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Abstract. Herein we report the synthesis of mesoporous nanostructures comprising copper (II) oxide {x[Cu(II)O]} immobilized on silica y[SiO2 ] template for release of copper ions by precipitation via sol–gel technique. Three different specimens
with increasing amount of Cu in the matrix with amount of Si being the same in all the samples, viz. ‘6Cu:5Si’, ‘4.5Cu:5Si’
and ‘3Cu:5Si’ where the numbers refer to the respective molar ratios of their respective domains, were prepared. Increase
of crystallinity in the mesoporous material with increase in incorporation of copper domains consisting of CuO in SiO2
matrix has been established. The average size of the CuO nanoparticle (NP) (domain) is 20–30 nm. The BET surface area
has been found to be 276–390 m2 g−1 and Langmuir surface area has been found to be 422–605.9 m2 g−1 for the samples
5Si:3Cu–5Si:6Cu, respectively, having pore size of 4–6.5 nm. The cytotoxicity data show that the NPs are less toxic below
concentration of 125 µg ml−1 . A steady increase in percentage of bacterial-‘Escherichia coli’, ‘Pseudomonas aeruginosa’
and ‘Bacillus subtilis’ cell death (indicated by decrease in optical density) due to increase in concentrations of NPs after
incubation for 14 h, showing sensitivity even at very low concentrations (5–20 µg), has been observed. A comparative
antibacterial activity test among the three prepared specimens has been reported, which shows better antibacterial activity
with the lowest copper concentration. Better antibacterial sensitivity when compared with equivalent amount of commercial
CuO is established.
Keywords. x[Cu(II)O]·y[SiO2 ] nanoparticles; mesopore; antibacterial activity; Pseudomonas aeruginosa;
Bacillus subtilis.

1. Introduction
Copper has found numerous applications for mankind since
5th and 6th millennia B.C. Antimicrobial properties of copper were reported in the year 2004 by Faúndez et al [1]
when they found that bacterial strain Salmonella enterica had
reduced to lower counts on copper surfaces when compared
with control surfaces. Biocidal mechanisms of copper and
their application to fight health-related pathogens have been
reviewed by Borkow and Gabbay [2]. They also investigated
the biocidal activities of copper under incorporation into contact surfaces, including textiles and liquids [3]. In the year
2012, it was concluded by Karpanen et al [4] that sterility
could be maintained by incorporation of copper alloys with

copper presence ≥ 58% into various hospital furnishings and
fittings. Copper has also been found to have good antimicrobial activity against multidrug-resistant pathogenic strains by
Souli et al [5]. Repopulation of touch surfaces can also be
efficiently decreased by metallic copper as found by Mikolay
et al [6]. Oxide of copper (CuO) has also been found to have
excellent antimicrobial activities against various microbial
strains such as Klebsiella pneumonia, Enterococcus faecalis,
Escherichia coli, Shigella flexneri, Salmonella typhimurium,
Proteus vulgaris, Pseudomonas aeruginosa, Staphylococcus
aureus, etc. [7–9]. Biostatic activity of ‘copper nanoparticle
(NP)/polymer’ composites by controlled release of copper
has also been studied against a number of microorganisms
by Cioffi et al [10], while TiO2 /CuO-coated surfaces were
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found to have anti-microbial activity including antiviral one
[11]. Commercially available CuO has also been found to
have toxic effects on beneficial soil microbe by Gajjar et al
[12]. Synthesis of SiO2 , CuO pure and hybrid nanostructures incorporating CuO by various ways has been reported
[13–17], including multi-template strategy [18]. Imparting
mesoporosity by liquid-crystal template mechanism has been
reported back in the 1990s by Beck et al [19], Kresge et al
[20] and Attard et al [21].
Antibacterial activity mechanism due to the presence of
copper ions has been hypothesized on various factors such
as rupture of cell wall and cell membrane and damage of
cytoplasmic components [22–24].

2. Experimental
2.1 Materials used
Materials used are cetyltrimethylammonium bromide (CTAB;
SRL, 99.0%), copper (II) acetate (Finar, 98.0%), tetraethyl
orthosilicate (TEOS; Aldrich, 98.0%) and 5.0 M NH4 OH
(Sigma-Aldrich) as received.
2.2 Synthesis of mesoporous complex nanostructure of
copper (II) oxide nanoclusters
First, a solvent containing liquid-crystal templates was prepared by dissolving CTAB surfactant in DI water, which was
used as the 3D emulsion liquid-crystalline substrate and template for introducing mesoporosity after the nucleation of the
desired material. Then the precursor materials, copper (II)
acetate and TEOS, were introduced into the solution as the
precursors of Cu and Si, respectively, which were hydrolysed
simultaneously. The whole process was subjected to ultrasonication and periodic shaking to maintain dispersity. To remove
the undesired by-products, the as-received blue material was
repeatedly washed and then dried. The final product was then
sintered at 400◦ C for about 4 h to get the desired hybrid nanostructure containing SiO2 and CuO.
2.3 Characterization techniques
Registration of X-ray diffraction (XRD) patterns was performed using a Bruker D8 Advance X-ray diffractometer
where data were collected at 40 kV and 30 mA using CuKα radiation (∼1.54 Å wavelength) over 2θ within the range
of 10◦ –90◦ at steps of 0.02◦ and residence time of 5 s.
Chemical bonding analysis was performed using a Fourier
transform infrared (FT-IR) spectrometer (Perkin Elmer). The
FT-IR transmission spectra was obtained in the mid-IR and
far-IR ranges. Preliminary vision of the synthesized product
has been performed using a scanning electron microscope
(Hitachi S-3500N) to observe the dispersion in DI water.
Further, nanostructures such as crystalline and amorphous
domains and porosity could be seen and characterized by
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high-resolution transmission electron microscopy (HRTEM;
FeiTecnai G2 S-Twin 200 kV) at various magnifications.
Surface area and porosity were further characterized and measured by Brunauer–Emmett–Teller (BET) procedure (Micrometrics TriStar II). Thermal stability measurements have been
accomplished using a thermogravimetric–differential thermal
analyser (TG–DTA; Mettler-Toledo TGA/DSC1).
2.4 Antibacterial activity testing
To assess the antibacterial activity, we have used (i) broth
dilution test and (ii) the Kirby–Bauer disk diffusion susceptibility test using P. aeruginosa, Bacillus subtilis and E. coli.
Two types of anti-bacterial testing have been performed.
(i) The broth dilution test: This test is done with the help of
optical density spectrophotometry, whose principle is based
on absorbance being directly proportional to the biomass in
the culture medium. Percentage of cell death for various concentrations of NPs (antibiotic under test) has been calibrated
with respect to a control or blank that is devoid of any NPs
(antibiotic). The control or blank has been subjected to conditions similar to those containing various concentrations of
NPs. All the cultures, including the blank, have been incubated for 14 h before checking the OD600 (optical density
at wavelength of 600 nm). All the OD check-ups have been
accomplished with 600 nm wavelength.
ODblank (i.e., OD in the absence of both bacterial population
and NPs) has been used as the reference for checking the ODs
of both bacterial population and NP concentration.
Cell death (%) =

OD(blank) − OD(test)
OD(blank)

where
OD(blank) = OD(bacteria + broth) − OD(broth)
OD(test) = OD(bacteria + broth+nanoparticles)
−OD(broth + nanoparticles) .
(ii) The Kirby–Bauer disk diffusion susceptibility test: LBagar semi-solid medium has been used for the growth of
the bacteria and detection of the anti-bacterial or ‘livingbacteria’-free zones. In brief, LB-agar-semi-solid plates were
uniformly spread with representative bacteria and discs
treated with respective concentrations of NPs were placed on
the surface of agar and incubated overnight for growth. The
size of the zone of inhibition indicates the degree of sensitivity
of bacteria to the NPs. The zone of inhibition was measured
and plotted for representation purpose.
2.5 MTT assay
Cell viability of NP was assayed using human cervical cancer
cells (HeLa cells) by serial dilution method; 70% confluence
HeLa cells were trypsinized. Single cells were prepared in
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fresh culture media and 103 cells per well of 96-well plate
seeded. Final volume of 100 µl was maintained in each well,
incubated for 24 h and later replaced with fresh media. A suspension of NPs at a density of 10 mg ml−1 was prepared; 20 µl
of this was added in first three wells; the final volume of 200 µl
was maintained and serially diluted in successive wells. After
this, the culture was incubated for 48 h and washed with PBS
thrice. Later, MTT solution in base medium was added and
further incubated for 4 h at 37◦ C. Finally, the violet waterinsoluble crystal was dissolved in DMSO and absorbance was
recorded at 570 nm using an ELISA plate reader [25,26].

3. Results and discussion
Three different samples with increasing order of copper concentration have been prepared, viz., ‘6Cu:5Si’, ‘4.5Cu:5Si’
and ‘3Cu:5Si’, where the numbers represent the respective
elemental molar ratios in the final complex structures. The
resultant materials have been synthesized as described in the
section on synthesis. The resultant photography image of
powder form and dispersed state in DI water has been shown
in figure 1. The SEM micrograph at 1 µm scale also attests
that the NPs can be dispersed in a liquid medium as shown
in figure 1b. From the camera photography images, macroscopically it can be seen that change in colour coordinates
occurs with change in physical state from dry to suspension
in DI water. The NPs are lovat (grey–green) in colour in fine
powder form and greyish in suspension in DI water, which
becomes darker with increase in concentration as observed
when doubled from 0.5 to 1 mg ml−1 .

Figure 1. Representative sample ‘6Cu:5Si’. (a) Powder photography image. (b) SEM dispersion micro-graph. Suspension of (c) 0.5
and (d) 1 mg ml−1 in DI water.

Figure 2. Comparison of the large scanning area for various
samples of different molar ratios: (a) 3Cu:5Si, (b) 4.5Cu:5Si and
(c) 6Cu:5Si at 0.2 µm or 200 nm scale showing darker regions
(CuO domains) mostly in the range of 20–30 nm. (d) Comparison
of their peak intensities, i.e., crystallinity, showing increase in crystallinity with increase in Cu content, dark spots with pure SiO2 being
amorphous.

XRD spectrographs registered indicate that crystallinity
(increase of intensity of the peaks without any normally visible shift in position) or more precisely crystalline regions
increase with increase in copper incorporation (+ 2 oxidation
state in both the precursor and in the matrix), pure SiO2 being
amorphous devoid of crystallinity as shown in figure 2d. This
result implies that crystallinity is only due to the copper being
introduced, forming cupric oxide (CuO) in the matrix. The
TEM images at 0.2 µm scale (figure 2) also attest the same,
where the area of the darker regions, which refer to the copper positions, increases with increase in copper composition.
This is due to step height created by the comparatively larger
Cu atoms with atomic no. 29 w.r.t. Si with atomic no. 14 in the
matrix as in the bright field imaging in TEM, more number
of electrons are allowed to probe the specimen without any
deflection or diffraction, less number of electrons could pass
through these areas. As it has been confirmed from both TEM
and XRD analyses that the sample 6Cu:5Si contains maximum copper content and copper domains, this sample has
been used as the representative sample in many cases, including a few antibacterial application tests, as it is expected to
have the maximum utility as it releases higher amount of copper ions (Cu2+ ) due to maximum molar concentration (among
the three samples) from the surface as per the requirement of
antibacterial usage.
When the samples are further magnified under TEM, both
the crystalline (CuO) and amorphous (SiO2 ) distinguishable
phases with equally distinguishable phase boundary can be
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Figure 3. Detailed analysis of the representative sample 6Cu:5Si.
(a) HRTEM image at 5 nm scale showing crystalline fringes of
fringe-width ∼0.24 nm and different phase boundaries. (b) Dark
field TEM image at 100 nm scale showing contrasts. (c) Defocused
TEM image at 50 nm scale showing mesoporosity in the material.
(d) Non-calcinated 6Cu:5Si sample at 20 nm scale showing tubular
structures having average diameter of 4–5 nm due to the presence of
surfactant templates.

observed due to observability of crystalline regions as fringes
under HRTEM imaging at 5 nm scale and also due to contrast
between the two phases (representative sample in figure 3a).
In the dark field imaging of the representative sample, some
bright spots can be seen compared with the surrounding areas
(figure 3b), which is due to higher electron scattering from
crystalline regions of CuO and due to domain containing
comparatively larger atomic diameter of Cu as compared
with domain containing lower atomic diameter of Si. Thus,
the bright spots in the dark field imaging mark the crystalline CuO domains. Thus, the bright field and dark field
image modes indicate that contrasts are opposite to each other.
Further, out-of-focus imaging has also been invoked and utilized to overview the porosity (mesoporosity) of the sample
(figure 3c), where multiple Fresnel fringes arise due to mesoporous structure of the material. Porosity increases the surface
area comparatively, which is beneficial for its intended application (anti-bacterial activity). The origin of porosity can be
seen from the image of a non-calcinated sample where the
diameter of the tubular structures determine the porosity in the
liquid-crystalline phase by virtue of their diameter as shown
in figure 3d.
From TEM (figure 4a) the reciprocal space (k-space) SAED
pattern was acquired and it shows the inter-planar distance
(∼0.24 nm). This result matches well with the fringe patterns
in HRTEM images. Figure 4b shows the selected area energydispersive X-ray spectra (SAED) of representative sample
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5Si:6Cu, confirming the presence of elements (Cu, Si and
O) in the material with an extra C(K) peak from the TEM
holder grids.
FT-IR transmittance spectra of representative sample
6Cu:5Si in mid-IR and far-IR range (figure 5a) show a major
peak at 1047.94 cm−1 in mid-IR range, which can be assigned
to the Si–O bond in SiO2 phase and the peak at 424.94 cm−1
in far-IR range can be assigned to the Cu–O bond in CuO
phase. Thus, the FT-IR spectroscopy proves the existence of
the required major two molecular bonds as expected. The
peak at 1634.90 cm−1 is due to the H–O–H bonds coming
from moisture in the pores of the sample. The spectra also
show some coupled bonds that may be due to the existence
of other oxide phases of copper and silicon occurring due to
stretching and bending.
Figure 5 shows that shift in characteristic peaks occur due to
change in vibrational or rotational frequencies due to stretching or bending of bonds. This can occur due to multiple
factors, including change in composition. Change in phase
domains indicated by intensity and width of peaks is due to
change in composition.
The samples were also found to be thermally stable under
normal conditions as seen from figure 6.
Various nitrogen adsorption–desorption isotherms are
reported in figure 7. All the specimens have been heated at
180◦ C for about 5 h under low-pressure conditions to clear
the pores from any moisture or any other gas molecules
before the experiments. From figure 7c, it is observed that,
the adsorption–desorption curve forms a loop as the desorption curve takes a separate path from that of the adsorption
curve.
This phenomenon occurs due to pressure drop required to
remove the adsorbed gas molecules created by capillary condensation activity at the pores. Thus, this loop formation in the
BET curve is a testimony of porous structure of the material.
From figure 7b, it is evident that two different types of pores
have been formed (table 1). This may be due to pore formation
by crystalline grain regions (bottle neck type of pores) apart
from the ‘cylindrical’ pores formed due to embedded surface
micelles.
Antibacterial activity testing has been done on different
bacteria, viz. E. coli, P. aeruginosa, B. subtilis and S. aureus,
out of which E. coli and S. aureus strains have been subjected
to the three prepared specimens, viz. 3Cu:5Si, 4.5Cu:5Si and
6Cu:5Si, and others have been subjected to antibacterial test
on the sample 6Cu:5Si. In the E. coli comparative test among
the three specimens containing increasing concentration of
Cu, equivalent quantity of commercially prepared CuO NPs
has been tested under the same conditions. In table 2, equivalent amount of molar concentration of commercial pure CuO
has been calculated that exists in the as-prepared samples
(CuO–SiO2 matrix specimens). In the comparative study of
the antibacterial effects of the three prepared samples with
increasing Cu concentration in the matrix, it is observed that
bactericidal effects increase with increase in Cu content in the
matrix as shown in figure 8a, which is due to the increased
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Figure 4. (a) Reciprocal space (k-space) SAED pattern showing the inter-planar distance (∼0.24 nm),
which matches well with the fringe patterns in HRTEM images. (b) Energy-dispersive X-ray spectra of
representative sample 5Si:6Cu, confirming the presence of elements in the material with an extra C(K) peak
from the TEM holder grids.

Figure 5. (a) FT-IR transmittance spectra of representative sample
6Cu:5Si in mid-IR and far-IR range. (b) Shift in peaks (wavenumber
shift); change in domain size and peak intensity observed between
samples 4.5Cu:5Si and 6Cu:5Si.

Figure 6. Thermal stability analysis of the representative sample
6Cu:5Si. (a) Thermogravimetric analysis curve. (b) Differential thermal analysis thermogram.

Cu2+ in the broth solution. In figure 8b, it can be seen that
the antibacterial activity of pure CuO is less than that of the
synthesized representative specimen 6Cu:5Si. This is due to
increase in exposed surface area (caused due to immobilization) of the Cu domains in the matrix, which can release Cu2+

Figure 7. (a) Plot of BET and Langmuir surface area vs. molar ratio
of Si:Cu content (5:3, 5:4.5, 5:6). (b) Comparison of the stationary
points of the dynamic BJH desorption curve of dV /dW for specimens of various concentrations showing two different types of pores.
(c) Adsorption and desorption isotherm linear plots of the representative specimen 6Cu:5Si showing formation of a loop, which indicates
mesoporosity. (d) Comparison of the BET adsorption–desorption
curves for various molar concentrations of Cu with respect to Si as
depicted.

into the broth solution, and the mesoporous structure, which
increases the surface area in comparison with commercial
CuO.
The representative specimen 6Cu:5Si shows increase in
bactericidal effects upon increase of concentration in the broth
dilution test as shown in figure 9a and b. In the broth-dilution
test for P. aeruginosa strain (figure 9a), it is seen that the NPs
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BET and Langmuir surface area vs. molar ratio of Cu:Si content (3:5, 4.5:5, 6:5).

Measurable
Adsorption average pore width (4 V A−1 by BET)
Adsorption average pore width (4 V A−1 by BJH)
Desorption average pore width (4 V A−1 by BJH)

3Cu:5Si (Å)

4.5Cu:5Si (Å)

6Cu:5Si (Å)

40.8
53.6
55.8

55.8
65.0
65.9

53.8
60.2
60.5

Table 2. Equivalent measure of CuO for the prepared respective
CuO–SiO2 matrix.
Concentration of the
prepared samples

Concentration of commercial CuO for
equivalent amount of Cu2+ (µg ml−1 )

(µg ml−1 )

3Cu:5Si

4.5Cu:5Si

6Cu:5Si

250
500
1000

113.31
226.62
453.34

138.56
277.13
554.26

155.94
311.88
623.76

Figure 9. Antibacterial sensitivity testing of the representative
sample 6Cu:5Si on drug-resistant clinical isolates: cell death (%)
of: (a) P. aeruginosa and (b) B. subtilis showing respective increase
in antibacterial activity with increase in Cu incorporation.

Figure 8. (a) Comparison of cell death (%) due to anti-bacterial
activity (on E. coli) of the three samples, viz. 3Cu:5Si, 4.5Cu:5Si
and 6Cu:5Si, showing increase in bactericidal effects with increase
in Cu content. (b) The representative sample 6Cu:5Si and commercially prepared and containing equivalent amount of CuO, showing
enhanced antibacterial activity.

have anti-bacterial effects even at very dilute concentrations,
i.e., in 0–25 µg ml−1 range. LB-agar culture plates containing
P. aeruginosa in figure 10a show clear zones of inhibition that
are free from living bacterial colonies around concentration of
15, 20 and 25 µg due to the application of the representative
specimen (6Cu:5Si). The LB-agar medium around the disks
is free from bacteria growth. The culture plates containing
B. subtilis in figure 10b also show clear zones of inhibition
that are free from living bacterial colonies in the zones around
all concentrations: 10, 15, 20, 25, 30, 40, 50 and 70 µg, due
to the application of the representative specimen (6Cu:5Si).
The LB-agar medium around the disks is free from bacteria
growth. Thus, the anti-bacterial zones can be clearly observed
in E. coli while S. aureus does not show that much effect at the
given concentration in both disk-diffusion tests. Further, it has
been observed that with increase in the concentration of the

Figure 10. LB-agar disk diffusion test on: (a) E. coli, and (b) S.
aureus showing respective ‘living-bacteria’-free zones around the
disks containing antibiotic NPs.

nanoparticles the relative rate of killing the bacteria increased
for E. coli. Whereas similar trend was not observed for S.
aureus strain, however, effective in inhibition is observed for
the lower concentration (see figure S1 and S2 in supporting
file).
Cell viability test measurements have been performed on
HeLa cells for the representative sample 5Si:6Cu, which contains the maximum proportion of Cu with respect to Si in the
matrix. Figure 11 shows that the NPs are less toxic below the
concentration of 125 µg ml−1 .
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is found to be 422–605.9 m2 g−1 for the sample 5Si:3Cu
to 5Si:6Cu, respectively, having pore size of 4–6.5 nm. The
porosities of all the samples are also calculated from the
HRTEM and match well with the BET results. A steady
increase in percentage of bacterial- P. aeruginosa and B. subtilis cell death (indicated by decrease in optical density) is
seen due to increase in concentrations of NPs after incubation
and inoculation for 14 h, showing sensitivity even at very low
concentrations (5–20 µg). The antibacterial activity is also
further confirmed by LB-agar disk diffusion test, in which E.
coli show good clear zone of inhibition with 3Cu:5Si. The
cytotoxicity of the sample has also been calculated through
MTT assay and found to be viable up to a certain concentration of the samples. The data show that the NPs are less
toxic below concentration of 125 µg ml−1 . The material is
also thermally stable under normal conditions.

Figure 11. Cell-viability measurements (MTT assay) for various
concentrations of the NPs for the representative specimen 6Cu:5Si.
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