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Abstract: This study reports the synthesis and characterization of four novel rare earth-
gallic acid complexes, Sm(Gal)z-4H,O, Eu(Gal)s-4H,0O, Tb(Gal)3-4H,0O, and Dy(Gal);-4H,O.
These complexes were synthesized under optimized conditions (60 °C, pH 4-5) and char-
acterized using the Ln®* elemental content method, infrared spectroscopy (FI-IR), ther-
mogravimetric analysis (TGA), mass spectrometry (MS), and fluorescence spectroscopy.
IR spectra confirmed the coordination of rare earth ions (Ln3*) with gallic acid through
carboxylate oxygen atoms. TGA revealed the thermal decomposition pathways, while
MS identified the molecular ion peaks and fragmentation patterns. All complexes ex-
hibited strong luminescence under UV excitation, with emission peaks corresponding to
characteristic transitions of Sm3*, Eu®*, Tb3*, and Dy3+. Biological assays demonstrated
significant antimicrobial activity against Escherichia coli, Staphylococcus aureus, and Pseu-
domonas aeruginosa, with Dy(Gal);-4H,O showing the highest efficacy. Additionally, the
complexes displayed inhibitory effects on MCFE7 breast cancer cells, with Tb(Gal)3-4H,O
exhibiting the lowest ICsy value (11.3 uM). These findings suggest that rare earth metal
complexes with gallic acid have potential applications in biomedical fields, particularly as
antimicrobial and anticancer agents.
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1. Introduction

Rare earth metals (REMs) have garnered significant attention in recent years due to
their unique optical, magnetic, and catalytic properties [1,2]. Their ability to form stable
complexes with organic ligands, such as carboxylic acids, has opened new avenues for
applications in materials science, catalysis, and biomedicine [3-13]. The combination of
REMs with organic compounds has the potential to enhance these biological activities due
to the synergistic effects of the metal ions and the organic ligand [4-14]. Metal complexes of
gallic acid, particularly with aluminum and iron, have demonstrated superior antibacterial
properties against Escherichia coli ATCC 25922. While gallic acid exhibited bacteriostatic
effects at 4.0 umol/mL, its aluminum and iron complexes showed bactericidal activity at
the same concentration [15]. This enhanced activity is attributed to increased pro-oxidative
and genotoxic effects, leading to elevated malondialdehyde and hydrogen peroxide levels
and higher SOS induction factors in DNA-repair-deficient E. coli strains [15]. The cytotoxic
activity of the platinum (II) complex was evaluated against chronic myelogenous leukemia
cells (K562) and a non-cancerous cell line (LLCMK?2). The complex exhibited significantly
higher activity compared to gallic acid, cisplatin, and carboplatin against the K562 cell line,
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with an impressive ICsg value of 0.75 uM. In antimicrobial assays, the complex also demon-
strated notable efficacy against Mycobacterium tuberculosis, with a minimum inhibitory
concentration (MIC) of 3.75 ug/mL. These findings further support the antitumor and
antimycobacterial potential of metal complexes incorporating gallic acid and its deriva-
tives [14]. Despite these advancements, there are still gaps in the literature regarding the
systematic study of REM complexes with gallic acid, particularly their antimicrobial and
anticancer properties. Moreover, the thermal stability and structural characterization of
these complexes remain underexplored. This study aims to address these gaps by synthe-
sizing and characterizing Sm, Eu, Tb, and Dy complexes with gallic acid and evaluating
their biological activities.

2. Results and Discussion
2.1. Character of Structure of Complexes

The synthesis of the rare earth metal complexes with gallic acid was carried out
under optimized conditions, yielding complexes with the general formula Ln(Gal);-4H,O
(Ln =Sm, Eu, Tb, and Dy). The lanthanide content (Ln®*) in the synthesized rare earth
gallate complexes Ln(Gal)3-4H,O (Ln = Sm, Eu, Tb, and Dy) was quantitatively determined
via complexometric titration using EDTA as the titrant and arsenazo III as a colorimetric
indicator. The method provided reliable results, as evidenced by the close agreement
between the theoretical and experimentally determined lanthanide content (Table 1). The
deviation in all cases was within +0.2%, indicating both the purity of the isolated complexes
and the accuracy of the titrimetric protocol. The experimental data aligned well with
the theoretical Ln®" content values and matched with the lanthanide contents reported
by Lis et al. [13] in analogous gallic acid complexes. Thus, it can be concluded that the
proposed formula of the complex is consistent with the experimental percentage content of
the lanthanide ions.

Table 1. Ln®* elemental content in the Ln(Gal);-4H3;0 complexes.

Complex Theoretical Ln3* (%) Experimental Ln3* (%)
Sm(Gal)s-4H,0 20.62 2056 + 0.41
Eu(Gal)s-4H,0 20.77 20.84 + 035
Tb(Gal)3-4H,O 21.52 21.53 + 0.32
Dy(Gal);-4H,0 21.90 21.70 + 0.25

The FT-IR spectral data of gallic acid (Figure 1a; Table 2) showed peaks at 1695 cm !
(Vas(COOH)) and 1436 cm ™! (vs(COOH)). In the complexes (Figures 1b and S1), v,5(COO™)
shifted to 1604 cm~!, confirming deprotonation and coordination via carboxylate oxygen.
Peaks at 555-557 cm ™! were assigned to Ln-O vibrations. Broad bands at 3273-3277 cm ™!
indicated hydrated water [10-14]. The IR spectra of the complexes revealed characteristic
peaks corresponding to the coordination of Ln3* ions with the carboxylate groups of
gallic acid. The disappearance of the -COOH stretching vibration in the IR spectra of the
complexes, compared to free gallic acid, confirmed the formation of the metal-ligand bond.

Thermal analysis (TGA /DTA) of the complexes indicated that they undergo a two-step
decomposition process (Figures 2 and S2; Table 3). The first step, occurring between 92
and 112 °C, corresponds to the loss of water molecules, while the second step, between 261
and 272 °C, involves the decomposition of the gallate ligands. The final decomposition
product was identified as the corresponding rare earth metal oxide Ln,O3 for Sm, Eu, and
Dy; otherwise, Tb(Gal)3-4H,O in the decomposition may obtain Tb** to leading affordable
the oxide Tb4Oy [16,17]. The thermal stability of the complexes was found to be in the
following order: Tb(Gal);-4H,O > Eu(Gal);-4H,0O > Sm(Gal);-4H,O > Dy(Gal)3-4H,O.
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Figure 1. The FT-IR spectroscopy of gallic acid and Sm(Gal)3-4H,O complex.

Mass spectrometry (MS) analysis confirmed the molecular structure of the complexes,
with the presence of [Ln(Gal)3]* ions as the dominant species. ESI-MS spectral data (Table 4)
showed dominant peaks corresponding to [Ln(Gal)3]* (m/z: 657-669), alongside dimeric
[Lny(Gal)z]* (m/z: 808-832) and fragmented [Ln(Gal),]* (m/z: 488-500) ions. The MS
spectral data also revealed the formation of dimeric species [Lny(Gal);]*, indicating partial
polymerization of the complexes under the experimental conditions. In the mass spectra of
all four complexes, the most intense peaks appear at m/z values of 657, 659, 666, and 669,
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corresponding to the Sm(III), Eu(Ill), Tb(III), and Dy(IlI) complexes, respectively. These
values match the molecular ion masses of [Ln(Gal);]* (Ln = Sm, Eu, Tb, and Dy).

Table 2. Characteristic absorption wavenumbers in the infrared spectra of the ligand and the
complexes (cm™1).

Entry Complexes U(COOH) Vas(COO ) Vs(C00 ) V(Ln-0) V(OH) UCcH
1 HGal 1695 1436 3261 2650
2 Sm(Gal)z-4H,O - 1604 1421 555 3273 2987
3 Eu(Gal);-4H,O 1604 1419 557 3277 2900
4 Tb(Gal);-4H,0 1604 1421 555 3273 2900
5 Dy(Gal);-4H,O 1604 1421 555 3273 2900
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Figure 2. Thermal analysis diagram of the Sm(Gal)3-4H,O complex.

Table 3. Thermal analysis results of the complexes.

Temperature at Which The Remaini Loss Weight (%)
Entry Complex the Mass Loss Effect Process € emaining .
Occurs (°C) Structure Theory Experiment

922 Water removal Sm(Gal); 9.87 12.40

1 Sm(Gal)3-4H,0 261 Decomposition Sm(Gal), 23.18 20.02
330-650 Decomposition Sm;05 43.08 44.86

121 Water removal Eu(Gal); 9.84 12.05

) Eu(Gal)s-4H,0 ;;; Decomposition Eu(Gal), 23.12 27.25
330-650 Decomposition EuyO3 42.96 34.34

103 Water removal Tb(Gal)s 9.75 8.72

3 Th(Gal)s-4H,O ;2} Decomposition Tb(Gal), 22.89 24.30
300-640 Decomposition Tb, Oy 42.03 37.28

112 Water removal Dy(Gal)s 9.71 9.87

4 Dy(Gal)3-4H,0 269 Decomposition Dy(Gal), 22.77 22.29

320-650 Decomposition Dy,03 42.37 35.56
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Table 4. Mass spectral data of the complexes.

Entry Complex Fraction Ion mlz (%)
[Smy(Gal)s]* 808 37.03

1 Sm(Gal)3-4H,O [Sm(Gal)3]* 657 100
[Sm(Gal),]* 488 27.77

[Euy(Gal)s]* 811 30.00

2 Eu(Gal)3-4H,O [Eu(Gal)s]* 659 100
[Eu(Gal),]* 490 75.00
[Tby(Gal)s]* 825 35.18

3 Tb(Gal)3-4H,O [Tb(Gal)3]* 666 100
[Tb(Gal),]* 497 61.11

[Dy2(Gal)s]* 832 71.11

4 Dy(Gal);-4H,0 [Dy(Gal)s]* 669 100
[Dy(Gal),]* 500 51.11

This indicates that, under the ionization conditions, after the removal of four hydration
water molecules, the remaining molecular ions have the same composition, [Ln(Gal)3]*, con-
firming that all the complexes share the same molecular formula: Ln(Gal)3-4H,O (Ln = Sm,
Eu, Tb, and Dy). Additionally, in the mass spectra of all four complexes, two weaker peaks
are observed. One set of peaks appears at m/z values of 808, 811, 825, and 832, corre-
sponding to the Sm(III), Eu(IIl), Tb(IlI), and Dy(IlI) complexes, respectively. These values
match the molecular ion masses of dimeric fragments [Lny(Gal)s]*, indicating that the
complexes undergo partial polymerization under the mass spectrometric conditions. The
third set of peaks, at m/z values of 488, 490, 497, and 500, respectively, for Sm(III), Eu(IlI),
Tb(1II), and Dy(III), are attributed to the presence of monomeric ions, [Ln(Gal),]*. Thus, the
vapor-phase composition of all four complexes is similar and includes the presence of one
dimeric fragment ion, [Lny(Gal)s]*, and two monomeric fragment ions, [Ln(Gal)3]* and
[Ln(Gal),;]*. Combining the mass spectrometry results with data obtained from infrared
spectroscopy, thermal analysis, and elemental analysis, we propose that the complexes
have the following structural formula (Figure 3):

OH

OH
HO Y@OH
(0]
HO \ /O ) OH

O—tn— 4H,0

O/ \O

HO OH

L OH _
Ln: Sm, Tb, Dy, Eu

Figure 3. Structure of complex.

2.2. Fluorescence Character of Synthesized Complexes

The fluorescence spectra of the complexes exhibited strong emission bands in the
visible region, corresponding to the characteristic transitions of the Ln* ions. For instance,
the Sm(III) complex showed emission bands at 564 nm, 599 nm, 645 nm, and 702 nm,
corresponding to the transitions from the 4Gs /2 excited state to the 6H; /2 °H, /2 ®Hy /2
and °Hy /, states, respectively (Figure 4a). The Eu(IIl) complex exhibited emission bands at
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579 nm, 591 nm, 618 nm, 652 nm, and 700 nm, corresponding to the 5Dy — 7Fy, °Dy — "F4,
5Dy — 7F,, °Dy — “F3, and °Dy — ”F4 transitions, respectively (Figure 5a). The Tb(III) and
Dy(IlI) complexes also showed strong luminescence, with emission bands corresponding
to their respective electronic transitions (Figures 6a and 7a).
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Figure 4. Fluorescence spectrum of the complex Sm(Gal); 4H,O. (a) Fluorescence emission spectrum,
(b) fluorescence decay spectrum.
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Figure 5. Fluorescence spectrum of the complex Eu(Gal)s 4H,O. (a) Fluorescence emission spectrum,
(b) fluorescence decay spectrum.

Under UV excitation at 325 nm, the Sm(Gal)3-4H;O complex exhibits strong fluores-
cence emission in the range of 450-750 nm, with four emission bands observed at 564 nm,
599 nm, 645 nm, and 702 nm. These emission bands correspond to light in the green region
(564 nm), orange region (599 nm), and red region (645 nm and 702 nm). These emissions are
assigned to the following electronic transitions of the Sm3* ion: *Gs /2= ®Hs /2 (564 nm),
4Gs/ — ®Hy /o (599 nm), 4G5, — ®Hg/p (645 nm), and *Gs/, — ®Hyy o (702 nm) [11].
Among the four emission bands, the orange emission at 599 nm and the red emission at
645 nm exhibit the highest intensities. The green emission at 564 nm has moderate intensity,
while the weakest emission is observed at 702 nm. The fluorescence decay spectrum of
the Sm(Gal)3-4H,O complex (Figure 4b) shows that under 325 nm excitation, the orange
emission at 599 nm has a lifetime of 0.06508 + 0.00778 ms, and the red emission at 645 nm
has a lifetime of 0.05737 £ 0.00698 ms.
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Figure 6. Fluorescence spectrum of the complex Tb(Gal);-4H;O. (a) Fluorescence emission spectrum,

(b) fluorescence decay spectrum.
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Figure 7. Fluorescence spectrum of the complex Dy(Gal)z-4H,O. (a) Fluorescence emission spectrum,
(b) fluorescence decay spectrum.

The fluorescence emission spectrum of the Eu(Gal); 4H,O complex appears in the
range of 550-720 nm. This complex exhibits fluorescence with five narrow and sharp consec-
utive emission peaks at 579 nm, 591 nm, 618 nm, 652 nm, and 700 nm (Figure 5a). Among
these, the emission peak at 652 nm has the weakest intensity, followed by the peak at 579 nm.
The emission peaks at 591 nm and 700 nm show relatively strong intensities, while the emis-
sion peak at 618 nm is the strongest (Figure 5a). These emission bands correspond to visible
light regions: green (579 nm), orange (591 nm; 618 nm), and red (652 nm, 700 nm). These
spectral bands are assigned to the following transitions of the Eu>* ion: °Dy — “Fy (579 nm),
5Dy — 7F; (591 nm), °Dy — “F, (618 nm), °Dy — ”F3 (652 nm), and °Dy — “F4 (700 nm) [16].
The fluorescence decay spectrum of the Eu(Gal)s-4H,O complex shows that under 325 nm
excitation, the orange emission peak at 605 nm has a lifetime of 0.0557 £ 0.0026 ms, and
the major emission at 618 nm exhibits a lifetime of 0.06502 £ 0.0077 ms (Figure 5b). Upon
excitation at 325 nm, the Tb(Gal)3 4H;O complex emits three consecutive narrow and sharp
emission peaks at 489 nm, 545 nm, and 587 nm (Figure 6a). Among them, the green emis-
sion peak at 545 nm has the strongest intensity, corresponding to the °Dy — ”Fs transition.
The blue emission peak at 489 nm, with a weaker intensity, corresponds to the 5Dy — ”Fg
transition, while the orange emission peak at 587 nm, with the weakest intensity, is assigned
to the °Dy — 7F, transition (Figure 6a). The fluorescence decay spectrum of the Th(Gal);
4H,0 complex reveals that under 325 nm excitation, the orange emission peak at 587 nm
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exhibits a lifetime of 0.06589 £ 0.00774 ms, while the emission peak at 545 nm shows a
lifetime of 0.07609 £ 0.00804 ms (Figure 6b) [2,7,18-21].

The study of the luminescent properties of the Dy(Gal);-4H;O complex reveals that
its fluorescence emission spectrum (Figure 7a) appears in the range of 400-700 nm. When
excited by energy at 370 nm, the complex exhibits fluorescence with two narrow and sharp
emission peaks at 480 nm and 576 nm. Among these, the emission peak at 480 nm has
medium intensity, while the peak at 576 nm shows very strong intensity. These emission
bands correspond to visible light in the indigo-blue region at 480 nm and green at 576 nm.
The spectral bands are assigned to the following transitions of the Dy>* ion: 4Fg /5 — ®Hys,»
(480 nm) and *Fg,, — ®Hyy /, (576 nm) [7,18-21]. The fluorescence decay spectrum of the
Dy(Gal);-4H,O complex shows that under 325 nm excitation, the orange emission peak at
576 nm has a lifetime of 0.06943 £ 0.00706 ms, while the emission peak at 480 nm exhibits a
lifetime of 0.06184 + 0.00737 ms (Figure 7b).

2.3. Biological Activities of Metal Complexes with Gallic Acid

The antimicrobial efficacy of synthesized Ln(Gal)3-4H,O complexes (Ln = Dy, Tb, Eu,
and Sm) was systematically evaluated against three clinically relevant bacterial strains:
Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa. The results were pre-
sented in Table 5. Among the four tested complexes, Dy(Gal);-4H,O and Tb(Gal);-4H,O
demonstrated the highest activity, producing inhibition zones comparable to the stan-
dard antibiotic amoxicillin at the maximum tested concentration (100 pug/mL). Specifically,
Dy(Gal);-4H;O showed inhibition diameters of 26 mm, 27 mm, and 25 mm against E. coli,
S. aureus, and P. aeruginosa, respectively, whereas Tb(Gal);-4H,O exhibited notable activity
against P. aeruginosa (28 mm). In contrast, Eu(Gal);-4H,O and Sm(Gal)3-4H,O displayed
relatively weaker activities, particularly at lower concentrations, with Sm-complexes losing
detectable activity at 20 ng/mL. These differences in antibacterial efficacy can be rational-
ized based on the electronic configuration, ionic radius, and redox potential of the central
lanthanide ions. Dy** and Tb3* possess relatively smaller ionic radii and higher charge
densities compared to Eu®>* and Sm>*, which likely enhance electrostatic interactions with
the negatively charged bacterial cell membranes, increasing membrane permeability or
causing direct membrane disruption [22]. Furthermore, lanthanide ions with favorable
redox characteristics, such as Dy>* and Tb?*, are known to participate in reactive oxygen
species (ROS) generation, which contributes to oxidative damage of bacterial DNA, pro-
teins, and lipids, ultimately leading to cell death [23]. Another critical factor contributing
to antimicrobial activity is the presence of gallic acid as the coordinating ligand, which pos-
sesses antibacterial properties through mechanisms including membrane depolarization,
iron chelation, and enzyme inhibition [24]. Complexation of gallic acid with lanthanide
ions likely enhances its lipophilicity, facilitating cellular uptake and improving the stability
of the active species under physiological conditions [25]. The synergistic action between the
lanthanide ion and the gallic acid ligand may therefore play a crucial role in the enhanced
bioactivity observed for Dy and Tb complexes. These findings suggest the potential utility
of such lanthanide-based complexes as promising candidates for the development of novel
antimicrobial agents, particularly in the context of rising antibiotic resistance.

The in vitro cytotoxicity of the lanthanide—gallate complexes was assessed against the
MCEF-7 (human breast adenocarcinoma) cell line, and their half-maximal inhibitory concen-
tration (ICsg) values are summarized in Table 6. The Terbium(IIl) complex Tb(Gal);-4H,O
demonstrated the highest cytotoxic potency, with an ICs value of 11.3 &= 1.2 uM, followed
by Sm(Gal)3-4H,0 (IC50 = 13.7 & 0.6 uM) and Eu(Gal)3-4H,0 (IC50 = 15.4 & 0.5 uM). No-
tably, Dy(Gal);-4H,O exhibited the weakest activity (IC5¢ = 34.4 &= 0.4 uM), suggesting a
possible dependence on the nature of the central metal ion. All complexes were significantly
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less potent than the reference drug ellipticine (ICsp = 0.55 & 0.03 uM), a known DNA inter-
calator and topoisomerase II inhibitor [26].

Table 5. Antimicrobial activity of Ln(Gal)3-4H,O complexes.

Samples Con. Escherichia coli (E)  Staphylococcus aureus (SA)  Pseudomonas aeruginosa (PA)
Amoxicillin (control) 50 pg/mL 26.5 26.5 27
100 pg/mL 26 27 25
Dy(Gal)3-4H,0 50 pg/mL 26 19 19
20 pg/mL 20 19 14
100 pg/mL 22 12 22
Eu(Gal);-4H,0 50 pg/mL 21 0 20
20 pg/mL 18 0 20
100 pg/mL 21 20 25
Sm(Gal)3-4H,0 50 pg/mL 17 0 18
20 ug/mL 12 0 0
100 pg/mL 22 25 28
Tb(Gal)3-4H,O 50 pg/mL 18 20 21
20 pg/mL 0 18 20
Table 6. ICs5( values against MCF7 cells.

Complex ICs¢ (uM)

Tb(Gal)3-4H20 11.3+£1.2

Sm(Gal)3-4H,O 13.7 + 0.6

Eu(Gal)3-4H,O 154 + 0.5

Dy(Gal);-4H,0O 344+04

Ellipticine 0.55 £ 0.03

The differences in cytotoxic activity among the lanthanide complexes can be rational-
ized by considering several physicochemical and biological factors. Firstly, the size and
coordination behavior of the lanthanide ions likely influence cellular uptake and biomolecu-
lar interactions. Although lanthanide contraction results in minor changes in ionic radii, the
electronic configuration and coordination dynamics vary significantly, potentially affecting
ligand field strength and complex stability in the biological environment [27]. Secondly,
reactive oxygen species (ROS)-mediated mechanisms are implicated in the anticancer
activity of many metal-based compounds. The terbium and samarium complexes may
generate higher intracellular ROS levels, contributing to oxidative stress, mitochondrial
dysfunction, and apoptosis [28]. Gallate, as a polyphenolic ligand, can exhibit both an-
tioxidant and pro-oxidant effects depending on the redox conditions within cancer cells,
which could synergize with the metal center to modulate cytotoxic effects [29]. More-
over, the capacity of these complexes to interact with DNA or enzyme targets, such as
topoisomerases or kinases, could also account for their bioactivity. Lanthanide ions can
coordinate with phosphate backbones and nucleobases, leading to structural perturbations
in DNA, inhibition of replication, or activation of apoptotic pathways [30]. The relatively
lower activity of Dy(Gal)3-4H,O may be attributed to lower cellular permeability or weaker
interaction with biological targets, possibly due to steric or electronic effects associated
with Dysprosium(III).

3. Materials and Methods
3.1. Synthesis of Ln(Gal); Complexes (Ln = Sm, Eu, Dy, and Yb)

Complexes were synthesized under optimized conditions at a temperature of 60 °C and
pH in the range of 4 to 5. Gallic acid (HGal) was completely dissolved in ethanol (C;H5OH).
A solution of LnCl3 (Ln = Sm, Eu, Dy, and Yb) was then slowly added to the ligand solution.
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The molar ratio of LnCl3 to HGal was maintained at 1:3. The reaction mixture was stirred
using a magnetic stirrer at 60 °C while maintaining the pH at approximately 4-5. After
5-6 h of stirring, the complex gradually precipitated from the solution. The precipitate
was collected by vacuum filtration, washed with distilled water, and dried in a desiccator
over silica gel until a constant weight was achieved. The synthesis yields ranged from
80% to 85%.

3.2. Determination of Ln>* Content (%) in the Complexes (Sm>*, Eu®*, Tb>*, and Dy>*)

The content of Ln®* ions in the rare earth gallate complexes was determined using
complexometric titration with arsenazo III as the indicator. An accurately weighed 0.05 g
sample of the complex was transferred into a Kjeldahl flask. A few drops of concentrated
H,SO, were added to wet the sample, and the mixture was heated on an electric hotplate
until SO, gas was released. After cooling, 1-2 mL of H,O, was added, and the solution
was heated again to remove any remaining SO,. This process was repeated until a clear
solution with a characteristic rare earth ion color was obtained. The resulting solution
was transferred to a 50 mL volumetric flask, diluted to the mark with distilled water, and
thoroughly mixed. Complexometric titration was then performed. At the equivalence
point, the solution color changed from deep blue to wine red. The method is based on the
stable complex formation of Ln*" with EDTA: Using a pipette, transfer exactly 10 mL of
the Ln3* solution into a 100 mL conical flask. Add approximately 5 mL of acetate buffer
(pH = 5), followed by 2-3 drops of arsenazo IIl indicator. The solution will appear blue.
Gently heat the solution, then titrate with 1072 M EDTA solution until the color changes to
wine red. Record the volume of EDTA used. Repeat the titration three times and take the
average value. The results are presented in Table 1.

3.3. The Infrared Spectroscopy of Complexes (Sm>*, Eu’*, Tb>*, and Dy>*)

The infrared spectroscopy of complexes (Sm>*, Eu®*, Tb**, and Dy>*) method was
used to confirm the formation of the complexes. The spectra were recorded using an FTIR
Affinity-IS spectrometer (Shimadzu, Kyoto, Japan), in the wavenumber range of 400 to
4000 cm~!. The results are presented in Figures 1 and S1 and Table 2.

3.4. Thermal Properties of Complexes ( Sm3*, Eud*, Tb3*, and Dy3+)

Thermal analysis was employed to investigate the thermal stability of the complexes.
The thermal analysis diagrams were recorded using a Themys thermal analyzers (SE-
TARAM KEP Technologies, Caluire, France) in an air atmosphere. The temperature was
increased from room temperature to 900 °C at a heating rate of 10 °C per minute. The
results are presented in Table 3, Figures 2 and S2.

3.5. Mass Spectrometry of Complexes (Sm>*, Eu3*, Tb3*, and Dy>*)

Mass spectrometry was employed to investigate the structural forms, vapor-phase
composition, and the stability of fragment ions of the complexes. The mass spectra were
recorded using an LC/MS-Xevo TQMS instrument (Waters, Taunton, MA, USA) equipped
with an ESI (Electrospray Ionization) source. The complexes were dissolved in ethanol as
the solvent. The nebulizer gas pressure was set at 30 psi, the ionization temperature was
325 °C, and nitrogen was used as the ionization assistance gas. The mass spectral data of
the complexes are shown in Table 4.

3.6. Antibacterial Activity

The Gram-negative bacterial strains used in this study included Pseudomonas aeruginosa
(PA) and Escherichia coli, while the Gram-positive strain was Staphylococcus aureus (SA). All
strains were provided by the Faculty of Biology, Thai Nguyen University of Education. The
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antibacterial activity of the complex was evaluated using the disc agar diffusion method,
whereby the diameter of the inhibition zones around the wells was measured to determine
the complexes antibacterial efficacy. The complex was diluted in DMSO at concentrations
of 25 ug/mL, 50 ug/mL, and 100 pug/mL. Bacterial strains were cultured on nutrient
agar at 30 °C for 24 h. Microbial suspensions were prepared in sterile distilled water to
reach a concentration of approximately 108 CFU/mL. A volume of 0.1 mL of the microbial
suspension was spread evenly on nutrient agar plates, and five wells (6 mm in diameter)
were punched into the agar. Each well received 50 pL of the diluted complex and was
incubated at 4 °C for 1 h. Subsequently, the plates were incubated at 37 °C for 24 h. The
antibacterial activity was determined by measuring the diameters of the inhibition zones
in centimeters. DMSO without any complex was used as the negative control, while
amoxicillin at 50 pg/mL served as the positive control. All experiments were conducted in
triplicate [31,32]. The antibacterial activity data of the complexes are shown in Table 5.

3.7. Cytotoxicity Activity

The cytotoxic effects of the complexes were tested against MCF-7 (human breast
carcinoma), and A549 (adenocarcinomic human alveolar basal epithelial) cell lines using
the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), conducted
at the Vietnam Academy of Science and Technology. This colorimetric assay is based on the
reduction of tetrazolium salt to formazan crystals by metabolically active cells and is widely
used to evaluate cell viability, proliferation, and cytotoxicity [33]. The culture medium
used was Dulbecco’s Modified Eagle Medium (DMEM) supplemented with L-glutamine,
sodium pyruvate, NaHCOs, penicillin/streptomycin, 10% fetal bovine serum (FBS), and
0.05% Trypsin-EDTA. The detailed methodology followed the procedure described by
Khang et al. [33]. Optical density was measured at 550 nm using a microplate reader. ICsg
values (the concentration of complex required to inhibit 50% of cell growth) were calculated
using logarithmic regression analysis. The cytotoxic activity data of the complexes are
shown in Table 6.

3.8. Statistical Analysis

All experiments were performed in triplicate. Data were analyzed using two-way
ANOVA and are presented as mean =+ standard deviation. A p-value of <0.05 was consid-
ered statistically significant.

4. Conclusions

In conclusion, this study successfully synthesized and characterized rare earth metal
complexes with gallic acid, demonstrating their potential as antimicrobial and anticancer
agents. The complexes exhibited strong luminescent properties and significant biological
activities, with the Dy(Gal);-4H,O complex showing the highest antimicrobial activity
and the Tb(Gal);-4H,O complex exhibiting the most potent anticancer effects. These
findings highlight the potential of rare earth metal complexes with gallic acid in biomedical
applications, particularly in the development of new antimicrobial and anticancer therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/inorganics13060180/s1, Figure S1: The FI-IR spectroscopy of Ln(Gal);-4H,O
complexes (Ln: Eu (a), Dy (b), and Tb (c)); Figure S2: Thermal analysis diagrams of Ln(Gal)3-4H,O
complexes (Ln: Eu (a), Dy (b), and Tb (c)).
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