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Antifungal activity of polymer-based copper nanocomposite coatings
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Eukaryotes, such as fungi, can be harmful pathogen agents, and the control of their bioactivity is
critical as humans are eukaryote organisms, too. Here, copper/polymer nanocomposites are
proposed as antifungal spinnable coatings with controlled copper-releasing properties. The tests of
the bioactivity show that fungal growth is inhibited on the nanocomposite-coated plates, and the
antifungal activity can be modulated by controlling the Cu nanoparticle loading. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1794381]
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The antimicrobial properties of metal-containing co
posite materials are promising for biotechnological app
tions, such as safe food packaging or sterile coating
biomedical devices, and it is widely recognized that im
tant advancements can be reached with nanocompo
However, while a great deal of work has been recently
formed on nanoscale materials1 and also on copper-bas
nanocomposites,2,3 little is yet known concerning their an
microbial properties.4 Besides, papers published so far d
only with the study of the antibacterial properties of comp
ites, mainly loading silver4–8 which exerts a stronger tox
action against prokaryotes(i.e., all types of bacteria) than
eukaryotes (i.e., all other organisms, from fungi
humans).9,10

Eukaryotes such as fungi can be dangerous patho
agents, and effective antifungal aqueous solutions bas
copper ions11 as well as complex copper species12–15 or
copper-containing polymers16,17 have often been propos
and used. This recommends exploring copper-based com
ites for effective antifungal coatings. The main concern is
similarities existing among eukaryotes, in terms of meta
lism, that would require a material capable of controlling
release of copper, in order to minimize human toxicity.
cently, some reports have appeared on the antimicr
properties of technologically appealing materials such as
rics, paints, or coatings containing copper-based active
ders or pigments.18–20 However, the development of mate
als capable of releasing, in a controlled fashion, antifu
agents such as copper ions, is still an open issue.

In this work, polymers loading copper nanoparticles
proposed as spinnable coatings capable of releasing a
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tifiable amount of copper species to a broth of Sacchar
cescerevisiaeyeast, selected as a model for eukaryotic
croorganisms.

The composites have been prepared following an e
to-perform two-step procedure. CuNPs were electroch
cally synthesized in an alkyl ammonium mice
environment,21 following a procedure previously used w
other metals.22–24 The resulting nanoparticles have a m
core diameter as small as 3.2+1.6 nm, as shown in Fig.(a),
and are constituted of a metallic inner core covered
stabilizing surfactant shell.24,25X-ray photoelectron spectro
copy (XPS) analysis shows that the metallic core of air
posed CuNPs is rapidly converted into CuO. The
synthesized CuNPs colloid was ultrasonically mixed to t
different water insoluble polymers, namely, polyvinylme
ylketone (PVMK), polyvinylchloride (PVC), and polyvi-
nylidenefluoride (PVDF), used as embedding matrice26

Each of the polymer solutions was mixed(9:1 ratio) with the
CuNPs colloidal dispersion, and the resultant solutions

FIG. 1. Transmission electron microscope images of the tetrabutylam
umperchlorate(TBAP)-stabilized Cu nanoparticles(a) and of the NC#1
nanocomposite, showing the clusters of nanoparticles(b). All the images

have been obtained at 100 KV.
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spin coated on sterile and inert glass plates. For “blank
periments, polymers containing only the alkyl ammon
surfactant were obtained by substituting the CuNPs co
with a solution of bare alkyl ammonium salt.27

A surface metal loading of 1–2 at. %, evaluated
means of XPS elemental analysis, resulted for a nom
bulk copper loading of 5 wt % in the case of the CuN
PVMK and CuNP-PVC nanocomposites(called NC#1 an
NC#2, respectively, in the following). For the same nomin
bulk loading, Cu surface percentages lower than one ord
magnitude were obtained in CuNP-PVDF(NC#3) films; this
finding is ascribable to the slightly different preparation c
ditions necessarily adopted for this nanocomposite bec
of the insolubility of PVDF in the colloid solvent.

The morphology of a typical NC#1 film is shown in F
1(b). Aggregates with an average diameter of about 50
are evenly dispersed into the polymer matrix; the clus
contain several hundreds of nanoparticles with a mean d
eter of 4.6±1.8 nm. The other nanocomposites show
similar nanostructured morphology.

The screening of the antifungal activity of the th
nanocomposites was performed on Saccharomycescerevi-
siae yeast using a two-step protocol. In the first step, p
erly diluted cultures containing the living cells were let
contact, in sterile conditions, with the nanostructured la
(deposited onto the glass plate) for 4 h. The same procedu
was performed on specimens prepared for control
“blank” experiments performed to exclude that any anti
gal effect had to be ascribed either to the bare polymer
trices or to the alkyl ammonium salt. In the second ste
plate counter agar solid culture medium was poured into
glass plates that were subsequently incubated so that thvital
yeast cells, eventually present, could grow into colonies.
striking results are reported in Figs. 2(a) and 2(b), where the
microscope pictures of the PVMK specimens plates ar
ported. The plate of the PVMK added with the surfac
[Fig. 2(a)] exhibits a number of colony forming units(CFU
per ml of yeast culture per plate: CFU/ml) which is compa
rable, within the experimental error, to that of the b
PVMK film and to the control experiment of colony grow
on the culture medium. The strong antifungal activity of
nanocomposite is apparent as no CFU can be observ
the NC#1 plate[Fig. 2(b)]. Antifungal activity was also ob
served with the other nanocomposites but not all the y
were completely inactive in these cases[see Fig. 2(c)]. Al-
though a slight run-to-run variation of the number of CFU
developed was observed, the NC#1 films always exhib
the strongest antifungal effect, while the least effective w
the NC#3 ones. The results reported in Fig. 2(d) (left Y axis)
are relevant to the study of the antifungal activity of se
NC#1 nanocomposites loaded with different amounts
CuNPs. The results clearly show that the higher the nan
ticle loading, the lower the number of CFU; i.e., the stron
the antifungal effect.

The results of the antifungal activity correlate very w
with the electrothermal atomic absorption spectrosc
(ETAAS) analysis of the copper released by the nanoc
posites in a yeast-free culture broth.28 Figure 2(d) (right Y
axis) shows that the extent of the copper release incre
with the metal loading in the films; this result demonstr
that the releasing properties of such nanocomposites ca
be controlled by a proper modulation of the CuNPs load

It was also found that comparable amounts of Cu are re
Downloaded 24 Sep 2004 to 129.110.241.62. Redistribution subject to AIP
-

l

f

e

-
a

-

-

n

s

r-

-

s

o

leased by NC#1 and NC#2, while much lower quantities
released by NC#3, as expected, given the lower copper
tent effectively embedded in this composite.

To obtain insights into the interesting and controlled
leasing properties of the nanocomposites, the kinetic co
release curves from the nanocomposites loaded with d
ent amounts of CuNPs were studied. The coatings were
contact with the yeast-free culture broth for 4 h and the
lutions were sampled several times and subjected to ET
analysis. The curves were satisfactorily modeled as
order kinetic processes. On the basis of XPS and ET
results, copper release is ascribed to the dissolution o
CuO, present on the NPs, to soluble Cu(II ). Further work is
in progress to assess the role of the NPs stabilizing surfa
shell in controlling the release process. Once the NPs o
layer dissolves, the copper ions diffuse through the poly
matrix to the solution. To exclude matrix-related retard
effects, a composite formed by a PVMK film embedd
CuCl2, in an amount comparable to that of the nanocom

FIG. 2. (a) Microscope pictures of the TBAP-containing PVMK films a
(b) NC#1 plates, after yeast incubation.(c) Histogram of the number o
CFU/ml on the plates of the three different nanocomposites and of a
control specimens.(d) The leftY axis reports the amount of the CFU/ml
seven different PVMK nanocomposites loaded with different bulk con
trations of CuNPs. The rightY axis reports the copper concentration
leased by the nanocomposites in the culture broth after 4 h exposure.
curves between the experimental points are just a guide for the
CFU/ml data of(c) and (d) are relevant to two different experiments
which a different colony growth occurred also on the control test in
culture medium.
-ite, was studied. The diffusion of Cu(II ) through the polymer
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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matrix being the slower step could be ruled out as the re
in the case of the copper chloride PVMK film was mu
faster than in the nanocomposites. The maximum coppe
lease by the salt-containing composite was also much h
and comparable to the Cu(II ) solubility in the aqueous cu
ture broth, meaning that this material exerts no control
the copper release as the process is controlled by the C(II )
solubility in the broth.

In conclusion, polymer-based copper nanocompo
are proposed as spinnable bioactive coatings. Their bio
activity has been demonstrated on Saccharomycescerevisiae,
chosen as a model for eukaryote microorganisms. A cor
tion between the biological tests and the material’s rel
properties has been established and a rationale has bee
posed for the metal dissolution process. Coatings, also
taining silver nanoparticles, will be tested against patho
microorganisms such asEscherichia Coli, andStaphylococ
cus Aureus, andLysteria.
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