images of the hybrid microflowers.
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demonstrated that the Ca and P elements were predominantly
distributed in the nanosheets of the microflowers (Figure.S3
Supporting Information).
XRD was employed to characterize the phase and crystal

structure of the microflowers as shown in Figure 2a. XRD
analysis proved the mineralized microflowers were calcium
pyrophosphate hydrate (CPPD, Ca2P2O7·2H2O, PDF#41-0490
and Ca2P2O7·4H2O, PDF#44-0762) (Figure 2a-A). It should be
noted that the broad peak was attributed to nanocrystalline
nature of the microflowers. The presence of CPPD was
ascribed to the hydrolysis of TPP to pyrophosphate ions.33,39,40

To further verify the existence of CPPD, the microflowers were
thermally treated at 400 °C for 4 h in air. The microflowers
maintained their morphology well, as shown in the SEM images
(Figure S4, Supporting Information) and were identified as
calcium pyrophosphate (CPP, Ca2P2O7, PDF#17-0499, #23-
0871 and #09-0346) from the analysis of XRD (Figure 2a-B).

Thermal treatment accelerated the dehydration of CPPD.
However, there did not exist calcium monophosphate in the
microflowers, which suggested that TPP did not hydrolyze to
orthophosphate ions (PO4

3−) but to generate pyrophosphate
ions (P2O7

4−) during the preparation process.33 It has been
demonstrated that TPP was first hydrolyzed to P2O7

4−, then
P2O7

4− was hydrolyzed to PO4
3−,33,41 and the kinetics of the

latter reaction was 1−2 orders of magnitude slower than that of
the former.34,41 Moreover, the solubility parameters of Ca2P2O7

compounds were rather low,42 leading to the rapid precipitation
during the preparation. Therefore, calcium monophosphate did
not exist in the fresh microflowers because the present
preparation conditions (duration and temperature) did not
allow further hydrolysis reaction of P2O7

4−. Furthermore, it has
been demonstrated that Ca2P2O7 is more biocompatible than
hydroxyapatite, thus endowing the microflowers with favorable
biocompatibility for diverse biorelated application fields.43−45

Figure 2. (a) XRD patterns of the microflowers before (A) and after thermal treatment (B), (b) XRD patterns of the microflowers after immersed in
water for different times, and FTIR spectra (c), XPS spectra (d), the high-resolution P 2p spectrum (e), TGA and DTG curves (f) of the
microflowers.
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The corresponding standard XRD pattern can be found in the
Figure S5c,d (Supporting Information).
To confirm if P2O7

4− would hydrolyze during the storage, the
microflowers were immersed in deionized water for different
times and their XRD patterns were conducted (Figure 2b). The
broad peak became sharp (30.4°) after immersing for 4 days,
which clearly showed the presence of calcium pyrophosphate
hydrate (CPPD, Ca2P2O7·2H2O, PDF#41-0490 and Ca2P2O7·
4H2O, PDF#44-0762). When the immersion time was
increased from 4 to 11 days, the main reflection peaks at
29.2° and 30.4°, which were consistent with the previous
report,46 intensified due to the increase of crystallized CPPD in
the microflowers. Simultaneously, a new peak at 31.1°
appeared, which can be assigned to the reflection of whitlockite
phase (Ca3(PO4)2, PDF#09-0169).46,47 The formation of
whitlockite suggested that part of pyrophosphate ions were
hydrolyzed to orthophosphate ions after immersing the
microflowers in water for 11 days. With the increase of
immersion time to 25 days, the peak intensity at 31.1°
increased, suggesting the further hydrolysis of pyrophosphate

ions. When the immersion time was extended to 45 days, the
XRD pattern was similar to that of the microflowers immersed
for 25 days, indicating that the hydrolysis equilibrium was
reached. To conclude, calcium monophosphate did not exist in
the fresh microflowers, while calcium pyrophosphate hydrate
and whitlockite coexisted in the microflowers after immersion
in water for more than 25 days.
FTIR spectra of the microflowers are shown in Figure 2c.

The bands at 3440 and 1649 cm−1 were attributed to the
stretching (νO−H) and bending (δHOH) vibrations of water
molecules, respectively. The bands at 906, 758 and 700 cm−1

were characteristic of the νs POP symmetric vibrations, which
was consistent with the infrared spectrum of P3O10

5− and
P2O7

4−.27 The band at 758 cm−1 was characterized with the
structure of a P3O10

5− triphosphate.48,49 The band at 536 cm−1

showed the bending vibration of phosphates with P3O10
5− and

P2O7
4−.33,48,49 FTIR spectra further confirmed the existence of

TPP and CPPD in the microflowers. Therefore, the micro-
flowers were identified as the mixture of CS-TPP nano-
complexes and CPPD crystals. The absorption peaks of
chitosan were not obvious because of their relatively low
content in the microflowers.
XPS spectra of the microflowers (Figure 2d) also indicated

the presence of C, O, P and Ca elements. The P/Ca ratio of
microflowers calculated from the XPS spectrum was 1.437,
which was very close to the result of the EDS analysis (1.448).
And the theoretical atom ratio of P to Ca for CPPD was 1.0.
Therefore, the microflowers contained 23.0% CS-TPP and
77.0% CPPD according to the ratio of P/Ca (the calculation
process can be found in eq S1 (Supporting Information)).
Moreover, the peak of P 2p at 133.6 and 134.5 eV
corresponded to P2O7

4− and P3O10
5−40,50,51 with relative

percentages of 76.8% and 23.2%, respectively, quantified by
the normalized peak area in the high-resolution P 2p XPS
spectrum (Figure 2e), which was very close to that obtained
from the ratio of P/Ca.
The TGA curve of the microflowers (Figure 2f) presented

two significant weight loss steps. The first weight loss step
occurred at 40−200 °C (DTG peaks at 80.0 and 132.5 °C) and

Figure 3. Nitrogen adsorption−desorption isotherms (inset was the
pore size distribution curve by the BJH method) of the microflowers.

Figure 4. SEM images of microflowers prepared with varying concentration of CS (a) 0 mg mL−1, (b) 1 mg mL−1, (c) 5 mg mL−1 and (d) 10 mg
mL−1, and prepared with varying concentration of TPP (e) 5 mg mL−1, (f) 30 mg mL−1 and (g) 125 mg mL−1.
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had a mass loss of about 8.1% due to the loss of free, bound
water. The second weight loss step occurred in the range 200−
300 °C (DTG peaks at 235.0 °C) and was attributed to the
decomposition of CS-TPP nanocomplexes in the microflowers.
The weight loss between 200 and 800 °C was about 17.5%,
which was ascribed to the content of CS-TPP nanocomplexes
and crystal water in CPPD crystals. The mass fraction of
inorganic component in the microflowers was 74.4% from the
residual mass on heating to 800 °C.
N2 adsorption−desorption was performed to analyze the

porous structure of microflowers. As shown in Figure 3, at a
lower relative pressure range (P/P0 > 0.6), the hysteresis loop
was clearly observed, which indicated the presence of
mesopores in the microflowers. Moreover, adsorption did not
reach saturation, and the capacity increased quickly at a higher
relative pressure range (P/P0 > 0.9), which meant the presence
of larger interparticles mesopores and macropores. Therefore,
the microflowers had a multiple level pore size distribution (a
sharp band centered at pore size of 3.7 nm and a broad band
between 4 and 100 nm), manifesting their porous and
hierarchical structures. The mesopores were ascribed to the
texture porosity formed by Ca2P2O7 nanoparticles aggregation.
And the macropores were arisen from the interspace among the
nanosheets of microflowers. Moreover, the BET specific surface
area of the microflowers was determined to be 51 m2 g−1, which
was close to or even higher than those of calcium phosphate
reported in the literature.8,52−55 These porous and hierarchical
structures may facilitate mass transport and consequently
endow the microflowers with a broad range of applications. It

should be noted that the porosity of microflowers based on the
BJH method was consistent with that observed by SEM and
TEM.
The formation mechanism of microflowers was tentatively

proposed. Ionotropic gelation happened after addition of TPP
into the CS solution. At this stage, TPP cross-linked with CS to
generate the precipitation of CS-TPP nanocomplexes through
electrostatic interaction. Part of TPP was hydrolyzed to
pyrophosphate ions (P2O7

4−). The hydrolysis reaction of
TPP was accelerated by the CS solution containing acetic
acids.33 The hydrolyzed P2O7

4− anions were adsorbed on the
CS-TPP nanocomplexes due to their strong adsorption
ability.56 After the introduction of Ca2+, the biomimetic
mineralization of Ca2P2O7 crystals occurred under the surface
of the CS-TPP nanocomplexes network. Therefore, in these
microenvironments, the CS-TPP nanocomplexes were used as
the template to facilitate the rapid nucleation of Ca2P2O7
crystals and guide their anisotropic growth on the CS-TPP
nanocomplexes, leading to the formation of hybrid micro-
flowers. To verify this mechanism, various factors affecting the
microflowers formation were examined, including the concen-
trations of CS, TPP and CaCl2, and the mineralization time. If
no special instruction, the concentrations of CS, TPP and
CaCl2 were 2.0 mg mL−1, 125 mg mL−1 and 100 mM,
respectively, and the mineralization time was 10 min.
To understand the effect of CS content on the microflower

structure, the experiments were conducted with the CS
concentration varying from 0 to 10 mg mL−1. Microflowers
cannot be formed in the absence of CS; instead, nanoparticles

Figure 5. SEM images of microflowers prepared with varying concentration of CaCl2 (a) 0 mM, (b) 25 mM, (c) 50 mM and (d) 200 mM, and
varying mineralization time (e) 10 s, (f) 1 min, (g) 5 min and (h) 60 min.

Figure 6. SEM images of the microflowers after stirred for 24 h at 600 rpm (a, b), and placing in water at 4 °C for 1 year (c, d).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503787h | ACS Appl. Mater. Interfaces 2014, 6, 14522−1453214527



Figure 7. (a) UV−vis spectra of CR solution after being treated by the microflowers with different dosages; (b) photo of initial CR (100 mg L−1)
solution treated by the microflowers with different dosages; (c) time profiles of CR adsorption at different initial CR concentration with fixed
microflowers dosage of 0.5 g L−1.

Figure 8. SEM images of microflowers coprecipitated with varying CAT amounts (a) 2.5 mg, (b) 5.0 mg and (c) 10.0 mg, and CLSM image (d) and
fluorescence intensity (e) of the microflowers prepared with FITC-labeled CAT.

Table 1. Different Parameters of Microflowers
Coprecipitated with Different Amounts of CAT

amount of CAT
(mg)

immobilization
efficiency (%)

loading capacity
(mg g−1)

relative
activity (%)

2.5 87.8 40 84.3
5.0 70.2 63 83.4
10.0 47.2 91 87.7

Table 2. Kinetic Parameters of Free and Immobilized CAT
in the Microflowers

sample Km (mM) Vmax (mM min−1)

free CAT 59.5 27.6
immobilized CAT 62.5 22.2
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about 45 nm in size were formed (Figure 4a). Microflowers
began to appear when the concentration of CS was 1 mg mL−1

(Figure 4b) and 2 mg mL−1 (Figure 1c,d), suggesting that the
formation of nanosheets required the presence of CS. Upon the
increase in the concentration of CS to 5 mg mL−1, nanosheets
aggregates were observed instead of microflowers (Figure 4c).
A further increase in the CS concentration resulted in thicker
nanosheets aggregates (Figure 4d) because the abundant supply
of CS-TPP nanocomplexes led to a very large number of nuclei
for the growth of Ca2P2O7 crystals. These results confirmed
that the formation of microflowers was attributed to the
anisotropic growth of Ca2P2O7 crystals on the CS-TPP
nanocomplexes. CS played a crucial role in regulating the
biomimetic mineralization of Ca2P2O7 crystals. In brief,
microflowers cannot be obtained in the absence of CS, and
thicker nanosheets aggregates would be observed when the CS
concentration was too high.
Moreover, only a clear solution and virtually no precipitates

were observed at low TPP concentrations. An increase in the
concentration of TPP to 5 mg mL−1 resulted in nanoparticles
with a size of 160 nm instead of microflowers (Figure 4e). It
can be observed that, with increasing TPP concentrations to 30
mg mL−1, microflowers started to appear (Figure 4f).
Especially, a further increase in the TPP concentration to 125
mg mL−1 led to more integrated flower-like microparticles
(Figure 4g). Therefore, an adequate amount of TPP was
required in order to form enough CS-TPP nanocomplexes,
which were then employed as the template for nucleation and
the growth process. Furthermore, sufficient P2O7

4− anions, a
hydrolysis product of TPP, were also needed in order to ensure
the growth of Ca2P2O7 crystals.
Similarly, microflowers were formed only if the concentration

of CaCl2 was greater than 100 mM (Figure 5d). Otherwise,
nanoparticles were generated at lower CaCl2 concentration
(Figure 5a−c). To further investigate the formation mechanism
of microflowers, time-elapsing experiments were carried out,
and the samples were taken at different time intervals between
10 s and 60 min. An appropriate mineralization time was
required to guarantee the growth of microflowers. Nano-
particles with a diameter of around 50 nm would be generated
instead of microflowers when the mineralization time was
shorter than 5 min (Figure 5e,f). Upon an increase in the
mineralization time to 5 min, a mixture of microflowers and
nanoparticles was obtained (Figure 5g), suggesting the
microflowers were growing from the nanoparticles. Well-
defined microflowers were formed when the mineralization
time increased to 10 min (Figure 1c,d). However, upon

continuous increases in the mineralization time to 60 min,
thicker nanosheets aggregates would be observed (Figure 5h).
By comparison, 10 min was the optimal mineralization time to
form microflowers. These results further supported the above
formation mechanism of hybrid microflowers. In this way,
hybrid microflowers with Ca2P2O7 as the inorganic component
and chitosan as the organic component were developed with
high yields.
The stability of the microflowers was evaluated by observing

their morphology after stirring for 24 h at 600 rpm or placing in
water at 4 °C. The microflowers well maintained their
morphology without any breakage, suggesting their good
mechanical stability after intense agitation (Figure 6a,b).
Moreover, the microflowers were capable of being dispersed
in aqueous media and remained stable for 1 year and more in
water (Figure 6c,d). No pronounced changes in sizes and
morphologies were found during the whole storage period,
indicating that neither collapse nor aggregation occurred and
the porous and hierarchical structures were well preserved.
Good mechanical and storage stability of the hybrid micro-
flowers were ascribed to the appropriate stability of calcium
pyrophosphate.45

Potential Applications of the Hybrid Microflowers.
Dye Adsorption. The microflowers have porous and
hierarchical structures and consequently may exhibit excellent
adsorption properties. Herein, the as-synthesized microflowers
were investigated for the removal of Congo red from water.
Congo red (CR, Mw ≈ 696.7 Da, molecular charge: −2), an
azoanionic dye, usually serves as a model pollutant to evaluate
the removal capacity of adsorbents.57,58 CR solutions were
treated by the microflowers with different dosages and their
UV−vis absorption spectra were conducted, as shown in Figure
7a, and the initial concentration of CR solutions was a fixed
value (100 mg L−1). The removal efficiency for CR increased
with the increase of microflowers dosage. Particularly, CR can
be nearly completely removed at a microflowers dosage of 0.50
g L−1, which was also certified by the color change of CR
solution from red to colorless (Figure 7b). Figure 7c showed
the time profile of CR removal at different initial CR
concentrations with a fixed microflowers dosage of 0.5 g L−1.
Under all CR concentrations, the adsorption achieved
equilibrium quickly and mostly finished within 30 min,
suggesting the fast adsorption rate of CR on the hybrid
microflowers. As expected, the microflowers displayed a high
adsorption capacity of 520 mg g−1 after adsorbing for 60 min at
the initial CR concentration of 500 mg L−1. So far, many
materials were used to remove CR and their adsorption

Figure 9. (a) Recycling stability of immobilized CAT in the microflowers; (b) thermal stability of free CAT and immobilized CAT in the
microflowers.
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capacities were generally below 500 mg g−1.2,58,59 Therefore,
the microflowers with porous and hierarchical structures could
become a promising adsorbent due to their high adsorption
capacity and fast adsorption rate.
The ζ-potential of the hybrid microflowers was 39.7 mV at

pH 7.0 and consequently the microflowers had positive surface
charge and adsorbed CR by electrostatic attraction. To test this
hypothesis, methylene blue (MB), with a smaller molecular
weight (Mw ≈ 319.9 Da) but a positive charge, was chosen as
adsorbate to assess the adsorption property of the micro-
flowers.60 And the microflowers exhibited an adsorption
capacity of 1.2 mg g−1 after adsorbing for 60 min at the initial
MB concentration of 20 mg L−1 with 0.5 g L−1 of the
microflowers. This lower adsorption capacity should be
ascribed to the electrostatic repulsion between MB and the
microflowers, which further indicated that the adsorption of CR
was driven by electrostatic attraction.
Enzyme Immobilization. The porous and hierarchical

structures of hybrid microflowers endowed the substrate(s)
and product(s) with efficient transport pathways and facilitatied
the facile contact of the substrate(s) with enzyme molecules.
The good biocompatibility of the microflowers ensured the
well-retained bioactivity of enzyme molecules. Hence, the
microflowers can be used as enzyme immobilization carriers/
supports. To this end, catalase (CAT) was immobilized into the
microflowers via coprecipitation during microflowers prepara-
tion. A prescribed amount of CAT was dissolved into the CaCl2
solution and then added into the mixture of chitosan and TPP
to prepare the CAT-containing hybrid microflowers. SEM
images (Figure 8a,b) showed that the morphology of
microflowers was well maintained when the introduced amount
of CAT was 2.5−5.0 mg. However, it should be noted that
nanoparticles (∼100 nm) were formed instead of microflowers
when the amount of CAT was 10.0 mg (Figure 8c). This was
because CAT (pI 5.4) was negatively charged under neutral pH
conditions and electrostatically interacted with the amine
groups of CS, influencing ionotropic gelation of CS-TPP
nanocomplexes. Therefore, the addition of CAT decreased the
effective nucleation sites for calcium pyrophosphate formation
and consequently the microflowers cannot be obtained. The
result further confirmed the formation mechanism of the
microflowers. Moreover, as shown in Table 1, with the increase
of CAT, the immobilization efficiency was decreased although
the CAT coprecipitated in microflowers was increased.
Simultaneously, the CAT loading capacity was increased with
the increase of CAT amount from 2.5 to 10.0 mg. Although the
relative activities of immobilized CAT remained almost
constant, around 85% of the enzymatic activity of the
equivalent free CAT, indicating the microflowers (3−5 μm,
micrometer scale) achieved comparative catalytic activity
compared to nanoparticles (100 nm, nanometer scale). This
phenomenon may be attributed to the abundant dispersive
nanosheets of microflowers, leading to less mass transfer
resistance. However, nanoparticles had a greater trend to self-
assemble, which was detrimental to enzymatic activity although
nanoparticles in diameter approximated the nanosheets of
microflowers in thickness. Moreover, microflowers were more
suitable for enzyme immobilization because they were easier to
collect in comparison with nanoparticles (centrifuging at 764 g
for 1 min vs 5437 g for 3 min). These favorable results were
ascribed to hierarchical meso/macroporous structures of
microflowers. In addition, the immobilized CAT in the
microflowers exhibited slightly lower enzymatic activity

compared with that of free enzymes, whereas dramatically
enhanced enzymatic activity was achieved with similar hybrid
structures.1,23 The reason for the enhanced activity was that
metal ions in their carriers caused positive effects in activity
upon interacting with the enzyme (Cu2+ for laccase and Ca2+

for α-amylase). However, in this study, the metal ions (Ca2+) in
the hybrid microflowers could not influence the activity of
CAT. Besides, the slight decrease in activity was ascribed to the
reduced enzyme flexibility after immobilized in the micro-
flowers. The stability of CAT immobilized in the microflowers
were investigated in the subsequent experiments, and the CAT-
containing microflowers were prepared with 2.5 mg of CAT.
Confocal laser scanning microscopy (CLSM) was employed

to confirm the location of CAT. CAT was first labeled by FITC
and then coprecipitated in the microflowers. As expected, CAT
was successfully entrapped within the microflowers according
to CLSM imaging (Figure 8d). Similar to the result of TEM
analysis, the fluorescence signal in the center of microflowers
was relatively weak (Figure 8e), further confirmed the more
porous structure, which may be caused by the steric hindrance
when the microflowers grew.
To evaluate the enzymatic catalysis properties, the kinetic

constants were calculated according to the Michaelis−Menten
equation. The Km for free CAT and immobilized CAT (Table
2) were comparable, suggesting that immobilization had little
impact on the affinity of substrate toward CAT molecules. The
slightly lowered Vmax for the immobilized CAT suggested that
immobilization restricted the enzyme’s overall activity, possibly
due to the reduced enzyme flexibility.
The potential of CAT immobilized in the microflowers for

industrial applications was further analyzed by investigating the
reusability, thermal stability and leakage. As shown in Figure 9a,
after 10 cycles, about 60% activity was retained, and the
decrease of activity was likely ascribed to the loss of
microflowers during centrifugation operation between each
cycle. Expectedly, the immobilized CAT displayed improved
thermal stability, retaining 85.0% of its activity after incubating
at 50 °C (only 63.7% for free CAT) (Figure 9b). Especially,
free CAT was thoroughly inactive after incubating at 60 °C,
whereas the immobilized CAT still had 40.5% of its activity.
Enhanced thermal stability was probably due to interaction
between CS and enzyme molecules. And the enzyme molecules
confined in the nanoporous structures could create the
synergistic effects that improved enzyme stability and rendered
easier separation and reuse of enzymes.61 Furthermore, no
leakage of CAT was detected after stirring at 600 rpm for 48 h,
because CAT was entrapped within the nanoparticles. Finally, it
should be mentioned that the pH stability was not investigated
since the microflowers were unstable under the acidic
condition.

■ CONCLUSIONS
A facile one-pot method has been developed to prepare
chitosan/calcium pyrophosphate hybrid microflowers by
combining ionotropic gelation with biomimetic mineralization.
The microflowers were obtained by mixing CS and TPP
followed by the addition of CaCl2. CS-TPP nanocomplexes
network obtained by ionotropic gelation were acted as the
template and inducer for the biomimetic mineralization of
Ca2P2O7 crystals. CS played a crucial role in regulating the
nucleation and growth of Ca2P2O7 crystals. The preparation
process could be completed within half an hour. The as-
prepared microflowers were composed of 23.0% CS-TPP
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nanocomplexes and 77.0% Ca2P2O7 crystals. The microflowers
had hierarchical meso/macroporous structures, resulting in
high dye adsorption properties for Congo red (520 mg g−1)
and enzyme immobilization efficiency. The hybrid microflowers
were expected to be a promising candidate for application as
adsorbents or catalyst carriers because of its porous and
hierarchical structures as well as the facile and rapid preparation
process.
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