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Abstract: A consideration of the outer structures of Gram-positive and Gram-negative bacteria, and
of the surface contaminants present on Cu-containing substrates, has led to the identification of
Cu20 as a potent antimicrobial. In the presence of adsorbed water, the hydrated form ionizes to Cu'-
O, which is capable of degrading the protective polysaccharide layer of the outer lipopolysaccha-
ride membranes of Gram-negative bacteria; it is equally capable of attacking the peptidoglycan lat-
tices present in both Gram-positive and Gram-negative bacteria. This Perspective underlines the
importance of Cu'-O-in the early stages of contact killing, and points to information, still lacking,
that would optimize contact killing and lead to broader applications in the therapeutic management
of bacterial infections.
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1. Introduction

In a recent Comment [1], the present writer presented a short view of the initial stages
of the contact killing of Gram-positive Bacillus subtilis on copper-containing substrates.
On further reflection, it became obvious that the view presented was not limited to the
single instance of Gram-positive bacteria. This Perspective is offered as a demonstration
of the generality of that view and as a guide to identifying further information required,
so as to obtain a better understanding of the processes involved in contact killing.

To begin, a review of the outer-surface bacterial cell structures is needed. Two broad
categories exist: Gram-positive and Gram-negative, depending on whether they are
stained with Gram dye.
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3. A Classic Contact Killing Study and Its Significance

A recent study, which occurred in a nosocomial setting [4], has a specific bearing on
this Perspective. It was summarized in our recent paper on the physicochemical charac-
terization of the Cu nanoparticle surface [5], and is cited here verbatim:

A toilet seat, a set of tap handles and a ward entrance door push plate, all containing
Cu, were installed six months before the study began; halfway through the ten-week
study, they were interchanged with similar items that did not contain Cu, and their use
was continued at other sites. At whichever locations they were placed, none of the ten
Cu-containing sites failed the benchmark antimicrobial test of a total aerobic count of
less than 5 colony-forming units/cm?; that is, even contaminated Cu surfaces were anti-
microbial. These results were confirmed by several similar studies listed in [6].

The reader will note that no mention is made of whether the results apply uniquely
to either Gram-positive or Gram-negative bacteria. That is, they apply to both.

Further, based on our Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
results on the Cu nanoparticle surface [5], which showed the almost complete absence of
zerovalent Cu (based on the almost complete absence of Cun fragments having n > 1), it
would appear that it is the Cu surface contaminants that are uniquely responsible for its
antimicrobial efficacy. In our study[5], a Selected-Area Electron Diffraction reconstruction
indicated that these contaminants included Cu20, CuCOs, malachite (Cu2CO3(OH)2) and
azurite (Cus(COs)2(OH)2). As noted there [5], Cu20 does not oxidize directly to CuO at
room temperature, nor is it found in nature, except at the sites of cataclysmic events; ra-
ther, Cu20 oxidizes by combining with water vapor and carbon dioxide to form malachite
and azurite, which decompose at elevated temperatures to form CuO.

Thus, one or more of these Cu compounds is capable of killing both Gram-positive
and Gram-negative bacteria. At this point in this Perspective, it is unclear which of the
contaminants is involved or whether the same compounds are involved in both cases.

Further, while dry contact is implied, this is not the case, since both the Cu substrate
and the bacterium are capable of adsorbing water.

4. Water Adsorption onto Solids

Adsorption is a spontaneous thermodynamic process that lowers the surface energy
of the solid [7]. This is the action behind corrosion and the deposition of adventitious car-
bon, as well as the adsorption of surface water from the background humidity. The sim-
ultaneous adsorption of several contaminants, as in the present case, depends on the ini-
tial interaction of the components with the substrate, their subsequent interaction with
what was already deposited, and their interactions among themselves. It is common to
obtain different TOF-SIMS responses from different locations on the same sample, indi-
cating that adsorption is not uniform.

The adsorption of water onto solid surfaces has long been of interest [8,9]. Initially,
experiments were limited to only detecting the presence of moisture, eventually followed
by attempts to quantify the layer thickness. A feature of all these attempts is the assump-
tion of layer uniformity.

The present writer is aware of only one study that actually observed the adsorbed
water directly [10], showing exactly how and where it appeared. Using a specially de-
signed Scanning Tunneling Microscope, those authors found that as the humidity in-
creased, droplets of water, 30-50 nm in diameter, were formed on a freshly sputtered Au
surface. Droplets were formed because the water did not wet the substrate and, as a result,
retracted.

These droplets grew in height and diameter as the humidity increased and, at 75%
humidity, finally contacted each other to give a uniform film. Judging from our Cu nano-
particle results [5], the oxygen-containing organic fragments that were found using X-ray
photoelectron spectroscopy (XPS) suggest that some of the water may have reacted with
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depositing adventitious carbon, although the majority was exuded to the continually
growing surface, where it retracted to form droplets.

Those authors also carried out similar experiments on Ti and HOPG [10]; being more
wettable, those substrates formed continuous water films at lower humidities. While the
water layer heights determined by the authors have been criticized [11], the criticism is
based on assumptions that may not be correct. In any case, surface water is present.

The present writer is unaware of similar studies on bacterial cells. However, the outer
structures of both Gram-positive and Gram-negative bacterial cells suggest the presence
of at least hydrogen-bonded water. Thus, contact between the Cu-containing substrate
and the bacterium appears to always occur through an aqueous interphase.

5. Attack on Bacteria

As previously noted [1], in the presence of water, the M-O-M structure of surface
oxides is hydrolyzed to M-OH, which ionizes according to its isoelectric point (i.e., M-O-
or M-OH>*). Of the Cu-containing contaminants listed earlier (Cu20, CuCOs, malachite
and azurite), only the isoelectric point of Cu20 is available [12]; it is at a pH of ~ 5, which
means that, at the pH of water (i.e., 7), it exists mainly as Cu'-O-. We tentatively assume
that both malachite and azurite, which contain cupric hydroxide structures, have isoelec-
tric points not far from that of CuO, which is at a pH of ~ 9 [12]; this means that, at the pH
of water, they would exist as Cu-OH>*. While it is clear that both Cu'-O- and Cu!-OH:*
are capable of attacking the lipid and peptidoglycan structures found in Gram-positive
and Gram-negative bacteria [13-17], studies of the chemistries involved in these attacks
are lacking. Such studies are needed for the optimization of contact killing.

The reader is reminded that the outer surfaces of Gram-negative bacteria are com-
posed of lipopolysaccharides, whose outer leaves have polysaccharide chains extending
outward from the surface of the bilayer. These form a protective layer over the membrane,
and must be degraded before the membrane can be attacked. While polysaccharide deg-
radation is usually cited as being accomplished enzymatically, it has recently come to light
that Cu20 is also capable of achieving this [18,19]; other studies have also confirmed the
potency of Cu20 under similar, although not identical, circumstances, with Cu20 substan-
tially outperforming CuO [20,21].

6. Initial Stages of Contact Killing

Thus, it appears that, at the initial stages of the contact killing of Gram-negative bac-
teria, the structure that has antimicrobial activity at the Cu surface is Cu20 in its hydrated,
ionized form: Cul-O-. Once the polysaccharide structure is degraded, the Cu'-O- can con-
tinue to degrade the peptidoglycan lattice below, at the peptide crosslinks, as previously
suggested [1], and/or along the glycan (polysaccharide) strands [18,19], as noted above.
Whether the malachite and azurite participate, and to what extent, is presently unknown.

In the case of Gram-positive bacteria, there is no lipopolysaccharide barrier to over-
come, but the peptidoglycan lattice is much thicker. Here, too, Cu-O- is capable of initiat-
ing the attack, with malachite and azurite, again, participating to unknown extents.

7. Summary and Conclusions

The literature data quoted here strongly suggest that, of the contaminants formed on
a Cu-containing substrate, Cu20, hydrated and ionized (Cu'-O"), is a potent antimicrobial
against both Gram-positive and Gram-negative bacteria: it attacks and degrades the lipo-
polysaccharide membrane of Gram-negative bacteria, as well as the peptidoglycan lattices
of both Gram-positive and Gram-negative bacteria. Unfortunately, how these feats are
accomplished is presently unknown. The lack of such chemical information puts an un-
fortunate cap on the optimization of contact killing, its medical management of bacterial
infections, and its applicability to other situations that might benefit from its use.
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