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Abstract

A facile method to prepare cuprous oxide/bovine serum albumin (Cu,0/BSA) hierarchical nanocomposite particles (NCPs)
through imitating biomineralization is presented. BSA acted as the structure-directing agents, guiding the nucleation,
growth and assembly of Cu(OH), at binding sites to construct the hierarchical structure and then Cu,0/BSA NCPs were
achieved. The synthesized nanocomposite with hierarchical structure exhibited excellent antibacterial performance.
The products obtained were characterized with XRD, TEM, FTIR, EDX and XPS to investigate the formation mechanism
of Cu,0/BSA hierarchical structure. Cu,0/BSA NCPs with size of 20-50 nm built up by several 6-7 nm Cu,O nanocrystals
with BSA showed better antibacterial performance in the comparative experiments, which was attributed to the special
structure and good biocompatibility of the Cu,0/BSA NCPs. And the possible mechanism was presented to explain the

excellent antibacterial properties of Cu,O/BSA NCPs.
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1 Introduction

In nature, biological systems can control the nuclea-
tion, growth and assembly of crystals precisely and effi-
ciently by biomineralization [1]. Many kinds of crystals
with specific shape and size can be obtained [2]. There-
fore, biomineralization has attracted the attentions of
many researchers. Numerous kinds of biomolecules and
organic matrixes have been used as templates to simu-
late the biomineralization process during the synthesis of
functional materials [3-6]. Bovine serum albumin (BSA) is
a common and commercially available protein with good
solubility and biocompatibility. BSA is available to interact
with a variety of metal ions as a biomacromolecule with
various functional groups, such as amino and carboxyl

groups. Thus, it is often used as structure-directing rea-
gents during the biomineralization process. Xie et al. [7]
synthesized gold nanoclusters consisted of 25 gold atoms
by BSA. The structure showed good stability, biocompat-
ibility and high quantum yield. Yilmaz et al. [8] prepared
BSA-Cu(ll) hybrid nanoflowers by biomineralization and
the products were successfully used as absorbent for
solid phase extraction. SiO, nanoparticles were modified
with BSA by Mallakpour et al. [9]. The modified SiO,—BSA
nanoparticles had good dispersion in PVC matrix and the
achieved nanocomposite film were improved in the opti-
cal, mechanical and thermal characteristics. The grain size
and special structure of synthetic materials can be con-
trolled effectively by using BSA as the structure-directing
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reagent. In addition, the obtained materials exhibit good
stability and compatibility.

Cuprous oxide (Cu,0) is a semiconductor material with
good redox and photoelectric properties. Therefore, it has
broad applications in catalysts, water splitting, antifouling,
gas sensing and solar cells [10-14]. Copper owns lower
toxicity and cost, so Cu,O is often used as an antibacterial
agent [15-171. In order to improve the antibacterial prop-
erties of Cu,0, a lot of studies has been carried out. Some
researchers controlled the shape and morphology of Cu,O
to enhance antibacterial activity [18, 19]. Wang et al. [20]
synthesized Cu,O octahedrons, cubes, hollow spheres and
flowers, and the hierarchical flowerlike microstructures
consisted of nanosheets displayed the best antibacterial
property. Some researchers added other materials (such
as Ag and TiO,) and fabricated composites with specific
structures [21, 22]. The added materials might play the
synergism with Cu,O to improve the antibacterial perfor-
mance. However, most researchers took only one of these
two methods to improve antibacterial properties of Cu,0.

Because of the high accuracy and efficiency of biomin-
eralization, some biomolecules have been used as capping
and stabilizing agents during the synthesis of Cu,0 [23,
24]. However, the structure-directing mechanism was not
studied in detail in the previous researches. Moreover, the
effects of biomolecules during the synthesis process were
discussed but the functions of biomolecules in the anti-
bacterial process failed to be considered.

In this work, a novel synthesis of cuprous oxide/bovine
serum albumin (Cu,0/BSA) hierarchical nanocomposite
particles (NCPs) with size of 20-50 nm built up by several
6-7 nm Cu,0 nanocrystals and BSA is reported. Further-
more, a possible mechanism of the nucleation, growth and
assembly of Cu,0/BSA NCPs is provided. A hierarchical
structure is the higher dimensional structure composed
of low dimensional nanomaterials [25]. The designed
hierarchical structure possesses both the properties of
the primary and secondary structures [26]. Therefore, the
Cu,O/BSA hierarchical structure exhibited excellent anti-
bacterial performance which was due to the combination
of the special Cu,0/BSA hierarchical structure and good
biocompatibility of BSA.

2 Experimental section
2.1 Materials

Copper acetate (Cu(Ac),-H,0), sodium hydroxide (NaOH),
ascorbic acid, cuprous oxide (Cu,0), potassium dihydro-
gen phosphate (KH,PO,) were purchased from Guoyao
Chemical Reagent Co (China). Bovine serum albumin (BSA,
96 wt%), cuprous chloride (CuCl) were purchased from
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Shanghai Aladdin Biochemical Technology Co (China).
Ethanol was purchased from Shanghai Titan Scientific Co
(China). All chemicals were analytical-grade regents and
used without further purification. Staphylococcus aureus
ATCC 25923 (S. aureus) and Escherichia coli ATCC 25922 (E.
coli) were supplied by Jiaxing Entry-Exit Inspection and
Quarantine Bureau (China). Nutrient broth, nutrient agar,
defiber sheep blood, Baird-Parker medium base (CM302)
and GCM105 eosin methylene blue agar (EMB) were pur-
chased from Beijing Land Bridge Technology Co (China).

2.2 Synthesis of Cu,0/BSA NCPs

A certain amount of BSA (0.1 g, 0.2 g, 0.3 g and 0.4 g) was
dissolved in 54 g of distilled water at 37 °C under stirring.
0.1 g Cu(Ac),-H,0 was dissolved in 60 g of distilled water
and then the solution was added into the above BSA
solution under vigorous stirring. The solution changed to
white. After mixed for 10 min, 2 mL NaOH (1 mol L™") was
added and purple solution was obtained. Then 0.2 g ascor-
bic acid was dissolved in 4 g of distilled water and added
into the above purple solution to reduce Cu(ll) to Cu(l). The
color of solution became yellow gradually. The mixed solu-
tion was stirred at 37 °C for different time (1 min, 10 min,
30 min, and 60 min) and the Cu,0/BSA NCPs dispersion
was achieved. Finally, the Cu,0/BSA NCPs sample was col-
lected and washed several times with distilled water and
ethanol and then dried for 24 h. Meanwhile, Cu,0 samples
without the addition of BSA (BSA-0-Cu,0) were prepared
for comparing. The samples produced under different con-
ditions were showed in Table 1. All the experimental steps
of the other samples were consistent with the synthetic
process of Cu,0/BSA NCPs.

2.3 Antibacterial performance test

34.0 g of KH,PO, and 500 mL distilled water were mixed
and then the pH was adjusted by 175 mL of NaOH
(1 mol L™"). The mixed solution was subsequently diluted
to 1000 mL with distilled water. 1.25 mL of above solution

Table 1 Samples of Cu,0/BSA NCPs produced under different con-
ditions

Sample Reaction time (min) Amount
of BSA
9
BSA-Cu,0-1 1 0.2
BSA-0-Cu,0 60 0
BSA-0.1-Cu,0 60 0.1
BSA-Cu,0 60 0.2
BSA-0.3-Cu,0 60 0.3
BSA-0.4-Cu,0 60 0.4
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was further diluted to 1000 mL with distilled water and
autoclaved to obtain phosphate buffer solution (PBS). S.
aureus and E. coli were activated on blood agar and culti-
vated in nutrient broth.

Equivalent BSA-0-Cu,0, BSA-Cu,0, commercial Cu,0
and CuCl were added to PBS containing equivalent S.
aureus and E. coli separately to test the antimicrobial prop-
erties of different samples. The final concentration of sam-
ple was 10 pg mL™" and that of bacteria was 10% CFU mL™".
Different solutions above were placed in orbital shaker at
37 °C for different durations. And then 100 uL of S. aureus
and E. coli reaction solution were plated on CM302 and
EMB agar plates, respectively, and incubated at 37 °C for
24 h to obtain plate counting. Each group was repeated
for three times.

Different samples were dissolved in PBS solution which
is similar with antimicrobial tests but without bacteria and
the samples were shook in the orbital shaker for copper
release studies. The concentrations of ion release for dif-
ferent durations were measured by ICP-AES.

2.4 Characterization

Transmission electron microscopy (TEM) was performed
on a FEl Tecnai G2 20 TWIN microscope. Field-emission
scanning electron microscopy (FESEM) and energy disper-
sive X-ray (EDX) were obtained on a Zeiss Ultra 55 field-
emission scanning electron microscope. High-resolution
transmission electron microscopy (HRTEM) and select-
area electron diffraction (SAED) were measured on a JEOL
JEM-2010 microscope. Powder X-ray diffraction (XRD)
was tested on a Bruker D8A Advance. Fourier transform
infrared spectroscopy (FTIR) was achieved on a Thermo
Fisher Nicolet Nexus 470 infrared spectrometer. The X-ray
photoelectron spectroscopy (XPS) was characterized on
a Perkin-Elmer PHI 5000C ECSA instrument. Fluorescence
spectroscopy was measured by a PTI QM 40 spectrometer
with excitation wavelength of 278 nm. Circular dichroism
(CD) was operated on a Bio-Logic MOS-450 spectrometer.
Inductively coupled Plasma-atomic emission spectroscopy
(ICP-AES) was performed on Hitachi P-4010.

3 Results and discussion
3.1 Structure and morphology

The XRD analysis of the products obtained under differ-
ent conditions was shown in Fig. 1. For BSA, there was
a characteristic peak of organics at around 22° (Fig. 1a).
The observed characteristic peak indicated the existence
of BSA when the reaction time was 1 min (Fig. 1b). And
three diffraction peaks at 36.7°, 42.4° and 62.2° appeared
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Fig. 1 XRD patterns of BSA and Cu,0/BSA NCPs samples obtained
under different conditions: (a) BSA, (b) BSA-Cu,0-1, (c) BSA-0-
Cu,0, (d) BSA-0.1-Cu,0, (e) BSA-Cu,0, (f) BSA-0.3-Cu,0, (g) BSA-
0.4-Cu,0

in Fig. 1b which matched Cu,O (JCPDS 65-3288) and repre-
sented (111), (200) and (220) planes of Cu,0. It suggested
that Cu,0O could be synthesized rapidly. The intensity of
diffraction peaks (Fig. 1e) gradually increased as the reac-
tion time prolonged, implying the increase of crystallinity
degree. The samples with different content of BSA were
compared when the reaction time reached 1 h. Five obvi-
ous diffraction peaks were found in BSA-0-Cu,0 (Fig. 1c)
and the marked diffraction peaks all matched Cu,O (JCPDS
65-3288). The average grain size was 36 nm according to
the calculation of the XRD results. BSA-0.1-Cu,0 (Fig. 1d)
and BSA-Cu,0 (Fig. 1e) also showed five diffraction peaks
of Cu,0 without other impurities, but the peak width was
larger, indicating the smaller grain size. The average grain
sizes were 4.0 and 6.4 nm, respectively. This demonstrated
that the addition of BSA could reduce the grain size of
Cu,0 significantly. The intensities of Cu,O diffraction peak
decreased as the content of BSA further increased. Only
two diffraction peaks of Cu,O could be observed in BSA-
0.3-Cu,0 (Fig. 1f) and only the peak of BSA could be seen
when the BSA increased to 0.4 g (Fig. 1g), indicating that
excessive BSA might reduce the content of Cu,0 and make
the formation of Cu,O tougher. Therefore, the addition of
BSA was better to be controlled in the range of 0.1-0.2 g.

To investigate the composition of the Cu,0/BSA hier-
archical structure, the element contents of the sample
BSA-Cu,0 and pure BSA were compared by EDX and XPS
(Table 2). The main components of BSAare C,N, O, P, S, and
Cu,0 includes element Cu and O. Both results showed that
BSA-Cu,0 also contained C, N, P and S elements besides
Cu and O elements, which suggested that BSA—-Cu,0 con-
tained a large number of organics. The proportions of
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Table 2 EDX and XPS element

Characteriza- Sample C N (0] P S Cu
contents (at%) of BSA and tion
BSA-Cu,0
EDX BSA 71.64 11.91 15.61 0.03 0.82 0
BSA-Cu,0 62.70 7.69 14.02 0.02 0.43 15.14
XPS BSA 70.07 9.95 19.29 0.08 0.61 0
BSA-Cu,0 68.45 7.73 22.07 0.10 0.51 141

elements in BSA-Cu,O were similar with pure BSA. Thus,
BSA-Cu,0 was composite materials, which contained both
BSA and Cu,0. In addition, the contents of Cu tested by
two kinds of characterization methods were quite differ-
ent. EDX can measure the elements of bulks and the test-
ing depth reaches micron level, while XPS can only test the
element contents of surface and the depth is nanoscale.
Therefore, it proved that the Cu,0 was more likely to locate
in the internal of samples and BSA tended to distribute
on the surface of samples, suggested that Cu20 and BSA
dispersed from each other in the hierarchical structure.
Figure 2 presented the morphology of samples
obtained under different conditions. There were many
nanoparticles with the particle size of 20 to 50 nm in
Cu,0 without BSA (Fig. 2a), while the sample had no
porous structure. Figure 2b showed the morphology
of BSA-Cu,0-1. Many nanocomposite particles with

porous structure and particle size of 20 to 50 nm could
be observed. These NCPs were surrounded by organic
films. The TEM images of Cu,0/BSA NCPs obtained with
different reaction time are shown in Fig. S1. The homo-
geneity and dispersibility of Cu,0/BSA NCPs are getting
better as time increases. Combined with the XRD results,
it illustrated that the Cu,O formed rapidly and the specific
morphology of Cu,0/BSA NCPs formed after only 1 min.
The morphology stabilized after reacting 1 h, so 1 h was
chosen to be the reaction time. The morphology of sam-
ples prepared by adding different contents of BSA was
different. The particle size was similar but porous struc-
tures appeared when adding 0.1 g BSA (Fig. 2c). And there
was a slight agglomeration between nanoparticles. When
the addition of BSA increased to 0.2 g (Fig. 2d), the mor-
phology of the nanocomposites was similar with that of
BSA-0.1-Cu,0. However, BSA—-Cu,0 had better dispersion

Fig.2 TEM images of Cu,0/BSA NCPs obtained under different conditions: a BSA-0-Cu,0, b BSA-Cu,0-1, ¢ BSA-0.1-Cu,0, d BSA-Cu,0, e

BSA-0.3-Cu,0, f BSA-0.4-Cu,0
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and less aggregation. Lots of organic films were observed
when BSA increased to 0.3 g (Fig. 2e). In this sample, the
porous structure was still reserved, but the particle size
was slightly larger than that of BSA-Cu,O. When the BSA
content increased to 0.4 g (Fig. 2f), besides the more
organic films, the particle size exceeded 100 nm and the
porous structure disappeared. Unlike BSA-0-Cu,0, BSA-
0.4-Cu,0 had rough surface. The figure showed the exist-
ence of Cu,0 in this scale, but the overall content was
quite low. Actually, most of the samples were organic films
which were consistent with the XRD results. Thus, the con-
tent of BSA was determined to be 0.2 g.

The structures of BSA-Cu,0 were analyzed by HRTEM
as shown in Fig. 3. Figure 3a showed the structure of the
sample BSA-Cu,0: Cu,0 crystals were mixed with organics
(BSA), which was consistent with the results of EDX and
XPS. Figure 3b exhibited the structure of single BSA-Cu,O
nanoparticle. It could be seen that the nanoparticle was
assembled by several smaller sub-nanocrystals. Figure 3c
showed the HRTEM image of single BSA-Cu,O nanoparti-
cle. There were several lattice fringes in different directions
indicating the existence of the polycrystalline structure. So
nanocomposite could be divided into small sub-nanocrys-
tal, based on the lattice fringe direction and contrast of
images, as shown in white dotted line circle of Fig. 3c. It

seemed that the nanocrystal size was about 7 nm, which
was consistent with the XRD calculation. And the spac-
ing between adjacent lattice planes was about 0.25 nm,
which corresponded to the distance of Cu,0 (111) planes.
Figure 3d presented the SAED pattern of BSA-Cu,O nano-
particles. There were five diffraction rings, corresponded
to the (110), (111), (200), (220) and (311) crystal planes of
Cu,0. There were no other diffraction rings, suggesting
that BSA-Cu,0 contained only Cu,0, but no other impuri-
ties such as Cu and CuO.

3.2 Mechanism analysis

The FTIR spectra of different samples were shown in Fig. 4.
For pure BSA (Fig. 4a), a broad band attributed to the
stretching vibration of O-H and N-H groups appeared at
around 3306 cm™'. The stretching vibration of C=0 was
at 1657 cm™'. The characteristic band at 1541 cm™ was
assigned to the stretching vibration of C-N and bending
vibration of N-H [27]. The band of 1395 cm™' belonged to
the bending vibration of C-H. Figure 4e showed the FTIR
spectrum of commercial Cu,O. There was only one band at
629 cm™' that was corresponded to the Cu-O group. The
band of Cu-0 had appeared when the reaction time was
1 min (Fig. 4b), indicating the existence of Cu,0. Compared

(111)/

/

(200)

Fig.3 aTEM image of the sample BSA-Cu,0O, b TEM image of the single BSA-Cu,0 nanoparticle, ¢ HRTEM lattice image of BSA-Cu,O nano-
particles, d the SAED pattern of b. One single nanocrystal is within a white dotted line circle
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Fig.4 FTIR spectra of: (a) BSA, (b) BSA-Cu,0-1, (c) BSA-Cu,0, (d)
BSA-0-Cu,0, (e) commercial Cu,0

a
——BSA
Cu 2pqp ——BSA-Cu,0
- —Cu 2ps;
4
Q
2
2]
=
k5
= O1s C1s
N 1s
1000 800 600 400 200 0
Binding Energy (eV)
Cc =K.
— N=
— CO-NH
_ |Bsa-cu,0
wn E—— e
o
Q
=2
2
19
=
404 402 400 398 396

Binding Energy (eV)

with pure BSA, the sample had all functional groups of
BSA suggesting that the presence of BSA. In addition, the
stretching vibration of C=0 did not shift which meant the
carbonyl group did not interact with Cu®*. However, the
vibration band of C-N and N-H shifted to lower wave-
number, which was due to the coordination of Cu?* with N
atoms. The FTIR spectrum of BSA-Cu,0 (Fig. 4c) was similar
with that of BSA-Cu,0-1. There were also some organic
functional groups besides the Cu-O bond in BSA-0-Cu,0
(Fig. 4d). This might be owing to some groups of residual
ascorbic acid.

Pure BSA and BSA-Cu,0O were tested by XPS to explore
the coordination of functional groups with Cu?*, and the
results were shown in Fig. 5. Figure 5a showed the general
XPS of pure BSA and BSA-Cu,0. Detailed data and analysis
could be seen in Table 2.

Figure 5b presented the O 15 XPS of BSA and BSA-Cu,0.
For pure BSA, the peaks located at 530.9 and 532.4 eV were
attributed to C=0 and O-H bonds, respectively [27]. For
BSA-Cu,0, these two peaks slightly shifted to 531.0 and
532.5 eV, respectively. Combined with the FTIR results,
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Fig.5 aThe general XPS spectra, b O 1s XPS spectra, ¢ N 1s XPS spectra of the samples BSA and BSA-Cu,0O, d Cu 2p XPS spectra of the sam-

ple BSA-Cu,0
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C=0 and O-H might have coordination with Cu**, but the
bond was weak compared to other groups. Besides, a new
peak at 530.2 eV appeared corresponding to the 0%~ ions
in the Cu,0 lattice, indicating the formation of Cu,0O [28].

Figure 5c presented the N 1s XPS of BSA and BSA-Cu,0.
For pure BSA, the peaks located at 397.7, 399.4 and
400.4 eV were due to imine, amine and amide bonds,
respectively [29]. For BSA-Cu,0, the intensity of N 1s
reduced and the three peaks shifted to 398.6, 399.8 and
400.6 eV, respectively, indicating that the electron density
of N atoms was less than that in BSA. It illustrated that N
atoms all had coordination with Cu ions, which was con-
sistent with the FTIR results. The imine bond shifted the
most. Histidine has imine bond among amino acids, which
indicated that N atoms of the histidine residues in BSA had
stronger coordination with Cu?*. And lysine, arginine and
tryptophan have amine bond on the side chains, implying
that N atoms of these residues participated in the coordi-
nation. Glutamine and asparagine have amide structures.
Since the shift was small, the coordination of these resi-
dues was relatively weak.

Figure 5d presented the Cu 2p XPS of BSA and
BSA-Cu,0. The peaks located at 932.5 and 952.3 eV were
due to Cu 2p;,, and Cu 2p, ,, respectively [30]. No other
Cu 2p peaks were observed, indicating that there were no
other impurities, such as Cu or CuO.

Pure BSA has a large fluorescence peak at 300-460 nm,
indicating the intact structure of the fluorescent group
such as tryptophan in BSA. In the sample BSA-Cu,0, the
fluorescence peak disappears completely and fluores-
cence quenching occurred, for that these fluorophore-
containing amino acid residues coordinate with Cu?*,
and the fluorescence intensity is greatly reduced to zero.
In our research, the binding of the groups in BSA to Cu®*
is investigated through observing the change of the peak
at 300-460 nm. Circular dichroism spectra (CD) are widely
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applied to determine the secondary structure of protein
for studying the conformation of proteins. CD spectra were
used to investigate the structural changes of BSA before
and after the reaction, to support the formation mecha-
nism of Cu,0/BSA NCPs. To explore the changes of BSA
during the reaction, the fluorescence and CD spectra of
the samples BSA and BSA-Cu,0O were shown in Fig. 6.

Figure 6a exhibited the fluorescence spectra of the
two samples excited at 278 nm [31]. BSA had a significant
fluorescence due to the tryptophan residues [31]. For
BSA-Cu,0, the fluorescence was quenched, indicating
the destruction of the residues. Combined with the XPS
results, it demonstrated the coordination of indole amine
in tryptophan residues with Cu®*. Figure 6b showed the
CD spectra of BSA and BSA-Cu,0. For pure BSA, there was
a band at 222 nm which was the characteristic transition of
a-helical structure of BSA [32]. However, the negative band
of BSA-Cu,0 completely disappeared. It was the coordi-
nation of Cu?* and BSA that broke the hydrogen bond
which was located in the a-helical structure and destroyed
the secondary structure of BSA. Finally, the chains of the
a-helical region were stretched.

Based on the investigations and results above, a pos-
sible formation mechanism of Cu,0/BSA NCPs is pre-
sented in Fig. 7. Figure 7a showed the structure of BSA.
Based on the results above, the tryptophan and histidine
residues had stronger coordination with Cu?* while that
of the other functional groups on side chain was weaker.
Thus, the former was the major consideration on the for-
mation mechanism. One BSA molecule has 2 tryptophan
residues and 17 histidine residues [33]. The locations of
one tryptophan and one histidine residues were marked
in the Fig. 7a. Theoretically, they could all coordinate
with Cu?*. However, there was a strong binding site at
the N-terminal tetrapeptide (Asp-Thr-His-Lys) and Cu?*
would first coordinate with this binding site [34]. This step

Fig.6 a Fluorescence spectra of the two samples excited at 278 nm, b CD spectra of the samples BSA and BSA-Cu,0O

b 100
5 BSA-Cu,O
-100
5 BSA
Q
€ -2004
(a)]
©  .300-
-400
-500 y ; ,
200 220 240 260 280
Wavelength (nm)
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:917 | https://doi.org/10.1007/542452-019-0963-9

Trp His

HOOC—

Asp-Thr-His-Lys

b Hooc—
\

o}

Fig.7 Schematic illustration of Cu,0/BSA NCPs formation process: a the structure of BSA, b N-terminal of BSA binding with Cu?*, ¢ forma-

tion illustration of the Cu,0/BSA NCPs

was difficult, but after the first coordination with Cu®*, the
conformation of BSA changed. The allosteric effect could
inhibit the Cu?*-induced cross-linking of BSA and exposed
more binding sites [34]. These both promoted the next
coordination of other sites with Cu*. Figure 7b showed
the coordination structure of Cu®* and Asp-Thr-His—Lys
under alkaline conditions [35]. The characteristic square
planar Cu?* coordinated with the deprotonated amide of
Thr and His, amine of Asp and imidazole of His. The reac-
tion was similar with the biuret reaction and the purple Cu
complex was formed.

Figure 7c was the formation illustration of Cu,0/BSA
NCPs. Cu®* first coordinated with N-terminal of BSA and
changed the protein conformation. Then, the rest of Cu?*
could further coordinate with other histidine and trypto-
phan residues, resulting in the denaturation of BSA and
formation of white floc (Figs. S2a and S2d). The N-terminal
Cu complex was formed (Fig. 7b) and the solution turned
purple after the addition of NaOH. The local concentration
of Cu?* at binding sites was quite high, for that the precipi-
tation provided surfaces, which were more likely to adsorb
metal ions. Therefore, it was favorable for the extremely
rapid reaction of Cu?* with OH™ to generate small Cu(OH),
precipitates (Fig. S2b). These Cu(OH), could grow along the
peptide chain of BSA and the structure of BSA changed to
porous structure (Fig. S2e). There was certain steric effect
around Cu(OH), precipitates because of the interspaces
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between sites and sites and the existence of other amino
acid residues and peptide chains. Therefore, the aggre-
gation of Cu(OH), was limited and the particle size was
controlled in several nanometers. And then the Cu(OH),
precipitates at the binding sites and BSA assembled
together to form a hierarchical structure. BSA was used
as the structure-directing agent to guide the nucleation,
growth and assembly Cu(OH),. After ascorbic acid added,
the Cu(OH), was reduced to CuOH and decomposed into
yellow Cu,0 (Fig. S2c). Finally, Cu,0/BSA NCPs composed
of several Cu,0 nanocrystals and BSA were obtained (Fig.
S2f).

The whole reaction was very fast and the reaction pro-
gress could be judged by the color change. The relative
contents of Cu®* and BSA was very important owing to the
coordination priority and order as discussed above. Cu**
was not enough for the conformational changes of all the
BSA if too much BSA (e.g. 0.4 g) was added. Cu?* could
only react with N-terminal of BSA. Moreover, the high
protein concentration would hinder the uniform distribu-
tion of Cu?*. The a-helical structure would not expand to
provide redundant sites, so the steric effect lacked during
the formation of Cu(OH),. Therefore, Cu(OH), precipita-
tion was easy to aggregate to form large particles. And
numerous Cu?* would be concentrated at N-terminal bind-
ing sites, leading to the rapid generation of large amounts
of Cu(OH), precipitation. Thus, the particle size was even
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larger than that of the Cu,0 produced without BSA. The
obstruction of protein among the Cu,0 particles was insuf-
ficient when the content of BSA was low, so there would
be a slight agglomeration.

3.3 Antibacterial performance

Preliminary antibacterial tests against S. aureus of BSA-
0.1-Cu,0, BSA-Cu,0, BSA-0.3-Cu,0 and BSA-0.4-Cu,0
were carried out. The corresponding antibacterial ratio
were 95%, 100%, 98% and 88%, respectively. Therefore,
BSA-Cu,0 was selected in the following antimicrobial
experiments.

To study the antibacterial properties of BSA-Cu,0, S.
aureus (gram-positive bacteria) and E. coli (gram-negative
bacteria) were selected as experimental objects. The anti-
bacterial effect was measured after 60 min reaction and
compared with BSA-0-Cu,0, commercial Cu,0 and CuCl
(Fig. S2). The concentration of survival bacteria of the con-
trol groups reached 10° CFU mL™" for S. aureus (Fig. 8a). All
survival amounts dropped sharply after different samples
added. In BSA-Cu,0 and CuCl groups, no bacteria survive.
The survival concentration of BSA-0-Cu,0 and commercial
Cu,0 groups were reduced to 10' CFU mL™". The amount
of the control groups was also up to 10° CFU mL™" for E.
coli (Fig. 8b). After different samples added, all survival
amounts decreased but the overall antibacterial effect
was weaker. The reason might be that thinner single-layer
and negative phosphate cell wall of gram-positive bacteria
made Cu™ easier to permeate cell walls through electro-
static interactions. The count of commercial Cu,O group
was nearly the same as that of the control group. The num-
ber of bacteria in BSA-0-Cu,0O group only decreased one
order of magnitude. CuCl group still had 10' CFU mL™" of
bacteria surviving. However, there were no bacteria exist-
ing in BSA—Cu,0 groups. These two experiments indicated

a 10°
[]omin [EH 60 min
10*+

Z 10
10" 5 I
10° .
Control ~ BSA-0 BSA Commercial CuCl
-Cu,0 -Cu,0 Cu,O

that BSA-Cu,0O had better antibacterial properties than
the others.

The antibacterial mechanism of Cu,0 is mainly by
contacting cell walls to kill bacteria. There are two ways:
(1) direct contact with the cell wall of bacteria and dam-
age them, (2) releasing Cu® into solution and react with
cell walls [36, 37]. In this research, S. aureus was used as
antibacterial objects to explore the antibacterial mecha-
nism of BSA-Cu,0. The number of bacteria living and the
release amount of copper ions of different samples in dif-
ferent time were investigated.

Figure 9a showed the survival amount of S. aureus in
different time. The number of living bacteria of Cu,0 group
gradually decreased. The decline tend of BSA-0-Cu,0
group was rapid at first and then became slower. The
concentration of bacteria in BSA-Cu,0O and CuCl groups
decreased very fast. The CuCl group took 10 min to kill all
bacteria, while the BSA-Cu,0 group cost only 5 min.

Figure 9b exhibited the copper release of different sam-
ples in different time. The cuprous ions of CuCl dissolved
in solution and kept high Cu element concentration. The
copper release of commercial Cu,0 was slow and stable.
BSA-0-Cu,0 released copper rapidly at first and then
slowly. The ion release of BSA—-Cu,0O was relatively stable.
In theory, the release rate should be the fastest due to
the large specific surface area of the particles with small
size. However, the measured concentration was slightly
lower than that of BSA-0-Cu,0 and commercial Cu,O.
This might be attributed to that BSA-Cu,O contained a
certain amount of BSA, and the Cu,O content was lower
than others.

By comparison, the antibacterial velocities of
BSA-0-Cu,0, commercial Cu,0 and CuCl were propor-
tional to the copper release rates. The Cu concentration of
CuCl was the highest, so the antibacterial rate was the fast-
est. The release amount of BSA-0-Cu,0 and commercial

Fig.8 Survival of a S. aureus, b E. coli by using different samples after 60 min of antibacterial action
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Fig.9 a Survival of S. aureus and b copper release curves by using different samples in different antibacterial action time

Cu,0 was similar, but the release rate was different. Figure
S4 showed the FESEM images and XRD pattern of commer-
cial Cu,0.There were large numbers of nanoparticles and
micro-sized particles in images indicating the particle size
distribution was wide. And the narrow diffraction peaks in
XRD spectra stated the particle size was quite large. How-
ever, the particle size of BSA-0-Cu,0 was much smaller
indicating the larger surface area. It could accelerate the
Cu release and increase the contact probability with bacte-
ria, so the antibacterial effect was slightly better than that
of commercial Cu,O. For BSA-Cu,0, the antibacterial effect
did not completely depend on the Cu release rate. The
release concentration of Cu in BSA-Cu,0 was much less
than CuCl, but the antibacterial rate was faster than Cudl,
which suggested that direct contact played an important
role in antibacterial performance.

Figure 10a, e showed the morphology of E. coli and S.
aureus, and Fig. 10b, f showed the morphology of bacteria
after BSA-Cu,O was added. The bacteria were surrounded
by a lot of nanoparticles. And as shown in the insets, the
bacteria displayed obvious deformation and the cell
walls were destroyed. These both proved that BSA-Cu,0
NCPs contacted with bacteria and reacted with cell walls.
According to the elemental mapping of EDX (Fig. 10c, d, g,
h), these nanoparticles were containing dispersed Cu and
C elements. Therefore, it could be speculated that BSA and
Cu,0 were intertwined to construct the BSA-Cu,0 nano-
composite and various amino acid residues distributed in
and on the surface of the composite. These residues had
good biocompatibility, which was in favor of the direct
contact between BSA-Cu,0O nanoparticles and bacterial
cell walls, and then BSA-Cu,0 efficiently released copper
ions at the fixed point. The Cu* ion release mechanism in

Fig. 10 Images of a E. coli and e S. aureus, and images of BSA-Cu,0
antibacterial group after 60 min reaction against E. coli (b SEM
images, ¢ elemental mapping of C, d elemental mapping of Cu) and
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S. aureus (f SEM images, g elemental mapping of C, h elemental
mapping of Cu). The scale of inset is 1 um
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the alkalescent PBS is shown as the following equation
[38,39].

Cu,0 +H,0 — 2Cu* + 20H"

Compared with other groups (BSA-0-Cu,0, commercial
Cu,0 and CuCl), the amino acid residues of BSA on the sur-
face of BSA-Cu,O might increase the probability of direct
contact with bacteria. It was conducive to increasing the
concentration of Cu* in the contact position and releasing
Cu* to bacteria.

4 Conclusions

In summary, a novel biomineralization method to fabri-
cate Cu,O/BSA hierarchical nanocomposite particles is
described. Cu,0/BSA NPS had size of 20-50 nm and were
composed of several 6-7 nm Cu,O nanocrystals and BSA.
BSA acted as the structure-directing agent, guiding the
formation of Cu,0/BSA NCPs. N-terminal peptides, his-
tidine and tryptophan residues of BSA coordinated with
Cu?* and then controlled the nucleation, growth and
assembly of Cu(OH), at binding sites to form the hier-
archical structure. After the reduction reaction, Cu,0/
BSA NCPs were obtained. The Cu,0/BSA hierarchical
structure exhibited excellent antibacterial performance
due to the oriented release of copper ions. The good bio-
compatibility of BSA was beneficial to the contact with
cell walls and site-specific release of Cu*. These findings
may be useful for the preparation of hierarchical nano-
structures by biomineralization process and application
in antibacterial field.

5 Supporting information

The fluorescence spectra and CD spectra of BSA and
BSA-Cu,0. The plate photos of S. aureus and E. coli cul-
tured with different samples. The FESEM image and XRD
pattern of commercial Cu,O.
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