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Abstract: The constant evolution of bacteria makes the search for new and effective bactericidal
agents essential. In this context, developing antibacterial compounds with luminescent properties
offers a promising strategy to investigate intracellular biochemical processes while simultaneously
assessing the drug's effects. In the present work, coordination polymers of composition
[{IM(L1)2{M(L1)(H20)2}]n (M = Sm?, Gd¥, and Yb%") were obtained from reactions of their respective
lanthanide  salts with 1.5 equivalent of the ligand 1,2-diphenylethane-1,2-
diylidene)diisonicotinohydrazide (H2L!). The techniques used for characterization of the compounds
included FTIR, UV-visible spectroscopy, high-resolution mass spectrometry and single-crystal X-ray
diffraction. In addition, emission spectra were obtained at room temperature and at 77 K, along with
emission spectra in the presence of oxygen or argon. The antibacterial activity of the compounds was
evaluated against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and their clinical
resistant strains - MRSA (methicillin-resistant Staphylococcus aureus). It was observed that, upon
complexation, there was a general increase in the activity, particularly with a more pronounced
percentage of inhibition against bacterial biofilms.  Additionally, the complex
[{Yb(L1)H{Yb(L1)(H20)2}]n was used for functionalization of Bi:Os/Bi2Ss nanoparticles, however, a
fluorescence suppression was observed for the Yb-containing nanoparticles. Finally, cellular
internalization studies demonstrated that the Ln? polymers alone could be detected inside Vero cells
through their luminescence properties. Altogether, these lanthanide complexes present potential for
dual-modality biological performance, combining significant antibacterial activity with the ability for
intracellular detection.

Keywords: rare earths; coordination polymers; hydrazones; luminescence; quantum dots;
antibacterial assays; biomarkers

1. Introduction

The prolonged or inappropriate use of traditional antibiotics increased the emergence of drug-
resistant bacterial strains significantly compromising the effectiveness of available treatments [1,2].
The epidemiological analysis of the global burden of antimicrobial resistance estimates that in 2019,
4.95 million deaths were caused by microorganisms with antimicrobial drug resistance and estimates
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that 192 million of disability-adjusted life years were lost by mortality and morbidity by these
infections worldwide [3]. Among the main pathogens associated with these infections are: Escherichia
coli, Pseudomonas auriginosa, Staphylococcus aureus, Klebsiella pneumoniae, and Mycobacterium tuberculosis
[3,4], posing a significant threat to human health, as they present the issue of antibacterial resistance,
with drugs losing effectiveness due to frequent use [5]. Therefore, it is essential to develop new agents
the treatment of bacterial diseases that can address current therapy challenges and inhibit the growth
of pathogenic microorganisms, particularly when the first-line drugs are not active.

Medicinal Inorganic Chemistry has gained significant attention for its potential to address
limitations in current therapeutic strategies. This field enables the development of innovative agents
for challenging diseases, leveraging the distinctive properties of metal ions [6-9]. Metal ions play a
crucial role by enhancing drug activity, targeting specific biological sites and offering novel
opportunities due to their intrinsic physicochemical characteristics. For instance, lanthanide
complexes exhibit exceptional photophysical and magnetic properties due to their unpaired electrons
(in most cases) and characteristic emissions [10]. These properties make lanthanides valuable in
medicinal chemistry for applications such as biomedical diagnostics, magnetic resonance imaging
and biomarkers [11-13]. However, lanthanide ions inherently have low absorptivity and require
coordination with organic ligands to exhibit useful luminescence. The ligands enable the "antenna
effect,” wherein they absorb energy and transfer it to the central metal ion, sensitizing it for
luminescence [12]. This coordination is essential, as lanthanides alone cannot achieve the
sensitization needed for such applications.

Hydrazone-based ligands are well-suited for coordination with lanthanide ions due to their O
and N donor atoms, which exhibit strong affinities for hard Lewis acids [14]. These organic
compounds are characterized by the functional group R,C=NNHC(=0)-R and are typically
synthesized via the reaction of an aldehyde or ketone with a hydrazide [15,16], such as isoniazid, a
drug used in the treatment of tuberculosis [17,18]. When a diketone or a dialdehyde is used,
bis(hydrazones) can be obtained. This class of ligands has garnered significant attention for its
versatile coordination modes and its ability to stabilize d- and f-block metal complexes [11].
Furthermore, hydrazones are notable for their diverse biological activities, including antioxidant,
anticancer, anti-inflammatory, and antimicrobial properties [11,19-21]. Consequently, these ligands
hold high potential for a range of applications, such as the development of luminescent probes and
antibacterial agents [22,23].

This work focused on the preparation and structural characterization of a bis(hydrazone) ligand
derived from isoniazid, followed by its coordination with some lanthanide ions to form coordination
polymers. These materials were subsequently evaluated for their photophysical properties and
antibacterial activity, including their ability to inhibit biofilm formation. Aiming to enhance the
photophysical properties of the complexes, the combination between one of the coordination
compounds and Bi,Os/Bi;S; nanoparticles was carried out, providing additional insights.
Furthermore, preliminary investigations into the potential use of these complexes as biomarkers in
VERO cells are presented.

2. Materials and Methods
2.1. Materials

The reagents: benzil, isoniazide, sodium hydroxide, precursors Sm(NOs)s-6H20,
Gd(NOs)s:6H20, Yb(NOs)sH20, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), bismuth(III) acetate and thioglycerol were commercially obtained from
Sigma-Aldrich. The sodium borate buffer solution was obtained from Dinamica.

2.2. General Methods

The melting points were determined using a PF1500 FARMA GEHAKA instrument. The IR
spectra were recorded using a PerkinElmer FT-IR Frontier Single Range spectrophotometer in the
region between 4000 and 220 cm™. The sample analyses were performed in the solid state using
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Attenuated Total Reflectance (ATR) with a diamond crystal accessory. The electronic spectra were
measured using a Shimadzu UV-2501 spectrophotometer in methanol solutions. The
photoluminescence measurements at 298 K were conducted using a 355 nm LED (~3.49 eV) focused
on a spot with a radius of ~200 pum, recorded with a multichannel spectrometer model Avantes
operating between 200 to 1100 nm. The positive ion electrospray ionization mass spectra (ESI-MS)
were recorded using an Agilent 6210 ESI-TOF mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA). The cellular internalization was evaluated using an inverted microscope model Zensis
telaval 31 — Zeiss Deutschland.

2.3. Preparation of the Compounds
2.3.1. Synthesis of H2L! Ligand

The Schiff base Hz:L! was synthesized directly by condensation of benzil and isoniazide
according to previously reported procedures [24,25].

(1,2-diphenylethane-1,2-diylidene)di(isonicotinohydrazide) (HzL') - Color: Colorless. Yield: 79%.
Melting Point: 247-249 °C. FTIR (ATR/cm-1): 3238,3200 v(N-H), 1600 v(C=N), 1408 v(C=C), 3029 v(C-
H), 1684 v(C=0), 1058 v(N-N) and 687 5(Py). 'H NMR (DMSO-ds, d/ppm): 8.92 (m, 4H, Ar), 8.10 (m,
4H, Ar), 11.72 (s, 1H, NH), 11.84 (s, 1H, NH), 7.39-7.67 (m, 10H, Ph). UV-Vis, solution of MeOH
concentration 10> mol. L [Amax/e (L mol! cm™)]: 295 nm (41214).

2.3.2. Synthesis of Lanthanide Complexes

To a solution containing 0.2 mmol of the precursors [Ln(NOs)s-6H20] (Ln = Sm and Gd) or
[Yb(NOs)s-H20] in ethanol (20 mL), 0.3 mmol of H:L! was added. Subsequently, a solution containing
0.06 mol of NaOH in ethanol (5 mL) was added to the reaction mixture. The resulting solution was
refluxed for 15 hours, changing the color from yellow to orange. Subsequently, the solvent was
completely removed using a rotary evaporator. The solid obtained was dissolved in dichloromethane
(2 mL), and then 3 mL of n-hexane were added, resulting in the formation of orange precipitates
which were recrystallized from a mixture of CH2Clz/methanol (2:1) forming crystalline solids. The
orange solids precipitated during this time were filtered off and dried under vacuum. Single-crystal
X-ray diffraction (SC-XRD) study of the samarium complex was not feasible due to the inadequate
quality of the crystals.

[{Sm(L1)2H{Sm(L1)(H20)2}]n (1): Color: Orange. Yield: 68% (0.1155 g). Molecular formula for the
monomer (Molar mass): CzsHssN1sOsSm: (1676.13 g.mol"). Melting Point: 279- 281 °C. FTIR (ATR/cm-
1): 3055, 3030, 2970 v(C-H), 1655, 1605 v(C=0), 1571 v(C=N), 1408 v(C=C), 1058 v(N-N) and 687 d(Py).
ESI (+) (m/z) calculated for the ion [Sm(HL1)2]* (Cs2H3sSmN1204): 1046.2336; found: 1046.2354. UV-Vis,
solution of MeOH concentration 10%4 mol L [Amax/e (L mol! cm?)]: 275 nm (35234), 325 (28044), 440
(24285). Luminescence, solution of MeOH at 298 K [Aexc = 340 nm]: 515 nm.

[{Gd(L1)2}{Gd(L1)(H20)2}]n (2): Color: Orange. Yield: 59% (0.1012 g). Molecular formula for the
monomer (Molar mass): C7sHssGd2N1sOs (1689.91 g.mol"). Melting Point: 316-318 °C. FTIR (ATR/cm-
1): 3059, 3030, 2973 v(C-H), 1605 v(C=0), 1572 v(C=N), 1414 v(C=C), 1059 v(N-N) and 687 d(Py). UV-
Vis, solution of MeOH concentration 104 mol L [Amax/e (L mol? cm?)]: 275 nm (24490), 330 (28807),
440 (26626). Luminescence, solution of MeOH at 298 K [Aexc =340 nm]: 523 nm.

[{Yb(L1)2H{Yb(L1)(H20)2}]a (3): Color: Orange. Yield: 65% (0.1130 g). Molecular formula for the
monomer (Molar mass): CsHssN1sOsYb2 (1721.52 g.mol"). Melting Point: 217-218 °C. FTIR (ATR/cm
1): 3361 v(OH), ), 3060, 3025, 2930 v(C-H), 1657, 1605 v(C=0), 1570 v(C=N), 1441 v(C=C), 1070 v(N-N),
683 d(Py) and. ESI (+) (m/z) calculated for the ion [Yb(HL1):2]* (Cs2HssYbN1204): 1068.25; found:
1068.2488. UV-Vis, solution of MeOH concentration 10-° mol L2 [Amax/e (L mol! cm1)]: 280 nm (30704),
323 (31549), 435 (19119).

2.3.3. Functionalization of the Bi2Os/Bi:Ss Nanoparticles with the Ytterbium Complex

Bi20s/Bi2Ss nanoparticles were produced in aqueous solutions at 80 °C for 30 minutes using
bismuth (III) acetate (1 M) and 1-thioglycerol. The synthesis of the nanoparticles containing
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[{Yb(L1)H{Yb(L1)(H20)2}] (3) were carried out from the Bi2Os/Bi:Ss nanoparticles. Briefly, a solution
containing NHS (40 mg), EDC (40 mg), and sodium borate buffer solution (1 mL) was added to the
solution of the complex (15.6 mg) dispersed in ultrapure water. Next, a solution containing the
previously prepared Bi>Os/Bi2Ss nanoparticles (20 mg) dispersed in ultrapure water was added [26].
The resulting solution was stirred for 3 hours. Then, the resulting product was centrifuged at 6000
rpm and filtered for subsequent analyses. NP/3: Colour: Black. FTIR (ATR/cm™): 1637 v(C=0), 679
v(Bi-O), 1158 v(Bi-S). Photoluminescence: NP: 600 nm, Yb?** complex: 620 nm, NP/ 3: 570 nm.

2.4. Crystal Structure Determinations

The data collection for the X-ray determinations of the free ligand and of the gadolinium
complex (2-4MeOH) were collected on a Bruker APEX-II CCD instrument using Mo-Ka (A = 0.71073
A) and Cu-Ka (A = 1.54178) radiations, respectively. X-ray diffraction data for the ytterbium complex
were acquired using a STOE IPDS 2T diffractometer with Mo-Ka radiation. The various temperatures
applied are due to the experimental setup of the different diffractometers. Semi-empirical or
numerical absorption corrections were carried out by the SADABS or X-RED32 programs [27,28]. The
solutions and refinements of the structures were carried out using the programs SHELXS97 and
SHELXL2014 [29,30], included in OLEX2 [31]. The hydrogen atom positions were calculated at
idealized positions and treated using the "riding model" option in the SHELXL2014 program [30].
The representation of molecular structures was done using the program MERCURY [32]. A summary
of the crystallographic data and structure refinement for Hz2L! and 3 is provided in Table 1. The data
quality of 2-4MeOH is not good and is presented only in the supplementary material (Table S1).
Attempts to grow better crystals did not succeed.

Table 1. Refinement data for H2L! and [{Yb(L1)2}{Yb(L1)(H20)2}]-MeOH-1/2MeCN (3-MeOH-1/2MeCN).

HeL! 3-MeOH-1/2MeCN
Formula C26H20N6O2 CsoHes5N18509Yb2
MM 448.48 1774.07
Crystal System Orthorhombic Monoclinic
Space Group Pbcn P2i/c
a(A) 17.6288(5) 16.4392(11)
b(A) 11.8423(4) 40.4341(17)
c(A) 10.0084(3) 14.7031(9)
a (%) 90 90
B(°) 90 93.581(5)
¥ (%) 90 90
V (A3) 2089.41(11) 9754.1(10)
V4 4 4
Pealcd
(g-cm-) 1.426 1.208
p (mm-') 0.765 1.961
Reflections
Collected 45483 59312

Independent reflections/ Rint

2149 [R(int) = 0.0506]

20576 [R(int) = 0.1216]

Data/restrictions/param. 2149/0/154 20576 /0 /992
Absorption Correction None Integration
Ri[I>20(1)] 0.0346 0.0603
wRe [I>20(1)] 0.0871 0.1364
GOF 1.077 0.769
CCDC number 2419740 2419742

2.5. Luminescence Studies
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The steady-state emission measurements of luminescence were performed using a Horiba
Fluoromax-4 spectrofluorometer. Spectra in liquid medium were obtained in quartz cuvettes with
four polished sides and an optical path length of 1.0000 cm, using 5.00 nm slits in both excitation and
emission monochromators. All solutions were adjusted so that the absorption range fell between 0.1
and 0.2 at the excitation wavelength. The measurements were conducted in oxygen-aerated and
argon-aerated methanol. Measurements in a glassy medium (77 K) were performed in a Dewar flask
with liquid nitrogen, where the samples were dissolved in a mixture of ethanol/methanol 4:1 (v/v).

2.6. Biological Assays

The compounds Sm*, Gd*, and Yb* and the ligand HzL! were tested against the bacterial strains:
E. coli ATCC 25922, P. aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29213 and its clinical
resistant strain — MRSA (methicillin-resistant Staphylococcus aureus). The stock cultures were
maintained at -80 °C in Brain Heart Infusion (BHI) broth supplemented with 20% (v/v) glycerol. The
bacteria were cultured in BHI broth at 37 °C and grown overnight before the experiments. The effect
of the complexes on bacterial growth was quantified using a broth microdilution assay as described
by Perini et al. (2024) with modifications [33]. Overnight cultures of all bacterial strains were adjusted
to McFarland’s 0.5 standard (~1x108 UFC/mL) and diluted 1000.000 times (1x102 UFC/mL). Then, 100
uL of this culture was transferred to a 96-well plate containing 100 puL of BHI broth (control) and 100
uL of the complexes and free ligand at final concentrations of 100, 50, 25, 12.5, and 6.25 pug/mL per
well. The plates were incubated for 18 hours at 37 °C. Then, the absorbance was measured at 475 nm.
The growth inhibition was presented as the percentage reduction in growth compared to the control
condition. For each bacterium, the experiment was conducted in three replicated wells per microtiter
plate at three times. Chloramphenicol was used as the negative control

Two assays were conducted regarding biofilm inhibition following the methodology adaptation
by Rocha et al. [34]. In the first assay, the complexes were incubated together with the bacteria to
assess their ability to inhibit adhesion and biofilm formation. In the second assay, biofilm formation
was allowed first, followed by treatment with the complexes to evaluate their action in the preformed
biofilms. For the anti-biofilm formation assay, overnight cultures of all bacterial strains were
incubated in BHI broth and adjusted to a McFarland standard of 0.5. Then, 100 uL of culture was
transferred to a 96-well polystyrene microtiter plate containing 100 pL of fresh BHI broth (control)
and BHI broth containing sub-inhibitory concentrations of nanocomposites that showed inhibitory
activity against bacterial growth. After incubation for 24 hours at 37 °C, the culture medium was
discarded, and the wells were washed three times with saline solution (0.85% NaCl) to remove non-
adherent cells. The biofilms were fixed with 200 uL of cold methanol (Synth) for 15 minutes. The
methanol was removed, and the biofilms were air-dried at room temperature. Then, 100 pL of crystal
violet solution (1%) was added, and after 15 minutes, the plates were washed three times with 200
uL of saline solution. The biofilms were air-dried at room temperature, and then 200 pL of 33% acetic
acid solution was added for 20 minutes to solubilize the crystal violet. The total biomass of the biofilm
was measured by absorbance at 600 nm, and the percentage inhibition of biofilm formation was
expressed using the formula: 1-(ODtreated/ODcontrot) x 100.

To verify the action against preformed biofilms, 200 pL of adjusted bacterial suspensions (1x108
UFC/mL) were added in the 96-well polystyrene plates and incubated at 37 °C for 24 h. Then, the
plates were washed with sterile saline solution and treated with compounds as described. Plates were
incubated at 37 °C for 24 h, washed 3 times and 10 pL of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) solution (5 mg/mL — Sigma-Aldrich) were added and incubated for 4
h at 37°C. After incubation, 100 uL of DMSO (dimethyl sulfoxide) were added to solubilize formazan
formed by viable cells and plates read in spectrophotometer in 470 and 550 nm. Percentage cell
viability in the preformed biofilms were relativized with control condition (untreated). All
experiments were performed in triplicate in three independent occasions.

2.7. Evaluation of the Cellular Viability and Internalization of Compounds
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The Vero CCL-81 cells were maintained in complete RPMI medium, containing 50 mM Hepes
(GIBCO, USA), 5% heat-inactivated fetal bovine serum (EUROBIO, France), 2 mM L-glutamine
(GIBCO, USA), and 40 pg/mL gentamicin (ARISTON, Brazil). Cells were cultured in 25 cm? culture
flasks and stored in an incubator at 37 °C with 5% carbon dioxide (CO2). When cells were passaged
or used for subsequent assays, they were detached from the flask using PBS/EDTA (0.25%) and
trypsin. The cells were detached and transferred to 96-well plates (1x10¢ cells/mL) and incubated for
12 hours (37 °C, 5% CO2) for adhesion. After cellular adhesion, treatment with the
compounds/composites  ([{Sm(L1)2H{Sm(L1)(H20)2}]» (1), [{Gd(L1)H{Gd(L1)(H20)2}]n  (2),
[{Yb(L1)2H{Yb(L1)(H20)2}]n (3), Bi2Os/BizSs (NP) and NP/3) was performed starting from an initial
concentration of 200 pg/ml and serially diluted at a ratio of 2, with the final concentration being 6.125
pg/ml for each compound. The positive control was performed using cells without treatment, while
the negative control involved cells treated with 2% PFA (paraformaldehyde). The cytotoxicity was
performed after 24h of treatment. After incubation with compounds Fluorescence readings (at 550
nm and 590 nm) were taken from wells containing only RPMI medium and wells containing RPMI
medium with the compounds, but no cells, to establish baseline fluorescence levels. After 24 hours of
treatment, resazurin (Ci2H7NOs - 2.5 mg/ml) was added, and fluorescence readings were performed
using an EnSpire® reader (Perkin Elmer, Germany) with excitation at 550 nm and emission at 590
nm. The internalization of the compounds was performed in the fluorescence microscope (EVOS®)
with acquisition of fluorescence with DAPI filter — 360 nm excitation and 460 nm emission.

The cells were detached and transferred to 96-well plates (1x10”6 cells/mL) and incubated for 12
hours (37°C, 5% CO2) for adhesion.The cells were detached and transferred to 96-well plates (1x10"6
cells/mL) and incubated for 12 hours (37°C, 5% CO2) for adhesion.The cells were detached and
transferred to 96-well plates (1x1076 cells/mL) and incubated for 12 hours (37°C, 5% CO2) for
adhesion.The cells were detached and transferred to 96-well plates (1x10"6 cells/mL) and incubated
for 12 hours (37°C, 5% CO2) for adhesion.

3. Results and Discussion

3.1. Synthesis and Characterization

The reactions between the precursors Sm(NOs)s-6H20, Gd(NOs)3-6H20 and Yb(NO:s)s-H20 with
1.5 equivalent of the ligand H:L! in ethanol in the presence of NaOH produced complexes of the
composition [{Sm(L1)2H{Sm(L1)(H20)2}]x 1), [{Gd(L1):{Gd(L1)(H20)2}1n 2), and
[{Yb(L1):H{Yb(L1)(H20)2}] (3), respectively (Scheme 1). For all the complexes, orange solids were
obtained with yields of 68%, 59%, and 65% for complexes 1, 2, and 3, respectively. Regarding
solubility, all complexes are soluble in DMSO, dichloromethane, and chloroform, and partially
soluble in methanol, ethanol, and acetonitrile.

@ N.
O@ ) CP/jN

M=8Sm, Gd e Yb

Scheme 1. Synthesis of the complexes [{Sm(L1)2}{Sm(L1)(H20)2}]n (1), [{Gd(L1)2{Gd(L1)(H20)2}]» (2) and
[{Yb(L1)H{Yb(L1)(H20)2}]n (3).
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The infrared spectra of the complexes showed significant changes compared to the free ligand
H:L! (see Figure S1.1) . The disappearance of the v(N-H) bands was observed, indicating the
formation of neutral complexes. Two bands corresponding to the carbonyl stretching v(C-O) were
observed around 1600 cm for all complexes, except for complex 2 (see Figure $1.3), where only one
band was observed. Additionally, a stretching band v(C=N) around 1570 cm™ was observed for all
complexes. Furthermore, only for complex 3 a broad band at 3361 cm was observed (see Figure S1.4),
corresponding to the v(OH) of the water molecule in the ytterbium complex, while for the complexes
1 and 2 this band can not be undoubtly identified. For all complexes, bands related to pyridine around
680 cm! are observed. The main bands can be observed in Table S2.

The 'H NMR spectrum of the free H,L1 (Figure S2.1) present all the expected signals. The singlet
signals corresponding to the NH groups were observed at chemical shifts of 11.84 and 11.72 ppm.
These groups are subject to deprotonation when coordinated to the lanthanide ions. Additionally,
multiplet signals corresponding to the aromatic groups were observed in the region between 7 and 8
ppm. The assignments for the 'H NMR peaks of the free ligand can be verified in Table S3.

Complexes 1-3 were analysed by high-resolution electrospray ionization mass spectrometry
(ESI*-MS). The molecular ion peak [M(HL1):]* of the complex 1 (see Figure $3.1) was observed at m/z
1046.2354, which corresponds well with the calculated value of m/z 1046.2336. The complex 3 (see
Figure S3.3) also exhibited a peak of the molecular ion [M(HL1):]* at m/z 1068.2488 (calculated value
m/z: 1068.2568). The complex 2 (see Figure S3.2) did not exhibit a clear spectrum like the others.
Therefore, it is concluded that ionization in positive mode leads to the cleavage of polymer bonds,
generating monomeric species.

3.2. Crystallographic Studies

The ligand crystallized in an orthorhombic crystal system with the Pbcn space group. The crystal
structure of H2L! presents only half of the molecule per asymmetric unit (Figure 1), whereas the other
part is generated by symmetry. The unit cell of this compound is also depicted in In Figure 1. It is
worth noting that the N2-C1 bond length is almost identical to the N2-N1 bond length. It is also
noteworthy that the bond length C-O is 1.2211(15) A, indicative of a double bond character, consistent
with an amide group in the ligand. As reported in the literature, O1-H2 is in a trans position while
N2-O1 are cis [24]. Additionally, intermolecular hydrogen bonds of the N-H---O type can be observed
in this structure. This interaction occurs between the nitrogen atom N2-H2 and the oxygen of a
neighboring molecule generated by symmetry [24].

priad

Figure 1. Crystalline and molecular structure (left) and unit cell (right) of the ligand HaL™.

The complexes [{Gd(L1)2H{Gd(L1)(H20)2}]n (Figure 2) and [{Yb(L1)2}{Yb(L1)(H20)2}]~ (see Figure
$4.1) crystallize in a monoclinic crystal system with the space group P2i/c. Selected bond lengths and
angles for the complexes are shown in Table 2 for comparison, however, the data for 2 is not good
enough due to the poor quality of the crystals and can not support a precise discussion about bond
lengths and angles. The Gd(III) and Yb(III) complexes form polymeric structures, as exemplified in
Figure 2 and Figure S4.2. The Gd2 metal center is coordinated to two ligand molecules, as expected.
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However, the presence of a second Gd1 metal center was observed, coordinated to only one ligand
molecule, two water molecules, the pyridine N33, and another pyridine from another equivalent
center. Therefore, the coordination mode is octacoordinated for both parts. Comparing the bond
lengths between the 2 and 3 complexes, it was found that bonding situation in both complexes is very
similar.

Figure 2. Asymmetric unit of the coordination polymer [{Gd(L1)2}{Gd(L1)(H20)2}]~ (left) and crystal structure of
the complex [{Gd(L1)2}2{Gd(L1)(H20)2}]n (right). Solvent molecules were omitted for clarity. Atoms N1" and Gd1'
were generated by symmetry. The symmetry operations to generate equivalent atoms are: (') x, 1.5-y, -1/2+z (");
x, 1.5-y, 1/2+z. .

Table 2. Bond lengths (A) and angles (°) selected from the structures of the complexes
[{Gd(L1)2H{Gd(L1)(H20)2}]n and [{Yb(L1)2{Yb(L1)(H20)2}]n.

[{GA(L1):H{GA(L1)(H20)]n  [{Yb(L1)2}{Yb(L1)(H:0)2}]n

Bond lengths (A)
M(1)-O(3) 2.390(11) 2.252(7)
M(1)-O(1) 2.319(11) 2.314(7)
M(1)-N(33) 2.562(14) 2.551(8)
M(2)-O(31) 2.342(10) 2.258(7)
M(2)-O(11) 2.398(12) 2.290(6)
M(2)-N(31) 2.506(14) 2.417(9)

Bond angles (°)

O(1)-M(1)-N(33) 147.2(4) 148.1(3)
O(61)-M(1)-O(51) 169.0(4) 164.2(2)
O(1)-M(1)-O(3) 143.5(4) 144.5(3)
0O(21)-M(2)-O(11) 171.3(4) 164.1(2)
O(41)-M(2)-O(31) 168.9(4) 164.1(2)
N(31)-M(2)-N(11) 143.0(4) 129.2(3)

3.3. Photophysical Studies

The characterization of complexes 1, 2 and 3 by UV electronic spectroscopy (Figure 3) showed
three absorption bands very similar to those of the free ligand (See Figure S§5.1). For complex 1,
absorption maxima were observed at 275 nm (e = 35234 L-mol'-cm™?), 325 nm (¢ =28044 L-mol-'-cm™),
and 440 nm (e = 24285 L-mol-"-cm™). For complex 2, absorption maxima were observed at 275 nm (e
= 24490 L-mol'-cm™), 330 nm (e = 28807 L-mol'-cm™), and 440 nm (g = 26626 L-mol*-cm™). For
complex 3, absorption maxima were observed at 280 nm (e = 30704 L-mol-"-cm™), 323 nm (e = 31549
L-mol’-cm™), and 435 nm (¢ = 419119 L-mol™-cm™). The first two bands are attributed to m-7t*
intraligand transitions, while the last band is attributed to ligand-to-metal charge transfer (LMCT).

The emission spectra of complexes 1, 2, and 3 (Figure 3a) were measured in methanol solutions,
and emission maxima were observed to be very close to each other. All complexes exhibited emission
quantum yields below 10°. The compounds were excited using a wavelength of 340 nm, as this
wavelength showed the highest emission intensity, except for the Yb complex, where the highest
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intensity was observed at 440 nm (see Figure S5.3). Thus, a very sharp band with good signal-to-
noise ratio was observed in the green region for the complexes with Sm and Gd, except for the Yb
complex which exhibited emission in the green-yellow region (Figure 3b). The emission maxima
observed were 520 nm for complex 1 and 2, and 550 nm for complex 3. However, these complexes
did not exhibit characteristic bands of lanthanide ions, which typically appear as narrow and
structured emission bands. This suggests that their bands may be overlapped by bands originated
from the ligand [35].
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Figure 3. (Left) Absorption spectrum (solid line) and emission at 298 K (dotted line) of complexes 1 (green line),
2 (blue line), and 3 (wine-coloured line). (Right) Yb%" complex solution without (on the left) and with irradiation
(on the right).

The Stokes shift was calculated for the complexes, resulting in approximately 80 nm for
complexes 1 and 2 and 110 nm for complex 3. This shift suggests that the complexes may exhibit
phosphorescent character, as there was small overlap between the absorption and emission bands.
However, further studies are necessary to determine the emission lifetime. Quenching experiments
carried out with molecular O: were carried out to obtain insights on the nature of the emission
properties in methanol solution. Figure S5.2 presents the comparative emission spectra of complexes
1 and 3 under argon and oxygen purging conditions. The results demonstrate that oxygen purging
leads to lower emission intensities compared to measurements conducted under Ar, with emission
maxima observed around 530 nm, indicating the phosphorescent nature of these molecules. For the
ytterbium complex, the emission bands exhibit notably reduced intensity under oxygen purging
compared to other complexes, further confirming its phosphorescent character.

Further information was obtained from temperature-dependent emission studies. The emission
spectra at 298 and 77 K were also obtained. Figure S5.4 compares the emission spectra of the
complexes at 298 K and 77 K. The results show that the emission spectra at room temperature and
low temperature are similar for all complexes, except for the ytterbium complex which exhibits a
hypsochromic shift in the emission maxima at 77 K. The band observed at low temperature is
characteristic of intraligand transitions, indicating the absence of a rigidochromic effect in the
molecule. This behavior is consistent with MLCT emissions [35]. For the ytterbium complex, the
emission spectrum at low temperature suggest that the additional bands are likely to be caused by
the rigidity effect in the molecule, given the absence of such charge transfer in this system. Moreover,
the structuring of the emission band at low temperature can be attributed to a reduction in the
molecule's vibrational states, as reported in related studies [35-37].

3.4. Antibacterial Activity of Lanthanide (III) Ion Complexes

Complexes of Samarium (1), Gadolinium (2), and Ytterbium (3), as well as the free ligand H-L?,
were evaluated against different types of gram-positive bacteria (S. aureus and MRSA) and gram-
negative bacteria (E. coli and P. aeruginosa). Pure bacteria were used as positive controls, and
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chloramphenicol was used as a negative control, commonly used in a variety of bacterial infections.
Thus, through the analysis of experimental data (Figure S6.1 and Table S4), it was found that Yb3*
and Gd* complexes exhibited a greater inhibition capacity against E. coli and P. aeruginosa than
against Gram-positive bacterial strains. However, in some cases, they were inactive at the MIC of 6.25
pug/mL. The Sm3 complex showed no effect on E. coli bacteria. Regarding the ligand, E. coli, P.
aeruginosa, and S. aureus showed a high percentage of inhibition at the MIC of 100 pg/mL. MRSA
bacteria exhibit resistance to various antibiotics and cause serious infections in humans, posing a
health threat [38,39]. The results obtained for this bacterium have shown promise. The antibacterial
activity of the ligand can be attributed to the presence of the isoniazid fragment in its structure. The
increased activity observed after complexation can be attributed to the presence of the metal ion, as
there are differences in results observed among different metal centers for certain types of bacteria.
Thus, the activity is potentiated, limiting the growth and replication of microorganisms by blocking
essential reactions [40].

Biofilms are processes in which bacteria grow protected for a polymeric extracellular matrix,
even in environments unfavourable to their survival, since there is nutrient exchange within the
medium [41]. Bacterial strains with biofilm formation capacity are less susceptible to conventional
treatments and are often associated with persistent and chronic infections [42,43]. Therefore, since
the biofilm is a structure of resistance, we analysed the effect of our compounds against preformed
biofilms Figure 4 and Table S5. The Yb?** complex showed a better percentage of inhibition at the MIC
of 100 ug/mL, specifically against E. coli and P. aeruginosa. Furthermore, the Gd3* complex exhibited
greater inhibition against E. coli, P. aeruginosa, S. aureus and MRSA. Thus, the results proved
promising as the complexes were more active than their respective free ligands [44,45]. For example,
at the MIC of 6.25 pg/mL, the Sm3* complex showed a high percentage of inhibition against almost
all types of bacteria. It is noteworthy that MRSA showed a 50% inhibition percentage for the Sm3* and
Gd?3* complexes at the lowest MIC (6.25 pg/mL).
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Figure 4. Graph of the antibacterial activity of the ligand and its Samarium, Gadolinium, and Ytterbium

complexes on bacterial biofilm against E coli, P. aeruginosa, S. aureus and MRSA bacteria.

3.5. Functionalizaton of Bi20s/Bi2Ss Nanoparticles with the Yb* Complex

The combination of nanoparticles and the complex was carried out using EDC and NHS as
coupling agents and borate buffer to maintain the pH. The synthesis of the
Bi20s/Bi2Ss:[{Yb(L1)2}{Yb(L1)(H20)2}] nanoparticles was performed by varying the concentration of 1-
thioglycerol. The solution was stirred under an argon atmosphere, followed by centrifugation and
filtration to obtain the final product, which was then analysed. Significant changes were observed
after functionalizing Bi20O3/Bi2Ss nanoparticles with the ytterbium complex. New bands appeared in
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the spectrum (Figure S7.1), while some bands common to both components were retained. Table S6
highlights the key stretching bands, including v(C=0), v(OH), v(Bi-O), and v(Bi-S). The absence of
the v(OH) band post-functionalization suggests that water molecules in the complex were replaced.
The Bi-O stretching band at 679 cm™ showed increased intensity in the NP/3 spectrum, confirming
the formation of a new material through nanoparticle-complex interaction. The photoluminescence
spectra (Figure 5§7.2) showed emission bands for all systems in the range between 500 and 650 nm.
The Bi20s/Bi2Ss nanoparticles alone emit at 600 nm (excitation: 355 nm), typical of quantum dots [46],
while the complex alone emitted at 620 nm (excitation: 340 nm). After the interaction, a hypsochromic
shift to 570 nm (excitation: 355 nm) was verified. Therefore, both infrared and photoluminescence
data suggests the binding between the ytterbium complex and the Bi2Os/Bi2Ss nanoparticles, however,
it was observed that this combination of them resulted in the suppression of photoluminescence since
a reduction in the luminescence intensity was observed.

3.6. Cytotoxicity Evaluation

The compounds showed MICs ranging from 6.25 to 200 ug/mL when tested against the VERO
CCL-81 cell line, aiming to determine the viability or cytotoxicity index (CI). When evaluating the
cytotoxicity of a compound, it is common to use this type of cell because they are easy to cultivate in
the laboratory, making them useful for such applications. Figure 5 shows that none of the compounds
exhibited 50% cytotoxicity in the treated cells, indicating no significant impact on their survival.
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Figure 5. A viability of Vero CCL-81 cells after 24 hours of treatment at concentrations of 200, 100, 50, 25, 12.5,
and 6.25 ug/mL.

3.7. Biomarker Evaluation

The obtained materials were incubated in Vero cells, and their ability to internalize into the cells
was evaluated through the analysis of the compounds’ luminescence. The data (Figure 6) revealed
that within the tested time interval, neither the free nanoparticles nor the functionalized NP/Complex
were detected inside the cells. This suggests that functionalization suppressed luminescence, making
it challenging to observe cellular internalization directly. However, the complexes demonstrated the
ability to cross the cell membrane, as indicated by the red arrows in Figure 8. This finding is
particularly favourable, as it shows that the neutral complexes could successfully penetrate cells,
corroborating previous studies [47,48]. These results are noteworthy because they indicate that the
complexes may have potential to act against intracellular bacteria, being a promising approach for
monitoring the bactericidal action of the compounds [49].
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Figure 6. Treatments with the compounds (200 pg/mL): Vero Cells Control (A), Bi2Os/Bi2Ss + Yb3* (B), Bi2Os/Bi2Ss
(©), Yb* (D), Gd** (E), and Sm?* (F). Acquisition of fluorescence with DAPI filter — 360 nm excitation and 460 nm

emission.

4. Conclusions

A hydrazone ligand derived from isoniazid was synthesized, enabling the formation of three
polymeric lanthanide complexes (Sm¥, Gd*, Yb*) with good yields. These complexes exhibited
unique coordination features and notable photophysical properties, including a combination of
fluorescent and phosphorescent emissions. Antibacterial studies revealed high efficacy against both
Gram-positive (Staphylococcus aureus and MRSA) and Gram-negative bacteria (Escherichia coli and
Pseudomonas aeruginosa). Additionally, the complexes exhibited strong biofilm inhibition against E.
coli, P. aeruginosa, and S. aureus. Cytotoxicity tests showed that the free complexes exhibited minimal
toxicity, while the NPs alone demonstrated higher cytotoxic effects. Furthermore, intracellular
observation of the free complexes was successfully achieved using their intrinsic luminescence
properties, a feature not observed for the NPs. Upon functionalizing the Bi2Os/Bi2Ss nanoparticles
(NPs) with the ytterbium complex, the FTIR analysis indicated structural changes. However, this
combination resulted in reduced emission intensity. Cytotoxicity tests revealed minimal toxicity for
the free complexes, while the NPs alone showed higher cytotoxic effects. Finally, the intracellular
observation of the free complexes was successfully achieved using their intrinsic luminescence
properties, a feature not observed for the NPs. In conclusion, these lanthanide coordination polymers
not only exhibit significant antibacterial activity, but also have the potential to eliminate bacteria
within intracellular environments also serving as intracellular probes.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Refinement data for [{Gd(L1)2}{Gd(L1)(H20)2}]»-4MeOH (2-4MeOH).
Figure S1.1: IR (ATR) spectrum of HzoL!; Figure S1.1: IR (ATR) spectrum of [{Sm(L1)2H{Sm(L1)(H20)2}]~ (1); Figure
§1.2: IR (ATR) spectrum of [{Gd(L1)H{Gd(L1)(H20)}]n (2); Figure S1.3: IR (ATR) spectrum of
{Yb(L1)2H{Yb(L1)(H20)2}]~ (3); Table S2: Selected absorption bands in the infrared region for free ligands and
complexes; Figure S2.1: '"H NMR spectrum of HaoL! in DMSO-ds; Table S3: Assignments for the 'H NMR
spectrum of the ligand in DMSO-ds (0 ppm); Figure S3.1: ESI(+) MS spectrum of [{Sm(L1)2}{Sm(L1)(H20)2}]~ (1);
Figure §3.2: ESI(+) MS spectrum of [{Gd(L1)2}{Gd(L1)(H20)2}]n (2); Figure S3.4: ESI(+) MS spectrum of ESI(+) MS
spectrum of [{Yb(L1)2}{Yb(L1)(H20)2}]n (3); Figure S4.1: Crystal structure of the complex
[{Yb(L1)2}{Yb(L1)(H20)2}]n (3); Figure S4.2: Polymeric structure of the complex [{Yb(L1)2{Yb(L1)(H20)2}]n (3);
Figure S5.1: Electronic spectra of HaoL! (10> M CH3OH solution); Figure S5.2: Emission spectra of the complexes
[{Sm(L1)2H{Sm(L1)(H20)2}]n (1) (green line), complex [{Gd(L1)H{Gd(L1)(H20)2}]n (2) (blue line) and complex
[{Yb(L1)2{Yb(L1)(H20)2}]n (3) (wine line) bubbled with argon (solid line) and O: (dashed line) in MeOH at 298
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K; Aexe = 340 nm (for 3); Figure S5.3: Emission spectra of the complexes [{Sm(L1)2}{Sm(L1)(H20)2}]n (1),
[{GA(L1)2H{Gd(L1)(H20)2}]n (2) and [{Yb(L1)2}{Yb(L1)(H20)2}]n (3) under different excitation wavelengths; Figure
§5.4: Experimental emission spectra of complex [{Sm(L1)2}{Sm(L1)(H20)2}]n (1) (green line), complex
[{Gd(L1)2{Gd(L1)(H20)2}]n (2) (blue line) and complex [{Yb(L1)2}{Yb(L1)(H20)2}]n (3) (wine line) in ethanol:
methanol 4:1 at 77 K (dashed line) and at 298 K (solid line), Aexc = 340 nm; Figure S6.1: Graphics of the antibacterial
activity of the ligand and its samarium, gadolinium and ytterbium complexes.; Table S4. Antibacterial activity
of the ligand and its samarium, gadolinium and ytterbium complexes.; Table S5. Antibacterial activity of the
ligand its samarium, gadolinium and ytterbium complexes on the bacterial biofilm. Figure S7.1: IR (ATR)
spectrum of the Bi2O3/BizSsnanoparticles (gray), Yb* complex (blue) and NP/Complex combination (red); Figure
§7.2: Photoluminescence spectra of Bi203/Bi2S3 nanoparticles, Yb* complex, and NP/Complex; Table S6. Main
absorption bands in the infrared region of compounds in ATR (cm).
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