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Abstract  -  This study reports a synthesis of copper nanoparticles (CuNP) deposited on polyethylene terephthalate 
(PET) filters and antibacterial evaluation of the obtained filters against Escherichia coli and Salmonella enterica. 
CuNP were synthesized by a two-step method involving adsorption of [Cu(OH)4]

2- ions onto a PET filter and 
subsequent chemical reduction by ascorbic acid without using other capping agents. The synthesized CuNP 
were 105±26 nm (mean±SD) in size and agglomerated into clusters on the PET fibres. Increasing the immersion 
time of the filters in [Cu(OH)4]

2- solutions yielded higher amounts of deposited CuNP. SEM images and mass 
measurements revealed significant changes in the PET fibre surface under the alkaline medium. Passing bacterial 
suspensions of E. coli and S. enterica through the CuNP-deposited PET filter reduced them by 5.55 and 2.30 log 
values, respectively. This method of depositing CuNP onto PET material may be further developed for a wide 
scope of applications, not only in antibacterial filters, but also in catalytic, packaging and biomedical fields.
Keywords: Copper nanoparticles; PET; Escherichia coli; Salmonella enterica.

INTRODUCTION

Copper has been used as a biocide in many cultures 
in medicine and personal care products for more 
than a thousand years (Milanino, 2006). Nowadays 
soluble copper salts are used as bactericides in paints, 
disinfecting surfaces (Cooney, 1995), on ship hulls to 
reduce biofilm formation (Cooney and Tang, 1999), in 
agriculture as an algaecide, fungicide, or molluscicide 
(Lamichhane et al., 2018). Copper can inactivate a 
variety of enveloped and nonenveloped viruses, such 
as bacteriophages (Yahaya et al., 2001), bronchitis 
virus (Jordan and Nassar, 1971), poliovirus, herpes 
simplex virus (Sagripanti et al., 1993), and HIV-1 
(Sagripanti and Lightfoote, 1996).

High antibacterial activities of metallic copper 
nanoparticles (CuNP) are due to their high surface-
to-volume ratios, which result in direct destructive 

effects on bacterial membranes and the release of 
copper ions into solution (Ruparelia et al., 2008; 
Chatterjee et al., 2014). However, small sizes of 
nanoparticles may make them readily washed away. 
Therefore, different materials were used as supports 
to immobilize CuNP, such as porous ceramics 
(Klein et al., 2013), natural cellulose (Cady et al., 
2011), blotting papers (Dankovich and Smith, 2014). 
However, the disadvantage of these materials is their 
low mechanical strength; so in this study, we chose 
polyester fibres made from polyethylene terephthalate 
(PET) (Figure 1) as a matrix to incorporate CuNP. 
Another advantage of polyester fibres is the ease of 
their modification, especially by alkaline treatment 
(Penn and Wang, 1994). Aqueous sodium hydroxide 
solution partially hydrolyses polyester fibres to form 
carboxylate anions, thus increasing the wettability 
of the fibres, as well as roughening and pitting their 
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surface (Dave et al., 1987; Zeronian and Collins, 
1989). Another reason for choosing PET material was 
its wide use in food packaging, especially for soft drink 
bottling. Success in impregnating antibacterial copper 
into PET, therefore, would have wide applicability. 

Besides the choice of polymeric material for 
CuNP incorporation, the synthetic method is another 
important aspect to consider. Many studies have 
reported incorporation of inorganic nanomaterials into 
polymers by complicated or cost-ineffective methods 
for antibacterial surfaces, such as coating CuNP onto 
polypropylene (PP) by magnetron sputter (Wei et 
al., 2008), attaching TiO2 nanoparticles to fabrics by 
grafting with polycarboxylic acids (Meilert et al., 2005), 
melt-mixing silver-based nanocomposites and polymer 
powder (Dastjerdi et al., 2008), argon plasma grafting 
SiO2 nanoparticles on wool surface (Wang et al., 2007), 
reducing metallic salts inside the polymeric matrix by 
UV irradiation (Won et al., 2004) and silver chemical 
plating on polyester and cotton blended fabric (Jiang 
et al., 2007). CuNP were embedded onto PET fabrics 
by a complicated three-step process: padding the fabric 
with chilled NaBH4 solution, subsequent padding with 
metal precursor solution and curing at 180 oC for 60 
seconds (Chattopadhyay and Patel, 2014). 

In our study, we used a simple wet chemical 
process to produce CuNP on the surface of PET filter: 
simultaneous alkaline modification of the PET fibre 
surface and adsorption of copper precursor ions onto it 
and subsequent in situ reduction of the adsorbed copper 
precursor by ascorbic acid. Ascorbic acid was chosen 
because of its ability to reduce copper ions to metallic 
copper, nontoxicity and environmental sustainability 
(Xiong et al., 2011). The obtained CuNP/PET filters 
were then tested for antibacterial performance against 
pathogenic Escherichia coli and Salmonella enterica.

MATERIALS AND METHODS

Most of the materials and methods used in this 
study were described by us in an earlier publication 
and therefore we partly reproduce its wording (Nguyen 
and Trinh, 2018).

Materials
PET filter fabric was purchased from Nguyen 

Muon Ltd. (Vietnam), with the characteristics shown 
in Table 1. 

E. coli VTCC-B-482 and S. enterica VTCC-B-480 
strains were purchased by the Microorganisms Bank 
from the Institute of Microbiology and Biotechnology, 
Hanoi National University. CuSO4.5H2O, NaOH, 
L-ascorbic acid, H2O2, H2SO4 were purchased from 
Xilong Scientific Ltd. (China).

Preparation of CuNP-deposited PET (CuNP/PET) 
filter 

CuNP were synthesized and incorporated onto 
PET filters based on a method originally described 
by Dankovich with some modifications (Dankovich 
and Smith, 2014). 90mL of 10 M NaOH solution was 
added to 10 mL of 0.5 M CuSO4 to convert Cu2+ ions to 
complex ions [Cu(OH)4]

2-. Circular pieces of PET filter 
(diameter 25 mm) were immersed in 50 mL of freshly 
prepared [Cu(OH)4]

-2 solution for different periods of 
time. They were then immersed in 50 mL of ascorbic 
acid solution, which was continuously shaken at 80 oC 
for 20 minutes. Subsequently, the filters were washed 
four times with 150 mL of distilled water to remove 
excess acid and loosely bound copper particles. 

Quantitative analysis of deposited copper on CuNP/
PET filters

Each CuNP/PET filter was put in a beaker 
containing 6 mL of 1M H2SO4 and 6 mL of 30% H2O2. 
The solution was then heated to boiling and kept for 10 
minutes to completely dissolve the deposited metallic 
copper

Figure 1. Chemical structure of polyethylene 
terephthalate (PET).

Table 1. Physical parameters of PET filter.

2
2 2 2Cu 2H H O Cu 2H O+ ++ + → +

Copper concentration in the supernatant solution 
was then determined by Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) according 
to Standard Methods for the Examination of Water and 
Waste Water (Rice et al., 2012). The content of CuNP 
on PET filters was calculated by dividing the total 
amount of copper (mg) in the supernatant solution by 
the area of one side of the circular filter (mm2). Each 
measurement was conducted in triplicate.

Sizes and size distribution of CuNP on the filter
Morphology and sizes of CuNP on the filter were 

determined by scanning electron microscopy (SEM). 
To calculate the size distribution of CuNP, we used 
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ImageJ software to measure the sizes of 800 different 
particles in the micrographs and built a size distribution 
plot based on these values. Along with SEM, we also 
used Energy-Dispersive X-ray Spectra to confirm the 
deposition of copper on the filter. 

Evaluating antimicrobial activity of the CuNP/PET 
filter

The antibacterial activity of the filter was tested 
against Gram-negative bacteria S. enterica and E. coli. 
The suspension of bacteria cells had a final density 
of 106 CFU/mL (6 log value) in phosphate buffered 
saline (PBS) solution. The filters were first disinfected 
by washing with 75% ethanol and then dried in an 
oven at 100 oC for 1 hour. 10 mL of distilled water 
contaminated with bacteria was passed through the 
filter with a rate of 3.4 mL/min. The filter was then 
washed by filtering 10 mL of sterilized distilled water. 
The combined filtrates were then diluted by different 
factors, incubated on nutrient broth agar at 37 oC for 
24 hours, and then analyzed for surviving bacteria by 
manually counting formed colonies and multiplied 
by the dilution factor. Control experiments were also 
carried out by injecting the E. coli strain through a 
CuNP-free filter and showed no decrease in bacterial 
density. 

Percentage of inactivation was calculated by the 
following formula: 

When the PET filter was immersed in this solution, 
[Cu(OH)4]

2-complex ions adsorbed onto their fibres 
and could serve as a precursor for CuNP. Subsequent 
immersion of the filter in 1M ascorbic acid solution 
initially produced Cu(OH)2 deposited on the filter 
surface. Cu(OH)2 was further reduced by ascorbic acid 
to Cu particles according to the mechanism in Figure 
2. 

In this two-step mechanism, ascorbic acid acts as 
an electron donor toward Cu(OH)2 and then Cu2O, 
resulting in their reduction (Du et al., 2012; Liu et al., 
2012). 

The progress of the colour change of the PET filter 
during these synthetic steps is demonstrated in Figure 
3. The white filter (a), after being immersed in the 
[Cu(OH)4]

2- solution adsorbed these ions and turned 
blue (b). After 120 minutes of immersion in 1 M 
ascorbic acid solution, the blue filter (b) turned brown-
orange (c) due to the formation of CuNP.

1 2

1

A A
H 100%

A
−

+ ×

whereH is the inactivation percentage (%); A1 is the 
initial concentration of untreated bacterial dispersion 
(CFU/mL); A2 is the concentration of filtered bacterial 
dispersion (CFU/mL).

RESULTS AND DISCUSSION

The idea of using a highly alkaline medium to 
synthesize CuNP was adapted from Dankovich 
(Dankovich and Smith, 2014). They used alkaline 
complex [Cu(OH)4]

2- solution to treat cellulosic paper, 
but we suppose that this method would work well with 
polyester materials, including PET, because ester bonds 
hydrolysing in alkaline medium produce carboxylate 
groups, which may coordinate with copper ions and 
keep them stronger on the polymer fibres.

Chemical aspect of the process of CuNP synthesis
When excess 10M NaOH solution was added to 

CuSO4 solution, initially blue precipitate Cu(OH)2 
formed and then partly turned into soluble [Cu(OH)4]

2-

complex. 

( )2
2Cu 2OH Cu OH+ −+ →

( ) ( )
2

2 4Cu OH 2OH Cu OH
−−  + →  

Figure 2. Two-step chemical reduction of Cu(OH)2 by 
ascorbic acid.

Figure 3. Pieces of PET filter before treatments (a), 
after absorbing [Cu(OH)4]

2- (b) and after depositing 
CuNP (c).

Influence of the time of immersion in [Cu(OH)4]
2-

solution on the copper content deposited on PET 
filter

Figure 4 shows the final CuNP/PET filters with 
different immersion time in [Cu(OH)4]

2-solution. 
Visually, although there were few differences in the 
colours of these filters, the one with 120 minutes of 
immersion time was the most intense in colour. The 
copper content on these filters, determined by ICP-
OES, showed that 120 minutes of immersion yielded 

(1)
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the highest content of copper on the CuNP/PET filters 
(Figure 5). 

Although longer immersion time in [Cu(OH)4]
2-

solution could produce more copper, our preliminary 
tests showed that, after about 140 minutes of 
immersion, the PET fibres were heavily degraded and 
broken apart. So we decided to use CuNP/PET filters 
with 120 minutes of immersion time for subsequent 
antibacterial tests. Comparison with CuNP content in 
another research (0.16 µg on 78.5 mm2 or 0.00020 mg/
cm2) on impregnating CuNP onto PET fabric using 
NaBH4 as reducing agent showed that our contents of 
copper (0.096 mg/cm2) were about 500 times higher 
(Chattopadhyay and Patel, 2014). It should be noted 
that we used a CuSO4 concentration only 50 times 
higher than that in the mentioned study, with the same 
CuSO4/reducing agent concentration ratio (1:2). 

and measured their mass losses over time (Figure 7), 
as well as examined the surface of PET fibres by using 
scanning electron microscopy (Figure 8). The weight Figure 4. CuNP-impregnated PET filter with different 

immersion time in [Cu(OH)4]
2-.

Figure 5. Copper contents on PET filters with different 
immersion times in [Cu(OH)4]

2- solution.

Hydrolysis of PET filter fibres in alkaline 10 M 
NaOH solution 

As mentioned in the introduction, the highly alkaline 
medium in the [Cu(OH)4]

2-solution would attack the 
surface of PET fibres. The ester groups on the surface 
of the PET fibres react with hydroxide ions, resulting 
in breakage of the polymer backbone and formation of 
carboxylate groups on the chain (Figure 6) (Zeronian 
and Collins, 1989). This hydrolysis process would also 
result in the formation of ethylene glycol and soluble 
short-chain fragments from the polyester fibres, thus 
reducing their weight. 

To confirm this hypothesis, we immersed PET 
filters in 10 M NaOH solution at room temperature 

Figure 6. Hydrolysis of PET in aqueous NaOH 
solution.

Figure 7. Relative mass losses of PET filter immersed 
in 10 M NaOH solution. 

Figure 8. The surface of PET fibre before (a) and after 
(b) immersing in 10 M NaOH for 120 minutes.

B. After

A. Before
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loss exhibited a nearly linear relationship on the 
investigated time scale, which indicated the constant 
rate of hydrolysis of about 0.034%/min. Totally, a 
5.2% weight loss was identified after hydrolysis for 
120 min.

SEM micrographs showed morphological 
differences of the PET fibres before and after 
treatment with NaOH solution. Highly alkaline 
medium hydrolysed a part of the fibre surface, 
producing many scratches and holes. We suppose 
that these damages on the surface are one of the main 
reasons for the high copper content on the filter after 
the reduction step with ascorbic acid. Hydrophilic 
carboxyl and hydroxyl groups at these places can 
improve the wettability of the fibres, as well as their 
adsorbing capability toward copper ions (Zeronian 
and Collins, 1989). Moreover, the scratches and 
holes may shield the deposited CuNP better from the 
following washing steps.

Morphology and size distribution of CuNP on PET 
filters

The energy-dispersive X-ray (EDX) spectrum of an 
area on the surface of PET fibres after reducing the 
adsorbed [Cu(OH)4]

2-with ascorbic acid confirmed the 
presence of copper on the PET filter (Figure 9). 

SEM micrographs at different magnifications 
of a CuNP/PET fibre (Figure 10) show that CuNP 
aggregated and significantly covered the surface of 
PET fibres. From these images, it can also be seen 
that the treatments significantly damaged the surface 
of PET fibres. Figure 11 shows the statistical analysis 
of 800 particles from the aggregates, revealing 
that the synthesized CuNP had sizes of 105±26 nm 
(mean±SD).

In this synthesis of CuNP we did not use any capping 
agent, but the sizes of CuNP were relatively small. The 
reason was that ascorbic acid at high concentration 

Figure 9. EDX spectrum of an area on the surface of a CuNP/PET fibre.

Figure 10. SEM images of a CuNP/PET filter fibre. 

(1M) can serve not only as a reducing agent, but 
also a capping one (Liu et al., 2012). Moreover, 
immobilization of CuNP on the solid surface of PET 
fibres decreased the mobility of CuNP nuclei in the 
nucleation stage and subsequently the chance of their 
collisions to produce large particles.
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In vitro antibacterial tests against Escherichia coli 
and Salmonella enterica

We used CuNP/PET filters with the highest copper 
content (0.096mg/cm2) for antibacterial tests. After 
passing a suspension of bacteria through the CuNP/
PET filter, we incubated the filtrates for 24 hours at 
37 oC and measured the number of colonies grown. 
Figure 12 displays some representative results for 
CFU counts and Figure 13 shows how much the CFU 
density decreased in log-value units.

The results showed that the CuNP/PET filters 
(0.096 mg CuNP/cm2) resulted in bacteria inactivation 
with a 5.55-log reduction for E. coli and 2.30-
log reduction for S. enterica. These values of log-
reduction corresponded to inactivation percentages of 
99.9997% for E. coli and 99.5% for S. enterica. These 
results were comparatively higher than those from 
other antibacterial studies in the literature on E. coli 
with the same bacteria density (106 CFU/mL) (Tamayo 
et al., 2016). It should be noted that treating E. coli 
suspensions by passing them through the CuNP/PET 
filter in our study resulted in higher antibacterial 
activity (99.9997% for 2 minutes of contact time), 
compared to immersing a CuNP/polymer material in 
the E. coli suspension (99.9% for 3 hours of contact 
time) (Palza et al., 2010). 

Although revealing the mechanism of antibacterial 
activity of our CuNP/PET filter was outside the scope 
of this research, the literature review suggested some 
possible pathways leading to the inactivation of the 
bacteria. Several studies showed that the antibacterial 
activity of CuNP is related to the release of Cu2+ 
ions into the medium. These copper ions strongly 
adsorb onto and damage the bacterial cell membrane, 
resulting in the loss of membrane integrity and cell 
death (Hong et al., 2012; Emam et al., 2017). After 
degrading the cell membrane, copper ions can further 
penetrate the cell and trigger oxidative stresses under 
aerobic conditions, leading to damage of lipids, 
proteins, nucleic acids and DNA degradation (Liochev 
and Fridovich, 2002; Tong et al., 2005; Santo et al., 
2012; Dalecki et al., 2017). Some studies compared 

Figure 11. Size distribution of 800 copper particles on 
CuNP/PET fibres.

Figure 12. Petri dishes with E. coli (upper) and S. 
enterica (lower) colonies before (a) and after (b) 
passing through CuNP/PET filters.

Figure 13. Log reduction of the bacteria E. coli and S. 
enterica in suspensions after passing through CuNP/
PET filters.

the antibacterial effects of CuNP and copper salts with 
the same copper concentrations. They found that the 
contribution of released copper ions to the bactericidal 
effect of CuNP might be minor compared to the effect 
of their nanosize (Chatterjee et al., 2014; Giannousi et 
al., 2014). The average size of a grown E. coli cell is 
about 1.0 – 2.0 µm (Board and Council, 1999), which 
is more than 10 times higher than the average sizes 
of CuNP (105±26 nm) in our study. This implies that, 
when the bacteria suspension slowly passed through 
the CuNP/PET fibres with a high density of CuNP on 
the surface, bacterial cells had chances to mechanically 
collide with the CuNP, leading to cell membrane 
damages and even the formation of some reactive 
complex between CuNP and organic components 
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in the cellular medium (Board and Council, 1999; 
Chatterjee et al., 2014).

CONCLUSIONS

In summary, through a two-step synthesis using 
ascorbic acid as a reducing agent, CuNP coated PET 
filters were prepared. Through the adsorption on the 
PET fibres and the reduction in aqueous ascorbic acid, 
CuNP were embedded on the surface of the filter and 
fixed by the PET fibre matrix. There was a significant 
alteration of the fibre surface by the highly alkaline 
medium in the first step, which may result in a high 
content of CuNP on the filter. The deposited CuNP 
were of nanoscale sizes, but mostly agglomerated 
on the fibre surface. The CuNP/PET filter exhibited 
a strong and efficient antibacterial activity against E. 
coli and S. enterica with 5.55 and 2.30 log-reduction 
values, respectively. We propose that the rapid 
antibacterial effect was not only due to the release of 
Cu2+ ions, but that the direct contact with CuNP on the 
filter fibres also played an important role. The obtained 
CuNP/PET fibres material may have a wide scope 
of applications, not only in antibacterial, but also in 
catalytic, packaging, and biomedical fields.
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