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Abstract: Copper and copper-based compounds have broad spectrum antimicrobial activity, but concerns about
leaching into the environment and toxicity on non-target organisms is leading the use of copper-based coatings
being restricted. Our objective was to develop coatings that used the biocidal activity of copper, but with low
negative impacts by reducing its leaching into the environment. This study reports the synthesis and charac-
terisation of copper coordinating ligands, their formulation into coatings and testing of their antibacterial
activity. A polyacylhydrazone and a series of simple acylhydrazones were synthesised and coordinated to Cu(II),
but were considered unsuitable due to either their poor water-solubility or high levels of copper leaching. In an
alternative approach, copper was successfully chelated to the tetraazamacrocycle, cyclen, and used to synthesise
Cu(II)-cyclen functionalised silica particles, which were successfully combined with commercial paint formula-
tions. These functionalised products showed poor antibacterial activity when incorporated into epoxy coatings,
probably due to the low copper content of the formulations. However, these ligands may have other applications,
such as removal of heavy metals from contaminated effluent steams.
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GLYMO (3-glycidyloxypropyl)trimethoxysilane
Cn(Gm)n cyclen-(GLYMO)n
CnGmSiO2 cyclen-GLYMO-silica
ICP-MS inductively coupled plasma mass-spectrometry
NMR nuclear magnetic resonance spectroscopy
SEM-EDS scanning electron microscopy/energy dispersive X-ray spectroscopy
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Introduction

The use of copper as an antimicrobial agent has been known since ancient times. Copper and its alloys are able to
kill 99.9 % of pathogenic bacteria in 2 h and were officially recognised by the Environmental Protection Agency
(EPA) in 2008 as thefirst effectivemetallic antimicrobial agents [1]. Elemental copper and copper compounds have
a broad spectrum of antimicrobial activity against fungi, viruses, and bacteria by several mechanisms, although
membrane depolarisation is considered the main way in which copper exerts toxicity [2].

Current interest in the use of copper in antimicrobial coatings is demonstrated by the steady increase in
papers published and patents granted since 2000 [2]. However, the increased development and use of copper-
based antimicrobials leads to concerns about copper leaching into the environment and its toxicity on non-target
organisms. For instance, currentmarine antifouling paints usually incorporate high levels of copper (6–76 %) as a
biocidal agent [3–5]. They are designed to slowly release copper at the surface of the coating, but their use is
increasingly being restricted or banned due to environmental concerns about the non-target effects of leached
copper [5–8]. Whilst the risk of bacteria developing resistance to copper and other metal-based antimicrobials is
thought to be low there is evidence that some bacteria are developing copper tolerance and copper-resistance
genes have been [9, 10]. There is clearly a need for development of novel copper and other metal-based anti-
microbial products while minimizing copper leaching into the environment. Thus, our objective was to create
rechargeable coatings that are either manually recharged using solutions containing copper ions, or which draw
their biocidal ingredient from the environment (e.g. seawater) by incorporating Cu(II)-selective ligands to bind
Cu(II). This would make them antimicrobial and antifouling, while addressing environmental concerns. These
coatings have potential for usemultiple applications such as in themarine environment, as antifouling paints, but
would also have applications in the medical field, such as antimicrobial coatings against hospital-acquired
infections and biofilm formation on implanted devices (e.g. artificial prostheses, catheters, dental implants) [11].

Here, we report the synthesis and characterisation of Cu(II) coordinating ligands and their formulation into
coatings for use asmodifiers in the polymeric binders. In particular, a copper additive was generated through the
functionalisation of silica particles to provide a “drop-in” coating additive that could serve as a genericmodifier to
confer antibacterial bioactivity, optimally demonstrating compatibility with a wide range of coating composi-
tions. Methodology was developed to test the ability of various coatings to coordinate and retain Cu(II). The level
of copper leaching from each surface of the coating was assessed using a biological assay, indirectly by deter-
mining antibacterial activity during cell-based bioassay testing, and directly through quantitative measurement
using inductively coupled plasma mass-spectrometry (ICP-MS). In addition, Cu(II) containing surfaces were
assayed to determine the propensity for adherence of live bacteria. This test was to approximate how effective the
copper-containing surfaces would be in decreasing long-term biofouling in settings that avoid release of a high
proportion of copper into solution (solution phase being a proxy for the environment).

Materials and methods

Materials

Anhydrous solvents were obtained commercially, and Type I water (resistivity > 18.6 MΩ) was used throughout.
The model ligand, 1,4,7,10-tetraazacyclododecane (cyclen), was purchased from Chem-Impex International, Inc.,
IL, USA, and adipic acid dihydrazide (ADH) was supplied by Allnex GmbH (formerly Nuplex Industries). For silica
functionalisation reactions, silica gel (high-purity grade, pore size 60 Å, 220–440 mesh particle size, 35–75 µm
particle size; Sigma-Aldrich) was dried for 24 h at 180 °C under vacuum before use. All acids used for ICP-MS
analysis were double-distilled at sub-boiling temperatures in a Teflon system in-house, starting from reagent
grade acids to generate quality-controlled products. The acids were distilled at the azeotropic concentration (i.e.
68 % w/w for HNO3 and 20 % w/w for HCl) and then diluted, as needed, using Type I water, which was also
regularly checked as a blank.
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Air-sensitive reactions were performed under an atmosphere of argon. Normal-phase thin layer chroma-
tography (TLC) was completed on aluminium sheets coated with silica gel 60 F254 (Merck) and visualised by
staining or UV light. Flash chromatography was performed on a Reveleris® X2 flash chromatography system
(BUCHI) using FlashPure Cartridges (BUCHI), silica (50 µm), and a gradient of ethyl acetate in petroleum ether.

The strain of bacteria used in this work was Escherichia coli NZRM 3647, which was handled using aseptic
technique andmaintained by re-streaking from the seed stock everymonth for single colonies on agar plates. The
plates were stored at 4 °C, and the strain was stored at −80 °C in 25 % v/v glycerol in liquid medium. E. coli was
grown at 37 °C in nutrient broth, on nutrient agar plates, or inM63minimal medium (see Supporting Information
for details). All media were stored at 2–8 °C and handled using aseptic technique, which was implemented
whenever a sterile environment was required. Sterilisation of media via autoclaving was conducted at 121 °C for
20 min.

Analysis

All NMR spectra, including 1H, 13C, COSY, HSQC and HMBC experiments were recorded on a Bruker Avance 500
spectrometer or a Jeol JNM-ECZ500S spectrometer at 27 °C in deuterated solvents. The 1H NMR spectra were
referenced to tetramethylsilane (TMS) or the solvent peak, and the 13C NMR spectrawere referenced to the solvent
peak. The major solvent was referenced in mixed systems. Mass spectrometry was conducted on aWaters Q-TOF
Premier™ Electrospray 175 Mass Spectrometer with a MassLynx 4.1 operating system in positive mode. Samples
were prepared for analysis by mixing in aqueous methanol containing trace formic acid. IR spectra were
measured on a PerkinElmer Spectrum One FT-IR spectrometer with a Universal ATR sampling accessory or on a
Bruker Tensor II FT-IR spectrometer with a platinum ATR sampling accessory, and NIR spectra were measured
on a PerkinElmer LAMBDA 1050 UV/Vis/NIR spectrophotometer with a 3D WB Det. Module. A SpectraMax M4
Multi-Mode Microplate Reader (Molecular Devices) and Cary 50 Bio UV–Visible Spectrophotomer (Agilent) were
used to obtain UV–Vis spectra, measure absorbance, or measure OD600. The functionalised silica products were
analysed by an accredited chemical laboratory (Campbell Microanalytical Laboratories, University of Otago,
Dunedin, New Zealand) for CHN elemental and, in some cases, for ICP-MS analyses. CHN results were reported as
duplicateswithin 0.30 %of one another. All othermetals were analysed by ICP-MS on a Thermo Scientific Element
2 sector field ICP-MS. Images and the atomic compositions of coatings were obtained with an FEI Quanta 450
scanning electronmicroscope (tungsten filament) positioned at a 10 mmworking distance and an Apollo X Silicon
Drift Detector (EDAX) for SEM-EDS. Images were taken at 200× and 800× magnification with an electron beam
spot size set at 4 and an accelerating voltage of 20 kV. EDS measurements were conducted at 200×magnification
with the following parameters: spot size 6 (>1000 cps), 20 kV accelerating voltage, 30 s live time, 1.6 µs amplitude
time, 35–36° take-off angle, and 129 eV resolution. BET surface area analyseswere conducted on a Flowsorb II 2300
Surface Area Analyser (Micromeritics) at 21.6 °C and 1027 hPa. In bacterial adherence testing, sonication was
carried out with a Bandelin Sonopuls Ultrasonic Homogeniser mini20 (2.0 sonotrode, 2.5 tip). Samples were
centrifuged at 3000 relative centrifugal force (RCF) in a Rotina 380 centrifuge (Hettich).

The optical densities of bacterial cultures were measured at 600 nm with a Unicam Helios UV–Vis spectro-
photometer (Biolab Scientific Ltd.) in 1 mL cuvettes (1 cm path length). The appropriate growthmediumwas used
as a blank and to dilute the sample, as needed. Graphswere created and statistical analyseswere performed using
GraphPad Prism 8 (GraphPad Software, Inc.) or Microsoft® Excel® for Office 365. The bacterial enumeration data
were presented as the mean value ± the standard deviation (SD), and statistical analyses were conducted when
therewere three ormore biological replicates for each sample in the experiment. To determine if themeans from
two data sets were significantly different from each other, a two-sample, two-tail Student’s t-test (unequal
variance) was conducted, and the difference was considered to be significant when the p-value was <0.05. For
the graphs, statistical significance was denoted as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. One-way analyses
of variance (ANOVAs) were completed to determine if the differences between the means of two or more
independent data sets were statistically significant, and Tukey’s post hoc test was used to identify which groups
were statistically different.
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Synthesis and testing of polyacylhydrazone and simple acylhydrazones

Synthesis

Awater-soluble polyacylhydrazone (DiLevDEG/ADH)was synthesised from dilevulinoyl diethylene glycol (DiLevDEG)
and adipic acid dihydrazide (ADH) as described previously [12]. Simple acyldihydrazone test compounds were
synthesised following the procedure of Zha and You [13] as described previously [12].

Copper chelation

The polyacylhydrazone copper complex (Cu(II)-DiLevDEG/ADH) was prepared by adding an aliquot of DiLevDEG/
ADH solution (∼50 % w/v; 56 µL) to Cu(NO3)2·3H2O (32 mg, 0.13 mmol) dissolved in water (1 mL). The UV–Vis
spectra of DiLevDEG/ADH, the Cu(II)-DiLevDEG/ADH complex, and Cu(NO3)2 (50 mM, aq) were recorded as dilute
solutions.

Paint/coating formulation

A50%w/v aqueous solution ofDiLevDEG/ADHwas formulated in a commercial acrylic paint preparation as described
inDaines et al. [12]: 35 %w/wof the resinwas substitutedbyDiLevDEG/ADH to giveDAp/acr. For comparison, standard
acrylic paint was prepared using a conventional recipe [12]. Following formulation and drying on a surface the paints
were exposed to Cu(II) and tested for their Cu(II)-retention as well as impact on bacterial growth.

Antibacterial testing

The effects of theDAp/acr and acrylic paints (±Cu(II)) on the growth of E. coliNZRM3647were determined. Towells in a
24-well plate (JET BIOFIL®), 250 µL of DAp/acr paint, acrylic paint, or a commercial marine paint (Altex Yacht and Boat
Paint, AblativeAntifoulingNo. 5; 40–50%w/wCu2O)was added, and theplatewas agitatedwhile drying, to coat thewell
bottoms evenly. The paintswere cured at 25 °Cwhile shaking gently for 72 h to dry, thenwashedwithwater (3× 500 µL)
and air-dried. An aqueous solution of Cu(NO3)2 (50mM; 500 µL/well)was added to a rowofwells coatedwith the acrylic
paint (“Acrylic + Cu(II)”) and a row ofwells coatedwith the DAp/acr paint (“DAp/acr + Cu(II)”). Water (500 µL/well) was
added to a rowof uncoatedwells and to rows ofwells coatedwith the DAp/acr, acrylic andmarine paints. After 24 h, all
wells were washed with water (3 × 500 µL), air-dried, and sterilised with UV light for 20min. The approximate surface
area of the paint in each well was measured. An culture of E. coli NZRM 3647 was prepared overnight by inoculating
nutrient broth (3mL)with a colony fromanutrient agar plate and incubating for 16 h at 37 °Cwith shaking. This culture
wasdiluted 1:1 v/vwithnutrient broth, and analiquot of the diluted culture (500 µL; 1.3× 108 CFU/mL)was added to each
well. The plate was incubated at 37 °C, and the OD600 of the culture in eachwell wasmeasured at t = 0, 2, 4, 6, 8, 10, and
24 h to generate growth curves. The experiment was repeated independently three times.

Quantification of Cu(II) leaching

The wells in a 24-well plate were coated with DAp/acr paint, acrylic paint, or a commercial marine paint as
described above. Nutrient broth (500 µL) was added to each well and the plate was incubated at 37 °C for 24 h. The
supernatant was removed from each well, diluted 10,000×with nitric acid (3 % v/v aq), and analysed by ICP-MS to
quantify the copper that had leached into the nutrient broth.

Assessment of DiLevDEG/ADH polyacylhydrazone leaching

The bottom of a well in a 24-well plate was coated evenly with 260mg of the DAp/acr paint and was cured at 50 °C
for 24 h. The cured paint was washed with water (3×), air-dried and deuterium oxide (500 µL) was added and left
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for 24 h. The 13C NMR spectrum of the resulting deuterium oxide solution was recorded and compared to the
spectrum of DiLevDEG/ADH polyacylhydrazone.

Synthesis and testing of silica-cyclen-copper complexes

Functionalisation of silica with cyclen

Two methods were utilised for the functionalisation of silica with cyclen (1,4,7,10-tetraazacyclododecane), as
shown in Scheme 1. The difference in these two methods is the order in which the particle-ligand system is built,
but is ultimately intended to produce identical products. Detailed methodology is provided in the Supplementary
Information.

For Method 1, four procedures were trialled for synthesis of GLYMO-silica (CnGmSiO2) as summarised in
Table 1. Subsequent functionalisation with cyclen was modelled on the procedure of Gros et al. [14]. Briefly,
GmSiO2 was end-capped by suspending in trimethylchlorosilane (TMCS; 92 mmol) and heating at reflux tem-
perature for 4.25 h under argon. The silica product was vacuum filtered, washed with water to neutral pH, and
dried for 18 h under high vacuum. Next, an aqueous solution of cyclen (59 mL, 3.3 mmol) inwaterwas added to the
end-capped GmSiO2 and the suspension heated at 80 °C for 48 h with occasional gentle swirling. The resulting
product was filtered to remove excess cyclen and was washed with dilute hydrochloric acid (0.1 M; 2 × 10 mL),
then water (until the filtrate no longer turned a dark blue colour upon the addition of 50 mM CuSO4), and hot
methanol.

ForMethod 2, six procedures were trialled for the synthesis of cyclen-GLYMO (Cn(Gm)n) as summarised in
Table 2. Immobilisation of Cn(Gm)n on to silica was done in the presence or absence of Cu(NO3)2 to produce
preloaded Cu(II)-CnGmSiO2 and free, uncoordinated CnGmSiO2 (Table 2). A solution of Cu(NO3)2 in methanol was

Scheme 1: Two silica
functionalisation methods.
Method 1: reaction between
GLYMO and the silanol groups of
silica (SiO2) to produce
GLYMO-functionalised silica
(GmSiO2). Then, the reaction
between GmSiO2 and cyclen to
produce cyclen-GLYMO-silica
(CnGmSiO2). Method 2: GLYMO
and cyclen react first to produce
cyclen-GLYMO (CnGm), and then
CnGm reacts with silica to pro-
duce CnGmSiO2.

Table : Reaction conditions for GmSiO synthesis.

Conditions Procedure 1 Procedure 2 Procedure 3 Procedure 4

SiO (g) . (dry) . (dry) . (wet) . (dry)
GLYMO (g, mmol) ., . ., . .,  ., 
Anhydrous toluene (mL)   – 

Triethylamine (µL) – – – 

Temperature (°C)  (RT)   . (reflux)
Time (h)    
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added to the crude Cn(Gm)n for copper incorporation into the ligand. Then, methoxysilane groups were
hydrolysed following the procedure of Lu [15]. Briefly, methanol, aqueous ammonium hydroxide (28 % v/v) and
silica (26.68 g) were added to the reaction mixture, and stirred and heated for 1 h at 60 °C. The mixture was
concentrated under vacuum and the royal blue Cu(II)-CnGmSiO2 product was washed by Soxhlet extraction with
water for 24 h, then dried. Uncoordinated CnGmSiO2 was prepared in the same way, but without addition of
copper(II) nitrate.

Incorporation of CnGmSiO2 into coatings

A two-pack epoxy was prepared by mixing a commercial hardener (Ancamine® 2459 Curing Agent; Air Products
and Chemicals, Inc., PA, USA) and a commercial epoxy resin (Epikote™ 235; Resolution Performance Products,
Columbus, OH, USA) in accordance with the manufacturer specifications: 0.563 g Ancamine® 2459/g Epikote™ 235.
Immediately following manual mixing of the two components, one coat of the viscous, dark yellow epoxy resin
was applied to a single side of a black vinyl chloride/acetate copolymer (black scrub test panel, Leneta). An
inverted funnelwas then used to add silica to a defined surface area of the still-uncured resin so that, atminimum,
one layer of silica covered the resin. The coating was allowed to cure at room temperature overnight, and, the
following day, the procedure was repeated for the second side. After allowing the second side to cure at room
temperature overnight, the silica/epoxy (SiO2/epx)-type samples were brushed, washed with water, and dried
with compressed air, and squares (23 mm × 23 mm) coated on both sides were cut from the material. These
squares were tested immediately for bacterial adherence. The four silica samples prepared for testing were as
follows: 1) CnGmSiO2 (free ligand), 2) CnGmSiO2 + Cu(II) (post-loaded), 3) Cu(II)-CnGmSiO2 (pre-loaded), and 4)
unfunctionalised SiO2. To post-load CnGmSiO2, the squares coated on both sides with CnGmSiO2 were submerged
in an aqueous solution of an excess of Cu(NO3)2 (50 mM; 16.5 mL) for 24 h, washed with water, dried with
compressed air, and tested immediately for bacterial adherence. Images and the elemental composition of the
SiO2/epx-type coatings were obtained by SEM-EDS.

Bacterial adherence assay

The ability of the coatings to deter the adherence of bacteriawas assessed by determining the attachment of E. coli
NZRM 3647. An uncoated sample square and sample squares coated with the commercial epoxy resin andmarine
paint were also tested. An overnight culture was prepared by inoculating nutrient broth (3 mL) with a colony of
E. coli NZRM 3647 from a nutrient agar plate and incubating for 16 h at 37 °C with shaking. The squares were
sterilised with UV light for 20 min per side in a laminar flow hood, and then each of the sterilised squares were
submerged in overnight culture diluted with M63 minimal medium to OD600 0.05 (final volume 16.5 mL; 5 ± 2
(×107) CFU/mL). The diluted cultures were incubated 24 h at 37 °C without shaking. Following incubation, the
OD600 of each culture was measured, and the squares were transferred to sterile saline (20 mL) for 5 min to
remove planktonic bacteria. A pipet was used to rinse both sides of the squares with sterile saline (500 µL/side)

Table : Reaction conditions for Cn(Gm)n synthesis.

Conditions Procedure 1 Procedure 2 Procedure 3 Procedure 4 Procedure 5 Procedure 6

GLYMO (mmol) . . . . . .
Cyclen (mmol, eq) ., . ., . ., . ., . ., . ., .
Al(OTf) (mmol) – – – . . –

Solvent : MeOH:HO Toluene Toluene CHCl CHCl CHCl
Volume solvent (mL) . .    

Temperature (°C)  (RT) . (reflux) . (reflux)  (RT)  (RT)  (RT)
Time (h)   .   – days
Reference [] [] [] –
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before transferring the squares to tubes containing sterile solutions of 0.05 % v/v Tween 20 in saline (final volume
20.0401 mL). These solutions were vortexed 2 min at maximum speed and sonicated 8 s at 40 % amplitude to
detach bacteria from the squares. Serial dilutions (10×) of the solutions were performed to count colonies by the
drop plate method. The experiment was independently repeated three times.

Measurement of copper leaching

The concentrations of copper leachate from CnGmSiO2 + Cu(II)/epx, Cu(II)-CnGmSiO2/epx, and the marine paint were
determined by incubating the test squares in M63 minimal medium statically for 24 h at 37 °C. This experiment was
conductedwithandwithoutE. coli in order todetermine if thepresenceofbacteria affected copper-leaching.After 24 h
incubation of the samples with E. coli, each culture was filter-sterilised and centrifuged, and the supernatant was
isolated for analysis. All solutions were diluted, as needed, with dilute nitric acid for copper quantification by ICP-MS.

Results and discussion

Polyacylhydrazone and simple acylhydrazones

We previously synthesised a water-soluble polyacylhydrazone from dilevulinoyl diethylene glycol (DiLevDEG)
and adipic acid dihydrazide (ADH) and incorporated it as part of the resin into a commercially available acrylic
paint [12]. For the present study, we postulated that the acylhydrazone functionality of DiLevDEG/ADH had the
potential to coordinate Cu(II) in a five-membered chelate ring by bidentate coordination through the carbonyl
oxygen and azomethinic nitrogen atom (Fig. 1).

Following synthesis of DiLevDEG/ADH, addition of Cu(NO3)2 to an aqueous solution gave a colour change that
indicated Cu(II)-coordination due to modification of the d-d transitions, in which the excitation of an electron
from a lower-energy to a higher-energy d-orbital (i.e. t2g→ eg) occurs [19]. The UV–Vis spectrum provided further
evidence of Cu(II)-chelation by the DiLevDEG/ADH polyacylhydrazone with absorption at both higher
(λmax = 782 nm) and lower (shoulder starting below ∼470 nm) wavelengths compared with DiLevDEG/ADH alone
which absorbed at lower wavelengths, beginning around 420 nm (Figs. 2 and 3).

Fig. 1: Proposed Cu(II)-chelation
by the acylhydrazone
functionality in DiLevDEG/ADH.

Fig. 2: Colour change of the aq DiLevDEG/ADH solution upon
the addition of Cu(NO3)2, caused by d–d transitions
(t2g → eg; Δ0 = crystal field splitting).

H. Robinson et al.: Cu(II) complexes using acylhydrazones 555



Next, DiLevDEG/ADH was formulated into a paint (DAp/acr) with 35 % w/w substitution of the resin and,
following exposure to Cu(NO3)2, tested for its ability to bind and retain Cu(II) and its ability to inhibit bacterial
growth. The growth of E. coli NZRM 3647 was assessed when in contact with the acrylic paint (with or without
Cu(II)), 35 % w/w DAp/acr paint (with or without Cu(II)), and a commercial marine paint (Fig. 4).

Unexpectedly, the Acrylic+ Cu(II) coating displayed greater growth inhibition than both themarine andDAp/
acr + Cu(II) paints. Since release of copper ions is necessary for antimicrobial activity in this assay, a weaker
association of Cu(II) in the Acrylic + Cu(II) paint compared with the DAp/acr + Cu(II) paint could explain the
differences in antibacterial activity between these coatings. To test this hypothesis, ICP-MS measurement of the
amount of copper leached from paint into the nutrient broth after 24 h (Table 3) was performed, and showed that
the Acrylic + Cu(II) paint had leached the greatest amount of copper and the marine paint the least, suggesting
that the inhibition of E. coli NZRM 3647 growth was related to the amount of Cu(II) released. The DAp/acr + Cu(II)
paint had an approximately equivalent inhibitory effect to the marine paint, however, this effect was also
attributed to its release of copper which was higher than for the marine paint.

In addition to growth inhibition by the copper-containing paints, we also observed considerable inhibition by
DAp/acr without Cu(II). This suggested that therewas leaching of the DiLevDEG/ADH polyacylhydrazone from the
coating, and that this species may also have antimicrobial activity. Leaching of the DiLevDEG/ADH poly-
acylhydrazone binder was confirmed by comparing the 13C NMR spectrum of the leachate with that of DiLevDEG/
ADH (Fig. 5).

Resonances for C2 (C=N) were observed at 163.0 and 159.1 ppm, and the signal for C5, the hydrazone carbonyl,
was observed at 173.1 ppm. The signal ratio of end-group C6 to C4was approximately 1:4 in the leachate spectrum
compared with 1:11 in the reference spectrum, indicating that the polyacylhydrazone was releasing small

Fig. 3: UV–Vis spectra of DiLevDEG/ADH, Cu(NO3)2, and
Cu(II)-DiLevDEG/ADH.

0 10 20

0.4

0.6

0.8

Time (h)

Uncoated

Marine Paint

Acrylic

Acrylic + Cu(II)

DAp/acr

DAp/acr + Cu(II)
Fig. 4: Growth curves (OD600 vs. time) of E. coli NZRM 3647
in uncoated wells and wells coated with the acrylic (±Cu(II)),
35 % w/w DAp/acr (±Cu(II)), and marine paints. The error
bars show the standard deviation (SD) from three biological
replicates.

Table : Amounts of copper leached into nutrient broth after  h from Cu(II)-loaded paints and commercial marine paint.

Coating Cu (ppm) Cu (µg) Cu (mM)

Acrylic + Cu(II)  ± 
a

 ±  . ± .
DAp/acr + Cu(II)  ±   ±  . ± .
Marine paint  ±  . ± . . ± .

aMean ± SD, n = . ppm = µg/mL, µg/g.
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molecules and/or monomers into solution. Other resonances not attributed to DiLevDEG/ADH were observed in
the spectrum of the leachate, indicating that other unidentified compounds were also leached from the DAp/acr
paint.

Overall, these results revealed that the DAp/acr paint was unsuitable as an antifouling coating. Nevertheless, the
ability of the polyacylhydrazone to coordinate Cu(II) and its successful formulation into a paint, suggested that simple
acylhydrazones may be suitable as a candidate Cu(II)-ligand class for antifouling coatings. Encouragingly, there is
separate evidence that Cu(II)-acylhydrazone complexes have antimicrobial activities, with 2-thiophenecarbonyl
hydrazone of 3-isatin bound to Cu(II) showing antibacterial activity against both Gram-positive and Gram-negative
bacteria [20]. Consequently, a series of acylhydrazones were synthesised (Scheme S1, Supporting Information) using
standard chemistry [13], the anticipated structures of which were confirmed by NMR spectrometry and supported
by high-resolution mass spectrometry (HRMS) (Supporting Information). Disappointingly, the products were only
soluble in dipolar aprotic solvents (DMF and DMSO), and their poor water-solubility rendered them unsuitable
for formulation in paint coatings.

Cyclen and cyclen-modified silica

Given the unsuitability of acylhydrazones for our purposes, we therefore turned our attention to tetraaza/
oxatriaza macrocycles (specifically cyclen, 1,4,7,10-tetraazacyclododecane) as an alternative Cu(II) ligand class
due to their Cu(II)-selectivity, antimicrobial activity, favourable KCu(II)L values, and more suitable solubility
profiles. These types of compounds have shown excellent performance as ligands for various metals and can be
functionalisedwith side arms that permit their other characteristics to bemodifiedwithout impeding their ability
to chelate metals [11, 21–26].

Fig. 5: 13C NMR spectra (crude; D2O) of the leachate (top) and DiLevDEG/ADH polyacylhydrazone (bottom) with select carbon assignments
(δC 118.0 ppm = acetonitrile).
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To start, cyclen and CuCl2 were allowed to react in MeOH for 2 h yielding a dark blue precipitate. ESI-HRMS
affordedm/z 234.0916 consistent with a 1:1 Cu(II):cyclen complex (C8H19CuN4 [M−H]+). The UV–Vis spectrum of the
Cu(II)-cyclen complex showed an absorption peak with λmax = 590 nm, similar to that reported for other Cu(II)-
cyclen derivative complexes [27, 28]. To incorporate cyclen into a coating binder, several combinations of amine
and/or alcohol components with a cycloaliphatic diisocyanate (Desmodur®W (Covestro)) were trialled to produce
polyurea or polyurethane coatings, respectively (Scheme S2, Table S1). However, these combinations resulted in
polymers that displayed physical characteristics that were unsuited to coatings or showed no observable poly-
merisation at all (Table S2). Similarly, trials to incorporate cyclen, cyclam, DETA, and PEI, respectively, as curing
agents and/or surface-modifiers in a two-pack epoxy system resin (Epikote™ 235) produced coatings with un-
desirable physico-mechanical properties, making them unsuitable as an antifouling coating (Tables S3, S4 and S5;
Scheme S3). Therefore, we sought alternative methods of incorporating the Cu(II)-ligand complexes, specifically
considering silica, which is already widely employed in the coatings industry.

Cyclen modified silica

Silica is a low-cost, common additive and extender that can enhancemultiple properties of coatings and is found in
several coating types, including antifouling coatings. Mesoporous silica nanoparticles functionalised with quater-
nary ammonium salts and formulated into a coating, have been found to reduce biofouling coverage from 39% to
below 10% [29]. These results suggested that modified silica particles are rich with potential to serve as functional
fillers in antifouling coatings. The known positive influence of silica on the physical characteristics of the coatings,
together with their existing demonstrated antifouling characteristics, led us to consider this material as a solid
support for the cyclen ligands and/or Cu-complexes. The incorporation of cyclen in a coating through the modifi-
cation of silica, was considered as a flexible strategy since copper loading could, in theory, be undertaken before or
after formulation into a surface coating. In addition, the inclusion of aza-macrocycles into surface coatings using
silica particles should reduce leaching of the loaded copper into seawater (due to the macrocycle’s high copper
affinity), while still presenting copper ions at the surface of the coating at its coating-liquid interface [30].

Twomethods were trialled for functionalisation of silica with the cyclen ligand; method 1 in which the reaction
between GLYMO and the silanol groups of silica gives GmSiO2, and then the reaction between GmSiO2 and cyclen
produces CnGmSiO2; method 2 where GLYMO and cyclen react first to produce CnGm, and then CnGm reacts with
silica to produceCnGmSiO2. All attempts to synthesise CnGmSiO2 viamethod 1wereunsuccessful. Severalprocedures
for the synthesis of GmSiO2were evaluated and the outcomes are summarised in Table 4. Procedure 1 yieldedmostly
unreacted GLYMOwith almost no functionalisation of the silica. The other procedures yielded GmSiO2 with varying
degrees of functionalisation, but only procedure 4 showed evidence of silica modification (appearance of the epoxy
ring C–O stretch peak at 908–920 cm−1 in the IR spectrum; Fig. S1, Table S6). Unfortunately, attempts to end-cap
GmSiO2 and subsequent synthesis of CnGmSiO2 were unsuccessful, as determined by IR spectroscopy.

Turning to the synthesis of CnGmSiO2 via method 2, several procedures were trialled to synthesise Cn(Gm)n
(Scheme 2, Table 2).Most of the procedures trialledwere unsuccessful and only the reaction of GLYMOwith cyclen
(1.1 eq) in anhydrous chloroform at room temperature under dry conditions and an argon atmosphere (Table 2,

Table : Method  outcomes of GmSiO synthesis using different procedures as shown in Table .

Outcomes Procedure 1 Procedure 2 Procedure 3 Procedure 4

GLYMO filtrate (g) . . . .
GLYMO – GLYMO filtrate (g) . . . .
GLYMO recovered (%)    

GmSiO (g) . . . .
GmSiO – SiO (g) . . . .
GmSiO: mmol GLYMO/g SiO . . . .
Functionalisation (%)a    

aThe percent functionalisation was calculated by comparing mmol GLYMO/g SiO to the ideal (.mmol modifier/g SiO) [].
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procedure 6), showed the reaction go to completion. This was evident in the 1H NMR spectra of the recovered
product (Fig. 6) from the disappearance of the resonance associate with the H2 proton of the epoxide at δH 3.14.
The presence of the CnGm product was confirmed by HRMS (m/z calcd for C17H41N4O5Si [CnGm + H]+ 409.2846;
found 409.2843). The regioselectivity of the ring-opening reaction was determined through 2-D NMR experiments
(HSQC; (1H, 13C)- and (1H, 15N)-HMBC; COSY) (Figs. S2 and S3).

The CnGm product was then taken for synthesis of CnGmSiO2 and pre-loaded Cu(II)-CnGmSiO2 (Scheme 3). To
create the preloaded Cu(II)-CnGmSiO2, first excess of copper(II) nitrate (aq, light blue solution) was added to the
CnGm reaction mixture in chloroform and the complexation was evidenced by the colour change of the reaction
mixture from colourless to dark blue. Initial attempts to synthesise Cu(II)-CnGmSiO2 using 0.05 % v/v aqueous
ammonium hydroxide at room temperature to hydrolyse the GLYMO methoxy groups followed by addition of

Scheme 2: Synthesis of Cn(Gm)n.

Fig. 6: 1H NMR spectra (CDCl3, δH 4.00–3.00 ppm) of GLYMO and the samples at 3, 5, 6, and 10 days from the Cn(Gm)n procedure 6 reaction
mixture, showing the change in the spectrum with the progression of the ring-opening reaction. H is the proton responsible for the
indicated peak.
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silica, concentration of the reaction mixture under vacuumwhile heating, and Soxhlet extraction yielded a royal
blue Cu(II)-CnGmSiO2 product. CHN analysis of the product revealed a percent functionalisation of the silica was
only 32 %. We hypothesised that this low degree of functionalisation was due, at least partly, to incomplete
hydrolysis of the GLYMO methoxy groups which would preclude subsequent silica modification. Monitoring the
hydrolysis in 0.05 % v/v aqueous ammonium hydroxide at room temperature showed that while 78 % of the
methoxy groups were hydrolysed within 0.2 h, hydrolysis was still incomplete after 4.7 h (Fig. 7).

Increasing the percentage of ammonium hydroxide to 1 % v/v (CD3OD, 3.7 % v/v H2O, 11 % v/v CHCl3) and
heating at 60 °C gave almost complete hydrolysis of the methoxy groups in 1 h. Subsequent addition of silica and
concentration of the mixture under vacuum promoted the dehydration/condensation reactions, and Soxhlet
extraction of the product yielded dark blue Cu(II)-CnGmSiO2. The degree of functionalisation of this silica was

Scheme 3: In order to synthesise Cu(II)-CnGmSiO2, Cu(II) may be added first to produce the Cu(II)-CnGm complex (1). Then, hydroly-
sis of the methoxysilane groups (2) is followed by the addition of silica (3) and heating and concentration (4) to drive the
dehydration/condensation reaction (5). Finally, the ±Cu(II)-CnGmSiO2 product is washed via Soxhlet extraction (6).

Fig. 7: 1H NMR spectra (CDCl3) of GLYMO (δH 3.61–3.43 ppm), following methoxy group hydrolysis over time.
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73 %. A similar degree of functionalisation was observed for the two batches of CnGmSiO2, 75 and 88 % func-
tionalisation respectively.

Measurement of the copper content of the two pre-loaded batches of Cu(II)-CnGmSiO2 products showed
that the one with higher degree of functionalisation had 2.60 % copper, compared with 0.48 % for the one with
a lower degree of functionalisation. After exposure of the CnGmSiO2 products to aqueous Cu(NO3)2 solutions
for 24 h (post-loading with Cu(II)) the measured copper contents were 0.96 % w/w and 1.02 % w/w, respectively.
Previous studies found that harsh conditions (2–3 h refluxing in ethanol with an excess of Cu(II)) were necessary
for complete metallation of cyclam-modified silica [32–34], which may account for the lower loading obtained
for post-loading with Cu(II) compared with pre-loaded Cu(II)-CnGmSiO2.

These functionalised silica productswere incorporated into coatings using a two-pack epoxy system, composed of
an epoxy resin and a commercial hardener. Resins containing CnGmSiO2 were post-loadedwith Cu(II) by submerging
in an aqueous solution containing an excess of Cu(NO3)2 for 24 h, washed with water and dried. Magnified images of
the SiO2/epx-type coatings scanning electron microscopy revealed consistent, but inhomogeneous, surface coverage
with the functionalised silica products and photographs of the prepared squares are shown in the top left-hand corner
(Fig. 8). Analysis of the elemental compositions of the coatings obtained via scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM-EDS) showed the presence of the copper, although the results varied compared to
the ICP-MS analysis of silica products due to the inhomogeneity of the surfaces: (1.02 % w/w (ICP-MS) vs. 1.0 %
(SEM-EDS) for CnGmSiO2 + Cu(II)/epx and 2.60% w/w (ICP-MS) vs. 1.4 % w/w (SEM-EDS) for Cu(II)-CnGmSiO2/epx
copper (Tables S7 and S8).

The ability of these coatings to deter the adherence of bacteriawas assessed by determining the attachment of
E. coli (NZRM 3647). The results of the assay showed that there was no deterrence of bacterial adhesion on any of
the functionalised silica coatings (Fig. 9), including the biocide-containing CnGmSiO2 + Cu(II)/epx and Cu(II)-
CnGmSiO2/epx coatings. Interestingly, Cu(II)-CnGmSiO2/epx had the greatest number of viable, adherent bacteria,
and this result was statistically different from the adherence results for all of the other coatings but SiO2/epx. The

Fig. 8: SEM secondary electron
images at 200×magnification of
the SiO2/epx-type squares to be
tested for bacterial adherence
(HV 20 kV, spot size 4, WD
10 mm, LFD). The coatings
include SiO2/epx,
Cu(II)-CnGmSiO2/epx
(preloaded), CnGmSiO2/epx, and
CnGmSiO2 + Cu(II)/epx
(postloaded), and pictures of
these coatings are in the top left
corner of each SEM image.
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number of bacteria attached to Cu(II)-CnGmSiO2/epx was approximately six-fold higher than the number for
CnGmSiO2/epx and CnGmSiO2 + Cu(II)/epx and approximately twice the number for SiO2/epx. This was unex-
pected, given that Cu(II)-CnGmSiO2 had the highest % w/w copper (2.6 %) out of all of the SiO2/epx-type coatings.
The marine paint gave the lowest CFU/cm2 (±SD), at the LOD of the assay, and none of the other coatings had
comparable activity.

In order to investigate possible factors impacting the adherence results, the amount of copper leaching from
each copper-containing coating into themediumduring the 24 h incubationwasmeasured, both in the presence and
absence of E. coli (Table 5). Although the copper concentrations in the marine paint (40–50 % w/w) and Cu(II)-
CnGmSiO2 (2.6± 0.3 %w/w)were vastly different, the concentrations of copper leachate in theabsenceofE. coliwere
statistically equivalent: 3.3 ± 0.5 ppm (52 ± 8 µM) and 3.6 ± 0.3 ppm (57 ± 5 µM). The concentration of copper leached
fromCnGmSiO2+Cu(II)/epxwas slightly lower (2.3± 0.1 ppm, 36± 2 µM) than the other coatingswhenbacteriawere
absent. Interestingly, the presence of bacteria resulted in increased copper-leaching for all samples, and
CnGmSiO2 + Cu(II)/epx leached the most copper (12 ± 2 ppm, 190 ± 30 µM), while the marine paint (7.3 ± 0.4 ppm,
115 ± 6 µM) and Cu(II)-CnGmSiO2/epx (6.0 ± 0.4 ppm, 94 ± 6 µM) leached similar, lower amounts. This increase in
copper-leaching in the presence of E. coli could be due to the uptake of Cu(II) from the surface by bacteria, since
cations are attracted to the negatively charged lipopolysaccharide (LPS) in the outer membrane [35, 36].

Fig. 9: Results of E. coli NZRM
3647 CFU/cm2 on the
SiO2/epx-type coatings (pictured
right), as well as on uncoated
squares, the epoxy resin, and the
marine paint. The bars represent
the mean (biological
replicates = 6 for “Uncoated”,
biological replicates = 3 for all
others) ± SD. To determine if the
means from the data sets were
significantly different from each
other, a one-way ANOVA with
Tukey’s post hoc test was
conducted, and the difference
was considered to be significant
when the p-value was <0.05
(*p < 0.05, **p < 0.01,
***p < 0.001;
LOD = 106 CFU/cm2).

Table : The OD of the E. coli cultures after  h incubation and the copper content of the test squares, as well as the copper-leachate
concentrations after  h.

Coating OD600 (24 h, M63)a % w/w Cub ppm (µM) Leached Cua

CnGmSiO/epx . ± .  –

CnGmSiO + Cu(II)/epx . ± . . ± .a . ± . ( ± )c,  ±  ( ± )d

Cu(II)-CnGmSiO/epx . ± . . ± .a . ± . ( ± )c, . ± . ( ± )d

SiO/epx . ± .  –

Epoxy . ± . – –

Uncoated . ± . – –

Marine paint . ± . – . ± . ( ± )c, . ± . ( ± )d

aMean ± SD. Experiment repeated ×. b% w/w Cu in the (un)functionalised silica component or in the marine paint. cM minimal medium
without E. coli NZRM . dM minimal medium with E. coli NZRM .
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Copper leachate concentrations were measured because they were thought to be relevant to the bacterial
adherence results, but there was not a straightforward relationship between the two. The marine paint and
Cu(II)-CnGmSiO2/epx leached the same amount of copper (94–115 µM, Table 5), but there was an almost 3 Log10
reduction in the number of viable, adherent bacteria when the test square was coated with the marine paint
instead of Cu(II)-CnGmSiO2/epx (Fig. 9).

The mechanisms of the contact killing of bacteria on a copper surface are not fully understood, but there is a
consensus in the literature that copper ions released from the surface play a role [9, 37, 38]. It is proposed that,
following damage to the bacterial cell membrane, the influx of copper ions into the cell causes oxidative damage
by ROS and enzyme inhibition, leading to cell death and DNA degradation [37,39]. In culture, copper toxicity is
due to the displacement of iron by copper in iron-sulfur cluster dehydratases, which are essential for the
branched-chain biosynthesis of amino acids [40].

The unexpected results of the bacterial adhesion assays may be attributed to the relationship that exists
between surface roughness and bacterial colonisation. Rough surfaces have a greater surface area for bacterial
adhesion and can provide shelter from shear forces that would otherwise remove the bacteria [41]. However, it
was observed that at the appropriate biocide concentration, even if the surface is rough, bacterial adhesionwill be
deterred. Kozlovsky et al. [42] assessed antibacterial activity (against Streptococcus mutans) of chlorohexidine
(CHX) on titanium disks that were either sand-blasted, acid-etched or machine-smoothed. Greater surface area of
the rough disk providedmore sites for adsorption of CHX resulting in improved antibacterial activity compared to
smooth surface [42]. Therefore, in future workwe aim to achieve a high enough copper concentration at the silica
surface to overcome the positive effect of the rough surface on bacterial growth.

Conclusions

In conclusion, we present the synthesis of Cu(II)-selective ligands for the development of antimicrobial coatings.
With the cyclen-based ligands we have shown they can be attached to silica and mixed with commercial paint
formulations. Testing the adherence of E. coli to the SiO2/epx-type coatings revealed that the functionalised silica
coatings, with and without Cu(II), did not deter cellular attachment. This could be due to relatively low copper
content of the formulations compared to the Marine Paint (40–50 %w/w Cu). Pre-loading the ligands with copper
(before silica functionalisation) seems to result in a higher surface copper concentration then post-loading, but
still not enough to achieve the desired bactericidal concentration on the surface despite leaching out similar
amounts of copper as the marine paint. In fact, the pre-loaded Cu(II)-CnGmSiO2/epx coated surface had
the greatest number of viable adherent bacteria. Formulations including polyacylhydrazones were generally
ineffective for the purposes of avoiding biofouling. On the other hand, that we identified beneficial effects with
these systems, evenwithout the presence of copper ions, implies that they retain potential to be used as sacrificial
components of paints with the view to inhibiting the growth of organisms on those paint surfaces.
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