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The traditional pyridine nitrogen oxide-based antimicrobial agents are often associated with health risks due

to heavy metal enrichment. To mitigate this concern, we synthesized two novel complexes,

Pro(mpo)s(H,0), and Pr(hpo)(mpo),(H,0),, and integrated rare-earth salts, Hhpo (2-hydroxypyridine-N-

oxide) and Nampo (2-mercapto-pyridine-N-oxide sodium salt). These complexes were characterized

through infrared analysis, elemental analysis, thermogravimetric analysis, and X-ray crystallographic
analysis. Our comparative analyses demonstrate that the synthesized rare-earth complexes exhibit

stronger antimicrobial activity against Staphylococcus aureus (S. aureus ATCC6538) and Escherichia coli
(E. coli ATCC25922) compared to the ligands and rare-earth salts alone. Quantitative results revealed the
lowest inhibitory concentrations of the two complexes against S. aureus ATCC6538 and E. coli
ATCC25922 at 3.125 ug mL™, 6.25 pg mL™, 3.125 ug mL™ and 6.25 pg mL™?, respectively. Preliminary
investigations indicated that the antibacterial mechanism of these complexes involved promoting

intracellular substance exudation to achieve antibacterial effects. Incorporation of these complexes into
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polymeric antimicrobial films resulted in a potent antimicrobial effect, achieving a 100% inhibition rate

against S. aureus ATCC6538 and E. coli ATCC25922 at a low addition level of 0.6 wt%. Our results

DOI: 10.1039/d4ra03003f

rsc.li/rsc-advances applications.

1. Introduction

Microorganisms are ubiquitous and pose significant threats to
human beings.* Rapid bacterial growth leads to the infection of
other organisms, competition for resources and habitat, and
the generation of toxic by-products that can harm both organ-
isms and the ecosystem.” Infections caused by microorganisms
often lead to irreversible damage and immeasurable losses.*>*
Generally, the use of antimicrobial agents is an effective and
important approach in combating microbial threats and
controlling the growth of bacteria on the surfaces of materials.
Bacteria can be categorized as Gram-positive (G+) or Gram-
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suggest that nitrogen oxide-based praseodymium complexes have potential for various antimicrobial

negative (G—) based on the Gram staining method. The
method entails treating bacteria with the amethyst dye and
iodine and then assessing their staining characteristics based
on the presence of cytosolic polysaccharides and rhamnocyti-
dylic acid in their cell walls. This classification divides bacteria
into distinct categories, each displaying notable variances in
growth attributes, resistance to drugs, and pathogenic tenden-
cies.” Hence, there is a global focus on the search for highly
effective antimicrobial agents with broad-spectrum activity and
minimal side effects.*®

Pyridine nitrogen oxides are a class of common organic
compounds containing pyridine, which are extensively utilized
in pharmaceutical synthesis and other fields due to their diverse
synthesis pathways, superior biological activity, ease of
synthesis, and excellent chelating ability.°* Literature reports
have demonstrated that complexes of pyridine nitrogen oxides
and transition metals exhibit considerable anticancer and
antibacterial activities,”** making them valuable in biomedi-
cine and as antimicrobial materials.

The commonly available pyridine nitrogen oxide-based
complex antimicrobials in the market are often detrimental to
the environment and organisms as they contain heavy metals
like copper and zinc.***® Advancements in the rare-earth
industry have, however, propelled the active development of
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Scheme 1 The molecular structures of (a) Hhpo; (b) Nampo; (c)
complex 1 Pry(mpo)g(H20),; (d) complex 2 Pr(hpo)(mpo),(H,0),.

rare-earth-based antimicrobial materials,*** including various

pyridine derivative complexes with metal ions;***° these rare-
earth antimicrobials demonstrate favorable attributes of
safety, environmental friendliness, and stability.** In this study,
we aimed to synthesize a new class of complexes with potential
antimicrobial applications by substituting heavy metals with
rare-earth ions coordinated with pyridine nitrogen oxides. The
antimicrobial properties of the resulting products were
assessed by incorporating them into polymeric antimicrobial
packaging films. To achieve this, 2-hydroxypyridine-N-oxide
(Hhpo) and 2-mercaptopyridine-N-oxide sodium salt (Nampo)
were reacted with praseodymium chloride hexahydrate, yielding
two metal complexes: Pr,(mpo)s(H,0), (1) and Pr(hpo)(mpo),(-
H,0), (2). These complexes were then added into polylactic acid
and polyethylene polymer to produce a series of antimicrobial
packaging films. The antimicrobial activity of these complexes
and films was assessed through in vitro resistance studies
against S. aureus ATCC6538 and E. coli ATCC25922. Overall, this
study demonstrates significant innovation and importance in
the design of novel antimicrobial agents, the study of antimi-
crobial mechanisms, antimicrobial agent-modified polymer
materials, and cross-disciplinary research (Scheme 1).

2. Experimental

2.1. Material

2-Hydroxypyridine-N-oxide (H-hpo) and 2-mercaptopyridine-N-
oxide sodium salt (Na-mpo) were procured from Shanghai Bi De
Pharmaceutical Technology Co. Ltd. Sodium hydroxide and
praseodymium chloride hexahydrate were sourced from
Aladdin Chemical Reagent Co. Ltd. Gram-negative bacterium
(E. coli, ATCC25922) and Gram-positive bacterium (S. aureus,
ATCC6538) were obtained from Beijing Preservation Biotech-
nology Co. Ltd. Blank drug-sensitive filter paper (sterilised,
5 mm diameter and 1 mm thickness), LB liquid medium
(L1050), LB solid medium (L1010), 96-well plates (ABC796006)
for bacterial culture, SCDLP medium (CM701), and NB medium
(N8300) were purchased from Xiamen Hao he Biotechnology
Co. Ltd. Polypropylene (PP, T30S) was sourced from China
National Petroleum Co. Ltd. Polylactic acid (PLA, 601) was
purchased from Anhui Feng yuan Co. Ltd. Deionized water,
essential for all experiments, was prepared using a PSDK1-20-C
ultrapure water system. All drugs employed in this study were of
analytical purity.

2.2. Characterization

The crystal structure of the complexes was determined using
a Bruker single-crystal diffractometer (XRD, Bruker D8 Venture).
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Surface morphology analysis of the complex samples was con-
ducted with a scanning electron microscope (SEM, Apreo S Lo
Vac). Fourier transform infrared spectroscopy (FTIR) spectra
were obtained in ATR mode utilizing an infrared spectrometer
(Thermo Nicolet is50 spectrometer) with a resolution of 4 cm ™,
scanning in the range of 4000-525 cm . Praseodymium
content in the complexes was quantitated using an inductively
coupled plasma emission spectrometer (ICP-OES, JY-Horiba
ICP-OES Ultima 2), while the C, H, O, N, and S contents were
determined using an elemental analyzer (EA, Elementar Vari EL
Cube). The thermal stability of the samples was assessed using
a thermogravimetric analyzer (STA, Mettler-Toledo TGA/DSC 1)
under an argon atmosphere, employing a heating rate of 10
K min~" within a temperature range of 30-800 °C. To prepare
antimicrobial plastic plates, samples were mixed on a double
screw extruder (TSE-20, Co-rotating Twin Screw Extruder) and
subsequently processed using a desktop casting machine (FDSI,
Cast Film Testing Machine). Antimicrobial experimental
procedures were conducted within an ultra-clean bench (ZHJH-
C1109B). Bacterial suspension concentrations were measured
using a spectrophotometer (Nano-300, Micro-
spectrophotometer). Bacterial cultures were maintained in
a constant temperature oscillator (SHZ-82A) and a biochemical
incubator (SHP-080).

2.3. Synthesis of complex 1

Nampo (0.67 g, 4.5 mmol) was dissolved in 15 mL of H,O to
create solution 1. Praseodymium chloride hexahydrate (0.53 g,
1.5 mmol) was dissolved in 15 mL of H,O to form solution 2. A
U-shaped tube was utilized, and 30 mL of H,O was introduced
into it. Solution 1 was slowly added to the left end of the tube,
while solution 2 was carefully dropped into the right end. The
tube's opening was tightly sealed with sealing film. The U-tube
was left at room temperature for five days. After this period,
green transparent crystals precipitated. The crystals were sepa-
rated via filtration, washed repeatedly with deionized water, and
vacuum-dried. The yield was 76.95%. Anal. calc. for C3oH,gNs-
O4Pr,Se: Pr, 26.240; C, 33.525; H, 2.608; O, 11.920; N, 7.823; S,
17.880. Found: Pr, 26.123; C, 33.126; H, 2.578; O, 12.572; N,
7.929; S, 17.678. IR (cm™%): 3209s, 1593s, 15385, 1452w, 1413m,
1262s, 1214w, 1192m, 1157s, 1140m, 1083m, 1033s, 9525, 839m,
823m, 753w, 701w, 594w, 579m, 541m.

2.4. Synthesis of complex 2

Nampo (0.45 g, 3 mmol) and Hhpo (0.17 g, 1.5 mmol) were
dissolved in 15 mL of H,O, and the pH was adjusted to 7,
forming solution 3. Praseodymium chloride hexahydrate
(0.53 g, 1.5 mmol) was dissolved in 15 mL of H,O to create
solution 4. A U-shaped tube was employed, and 30 mL of H,O
was introduced into it. Solution 3 was slowly added along the
left end of the tube, while solution 4 was introduced along the
right end. The U-tube's opening was securely sealed with sealing
film. The sealed U-tube was allowed to stand at room temper-
ature; after seven days, dark green opaque crystals precipitated.
The crystals were isolated by filtration, washed multiple times
with deionized water, and vacuum-dried. The yield was 78.03%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anal. cale. for C;5H;¢N;O4PrS,: Pr, 26.146; C, 33.401; H, 2.969;
0, 17.814; N, 7.794; S, 11.876. Found: Pr, 25.520; C, 33.368; H,
2.946; O, 18.136; N, 7.805; S, 12.162. IR (cm ™ 1): 3103s, 1673s,
1616s, 1595s, 1520w, 1455w, 1412m, 1361s, 1267s, 1199w,
1146w, 1119s, 1088m, 1034s, 973s, 924s, 882s, 830w, 786m,
755w, 740w, 708w, 608m, 592w, 544w.

2.5. X-ray crystallography

The diffraction data for complex 1 and complex 2 were collected
on a Bruker single crystal diffractometer at 200 K, which was
equipped with a graphite-monochromated MoKa (2, = 0.71073
A) radiation. The structure factors were obtained after Lorentz
and polarization. An empirical absorption correction based on
“multi-scan” was applied to the data. The positions of some of
the heavy atoms, including the praseodymium atoms, were
located by the direct method or Patterson method of the
SHELXS program, while the remaining atoms were found in
a series of alternating difference Fourier maps and least-square
refinements. The hydrogen atoms were added using the HADD
command and refined as riding atoms. Basic information per-
taining to crystal parameters and structure refinement was
summarized in Table S1.f The important bond lengths and
bond angles are listed in Tables S2-S7.1 The CCDC (2292292 for
complex 1, 2292293 for complex 2) contains the supplementary
crystallographic data for this study.t

2.6. Filter paper disc diffusion

We evaluated the antimicrobial properties using the filter paper
disc diffusion method.** The two ligands, two complexes, and
rare earth salt ions were each dissolved in dimethyl sulfoxide
(DMSO) to prepare a 0.5 mg mL™ " solution. The LB solid
medium (L1010) was dissolved in water, sterilized through
boiling, and poured into a suitable plate. Upon agar solidifica-
tion, 120 uL of the tested strains (S. aureus ATCC6538 or E. coli
ATCC25922) at a concentration of 10° CFU mL ™' were uniformly
inoculated onto the agar's surface. Specific antimicrobial drug-
sensitive filter paper (sterilised, 5 mm diameter and 1 mm
thickness), containing antimicrobial compounds, was posi-
tioned at five predetermined spots on the agar plate. These
treated agar plates were inverted and placed in an incubator at
37 °C for 24 h. The antimicrobial performance was evaluated by
measuring the size of the five inhibition zones. Furthermore,
the antimicrobial activities of the rare earth complexes were
assessed at various concentrations (50, 100, 150, 200, and 250
ug mL ") using the same filter paper disc diffusion method.

2.7. Minimum inhibitory concentration (MIC)

The MIC of the rare earth complexes was determined using
a stepwise twofold dilution method.** The bacterial suspension,
prepared at a concentration of 10° CFU mL ™" using LB liquid
medium, served as the test medium. A stock solution of the
complex, prepared at 0.5 mg mL ™' concentration using water as
the solvent, was mixed with the bacterial suspension in a test
tube. The mixture comprised 180 pL of the bacterial stock
solution and 20 pL of the sample stock solution. The mixture
was well-shaken, and 200 uL of this co-culture solution was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dispensed into the first well of a 96-well plate. Subsequent
dilutions followed a twofold dilution scheme, with 100 pL of the
diluted bacterial solution added to each successive well, except
for the starting wells. This dilution process continued until the
eleventh well. A control group was included where sterile puri-
fied water replaced the sample solution. The 96-well plate was
then placed in a constant temperature incubator at 37 °C for
24 h, and the MIC values were subsequently observed and
recorded.

2.8. Preparation of antimicrobial films

To evaluate the antimicrobial properties of antimicrobial plas-
tics, the lamination method was employed. The two complexes
were incorporated into polypropylene (PP) and polylactic acid
(PLA) at varying concentrations: 0 wt%, 0.2 wt%, 0.4 wt%, and
0.6 wt%. The mixtures were processed into uniform flakes using
a double screw extruder and desktop casting machine. The
specific formulations of various antimicrobial films are shown
in Table 2. Fig. S11 shows the schematic process of LC,/0.2%
cast film. After drying PLA at 80 °C for 12 h, the rare earth
compounds and PLA were weighed according to the ratio in
Table 2, and uniformly mixed, and then pelletized using a twin-
screw extruder, with the temperatures of zones set at 180 °C,
180 °C, 180 °C, 185 °C, 185 °C, and 180 °C, respectively, and the
screw rotating speed being 200 rpm, and the charging speed
being 10 rpm. The cast film was prepared using a desktop
casting machine, with temperatures of 165 °C, 180 °C, and 190 °©
C for barrel zones, 195 °C for the transition zone, and 200 °C,
200 °C, 205 °C, and 205 °C for mold zones, respectively. The
screw speed was 30 rpm, the line speeds of the casting rollers
and the haul-off rollers were 1 rpm, and the tension of the take-
up rollers was 25%. Other antimicrobial films were prepared in
a similar manner. Specimens of size 50 mm x 50 mm were cut
from the sheet for testing using the film affixing method.

2.9. Antibacterial activity on plastics surfaces

In the film affixing tests, the prepared antimicrobial plastic
specimens were placed in appropriately sized sterile Petri
dishes (90 cm in diameter) with the test surfaces facing
upwards. A bacterial solution, with a concentration of 10° CFU
mL ™" achieved by dilution with NB medium, was prepared.
Subsequently, 0.4 mL of the bacterial solution was added to the
center of each specimen's surface. A sterile cling film measuring
40 mm x 40 mm was placed over the solution to allow the
solution to overspread without overflowing to the edges. The
Petri dishes were covered and incubated at 37 °C with a relative
humidity of at least 90% for 24 h. After incubation, the speci-
mens were gently removed from the plastic wrap. The test
surface was rinsed with 10 mL of SCDLP culture solution. Next,
the specimens were taken out, and the culture solution was
diluted using sterile water in a ten-fold gradient. Subsequently,
30 uL of the solution was added to a 6 cm diameter Petri dish
containing culture medium dropwise. The plate was evenly
coated with glass beads, inverted, and incubated for 24 h. After
incubation, the antimicrobial effect of the different specimens

RSC Adv, 2024, 14, 18519-18527 | 18521
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was assessed by counting the number of colonies on the plate
with the same dilution gradient.

2.10. Nucleic acid leaching

Note that 10 mL of saline containing E. coli ATCC25922 and S.
aureus ATCC6538 at a concentration of 10° CFU mL ™" were
treated with 2.5 mg of complex 1 and complex 2, respectively.
The mixture was incubated at 37 °C for 24 h. After incubation,
the supernatant was obtained by centrifugation at 4000 rpm for
2 min. The concentration of released nucleic acids was deter-
mined by measuring the UV absorbance of the sample at
260 nm, which was then converted in the supernatant to DNA
and RNA concentrations using Beer-Lambert law. Control

View Article Online
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experiments were conducted using cells immersed in saline
solutions without complex treatment.

2.11. Electron microscope morphology

Note that 2.5 mg of complex 1 and complex 2 were added
separately to 10 mL of saline solution containing S. aureus
ATCC6538 and E. coli ATCC25922 at a concentration of 10° CFU
mL ™. The mixtures were incubated for 24 h. Subsequently, the
complexes were separated by centrifugation at 4000 rpm for
2 min. To eliminate the complexes, the remaining mixtures
were washed three times with a PBS buffer. The control group
consisted of bacterial cells cultured in saline without the addi-
tion of complexes. Following complex removal, the three

Fig. 1

(a) Thermal ellipsoids for complex 1; (b) molecular packing structure of complex 1, viewed along the b-axis; (c) thermal ellipsoids for

complex 2; (d) molecular packing structure of complex 2, viewed along the a-axis.
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Fig. 2 (a) Infrared spectra of complexes 1 and 2 in the wavenumber range of 1700-525 cm™; (b) thermogravimetric analysis (TG) of rare earth

complexes 1 and 2.
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bacterial groups were fixed with 5 mL of 2.5 wt% glutaraldehyde
at 4 °C for 24 h. After three times washing with PBS, the
bacterial cells underwent a sequential dehydration process
using varying concentrations of ethanol (30 vol%, 50 vol%,
70 vol%, 90 vol%, 100 vol%) for 15 min. Finally, the bacterial
cells were suspended in anhydrous ethanol (100 vol%, AR). A
volume of 0.2 mL of the cell suspension was added dropwise to
a glass slide and allowed to air dry. The morphology of the cells
was subsequently examined using scanning electron micros-
copy (SEM).

3. Results and discussion

3.1. Characterization of antimicrobial agents

The rare earth complexes were synthesized using a low
concentration diffusion method. complex 1, formed by adding
Na-mpo and PrCl;-6H,0 in a 1: 3 ratio, and complex 2, created

View Article Online
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Table 1 MIC values of metal complexes against various pathogens

Minimum inhibiting concentrations

(ng mL™")
Pathogen Complex 1 Complex 2
E. coli ATCC25922 6.250 6.250
S. aureus ATCC6538 3.125 3.125

by combining H-hpo, Na-mpo and PrCl;-6H,Oina1:2:1 ratio,
were characterized through elemental analysis and X-ray single
crystal analysis, revealing structures in the triclinic space group
of P1 and P1, respectively, as shown in Fig. 1(a). The crystal
structure of complex 1 exhibits a distorted-octahedral geometry
with each Pr(u) ion coordinated by three sulfur atoms, two
oxygen atoms, two [,-oxygen atoms from mpo ligands, and one
coordinated water molecule.** Weak m-m stacking interactions
between pyridine-ring of mpo ligands are observed as shown in

Fig. 3 Comparison of antimicrobial activity of ligands Nampo and Hhpo, rare earth salts and complexes against (a) E. coli ATCC25922 and (b) S.

aureus ATCC6538.

Zone inhibition(mm)

S. aureus

Fig. 4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Complex 1 and (b) complex 2 antibacterial activity against S. aureus ATCC6538 and E. coli ATCC25922.
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Table 2 Formulation of films

Films PLA (g) PP (g) Complex 1 (g) Complex 2 (g)
PLA 400 0 0 0
LC,/0.2 wt% 399.2 0 0.8 0
LC,/0.4 wt% 398.4 0 1.6 0
LC,/0.6 wt% 397.6 0 2.4 0
LC,/0.2 wt% 399.2 0 0 0.8
LC,/0.4 wt% 398.4 0 0 1.6
LC,/0.6 wt% 397.6 0 0 2.4
PP 0 400 0 0
PC,/0.2 wt% 0 399.2 0.8 0
PC,/0.4 wt% 0 398.4 1.6 0
PC,/0.6 wt% 0 397.6 2.4 0
PC,/0.2 wt% 0 399.2 0 0.8
PC,/0.4 wt% 0 398.4 0 1.6
PC,/0.6 wt% 0 397.6 0 2.4

Fig. 1(b). Complex 2 displays a distorted dodecahedral geom-
etry, with Pr(m) ion coordinated by two sulfur atoms, two oxygen
atoms from mpo ligands, two oxygen atoms from hpo ligand,

LC,/0.2wt% LC,/0.4wt%

A\
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and two coordinated water molecules, shown in Fig. 1(c). Two-
dimensional layered structures are formed with alternative
weak 7-7 interactions, shown in Fig. 1(d).

Infrared spectroscopy highlights the interaction between
rare earth metal ions and ligands, revealing distinct shifts in
vibration bands. The stretching modes of the pyridine ring
(1600-1500 cm™ ') and N-O group (1020-825 cm ') were iden-
tified as shown in Fig. 2(a). Comparing Nampo in complex 1 and
complex 2, shifts in the C=0 of Hhpo from 1627 cm ' to
1615 cm " and N-O from 892 cm ™" to 830 cm ™" suggest the
occurrence of coordination reactions. Fig. 2(b) presenting
a thermal stability analysis under argon indicates a three-stage
mass loss process for both complexes of 1 and 2, with complex 1
exhibiting 7.7 wt% coordinated water weight loss (37 °C to 179 °©
C) and decomposition initiating at 261 °C, meeting polymer
processing requirements for PLA and PP.

3.2. Antimicrobial activity of agents

To evaluate antimicrobial performance, Nampo ligand was used
as a ref. 45. The antimicrobial properties of different substances

PC,/0.2wt%

PC,/0.4wt% PC,/0.6wt%

\
PC,/0.6Wt%

N——

PC,/0.2wt% PC,/0.4wWt%

N
—
PC,/0.6Wt%

N —

PC,/0.4wt%

PC,/0.2wt%

PC,/0.2wt% PC,/0.4wt% PC,/0.6wt%

Fig. 5 Surface resistance to S. aureus ATCC6538 and E. coli ATCC25922 of composite antimicrobial films prepared with different complex

additions (0 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt%) in PLA and PP.

LC,/0.4wt% WM LC,/0.6wt%

Fig. 6

18524 | RSC Adv, 2024, 14, 18519-18527

LC,/0.6wt%

LC,/0.2wt% WM LC,/0.4wt%

Transparency illustration of different antimicrobial films with complex additives (0 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt%) in PLA and PP.
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were compared based on the size of their inhibition circles, as
shown in Fig. 3(a) and (b). The ligand Nampo showed strong
resistance to both strains, and this result was compared with
the antimicrobial performance of other experimental drugs.
The rare earth salts show no resistance against E. coli
ATCC25922 and S. aureus ATCC6538. Hhpo does not exhibit
resistance to E. coli ATCC25922; however, it demonstrates
a significant inhibition against S. aureus ATCC6538. The rare
earth complexes show strong resistance against E. coli
ATCC25922 and S. aureus ATCC6538. Furthermore, the anti-
microbial activities of the rare earth complexes were assessed at
various concentrations (50, 100, 150, 200, and 250 pug mL™")
using the same filter paper disc diffusion method. As shown in
Fig. 4(a) and (b), tests conducted at different concentrations
showed that the inhibitory effect of the complexes on both
bacteria increased with increasing concentration, and the trend
was more pronounced especially at higher concentrations. We
then quantitatively characterize the antimicrobial properties
(MIC) of the complexes through stepwise dilution. Both
complexes exhibit significant resistance against both bacteria,
with MICs of 6.25 ug mL ™" for E. coli ATCC25922 and 3.125 pg
mL ™! for S. aureus ATCC6538, as shown in Table 1.

3.3. Antimicrobials in plastics

Bacterial films of polymerized PLA and PP are currently
successfully prepared by blending, granulation, and hot
pressing. According to Fig. 5, the addition of compounds to PP
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Fig. 8 The leaching of nucleic acid in the co-culture solution of S.
aureus ATCC6538 and E. coli ATCC25922 was examined: the control
group and the groups with the addition of complex 1 and complex 2.

and PLA at a concentration of 0.2 wt% exhibits significant
antibacterial effects, whereas a concentration of 0.6 wt%
completely inhibits bacterial growth. Furthermore, Fig. 6
demonstrates that the amount of compound addition does not
significantly affect the transparency of the film. Despite the
complete inhibition of bacterial growth, the resulting antimi-
crobial film still maintained a high level of transparency.

Fig. 7 SEM image at 50 000x magnification of (a) S. aureus ATCC6538; (b) co-incubation of S. aureus ATCC6538 with complex 1; (c) co-
incubation of S. aureus ATCC6538 with complex 2; (d) E. coli ATCC25922; (e) co-incubation of E. coli ATCC25922 with complex 1; (f) co-

incubation of E. coli ATCC25922 with complex 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4. Antimicrobial mechanism

Based on above discussion, the antimicrobial mechanism was
proposed. The findings can partially be attributed to chelation
interactions,*® as chelation reduces metal ion polarity, enhancing
lipophilicity for better cell membrane penetration, as illustrated
in Fig. 9. The complex under investigation disrupts the vital
cellular components, impairing essential bacterial processes, and
ultimately causing cell death. This process is supported by liter-
ature.” In the control group, the two bacterial strains exhibit their
expected normal structures. However, treatment with the complex
induces profound morphological alterations, including wrinkling,
deformation, membrane rupture, and the formation of cavities
with varying degrees of severity, as shown in Fig. 7. These findings
strongly suggest that the antimicrobial activity of the complex
primarily arises from its interference with normal physiological
processes within living organisms, mainly by compromising the
integrity of the cell membrane. The nucleic acid leakage experi-
ments, depicted in Fig. 8, further substantiate these observations.
After 24 h of static incubation, the addition of antimicrobial
agents leads to a considerably higher release of DNA and RNA into
the supernatants of the two bacterial strains compared to the
control group. This result indicates that the introduction of these
complexes accelerates the apparent release of cytogenetic material
into extracellular environment. The consistency between these
nucleic acid assay results and the SEM observations reinforces the
understanding that irreversible cell membrane damage leads to
the loss of essential cellular components.

4. Conclusions

In conclusion, we succeeded in synthesizing two praseodymium-
based complexes using pyridine nitrogen oxide ligand and Pr**
ions via the U-tube diffusion method. Both complexes show
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strong inhibitory activities against the Gram-negative bacterium
E. coli ATCC25922 and the Gram-positive bacterium S. aureus
ATCC6538 even in low concentrations. The results of these
studies showed that the prepared complexes containing mpo
ligands were superior to the original ligands H-hpo and rare
earth salts in terms of antimicrobial properties. Specifically, their
antibacterial effects against S. aureus ATCC6538 and E. coli
ATCC25922 were enhanced, and the susceptibility of H-hpo to
the Gram-negative bacterium E. coli ATCC25922 was effectively
solved, thus expanding the antibacterial spectrum of H-hpo. The
synthesized complexes currently exhibit desirable thermal
stability, as confirmed through TG-DTG analysis, making them
suitable for applications in polymer processing and related fields.
The composites prepared from PLA/PP and the films show good
antimicrobial effects against S. aureus ATCC6538 and E. coli
ATCC25922. In our future research, we will also address existing
limitations in methodology, sample size, mechanistic under-
standing, and practical applications. This will involve continual
optimization of our methods, expansion of our research scope,
and deeper exploration of antimicrobial mechanisms. Addition-
ally, we recognize the importance of conducting a rigorous
contact safety assessment, which will be invaluable for the
development of transparent PLA and PP packaging materials
endowed with high antimicrobial properties.
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