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Antimicrobial properties of copper and its alloys through
the prism of the current SARS CoV-2 pandemic

ABSTRACT

Copper has long been known as a metal with outstanding antimicrobial properties. Although
ancient healers were not familiar with the mechanisms of its influence on microorganisms, they
had empirically established its effectiveness in sterilizing drinking water, disinfecting wounds,
treating skin diseases, various infections and other maladies. Recently, there has been renewed
interest in investigating copper and its alloys as possible materials that can limit the spread of
bacteria and viruses, given that humanity is often facing various local epidemics, and rarely
pandemics, as ongoing Corona virus, SARS CoV-2, first detected in March 2020. This paper
reviews the recent literature in the research field of antimicrobial properties of metallic copper, its
alloys and other copper - based materials, with the aim to promote their future implementation on
contact surfaces, primarily in hospitals and institutions with a high frequency of people where the

probability of spreading infection is increased.
Keywords: biocidal properties, copper, contact killing, microbes, SARS CoV-2.

1. INTRODUCTION

Copper is one of the first metals known to
human civilization, which was, due to its discovery
in the native form, used 10.000 years ago in
Western Asia. In the area of Mesopotamia, 5.000
years ago, copper extraction techniques were first
mastered using smelting, casting and forging, and
about 1.000 years later, copper smelting from
complex copper ores with arsenic, antimony and
lead began. Production of bronze, copper alloy with
tin, started during 2500 — 2200 BC [1]. The
application of copper during the industrial
revolution took an abrupt upward trajectory, where
it found a wide range of applications, only to be
later suppressed by new cheaper materials such as
plastic, tempered glass, aluminium and steel.

Copper and its alloys, due to their unique
physical, mechanical, thermal and electrical
properties, are nowadays widely used in many
areas of industry and economy and are the subject
of continuous interest of numerous researchers.
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Copper, in various forms, has been attracting
attention in recent decades because of its
extraordinary antimicrobial properties, which were
well known to the ancient Egyptians, Greeks,
Romans and Aztecs. From the ancient times,
healers recognized the important role of copper in
the treatment and maintenance of good health,
although at that time they did not have the
knowledge about the reaction mechanisms on
microorganisms. In one of the oldest medical
writings in the history of mankind dated 1600 BC,
known as Smith papyrus, states that copper was
used to sterilize drinking water and disinfect
wounds [2,3]. In the Ebers papyrus from about
1550 BC the use of copper is recommended in the
form of metal shavings, natural salts and oxides for
the treatment of limb tremors (probably epilepsy),
skin diseases and burns [4]. Aztec civilization used
copper for medical purposes, including rinsing the
throat with  copper-infused water against
inflammation and infection. In ancient India and
Egypt, it was used to make storing vessels for
drinking water [5]. Copper was also used for
medical purposes in the ancient Greece and Rome,
in order to treat lung diseases, eye infections and
disinfect fresh wounds. In Writings of Hippocrates
[2], it was recommended to sprinkle fresh wounds
with a mixture of dry powder of copper oxide and
copper sulfate and to coat it with a mixture of
honey and red copper oxide.
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Copper played a significant role in the history of
health even in the New Era. During the cholera
epidemic in Paris in the XIX century, physicians
discovered that workers in copper smelters were
almost immune to cholera, while a vast number of
the surrounding population succumbed to the
disease [6]. During the second half of the XIX
century, European physicians recommended the
use of copper to treat arthritis, diarrhea, dysentery,
and tuberculosis. Even in the XX century, copper
still played an important role in the history of
human health. The use of copper as an
antimicrobial agent continued until the discovery of
commercially available antibiotics in 1932. In 1939,
German medical researchers discovered that
workers in copper mines and smelters did not
suffer from arthritis during their active working in
those facilities. This observation led researchers to
use copper to treat arthritis, fever, sciatica, neck
and back pain [2]. Recently there has been an
assumption that the heart attack rate in France is
the lowest of all European countries due to
significantly higher consumption of red wine by the
French, which has a higher copper content than
white wine [7,8]. The spread of antibiotic resistance
has led to the emergence of antibiotic-resistant
bacteria, frequently present in hospitals, nursing
homes, food processing plants and commercial
animal farms. This has triggered the need for
different approaches and research to keep these
pathogenic microorganisms under control. One of
the alternatives is the use of copper surfaces in
hygienically sensitive buildings [9].

Kuhn’s research [10], as one of the first in this
field, confirmed the positive influence of brass
handles in order to reduce some bacterial cultures
from different hospital areas. The clinical trial
included monitoring the growth of the so-called
"hospital" bacteria such as Escherichia coli,
Staphylococcus aureus, Streptococcus group D
and Pseudomonas on stainless steel, brass,
aluminium and copper. The results showed that the
growth of bacteria on copper and brass surface
was almost completely stopped, with the effect of
brass self-cleaning being achieved in a maximum
of 7 hours, while copper self-disinfected in 15 min
from some microbial species. On the other hand,
steel and aluminium surfaces showed intensive
growth of all tested bacteria in the next 8 days,
while some bacteria were still present in the next 3
weeks. Despite the outstanding results, this
research went unnoticed. Only recently there has
been more intense interest in the use of copper as
a self-disinfecting material, with the focus of
research on the mechanism of copper influence on
the so-called "contact killing" of pathogens [11].

Sudha et al. [12] investigated the effect of
storing drinking water in a copper vessels,
microbiologically contaminated with bacteria that
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cause diarrhea. The results of the study revealed
that none of the tested pathogens survived in
drinking water stored in copper vessels, even after
enrichment with bacterial cultures. This study
confirmed the knowledge of ancient healers that
copper indeed has got the amazing health
properties.

2. MECHANISMS OF ANTIBACTERIAL ACTION
OF COPPER

The toxic effect of copper on microorganisms
was used in agriculture to control bacterial and
fungal plant diseases [13], which later led to the
first detailed studies of the biocidal properties of
copper [14]. The study of antimicrobial properties of
copper surfaces has recently been more intensively
developed, especially since 2008 when the US
Environmental Protection Agency registered almost
300 different copper-based surfaces as
antimicrobial [15].

The molecular mechanisms of antibacterial
activity of copper are the result of its atomic
structure, especially the outer electron shell, as
well as the pronounced ability of metallic copper to
easily be an electron donor or acceptor, which is a
characteristic of elements with high electrochemical
potential. Many useful properties of copper are
based on these properties, including its
electrochemical properties used in biological
systems [16]. Thanks to the electrochemical
potential, the free copper ion interacts with
bacterial proteins, which results in the suppression
of their activity, and gives copper its antibacterial
character. The antibacterial mechanism is very
complex and can take place both within cells and in
the intercellular space [17].

Although the mechanism of the biocidal activity
of copper has not yet been sufficiently explained, it
is currently accepted that the mechanism of the
antibacterial action of copper and the contact killing
of pathogenic microorganisms includes the
following key steps:

1. The increased concentration of copper inside
cells leads to oxidative stress, i.e. the lack of
balance between the activity of reactive oxygen
species and the biological ability to quickly detoxify
reactive by-products or repair damage, resulting in
the formation of hydrogen peroxide. In these
cellular conditions, copper participates in the so-
called Fenton-type reaction [18,19]:

Cu*+ H,0, — Cu*+ OH + OH" (1)

which in combination with the reactions of the
Haber - Weiss cycle [20]:

H,0, +OH ,.1,0+0, +H" (2)
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H,0, + O, -0, + OH" + OH" (3)

provides a rich source of reactive oxygen species
that produce large amounts of hydrogen peroxide.
Hydrogen peroxide acts as a catalyst for the
formation of highly reactive hydroxyl radicals that
lead to irreversible oxidative damage to cellular
parts of pathogenic microorganisms [21]. The
formation of reactive radicals is probably mediated
by the redox cycle between different ionic types of
copper: Cu’, Cu* i Cu* [22].

2. Excess copper leads to damage to the
microorganisms cell membrane, resulting in
"leakage" of nutrients, which causes the cell to dry
out and die [23].

3. Although copper is necessary for many
reactions that take place in proteins, in higher
concentrations copper binds to proteins that do not
require its presence to function. This improper
binding leads to atrophy of protein functions and
their breakdown into dysfunctional components
[17].

Some studies [24-27] on the mechanism and
kinetics of contact killing during exposure of
bacteria to copper and copper alloy surfaces have
generally shown that microbes, depending on type,
are inactivated in an interval of several hours, with
higher copper content in the alloy, elevated
temperature and relative humidity increasing the
efficiency of the contact killing process [28-30].
Comparative studies of the microorganisms contact
killing kinetics using dry and wet inoculation
techniques have shown that dry and clean copper
surfaces have better antimicrobial properties, which
opens new questions in the research of contact
killing mechanisms [31-33]. Table 1 summarizes
some of the results of various investigations of
contact killing kinetics of different types of microbes
on the surfaces of copper and its alloys.

Table 1. Contact killing time of some of the
microbes on copper surfaces

Tabela 1. Vreme kontaktnog ubijanja nekih mikroba
na bakarnim povrsinama

Contact killing
Microbe species time at room Reference
temperature

Salmonella enterica 4h [27]
Escherichia coli 65 - 75 min [34, 34]
MRSA 45 — 180 min [25, 35]
Influenza A virus

(HINT) 6h [36]
peooacon™ | s-tseas | o
Candida albicans 60 min [35]
Enterococcus hirae 90 min [37]
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3. ANTIMICROBIAL PROPERTIES OF COPPER
AND ITS ALLOYS

In institutions like hospitals and in places with a
large daily people fluctuation, bus and ftrain
stations, airports, large shopping centres, etc, there
are many areas that are frequently touched
(handles, handrails, ATMs, coffee machines, trays,
bells, bed racks, toilet chairs, etc). These areas
which are made of plastic, aluminium or stainless
steel, can be significantly contaminated with
bacteria and fungi. It is estimated that about 80% of
infectious diseases are transmitted by contact.
Infectious microbes can survive on the surfaces in
hospital conditions from a few days to as many as
a few months, with which staff, patients and visitors
can come into contact and endanger their health
[32]. The most common infections in hospitals are
methicillin-resistant Staphilococcus aureus
(MRSA), coli bacillus as Escherichia coli, Klebsiella
pneumoniae and Clostridium difficile. Frequent and
efficient cleaning, in combination with proper hand
hygiene, reduces the transmission of infections, but
complete removal of pathogenic microorganisms is
practically impossible [38]. The global spread of
resistant bacteria has led to dangerous nosocomial
infections that claim tens of thousands of lives each
year and further increase hospital costs, measured
in billions of dollars [39]. Stainless steel is mostly
used in healthcare facilities due to its shiny
aesthetic appearance and high corrosion stability.
However, its use does not have a significant
antimicrobial advantage over copper [40]. Copper
surfaces, with their self-disinfecting properties,
could contribute to controlling the spread of
infections by reducing surface contamination, as
evidenced by in-hospital testing [41,42].

Montero et al. [43] performed an antimicrobial
characterization of a new composite material called
"Copper Armor", in which copper particles are
evenly distributed in the methyl methacrylate
matrix, and always partially exposed to the surface.
The bactericidal effect of this self-disinfecting
composite against dangerous human pathogens
and a significant reduction in the concentration of
microbes on hospital surfaces have been
confirmed. Therefore, there is a need for new
approaches to hygiene in hospitals, where copper,
its alloys and new copper-based composites, with
their proven antimicrobial properties, need to be
considered as an addition to existing hygiene
measures, which is estimated to reduce infections
by about 15 % per year [36].

Copper has a powerful ability to neutralize
infectious viruses such as bronchitis virus,
poliovirus, human immunodeficiency virus (HIV-1),
norovirus and other unilateral or bilateral DNA and
RNA viruses [44]. One of the causes of high speed
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transmission of respiratory viruses is related to
their ability to survive on dry surfaces. On various
surfaces for everyday use, such as ceramic tiles,
teflon, PVC, glass, rubber and stainless steel,
human corona virus HCoV 229E remains
contagious for at least 5 days, which is long
enough to touch the surface contaminated with
respiratory droplets and further spread the virus.
However, when HCoV 229E comes in contact with
a copper or brass surface, its viral genomes and
morphology become irreversibly damaged after 10
minutes of exposure [45]. Kampf et al. [46] found
that, depending on the contact surface, SARS and
MERS coronaviruses, as well as HCoV, can be
contagious for up to 9 days at room temperature
and up to 28 days at 4 °C, respectively. Human
coronavirus is rapidly inactivated on a number of
copper alloys. Brass has been shown to be very
effective at lower Cu concentrations, with Cu” and
Cu®" ions participating in virus inactivation, which is
enhanced by the formation of reactive oxygen
species on alloy surfaces. The newly descovered
coronavirus, SARS-CoV-2, responsible for the
ongoing COVID-19 pandemic, is proven to be very
sensitive to contact with the copper surface [47,48].

In order to prevent the spread of the SARS-
CoV-2 virus, the US Environmental Protection
Agency registered a group of antimicrobial copper
alloys with 92.6% Cu and 3.8% of other elements
in February 2021. These alloys are intended only
for the production of contact surface components
for use in  hospitals, healthcare facilities,
laboratories and various public, commercial and
residential buildings. Experimental investigation of
this group of alloys showed that 99.9% of gram-
positive and gram-negative bacteria are inactivated
within 2h of exposure (Staphylococcus aureus,
Enterobacter  aerogenes, Methicillin-Resistant
Staphylococcus aureus-MRSA, Escherichia coli
O157:H7, Pseudomonas aeruginosa i
Vancomycin—Resistant  Enterococcus faecalis-
VRE) and viruses (Human coronavirus-229E,
Rhinovirus Type 37 i Rotavirus Strain WA.), if these
surfaces are regularly disinfected [49,50].

Borkov et al. [51] showed that impregnation
with copper oxide in protective respiratory face
masks shows biocidal properties against influenza
A virus, without changing the characteristics of the
physical barrier. Hang et al. [52] determined the
antiviral effect of copper oxide nanoparticles
against hepatitis C virus (HCV).

4. ANTIMICROBIAL PROPERTIES OF OTHER
METALS AND ALLOYS

Research on the antibacterial properties of 21
metals (except iron) showed that copper and silver
had similar degrees of contact killing efficiency, 5-
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10 times higher than the values of other tested
metals [53]. Silver has been known for a long time
as an antibacterial metal and is already widely
used as an antibacterial agent, mainly in colloidal
form, because only in this state silver has the ability
to release ions [54]. Although the silver cation is
more toxic to bacteria than the copper cation [55],
silver is unstable in the Ag2+ oxidation state and
does not catalyze Fenton-type reactions. It was
found, as a result of research by Mikolay et al. [30],
that silver surfaces do not kill bacteria, which
confirms that copper alloys are indeed much more
bactericidal than materials containing silver.

Using the method of atomic force microscopy,
Nan et al. [56] showed that antibacterial steel
(stainless steel with 3.8% Cu) destroyed the cell
membrane and/or bacterial cell wall and increased
cell permeability, while on control steel the cells
remained intact. Their research also confirmed that
the adhesion of bacteria to antibacterial stainless
steel was significantly higher than one performed
on control steel, which is explained by the effect of
released Cu®" ions. These findings highlight new
aspects of contact killing that can be applied to
other antimicrobial surfaces. The importance of
contact between bacteria and metals in contact
killing further supports the observation that strong
contamination of the copper surface significantly
reduces the effect of contact killing [57]. Santo et
al. [22] found that 76% of bacteria isolated from
Euro currency coins (25% Ni and 75% Cu, alloys
with pronounced antibacterial activity) are still
susceptible to contact kiling when applied to a
copper surface. It is assumed that these bacteria
survived on the coins only due to the surface
contamination.

Recently, the influence of different metal
coatings (Co, Zn, Cu and cobalt alloys with Ni, Zn,
Cr) on the inhibition of growth of some pathogenic
gram-positive and gram-negative bacteria was
investigated. The inhibitory effect of the coating
was found to be directly related to the amount of
produced H,O, [58]. Despite the already well-
known biocidal efficiency of copper, healthcare
institutions and industry continue to produce
furniture and equipment using polymers and
stainless steel that are cheaper than copper and its
alloys. At the same time, many industries use
thermal spraying procedures to apply coatings to
protect the substrate from wear, heat or corrosion
[59]. This technology is also one of the cost-
effective applications of copper for the purpose of
effectively reducing bacterial contamination on
contact surfaces. It needs to be taken into
consideration for the copper based antimicrobial
materials production in the future.
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5. CONCLUSION

The main purpose of this review paper is to
raise awareness of the general public and the
economy about the importance of copper and its
alloys as a powerful weapon in the fight against
pathogenic microorganisms and potentially deadly
viruses, such as the ongoing Corona virus (SARS-
CoV-2). The plagues of pandemics that periodically
throw human civilization out of the normal course of
life, often resulting in millions of victims and
collapse of the global economy, should lead us
already not only to think, but also to intensify the
activities to prevent the spreading of dangerous
bacteria and viruses. One of them is certainly much
higher prevalence of copper and its alloys, as well
as new copper-based materials in healthcare
facilities, as a complementary strategy that can
help reduce bacterial concentrations and viral load.
The medical legacy left to us by ancient
civilizations can now be combined with modern
science to discover new biocidal materials and
implement them on contact surfaces in places with
high human fluctuation in order to reduce the
spread of infections, decrease additional hospital
treatment costs and, most importantly, save lives.
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ANTIMIKROBNA SVOJSTVA BAKRA | NJEGOVIH LEGURA
KROZ PRIZMU AKTUELNE PANDEMIJE SARS CoV-2

Bakar je od davnina poznat kao metal sa izvanrednim antimikrobnim karakteristikama. lako drevni
iscelitelji nisu poznavali mehanizme njegovog delovanja na mikroorganizme, iskustveno su
ustanovili njegovu efikasnost u sterilizaciji vode za pice, dezinfekciji rana, le¢enju koZnih oboljenja,
razli¢itih infekcija i drugih bolesti. U novije vreme se ponovo javija interesovanje za ispitivanje
bakra i njegovih legura kao mogucih materijala koji mogu ogranicCiti Sirenje bakterija i virusa, s
obzirom da se Covecanstvo ucCestalo suoCava sa razliCitim epidemijama lokalnog karaktera, a
povremeno, kao od marta 2020. godine, sa pandemijom korona virusa SARS CoV-2. U radu je dat
pregled novije literature u istraZivanju antimikrobnih svojstava bakra, njegovih legura i drugih
materijala na bazi bakra, u cilju buduce implementacije na dodirnim povrSinama prvenstveno u
bolnicama i ustanovama sa visokom frekvencijom ljudi gde je poveéana verovatnoca Sirenja
zaraze.

Kljuéne reci: biocidna svojstva, bakar, kontaktno ubijanje, mikrobi, SARS CoV-2.
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