






Other vibrational modes of Cu1+ have been reported by Baia et
al. in the spectral range of 660 cm−1.26

Cu−CSH samples were immersed in an aqueous solution of
[Cu(NH3)4](OH)2. No signal of gaseous ammonia is evident
in the FT-IR measurement after the ion exchange. Possible
infrared peaks might be found at 3300 cm−1 (symmetric NH3
stretching mode), 1660 cm−1 (asymmetric stretching mode),
and 1100 cm−1 (umbrella mode). Similarly, no modes of
dissolved ammonia (NH4+ ion with tetrahedral symmetry)
could be identified. This guides us to the conclusion that the
incorporation of the copper ion was accompanied by ligand
exchange. We suspect the CSH-backbone structure to be the
new ligand, with the mechanism equivalent to other exchange
reactions.35

While the IR absorbance spectra provide evidence for the
chemisorption of copper in the CSH substrate, it is difficult to
know if the copper remains oxidized because different
vibrational modes occur in the 400−700 cm−1 region,

overlapping the associated Cu−O vibrational modes. There-
fore, complementary X-ray photoelectron spectroscopy (XPS)
measurements were performed.
XPS provides information about the chemical composition

of the substrate (Figure 3). Three contributions, the O2− of the
oxide, the OH− of the hydroxide, and the contributions of
adsorbed/incorporated water and oxygen as part of the
adsorbed carboxylic acid groups, appear in the range of
529−533 eV. The contribution of oxygen-containing organic
species is in the range of 1 atom% and, for this reason, can be
neglected in these studies. The Ca/Si ratio was determined to
be 0.78 from the XPS areas of CaO and SiO2. The mean Ca/Si
ratio of CSH phases in commercial cement differs significantly,
from 0.7 to 2.3.27

The Cu 2p region has two prominent peaks around 953 and
933eV, characteristic of Cu 2p1/2 and Cu 2p3/2 peaks,
respectively. The smaller peaks around 943 and 940 eV are
characteristic satellite features found only in samples with Cu2+

Figure 2. FT-IR absorption spectra token before (blue line) and after (red line) the incorporation of Cu into the CSH samples, referenced to the
initial piranha-cleaned surface.

Figure 3. Core XP spectra of the surface after the incorporation of Cu into the CSH samples.



species. The biggest challenge in using XPS to study samples
with different copper species of mixed oxidation states is the
substantial overlap of the Cu 2p peaks for Cu2+ and reduced
species such as Cu1+ and metallic Cu0. A method to fit
individual peaks exactly into the XP spectra has been reported
by Biesinger et al.28 They examined several pure Cu(OH)2 and
CuO samples with XPS to determine the ratios of the Cu2+
peaks to shake-up peak areas. It has been shown that the areas
of the Cu2+ peaks are a certain multiple of the combined shake-
up peak areas. However, these values depend on the electronic
structure of the Cu species. They determined the ratios of 1.57
± 0.1 for pure Cu(OH)2 and 1.89 ± 0.08 for pure CuO
samples. These results enabled reliable analysis of the complex
Cu 2p spectra for samples with mixed oxidation states of
copper.
XPS shows the composition of the outer 5−10 nm of the

sample (Table 1). For our investigations, we want to reach a

quasi-3D description of the distribution of the elements inside
the copper-coated samples. Thus, in the next step, we consider
the investigations of our samples by ToF-SIMS. First, the
lateral distribution of the most important components was
measured. Afterward, certain masses were monitored under
constant sputter conditions. The results of these measurements
are shown in Figure 4.
To understand the interactions of our prepared Cu−CSH

samples with the environment, namely, bacteria, it is important
to investigate how much copper is immobilized inside the
structure of the samples. Our Cu−CSH samples were stored in
10 mL of water for different times at room temperature to
determine the degree of leaching (Table 2).
The Cu/Ca ratio of ICP-OES (etched sample) is 0.03. This

is nearly 2 times lower than the concentration investigated by
XPS measurements. These two types of measurements are
difficult to compare, as the XPS represents a surface scanning
method with a low depth of information (5−10 nm), while the
ICP-OES data represents the copper concentration of the
whole sample.
The biofilm formation was studied using a P. aeruginosa

strain, PA49, which was previously isolated from contaminated
natural water samples and characterized. As commonly
accepted P. aeruginosa, a Gram-negative rod-shaped bacterium,
is a good biofilm former. Control CSH silicon waver slides and
CSH Cu(II)-coated surfaces were incubated in an overnight
culture of PA49 using an LB high nutrient broth for intensive
biofilm formation. After microscopy preparation for living/

dead imaging, the surfaces were analyzed for biofilm coverage
rate and survival capacities after 24 h of incubation in a
bacterial suspension.
A powerful way to investigate the images is the radial

distribution function (RDF): while the copper-free CSH phase
shows a completely random distribution of P. aeruginosa
bacteria in biofilms (Figure 5, bottom), the samples with
copper incorporation (Cu−CSH) (Figure 5, bottom) reveal
also the bacterial colonization of the modified surfaces but with
an enhanced cluster formation on the surfaces. In addition to
these morphological distinctive features, these images demon-
strated initially the invalidity of the newly modified Cu−CSH-
coated surfaces concerning its differences in biofilm formation.
This became also visible when comparing the dead or injured
percentage stained with propidium iodide (PI). Most of the
bacteria were alive when colonizing both kinds of surfaces
(CSH and Cu−CSH).
The statistical evaluation of the defined coverage of surface

area was quantified from both bacterial cell fluorescence
signals: the green fluorescent living cells and the red
fluorescent dead or injured cells. It became obvious in Table
3 that surfaces coated with Cu−CSH were less densely covered
with only calculated 44.4% in comparison to CSH-modified
surfaces. The mean percentage of coverage mentioning living
and dead bacteria was found to be 17.64% in the case of CSH-
modified surfaces. In contrast, only 7.84% of the measured
areas of the Cu−CSH-modified surfaces were covered with
attached bacterial cells. The propidium iodide stained dead or
injured bacteria was presented as the percentage of the total
covered area size for both different modified surfaces. In the
case of CSH surface, this was calculated to be about 1.8% and
in the case of Cu−CSH, it was 1.7%. In fact, the percentage of
dead or injured cells coverage did not differ significantly in
contrast to the coverage percentage of the living cells.
Different reasons and interpretations must be discussed for

the optimization of these first results. (i) Bacteriotoxic Cu
concentrations were found to be in the range of 1.5 μg/L in
water.29 Hence, immobilized Cu(II) concentrations of the
Cu−CSH coatings are suspected not to reach bactericidal
metal concentrations. Different analyses demonstrated a
nonleaching of copper (in contrast to Ca) even after 24 h,
as mentioned in Table 2. (ii) The impact of immobilized
Cu(II) on procaryotic cells is less efficient compared to that of
bulk Cu ions. Here, the exact biocidal mechanisms of copper
on P. aeruginosa PA49 need to be known as well susceptibility
of P. aeruginosa for copper is important. The P. aeruginosa
PA49 strain was studied previously for its antibiotic resistance
profile and was found to be resistant to up to seven different
clinically relevant antibiotic drugs.30 It has to be analyzed if the
antibiotic resistances also possess a cross-resistance against the
impacts of heavy metals.29

In addition to the biofilm formation on the coated surfaces
using the DNA fluorescence dye Syto 9, which binds to DNA
in general (green fluorescence), dead or injured bacteria in
biofilms are stained with propidium iodide (red fluorescence)
due to the nonintact membrane potential of the cells and
binding to the DNA afterward. In Figure 5 and Table 3, it
became obvious that only a small part of the stained biofilm
consisted of dead or injured cells (1−2%). The dominating
part of the biofilms consisted of living P. aeruginosa bacteria.
All results underline the partly apparent validity of the Cu−
CSH coatings under the applied parameters compared to
coatings without copper.

Table 1. XPS Measurements of the Atomic Composition
after the Incorporation of Cu into the CSH Samples

substrate
element,
orbital

position/
eV species area atom %

Cu−
CSH

C, 1s 284.53 C−C/
C−H

31119.98 5.4

288.61 COOR 13180.08
O, 1s 529.69 metal-

oxide
98041.05 64.2

531.27 OH 397016.74
532.81 silicate 516957.26

Si, 2p 101.40 silicate 102655.51 16.8
Ca, 2p3/2 346.60 CSH 387866.95 12.9
Ca, 2p1/2 350.15 CSH 193933.48
Cu, 2p3/2 932.76 Cu2O/

CuO
5929.6 0.7



Many studies underlined that bacteria are killed by copper
ions released from surfaces. This process seems to be more
effective in killing bacteria but bears the risk of unwanted
interactions with evolutionary higher organisms in concern of
cytotoxicities on cells. From the microbiological point of view,
copper ions enter the bacterial cells and interact with different
protein clusters, resulting in modified and enhanced ROS
(reactive oxygen species), which are responsible for bacteria
injuries or death.31 In contrast, copper-incorporated surfaces
without any metal leaching are favored in this study to avoid
unwanted side reactions induced by the released copper ions.
However, it has to be studied whether the contact of the
bacteria with copper-incorporated surfaces is also an important

and valid structure for killing bacteria. Previous studies with
Enterococcus hirae demonstrated that the concentration of
copper ions released from modified surfaces was not high
enough to impact this Gram-positive bacterium.32 Hence, an
alternative impact of solid metal or immobilized copper on
bacteria survival has to be discussed.
In fact, it was demonstrated that bacteria in contact with dry

Cu surfaces, in contrast to bulk exposed Cu ions, do not
proliferate and most of them are killed within minutes.31

Recent studies suggest that cells are not killed via the
accumulation of lethal mutations but rather due to the initial
damage of membranes.33−36 This, in turn, also leads to DNA
damage and the killing of cells. In consequence, this gives the
impression of genotoxicity as the underlying mechanism of
killing. Conversely, it is more likely that lipid peroxidation or
irreversible inactivation of essential membrane proteins
compromises membranes of exposed cells of Cu surface
beyond the point of recovery.31

Our approach opens up new perspectives addressing the
transport properties of the rim zone, which is essential for
chemical resilience in aggressive environments. Furthermore,
performance-oriented tailoring of the surface chemistry of the
compounds of porous systems represents an interesting
challenge to improve the durability without impairing the
strength as well as the temperature resistance of the material
and counteracting in this way the potential shortcomings of
conventional surface protection systems. We believe that the
detailed knowledge from basic research can finally be
transferred to industry for innovation. The incorporation of
new metals would be possible at different points during the
production of porous materials.

Figure 4. Lateral distribution of all components is very homogeneous, and this applies to all samples. The copper signal is correlated with CaO of
the respective samples along the sputtering time. This points to the incorporation of copper into the CSH volume.

Table 2. Results from Cu−CSH Samples Stored in 10 mL of
Water for Different Times at Room Temperature to
Determine the Degree of Leaching

name of the sample element concentration in mg/L

Cu-exchanged, leached for 1 h Ca 1.14
Cu <0.007

Cu-exchanged, leached for 3 h Ca 1.09
Cu <0.007

Cu-exchanged, leached for 6 h Ca 1.67
Cu <0.007

Cu-exchanged, leached for 17 h Ca 1.16
Cu <0.007

Cu-exchanged, leached for 24 h Ca 1.76
Cu <0.007

Cu-exchanged, 1 h etched by HCl Ca 0.474
Cu 0.016
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