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Flower-shaped inorganic nanocrystals1–3 have been used for
applications in catalysis4,5 and analytical science6,7, but so far
there have been no reports of ‘nanoflowers’ made of organic
components8. Here, we report a method for creating hybrid
organic–inorganic nanoflowers using copper (II) ions as the
inorganic component and various proteins as the organic com-
ponent. The protein molecules form complexes with the copper
ions, and these complexes become nucleation sites for primary
crystals of copper phosphate. Interaction between the protein
and copper ions then leads to the growth of micrometre-sized
particles that have nanoscale features and that are shaped
like flower petals. When an enzyme is used as the protein com-
ponent of the hybrid nanoflower, it exhibits enhanced enzy-
matic activity and stability compared with the free enzyme.
This is attributed to the high surface area and confinement of
the enzymes in the nanoflowers.

Hybrid organic–inorganic nanoflowers were discovered by acci-
dent when we added 0.8 mM CuSO4 to phosphate buffered saline
(PBS) containing 0.1 mg ml21 bovine serum albumin (BSA) at
pH 7.4 and 25 8C. After three days, a precipitate appeared with
porous, flower-like structures. Figure 1a,b presents scanning elec-
tron microscopy (SEM) images of the nanoflowers (average size,
≏3 mm), which have hierarchical structures with high surface-to-
volume ratios. A transmission electron microscopy (TEM) image
of a single nanoflower is shown in Fig. 1c, and Fig. 1d,e presents
high-resolution TEM images of the crystal structure of one of the
petals. The X-ray diffraction pattern of the nanoflower powder fits
that of Cu3(PO4)2.3H2O (Supplementary Fig. S1). The mor-
phologies of the nanoflowers were observed at different BSA con-
centrations decreasing from 0.5 mg ml21 (NF-1, Fig. 1f) to
0.1 mg ml21 (NF-2, Fig. 1g) and 0.02 mg ml21 (NF-3, Fig. 1h) and
were observed to mimic the growth process of flowers in nature,
from small buds to blooming flowers.

SEM images as a function of time suggest the following mechan-
ism for nanoflower self-assembly. At an early stage (step 1, Fig. 2a),
primary crystals of copper phosphate are formed (Fig. 2b). At this
stage, protein molecules form complexes with Cu2þ, predominantly
through the coordination facility of amide groups in the protein
backbone9–11. These complexes provide a location for nucleation
of the primary crystals. In the second growth step (step 2,
Fig. 2a), large agglomerates of protein molecules and primary crys-
tals are formed. The kinetically controlled growth of copper phos-
phate crystals originates at the individual Cu2þ binding sites on
the surfaces of the agglomerates, causing separate petals to appear
(Fig. 2c). In the last stage (step 3, Fig. 2a), anisotropic growth
results in complete formation of a branched flower-like structure
(Fig. 2d). In this proposed growth process, the protein induces the
nucleation of the copper phosphate crystals to form the scaffold
for the petals and serves as a ‘glue’ to bind the petals together.
Without the proteins, large crystals, but no nanoflowers, are
formed (Supplementary Fig. S2). Calcination (350 8C) of the

nanoflower made with NF-2 led to loss of the flower structure and
scattered petals (Fig. 2e). Digestion of BSA by trypsin converted
the nanoflowers made with NF-2 to a collapsed structure (Fig. 2f ).
We believe the loss or collapse of the flower structure is caused by
removal of BSA from the core. The nanoflower made from NF-2
was treated with glutaraldehyde, which crosslinks the protein, fol-
lowed by the addition of ethylenediaminetetraacetic acid (EDTA)
to remove the Cu2þ. After this treatment, microspheres (average
size, ,2 mm) with relatively smooth surfaces were obtained
(Fig. 2g), indicating that the protein is mainly located in the core of
the nanoflower. SEM images of the nanoflowers treated by calcination,
trypsin digestion and glutaraldehyde/EDTAwere also obtained at low
magnification (Supplementary Fig. S3). High-resolution SEM images
(Fig. 2h,i) of the treated nanoflowers (NF-2) indicate that some BSA
molecules are also present between the copper phosphate crystallites.
Our evidence for this assertion is that the removal of BSA leaves some
gaps between the grain boundaries, which cannot be observed on the
petals of untreated nanoflowers (Fig. 2j). When 0.8 mM copper sul-
phate was added to a tenfold excess of phosphate buffer, immediate
precipitation of copper phosphate might be expected. However, the
100-fold excess of chloride ions in PBS appears to create soluble
Cu(II) chloride complexes, which retards the crystal growth process.
Without chloride ions in solution, no nanoflowers were observed
(Supplementary Fig. S4).

To demonstrate the generality of this method for the preparation
of nanoflowers, we replaced BSAwith a-lactalbumin, laccase, carbo-
nic anhydrase and lipase. Protein-incorporated Cu3(PO4)2.3H2O
nanoflowers were prepared at different protein concentrations
(Fig. 3a–l). The coordination between the protein and Cu2þ is the
main driving force for forming nanoflowers. The nitrogen atoms
of the amide groups in the protein backbone and some amino-
acid residues such as histidine can form complexes with
Cu(II)10,11. Supplementary Fig. S5 shows crystal structures of a-lact-
albumin12, laccase13, carbonic anhydrase14 and lipase15 with the
solvent-accessible surface area of nitrogen atoms in blue. Nitrogen
atoms that are accessible to ions in solvent are distributed as separate
sites on the protein surface. Nucleation and growth of copper phos-
phate crystals originates at these Cu2þ-binding sites to form the sep-
arate petals, which is the key step underlying the formation of the
nanoflowers. With a decreasing concentration of protein (0.5, 0.1
and 0.02 mg ml21), the number of nucleation sites decreases, result-
ing in nanoflowers of greater size. Figure 3 illustrates this behaviour.
At the same protein concentration for a given Cu2þ concentration,
the sizes of the different nanoflowers are similar.

Protein–inorganic nanoflowers can be demonstrated to have
promising biosensor applications. Laccase is capable of oxidizing
catecholamines—including epinephrine, norepinephrine and
dopamine—to coloured quinone-type products detectable by col-
orimetric or fluorescent methods. Laccase-incorporated nano-
flowers achieve more rapid oxidization of epinephrine than free
laccase; indeed, in PBS (pH 6.5) containing 30 mg ml21 laccase
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and 10 mg ml21 epinephrine, laccase nanoflowers can complete
the oxidation of epinephrine within 10 min (in the case of free
laccase this takes more than 30 min). Supplementary Fig. S6 pre-
sents the enzymatic reaction kinetics. Comparison of the initial
catalytic rates in the presence of the saturated substrate shows
that the enzymatic activity of the laccase nanoflower is 2.5 times
higher than that of free laccase. A visual comparison of free
laccase- and nanoflower-catalysed detections of epinephrine
(Fig. 4a) shows a higher sensitivity when using nanoflowers. The
detection range (through fluorescence of the products,
Supplementary Fig. S7) reaches a diagnostic range (≏0.01–
1 mg ml21 in 24 h urine) for epinephrine in patients with pheo-
chromocytoma, a rare tumour of the adrenal gland16. Similarly,
this increased activity of laccase-incorporated nanoflowers was
also observed for norepinephrine (≏450%) and dopamine
(≏480%). Moreover, on measuring its oxidative activity for epi-
nephrine (as shown in Fig. 4b), free laccase lost 50% of its initial
activity within 10 days when incubated in PBS (pH 7.4) at 25 8C,
but, under the same conditions, laccase-incorporated nanoflowers
maintained most of their initial activity (.95%), even after two
months. The laccase nanoflower was also demonstrated to be
robust in the detection of epinephrine by reusing it five times
without obvious loss of activity (Supplementary Fig. S8).

Phenols are common water pollutants, most being produced
from the wastewater streams of various industries. Accordingly,
in another application, the oxidative coupling of phenols with
4-aminoantipyrine to form antipyrine-dyes17 was used to evaluate
the catalytic ability of the laccase-incorporated nanoflowers
for the detection of phenolic compounds. Supplementary
Figs S9–S11 describe the reaction kinetics. Under the same con-
dition (25 mg ml21 laccase, 10 mg ml21 phenols, 0.15 mg ml21

4-aminoantipyrine at pH 6.5), the laccase-incorporated nano-
flowers could convert phenols faster than free laccase (≏200% for
phenol, ≏390% for m-cresol and ≏200% for 2,4-dichlorophenol),
allowing facile visible detection of these pollutants in water
(Supplementary Fig. S12).

Laccase is a copper-containing oxidase, carbonic anhydrase is a
zinc-containing enzyme, and lipase is a metal-free enzyme.
Laccase nanoflowers exhibit ≏650% increase in activity (in terms
of oxidizing syringaldazine) compared with free laccase in solution.
The laccase nanoflowers exhibit non-Michaelis–Menten kinetics
(Supplementary Fig. S13), one possible reason for this being that
the nanoscale entrapment of enzyme molecules and their inter-
actions with Cu2þ in the crystals cause cooperative binding of the
substrate to the active site of laccase in the nanoflowers. We also
found that the carbonic anhydrase nanoflower has an increase in
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Figure 1 | Hybrid nanoflowers made from BSA and Cu3(PO4)2.3H2O. a, SEM image of the nanoflowers. Inset: a single nanoflower. b, High-resolution SEM

image of the porous structure of the petals. c, TEM image of the nanoflower. d, High-resolution TEM image of the region indicated by the square in c.

e, High-resolution TEM image of the crystal lattice structure of the petal, from the square in d. f–h, SEM images showing the ‘growth process’ of the

nanoflowers achieved with different concentrations of BSA: NF-1 (f), NF-2 (g), NF-3 (h). Insets (right): high-magnification images of the nanoflowers.

To make the analogy to flowers more evident we have also provided insets (left) showing flowers in different stages of development.
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activity of ≏260% compared with free enzyme in the hydration of
CO2. However, the hydrolytic activity of lipase is almost the same
(≏95%) after incorporation in nanoflowers when compared to the
activity of free lipase.

Enzymes usually have enhanced stabilities after immobilization,
but exhibit lower activities compared with free enzymes, mainly
from the loss of activity during the immobilization procedure and
the mass-transfer limitations in solid supports18–21. Single enzyme
nanoparticles and nanogels represent a novel type of nanobiocata-
lyst with highly preserved activities22–26. In all the enzymes tested,
the activities of single enzyme nanoparticles and nanogels
could be as much as ≏60–90% of those of the free enzymes.
Organophosphorus hydrolase entrapped in mesoporous silica has
an activity of ≏200%, one of the few examples where the activity
is higher than that of the free enzyme27. In the case of trypsin,
which is a special enzyme that can digest itself, immobilization on
solid supports has been shown to increase its catalytic efficiency
by thousands of times compared with free trypsin in solution28.
In comparison with the above immobilization technologies, the
synthesis of enzyme nanoflowers is simple and the enhance-
ment of enzyme stability comparable, and the activity of the

nanoflowers is remarkably higher than the activities of other
immobilized enzymes.

The enhanced activity of enzymes in nanoflowers probably arises
from the following effects: (i) the high surface area of the nano-
flower, which does not result in significant mass-transfer limit-
ations; (ii) the cooperative effects of the nanoscale-entrapped
enzyme molecules; (iii) for laccase, the interactions between
laccase and the microenvironment of the nanoflower, which con-
tains Cu2þ ions. (Cu2þ ions in nanoflowers may help to enhance
laccase activity in a manner similar to when in solution29—the
activity of free laccase was increased by a factor of 2.3 with Cu2þ

in solution; see Supplementary Information.)
We suggest that our protein–inorganic hybrid nanoflowers might be

of great interest for making various new functional protein–inorganic
nanostructures, based on their enhanced activity and stability. The
improved catalytic performance of the laccase-incorporated nano-
flowers suggests a synergistic effect from protein and inorganic
nanostructures. The protein–inorganic hybrid nanoflower, with
the combined functionalities of the protein and inorganic material,
is likely to have important applications in biosensors, bioanalytical
devices, biofuel cells and industrial biocatalysis.
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Figure 2 | Formation of BSA-incorporated Cu3(PO4)2.3H2O nanoflowers. a, Proposed mechanism, comprising three steps: (1) nucleation and formation of

primary crystals; (2) growth of crystals; (3) formation of nanoflowers. Yellow spheres indicate protein molecules. b–d, SEM images at 2 h (b), 12 h (c) and

3 days (d). Insets: high-resolution images of the regions indicated by boxes. e–g, SEM images of nanoflowers made with NF-2, treated by calcination (e),

trypsin (f) and glutaraldehyde and EDTA (g). h–j, High-resolution SEM images of the petals of calcined nanoflowers in NF-2 (h), trypsin-treated NF-2 (i) and

in NF-2 without any treatment (j).
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Methods
For the synthesis of the protein–inorganic hybrid nanoflowers, 20 ml of aqueous
CuSO4 solution (120 mM) in molecular-biology-grade water was added to 3 ml of
PBS (pH 7.4) containing proteins with different concentrations, followed by
incubation at 25 8C for three days. For SEM analysis, the suspension of the prepared
nanoflower was filtered and dried on a membrane (pore size, 0.1 mm) and sputter-
coated with gold. For TEM analysis, a drop of the suspension of the prepared
nanoflower was added to a carbon grid and dried at room temperature. For X-ray
diffraction analysis, 20 mg of BSAwas dissolved in 200 ml of PBS (pH 7.4), followed
by the addition of 1.33 ml of aqueous CuSO4 solution and incubation at room
temperature. The nanoflower precipitate was collected, washed with deionized

water, and dried at 80 8C before X-ray diffraction measurement. The protein
concentration in the supernatant was measured by Bradford protein assay using
BSA as standard.
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