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The search for new bioactive molecules and sustainable materials to address antimicrobial resistance continues
to be of significant attention in many research areas. In this work, new copper(i) coordination polymers and
complexes containing ammonia and aromatic carboxylate ligands were self-assembled, characterized, and
applied as bioactive dopants to produce starch-based biopolymeric films. The structures of [Cu(NH3)>(nca),]
(1) (Hnca = 2-naphthoic acid), [Cu(NH3),(n-ndca)l, (2) (Hondca = 2,6-naphthalenedicarboxylic acid), and
[Cu(NH3)5(u-obball,, (3) (H,obba = 4,4’-oxybis(benzoic acid)) reveal discrete monocopper(i) units in 1 or 1D
coordination polymer chains in 2 and 3. In all compounds, the hexacoordinate Cu(i) centers feature an
octahedral {CuN,O4} environment with mutually trans ammonia ligands. The compounds 1-3 were used as
bioactive Cu-dopants (5%) to prepare biopolymeric films, 1-3@lPS], and 1-3@[PS-MCC],, based on
sustainable and low-cost biofeedstocks such as potato starch (PS) or its mixture with microcrystalline
cellulose (PS-MCC), respectively. Due to the importance in biomaterial-related infections, the growth
inhibition of two clinically significant Gram-positive bacteria species, S. epidermidis and S. aureus, was
studied in the presence of the prepared biopolymeric films. The Cu(NHs),-carboxylates and derived

biopolymeric materials showed a pronounced antibacterial activity, with doped films being able to inhibit
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Accepted 6th April 2023 the growth of 7 out of 8 strains tested, revealing a particularly high performance against the clinical isolates

of S. epidermidis. By presenting these novel coordination compounds and biopolymeric films generated
from sustainable biofeedstocks, this study combines several research approaches and broadens an
antibacterial use of inorganic Cu-based derivatives and related biopolymer materials.
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Sustainability spotlight

To address an increasing antimicrobial resistance, the search for new bioactive molecules and sustainable materials is currently in high demand. The present
work describes novel antibacterial coordination compounds and degradable biopolymeric films generated from sustainable biofeedstocks (potato starch and
cellulose) and simple and low-cost precursors. The obtained antibacterial materials may find prospective use in food processing and packaging, with a possi-
bility to reduce the usage of fossil-fuel plastics. This may lead to sustainability impacts with regard to preventing or combating microbial hazards in the food
chain, and to addressing various challenges of the UN 2030 Agenda for Sustainable Development, contributing to the topics on Food Security, Agriculture,
Health, Sustainable Production & Consumption, and the respective Goals 2, 3, and 12.

However, since the introduction of antibiotics, namely peni-
cillin in the 1920s, bacterial antimicrobial resistance has
increased significantly. Nowadays, previously treatable infec-
tions are becoming life threatening, with a recent estimated

Introduction

Antimicrobial resistance is a natural phenomenon of microor-
ganisms, such as bacteria, and its existence is ancient.?

“Centro de Quimica Estrutural, Institute of Molecular Sciences, Departamento de
Engenharia Quimica, Instituto Superior Técnico, Universidade de Lishoa, Av.
Rovisco Pais, 1049-001 Lishoa, Portugal. E-mail: kirillov@tecnico.ulishoa.pt
*Department of Oil and Gas Processing and Petroleum Chemistry, Belarusian State
Technological University, 13a Sverdlova St., 220006 Minsk, Belarus

‘Centre of Biological Engineering, University of Minho, Campus de Gualtar, 4710-
057 Braga, Portugal. E-mail: nunocerca@ceb.uminho.pt

‘LABBELS-Associate Laboratory, Braga/Guimardes, Portugal

“Area Departamental de Engenharia Quimica, ISEL-Instituto Superior de Engenharia
de Lisboa, Instituto Politécnico de Lisboa, 1959-007 Lishoa, Portugal

866 | RSC Sustainability, 2023, 1, 866-875

T Electronic supplementary information (ESI) available: Materials and methods,
antibacterial assays, microscope images of crystalline samples (Fig. S1) and
crystal data (Table S1) of 1-3; TGA data (Fig. S2); PXRD patterns (Fig. S3);
coupons of [PS], and [PS-MCC], biopolymeric films (Fig. S4); ATR-FTIR
spectra and discussion (Fig. S5-513), SEM-EDS data and discussion (Fig. S14-
$16); water absorption data (Table S2); Cu release tests (Table S3); additional
antibacterial activity data (Fig. S17-S19 and Table S4). CCDC 2177365-
2177367. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d2su00150k
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burden of ~5 million deaths in 2019 associated with antimi-
crobial resistance.®* Complex innate and acquired resistance
mechanisms appear more frequently, rendering current thera-
pies ineffective.*® Hence, there is a strong need for biomaterials
capable of preventing the proliferation of bacteria on their
surface.®”

In this respect, bioactive coordination compounds (bioCCs)
and coordination polymers (bioCPs) have gained an impetus as
potential antibacterial agents.*** Such compounds can be
generated by merging biocidal metal centers with bioactive
linkers, resulting in metal-organic architectures that can also
contain antimicrobial guest molecules. Among a variety of
metals with recognized antibacterial activity, copper is partic-
ularly appealing due to its considerable bioactivity, biocom-
patibility, and low toxicity to human cells. In fact, copper is one
of the essential elements needed for normal function of many
processes in the human body, with a necessary daily copper
intake of ~1-2 mg.”® Copper coordination compounds have
several pathways of action'*** that make them important in
treating viral infections,'® inflammatory diseases,'” and micro-
bial infections."®° In veterinary medicine, a Cu() coordination
compound based on indomethacin is currently used as an anti-
inflammatory agent. Many in vitro experiments have shown that
copper has antimicrobial properties against a broad variety of
bacteria, viruses, fungi and yeasts.”**

The coordination environment around copper is critical in
stabilizing its different oxidation states. When copper coordi-
nation compounds are used, they show extraordinary pharma-
cological effects that are not seen in the presence of inorganic
copper compounds.”® Copper complexes can suppress the
growth of different microorganisms and cause their
destruction,'>*162531

For the synthesis of bioactive copper(u) compounds, the
selection of commercially available ligands along with low-cost
and biocompatible metal nodes plays an important role in tar-
geting the desired properties for biological applications. The
inclusion of ammonia as a co-ligand within the Cu-carboxylate
compounds was governed by its recognized antimicrobial
activity. According to Pinon et al., increased ammonia concen-
trations promote faster and larger reduction in bacterial
populations.*

The principal objectives of this work were to generate novel
bioCCs and bioCPs, incorporate them into biopolymers, and
evaluate the antibacterial properties of the obtained materials
with prospective applications in surface coating, wound heal-
ing, or antimicrobial packaging.**-°

For this purpose, we explored starch as a polysaccharide
widely used in the production of environmentally friendly
biomaterials, and a renewable and commercially available
precursor.*” In particular, potato starch (PS) can be employed as
a support to immobilize antimicrobial bioCCs or bioCPs to
produce novel bioactive materials. In the packaging industry,
there is a demand for sustainable materials to replace pet-
rochemically based products with limited biodegradability.
Hence, PS might be a suitable feedstock for developing bio-
polymeric films.**** Microcrystalline cellulose (MCC) repre-
sents another interesting biomaterial readily available from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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wood and cotton processing industries. The interest in MCC has
also evolved due to its biodegradability and capability of aiding
in the degradation of polymers or acting as a reinforcing
agent.*>*

Aiming at the fabrication of new biomaterials and
combining our interest in synthetic coordination chemistry,
biopolymer materials and their antimicrobial applications,****
this study describes the preparation of biologically active cop-
per(u) derivatives, and their use as doping agents for hybrid Cu-
doped biopolymers on the basis of [PS], or [PS-MCC],, matrices.
Thus, three new coordination compounds, namely [Cu(NH;),(-
nca),] (1), [Cu(NH;),(p-ndca)], (2), and [Cu(NH;),(p-obba)], (3),
assembled from naphthoic (Hnca), 2,6-naph-
thalenedicarboxylic (H,ndca), or 4,4"-oxybis(benzoic) (H,obba)
acids, in the presence of aqueous ammonia solution, and used
to produce hybrid biopolymeric films, which were then tested
for antibacterial performance.

The main features of the present study are: (1) the use of an
inexpensive and biodegradable starch-based derived
biopolymer as a matrix; (2) the preparation of biopolymer films
with a low loading of bioactive compounds (5%); (3) the facile
synthesis of new Cu(u) coordination compounds from simple
and commercially available chemicals; (4) the use of different
active building blocks (metal nodes and co-ligands); and (5) the
good activity of the obtained biopolymeric films doped with
Cu(u) compounds. Thus, the present interdisciplinary work
combines various areas of research and broadens the antibac-
terial applications of Cu-based coordination compounds
toward the fabrication of functional biopolymer materials.

were

Results and discussion
Synthesis of 1-3

Simple reactions in H,O between Cu(NOj;), with aromatic
mono-(Hnca) or dicarboxylic (H,ndca, H,obba) acids and
aqueous ammonia resulted in the self-assembly of three new
products: [Cu(NHj3),(nca),] (1), [Cu(NHj),(n-ndca)], (2), and
[Cu(NH;),(p-obba)], (3). The crystalline solids of 1-3 were
analyzed by standard methods (FTIR spectroscopy, elemental
and thermal analyses, powder and single-crystal X-ray diffrac-
tion). Products 1, 2, and 3 were obtained as air-stable crystalline
solids with a mean particle size of 11, 27, and 24 pm, respec-
tively. The compounds display the resembling [Cu(NH;),]*"
entities that are linked by terminal (Hnca™ in 1) or bridging (p-
ndca®” in 2, p-obba®" in 3) carboxylate ligands, forming either
discrete copper(i) monomers or one-dimensional coordination
polymers, respectively. The three compounds (1-3, Scheme 1
and Fig. S1, ESIt) are generally insoluble (2, 3) or barely soluble
in water, acetonitrile, ethanol, and methanol (1).

Crystal structures of 1-3

The structure of [Cu(NHj;),(nca),] (1) reveals a monocopper(u)
unit that is composed of a copper atom, two NH; and two nca™
ligands (Fig. 1a). The Cu(u) center is 6-coordinate and possesses
an octahedral {CuN,0O,} coordination geometry.

RSC Sustainability, 2023, 1, 866-875 | 867
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Scheme 1 Synthesis of 1-3.

(a)

(b)

(c)

Fig. 1 Crystal structure representations of 1 (a), 2 (b), and 3 (c). CH
hydrogen atoms are omitted; Cu (green), O (red), N (blue), C (gray), H
(white).

It is formed by a pair of ammonia ligands in the axial sites
[Cu-N 1.978(3) A] and two naphthalenecarboxylate(1—) moieties
in the equatorial positions [Cu-O 1.958(2) and 2.791(2) A]. The
carboxylate group of nca” shows a terminal bidentate mode
with one considerably elongated Cu-O bond. The packing
pattern of 1 reveals a 0D — 2D extension of the structure via
intermolecular N-H---O hydrogen bonds, generating a 2D H-
bonded net with an hxl topology.

The compound [Cu(NH;),(p-ndca)], (2) features a linear 1D
metal-organic chain structure (Fig. 1b and 2a) composed of the
repeating [Cu(NH;),*" entities and the p-ndea®” linkers. The
hexacoordinate Cu(u) centers exhibit an octahedral {CuN,O,}

868 | RSC Sustainability, 2023, 1, 866-875

(o)

(3) [CU(NH,),(-obba)],

environment, which is formed by two NH; ligands [Cu-N
1.984(3) A] in the apical positions and four carboxylate O donors
from two p-ndca®~ linkers in the equatorial sites [Cu-O 1.962(2)
and 2.711(2) A]. Both COO™ groups of p-ndca®" are bidentate
with one Cu-O bond being considerably elongated. Linear 1D
coordination polymer chains (Fig. 2a) show a 2C1 topology and
an intrachain Cu---Cu separation of 12.966(2) A. Extensive
intermolecular hydrogen bonds (N-H:--O) sew adjacent 1D
chains into a 3D H-bonded network.

The structure of [Cu(NH;),(p-obba)],, (3) resembles that of 2
but features a wave-like type of 1D metal-organic chains (Fig. 1c
and 2b) due to an angular geometry of the p-obba®~ linkers.

(a)

Fig.2 1D coordination polymer chains in 2 (a) and 3 (b); CH hydrogen
atoms are omitted; Cu (green), O (red), N (blue), C (gray), H (white).
Bottom images correspond to topological views of simplified chains
with a 2C1 topology; Cu centers (green), centroids of p-carboxylate?™
linkers (gray).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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These lead to longer Cu:--Cu separations [14.320(2) A] within
the chain. The bonding parameters in 1-3 are typical for the
present type of ligand environment in copper(u) coordination
compounds.

TGA and PXRD

Thermogravimetric analysis (TGA) of 1 reveals a release of two
NH; ligands at 235-260 °C (mass loss caled. 7.7%, exptl. 7.6%),
followed by the decomposition of nca™ at 260-434 °C (Fig. S2,
ESIY). For bioCP 2, two coordinated NH; moieties are lost within
two coinciding thermal effects in the 235-321 °C interval (mass
loss caled. 9.6%, exptl. 9.8%). The next mass loss at 321-428 °C
is due to the decomposition of ndca®". In 3, the NH;, ligands are
released during two overlapping steps in the temperature range
of 243-315 °C (wt. loss calc. 10.8%, exptl. 10.7%), followed by
the degradation of obba®~ at 285-428 °C. For all compounds,
the major decomposition product is CuO containing some
minor amount of carbonous material (mass loss: 1: caled.
18.2%, exptl. 22.2%; 2: calcd. 25.6%, exptl. 27.1%; 3: calcd.
22.6%, exptl. 25.4%). The experimental powder X-ray diffraction
data are in good agreement with the patterns simulated from
the CIF files (Fig. S3, ESIt).*

Fabrication of hybrid Cu-doped biopolymeric films

These materials were prepared by adding small loadings of
compounds 1-3 (5% wt.) to potato starch (PS) or its mixture with
microcrystalline cellulose (PS-MCC) and glycerol. Then, the
polymerization/curing was performed in Petri dishes to produce
films with an ~1 mm thickness (Scheme 2 and Fig. S4, ESIT).
The obtained samples were named as: 1-3@[PS],, or 1-3@[PS-
MCC], (Scheme 2). Besides, the samples of [PS], and [PS-MCC],
(negative controls) and CuO@[PS], and CuO@[PS-MCC],

Addition of bioCP to PS
(+MCC) & 2 wt % glycerol
PS
(+McCC)

mechamcal stirring at

Hot plate mixer
40 °C for 5 min

View Article Online
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(positive controls) were also produced for comparative
purposes. ATR-FTIR (Fig. S5-S13, ESIT) and SEM-EDX (Fig. S14-
S16, ESIT) were used for the analysis of the biopolymeric films.

Given the structures of starch, MCC, and studied
compounds 1-3, the dominant intermolecular interactions
between the Cu(u) dopants and biopolymer matrices will be
through hydrogen bonding, established between the hydroxyl
groups of the a-amylose of starch and the oxygen and nitrogen
atoms present in copper(u) compounds. No formation of new
covalent bonds is expected. In the course of biopolymer prep-
aration, the gelatinization of the semi-crystalline granular
structure (amylopectin) gives rise to a homogeneous and
amorphous polymer matrix. The ATR-FTIR spectra of parent
biopolymers and their doped versions remain practically the
same, showing that the structure of the polymer films is not
affected by the addition of the bioactive Cu-dopants.

Water absorption and copper release tests

The stability of biopolymeric films in phosphate buffered saline
(PBS) and the absorption of water were examined (Tables S2 and
S3, ESIT). After 4 h in PBS, water absorption for Cu-doped [PS],
samples was determined as a weight function, showing a weight
increase by 32, 30, and 24% for 1, 2, and 3, respectively. When
employing the [PS-MCC],, matrix, the increase in absorption is
more pronounced (40% after 4 h for 1@[PS-MCC],). In PBS
medium, both kinds of biopolymers demonstrate increasing
disaggregation over time, with a concomitant release of Cu**
ions. Their amount in PBS after 24 h was measured, resulting in
0.38, 0.32, and 0.32 mg L for 1, 2, and 3@|[PS],, respectively.
This corresponds to a release of 28% of all copper present in 1@
[PS],, 15% in 2@[PS],, and 19% in 3@[PS],. Copper ion release
is faster in biopolymeric films doped with CuO and discrete

B e A
(2) [Cu(NH;),(p-ndca)], (3) [Cu(NH;),(p-obba)],

(2) [Cu(NH;),(nca),]

Cooling and removal of

biopolymer film

Transfer to Petri dish
with @9 cm

Curing in oven

-

Cutting of small discs for
antimicrobial tests

Scheme 2 Preparation of Cu-doped [PS],, and [PS-MCC], biopolymer films.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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complex 1, and slower in films containing the coordination
polymers 2 and 3 due to their increased stability and insolu-
bility. When using the [PS-MCC],, matrix, the initial release of
copper is also slow in samples doped with 1 or CuO. We would
like to emphasize that the present coordination compounds do
not need to show complete degradation to demonstrate anti-
bacterial activity. The delayed release of copper is what makes
these doped biopolymers efficient antibacterial materials,
which is why the starch-based biopolymers that easily degrade
in water were chosen. The water absorption assays also revealed
differences between the films doped with the three Cu
compounds, suggesting that there are interactions between the
Cu compound and the biopolymer matrix; these interactions
are eventually stronger in bioCPs 2 and 3 if compared to
a discrete complex 1.

Antibacterial activity

A preliminary assay with bioCC 1 and bioCPs 2 and 3 was per-
formed on the reference strains of each bacterial type

Minimum Inhibition Radius (mm)

cc1

CcP2

E SA W SE SA SE

Fig. 3 Normalized antibacterial activity of 1, 2, and 3 against S. aureus
(SA) ATCC 25923 and S. epidermidis (SE) RP62A. (a) Minimum inhibition
radius (mean + SD) and (b) examples of inhibition halos obtained.
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(Staphylococcus aureus ATCC 25923 and Staphylococcus epi-
dermidis RP62A). As shown in Fig. 3, all tested compounds
demonstrate some level of antimicrobial activity. S. epidermidis
is the most susceptible strain as evidenced by the larger inhi-
bition radius. The distinct susceptibilities of both species are
especially noticeable for bioCPs 2 and 3, wherein the antimi-
crobial effect is somewhat minimal for S. aureus. Compound 1
features the highest antibacterial activity against both species,
followed by 3 and then 2 for S. epidermidis.

Following these preliminary results, we further explored the
antimicrobial activity of the obtained Cu(u) compounds using
clinical isolates of both species. The [PS], and [PS-MCC],
biopolymers doped with compounds 2 or 3 present an anti-
bacterial activity against all four strains of S. aureus (Fig. 4).

Not surprisingly, antibacterial effects are strain dependent,
with the most susceptible strain being the reference strain, S.
aureus ATCC 25923, followed by the clinical isolates 584, 943,
and 551. Biopolymers doped with compound 1 are active
against the reference strain but virtually inactive against the
clinical isolates. While both [PS], and [PS-MCC], films that
contain 2 and 3 are the most effective, all the films doped with
1-3 disclose higher effectiveness against S. aureus when
compared with the control films doped with CuO. Contrary to
the previous results in which 1 was the most active compound,
films doped with this compound are the least effective among
the samples tested. This lower activity of 1 could be related to
obstacles in the Cu compound diffusion posed by both bio-
polymeric films or inferior stability of the complex. Regarding
the differences between the two types of films, [PS-MCC],, seems
to perform better when doped with 2 against the strains S.
aureus ATCC 25923 and 551. Apart from this, both types of films
resulted in generally similar outcomes.

In turn, the antibacterial activity of both types of Cu-doped
films against S. epidermidis was visible in three out of four
strains (Fig. 5). Similarly to S. aureus, the activity of the films was
strain dependent, with clinical isolates of S. epidermidis
PT11003 and PT12003 being the most susceptible, followed by

~
=)
~

Minimum Inhibition Radius (mm)

o--i—TL

CuO@[PS-MCCn

1@[PS-MCCIn | 2@[PS-MCCIn | 3@[PS-MCC]n

B SA584 mm SA 943

Fig.4 Normalized antibacterial activity of [PS],, (a) and [PS-MCC],, (b) films doped with 5% of CuO (CuO@[PS],, and CuO@[PS-MCC],), 1 (1@[PS],
and 1@[PS-MCC],), 2 (2@[PS],, and 2@[PS-MCC],), and 3 (3@[PS],, and 3@[PS-MCC],)) against four strains of S. aureus (SA), namely one reference

strain (ATCC 25923) and three clinical isolates (551, 584, and 943).
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Fig. 5 Normalized antibacterial activity of [PS], (a) and [PS-MCC], (b) films doped with 5% of CuO (CuO@[PS], and CuO@[PS-MCCl,), 1 (1@[PS],
and 1@[PS-MCC],), 2 (2@[PS], and 2@[PS-MCC],), and 3 (3@[PS],, and 3@[PS-MCC],) against four strains of S. epidermidis (SE), namely one
reference strain (RP62A) and three clinical isolates (PT11003, PT12003, and PT12010). Given insusceptibility of RP62A, the corresponding data do

not appear in diagrams.

PT12010. The reference strain RP62A is not susceptible,
contrary to what is observed for bioCPs in their pure form. This
lack of activity could be related to obstacles in compound
diffusion posed by both types of films. Nevertheless, doped
films were overall more effective in inhibiting susceptible S.
epidermidis strains compared to S. aureus, given the larger
inhibition radius observed, which correlates with the data in
Fig. 5. As observed previously, the activity of the CuO-doped
control films was much lower compared to those doped with
1-3, thus highlighting an importance of the structures and
ligands present in these compounds. Finally, the Cu-doped [PS-
MCC], films seem to perform Dbetter, especially for strain
PT11003. However, as for S. aureus, this difference does not
seem to be significant. A variety of Cu(u) coordination
complexes and polymers with Cu-O and/or Cu-N coordination
environments were reported as antibacterial compounds with
substantial activity against the types of bacteria evaluated in
this study (Table S4, ESIt). However, none of the reported
examples contains ammonia ligands in their composition. A
detailed and quantitative comparison of the observed activities
is not possible due to differences in the concentration of anti-
microbial components and the use of different assays for eval-
uating bioactivity.

The antimicrobial activity of copper ions is linked with cell
membrane damage, oxidative stress, and DNA degradation, but
some questions remain on exact mechanisms by which copper
causes these phenomena. Resistance mechanisms to copper
action have already been reported,**” namely for Gram-positive
bacteria, which, along with diffusion issues, could partly
explain the lack of susceptibility of some of the tested strains.
Gram-positive bacteria can sequester free copper through
a chaperone and extrude excess copper via a Cu-exporting
ATPase. At high copper concentrations, CopY-like and CsoR-
like repressors are released from the DNA to allow for the
expression and transcriptions of ATPase and chaperone
genes.”>" Biopolymeric films doped with compounds 1, 2, and 3
revealed a higher effectiveness compared with CuO, probably

© 2023 The Author(s). Published by the Royal Society of Chemistry

due to a stronger stability and time-dependent release of copper
ions to the medium, as well as a presence of NH; ligands with
potent antibacterial function.®*** Since the presence of
ammonia co-ligands makes bacteria more sensitive to antibi-
otics, NH; may have a synergic effect with the copper metallic
core of studied coordination compounds 1-3. This improve-
ment in antimicrobial activity is promising and could pave the
way for new copper-based antimicrobial biomaterials.

Experimental section

Synthesis and analytical data for 1-3

[Cu(NH;),(nca),] (1). 2-Naphthoic acid (Hnca; 172 mg, 1
mmol) was combined with aqueous ammonia solution (1 M in
H,0, 4 mL, 4 mmol) to produce a clear solution. This was then
slowly introduced into a solution of Cu(NO3),-2.5H,0 in H,O (5
mL, 233 mg, 1 mmol) under vigorous stirring at ~25 °C. The
resulting reaction mixture was kept stirring for 6 h, followed by
filtration (paper filter). The filtrate (deep blue colored) was
transferred to a beaker for gradual evaporation in air at ~25 °C,
leading to the formation of purple X-ray quality microcrystals in
7-14 days. After decantation, the crystals were rinsed with
a minimum quantity of H,O and dried in air at ~25 °C. A
microcrystalline sample of compound 1 was produced in 64%
yield (relatively to Cu(u) reagent). Elemental analysis calcd. for
C,,H,,CuN,0, (MW 440): C 60.05, N 6.36, H 4.59; found: C
59.82, N 6.39, H 4.59. FTIR (KBr, cm ™ 1): 3361 (m), 3213 (w), and
3153 (w) #(NH), 3053 (w) v,5(CH), 1661 (br), 1626 (w), 1599 (m)
and 1585 (m) ¢ (CH), 1548 (s) v,5(COO0), 1502 (w) 6 (CH), 1464
(w), 1432 (w), 1388 (s), 1376 (s) v5(CO0), 1225 (m), 1203 (w), 1135
(w), 1097 (w), 1015 (w), 966 (W), 953 (w), 926 (m), 892 (br), 872
(w), 837 (w), 784 (s) 6 (CH), 765 (m), 729 (m), 674 (w).

[Cu(NH;),(p-ndca)], (2). This coordination polymer was
synthesized by adapting an above method for compound 1 but
using a different carboxylic acid: 2,6-naphthalenedicarboxylic
acid (Hyndca; 102 mg, 0.5 mmol). Crystals of 2 were isolated in
51% yield (relatively to Cu(u) reagent). Elemental analysis calcd.
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for C;,H;,CuN,0, (MW 312): C 46.23, N 8.98, H 3.88; found: C
46.31, N 8.77, H 4.50. FTIR (KBr, cm'): 3307 (m), 3238 (m) and
3168 (m) »(NH), 1630 (w), 1601 (m) and 1570 (w) 6 (CH), 1546 (s)
7,5(CO0), 1497 (m) 6 (CH), 1393 (s), 1382 (s) r5(CO0), 1350 (s),
1238 (s), 1198 (m), 1138 (w), 1097 (w), 924 (m), 802 (W), 779 (s)
6 (CH), 749 (w).

[Cu(NH3;),(p-obba)], (3). This coordination polymer was
prepared by adapting an above method for 1 but using a different
carboxylic acid: 4,4-oxybisbenzoic acid (H,obba; 129 mg, 0.5
mmol). Crystals of 3 were isolated in 50% yield (relatively to Cu(u)
reagent). Elemental analysis calcd. for C;,H;,CuN,O5 (MW 354):
C 47.46, N 7.91, H 3.95; found: C 47.47, N 7.83, H 3.92. FTIR
(KBr, cm™"): 3363 (m), 3304 (m), 3214 (m), and 3155 (m) »(NH),
1657 (w), 1624 (m), 1596 (s) & (CH), 1543 (W) 145(COO), 1499 (W)
6 (CH), 1408 (w), 1375 (s) 7(CO0), 1301 (m), 1256 (m), 1220 (s),
1158 (s), 1097 (m), 1010 (m), 883 (m), 866 (m), 854 (m), 840 (m),
797 (m), 769 (s) 6 (CH), 729 (w), 699 (m).

Preparation of Cu-doped biopolymeric The
compounds 1-3 were mechanically ground to produce fine
powdered solids before being incorporated into biopolymeric
films. The mixtures containing PS (1 g) or PS + MCC (0.7 g + 0.3
2), glycerol (0.8 mL), and H,O (10 mL) were obtained by stirring
PS (or PS + MCC) in H,O at 80 °C for 15 min before adding
glycerol. Then, 1, 2, or 3 was added (5% wt.) and the resulting
mixtures were kept stirring for homogenization at 70 °C for
5 min, transferred to Petri (9 cm diameter) dishes, and treated
at 60 °C for 24 h in a drying oven. The malleable Cu-doped [PS],
biopolymeric films (abbreviated as 1-3@[PS], or 1-3@[PS-
MCC],) were stripped from Petri dishes and used for subse-
quent tests. In a similar manner, various control samples ([PS],,
[PS-MCC],, CuO@[PS],, CuO@[PS-MCC],) were also prepared
for comparative purposes. FTIR-ATR (cm ™ '): [PS],: 3298 br, 2935
m, 2884 m, 1647 w, 1457 w, 1420 w, 1340 w, 1152 m, 1106, m,
1079 m, 1017 vs., 998 vs., 925 m, 851 m cm ™ '. [PS-MCC],;: 3277
br, 2931 m, 2885 m, 1648 w, 1419 w, 1373 w, 1337 w, 1152 m,
1109, m, 1077 m, 1028 vs., 997 vs., 924 m, 851 m cm ™ .

films.

X-ray crystallography

Monocrystals of 1-3 were mounted in a cryoloop with
Fomblin®©. X-ray data collection was performed on a BRUKER
D8 QUEST diffractometer (Mo Ka, A = 0.7107 f&), and monitored
using APEX3 (ref. 49) software. Corrections for Lorentzian
polarization and effects of absorption were undertaken with
SAINT*® and SADABS.** SHELXT 2014/4 (ref. 52) was used for
solving structures while SHELXL 2014/7 (ref. 52) was utilized for
complete refinement. The software is present in a WINGX-
Version 2014.1 program pack® Anisotropic refinement was
applied for all Cu, N, C, and O atoms. Hydrogen atoms bonded
to C centers were introduced to idealized locations and refined
at the parent carbon atoms. H atoms of NH; ligands were
identified using electron density maps. Crystal data for 1-3 are
reported in Table S1 (ESI). CCDC 2177365-2177367.

Bacterial growth conditions and antibacterial assays

Two different types of bacteria (Gram-positive), namely S. epi-
dermidis and S. aureus, were used in this study due to their
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prominent role in biomaterial related infections.> A total of
four strains were tested for each species, contemplating one
collection strain and three clinical isolates (collection of CEB-
University of Minho). Growth was performed under aerobic
conditions with agitation (120 rpm) at 37 °C. MHA II (Mueller-
Hinton agar II) and MHB II (Mueller-Hinton broth II) (Lio-
filchem) were selected as growth media for antibacterial assays.
Antibacterial activity of compounds 1-3 and all biopolymeric
films was studied using a soft agar overlay assay, as described
previously (for details, see ESIT).** Normalization of the ob-
tained data for the molar content of copper(u) was performed.
For non-normalized results, see Fig. S17-S19 (ESIY).

Conclusions

Three new copper(i) coordination compounds 1-3 bearing
ammonia and aromatic carboxylate ligands were self-assembled
and fully characterized, revealing discrete monocopper(u) units
in 1 or 1D coordination polymer chains in 2 and 3 with
resembling types of hexacoordinate Cu(u) centers and octahe-
dral {CuN,O,} environments. These Cu(NHj;),-carboxylate
compounds were used as antibacterial dopants to produce
hybrid Cu-doped biopolymeric films based on potato starch (PS)
or its combination with microcellulose (MCC). Their antibac-
terial properties were investigated against S. aureus and S. epi-
dermidis bacteria, including clinically isolated strains. Overall,
all compounds showed a notable antibacterial activity, with
doped films inhibiting in varying degrees 7 out of 8 Gram-
positive bacterial strains tested. The activity of the bioCPs 2
and 3 was far superior if compared to that of CuO, with 2 and 3
being more effective when incorporated into [PS],, or [PS-MCC],
films. There was no obvious difference between antibacterial
activities of matrices based on [PS], and [PS-MCC],. As the
presence of ammonia, as the co-ligands in the obtained cop-
per(n) compounds, is known to make bacteria more sensitive to
antibiotics, the results obtained could indicate a synergic effect
between NH; and Cu.

In summary, the present work broadens the types of bioac-
tive copper(u) complexes and coordination polymers,*7
showing that such compounds can be easily assembled and
embedded into degradable biopolymeric matrices, acting as
promising antibacterial materials. This work may thus open up
new opportunities for designing sustainable biopolymer-based
films, coatings, or composites with antibacterial
properties,?>7355859
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