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The development of multifunctional biomaterials with both photocatalytic and antimicrobial 
properties is of great importance for biomedical applications such as wound healing. In this 
study, we synthesized a hybrid gel containing silver nanoparticles (AgNPs) and europium-doped 
lanthanum orthovanadate nanoparticles (LaVO4:Eu3+ NPs) embedded in a poly(acrylic acid)–
carbomer 940 matrix. Optical and photocatalytic experiments revealed that while LaVO4:Eu3+ 
NPs alone require high-energy UV excitation (<300 nm) to generate electron–hole pairs, their 
combination with AgNPs enables efficient plasmon-mediated enhancement under mild UV-A 
(395 nm) irradiation. This effect is most plausibly attributed to a hot electron injection mecha-
nism, which promotes reactive oxygen species (ROS) formation. Biological assays demonstrated 
that the Ag/LaVO4:Eu3+ NPs gel completely inhibited the growth of Staphylococcus aureus ATCC 
25923 after only 10 minutes of UV-A exposure, with no bacterial recovery observed after 4 hours. 
The interplay of photocatalysis, photothermal activity, and intrinsic antimicrobial properties of 
AgNPs and LaVO4:Eu3+ contributes to the pronounced and sustained antibacterial effect. Con-
sidering the urgent challenge of antibiotic resistance, plasmon-mediated photocatalysis in multi-
functional nanocomposite gels provides a powerful alternative strategy for infection control and 
wound healing applications.

Keywords: plasmon-mediated photocatalysis, Ag/LaVO4:Eu3+ NPs gel, nanoparticles, anti-
microbial activity, soft UV-A irradiation

Плазмон-посилений фотокаталіз та антимікробна активність наночастинок 
Ag/LaVO4:Eu3+, що містяться  в гелі для загоєння ран. В.K. Клочков, O.O. Сєдих, 
Г.В.  Григорова, Н.O. Карпенко, П.O. Максимчук, С.Б. Павлов, T.П. Осолодченко, 
С.Л.  Єфімова

Розробка багатофункціональних біоматеріалів з фотокаталітичними та антимікробними 
властивостями має велике значення для біомедичних застосувань, таких як загоєння ран. У 
цьому дослідженні ми синтезували гібридний гель, що містить наночастинки срібла (AgNPs) 
та наночастинки ортованадату лантану, леговані європієм (LaVO4:Eu3+ NPs), вбудовані в 
матрицю полі(акрилова кислота)-карбомер 940. Оптичні та фотокаталітичні експерименти 
показали, що хоча наночастинки LaVO4:Eu3+ ​​самі по собі потребують високоенергетичного УФ-
збудження (<300 нм) для генерації електрон-діркових пар, їх поєднання з наночастинками 
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1. Introduction
Wound healing is a complex and dynamic 

physiological process involving several over-
lapping stages: hemostasis, inflammation, 
proliferation, and the regeneration of skin and 
subcutaneous tissues. Each of these phases is 
regulated by intricate cellular and molecular 
mechanisms and requires a targeted therapeu-
tic approach for optimal recovery [1,2]. In some 
cases, injuries are accompanied by purulent-in-
flammatory complications, which pose signifi-
cant clinical challenges and are often aggravat-
ed by persistent infections and impaired wound 
healing. Modern treatment approaches often 
rely on the use of various agents (adsorbents, 
anti-inflammatory drugs, antibiotics, and sub-
stances that stimulate the regeneration pro-
cess), whose actions are targeted at different 
phases of wound healing [3]. Traditional anti-
bacterial agents that are not based on antibi-
otics, such as oxidizing agents (e.g., potassium 
permanganate), can be used only locally and 
in a limited manner [4]. The main challenge is 
that active oxidation affects not only bacteria 
but also wound tissues, thereby complicating 
the healing process. Moreover, it is important 
to combine antibacterial and anti-inflamma-
tory effects. The widespread use of antibiotics 
has sharply exacerbated the problem of bacteri-
al antibiotic resistance and the spread of multi-
drug-resistant strains [5,6]. Unfortunately, no 
new classes of antibiotics capable of addressing 
this issue are currently available. Thus, pro-
longed inflammation, accompanied by excessive 
production of reactive oxygen species (ROS) in 
combination with antibiotic-resistant microbial 
infections, is a major factor that significantly 
delays wound healing and requires innovative 
therapeutic approaches that go beyond conven-
tional methods.

Ultraviolet (UV) irradiation of wounds rep-
resents a promising therapeutic approach. 
In particular, UV-A, with the longest wave-
lengths (315–400 nm) in the UV spectrum, 

penetrates human skin more effectively than 
UV-B (280–315 nm) and UV-C (100–280 nm), 
reaching the upper layers of the dermis. This 
deeper penetration, combined with its lower 
photon energy compared to UV-B and UV-C, 
suggests a potentially favorable risk-benefit 
profile for therapeutic applications in living 
tissues [7,8]. Controlled UV exposure may sup-
port wound healing and the restoration of skin 
homeostasis, partly through its anti-inflamma-
tory and antioxidant effects. This is attributed 
to UV-A–induced generation of ROS, which can 
eliminate microorganisms while also acting as 
signaling molecules.

Low-dose UV-A irradiation can initiate con-
trolled ROS production sufficient to inactivate 
microorganisms without impairing endogenous 
antioxidant defense mechanisms, thereby  
facilitating wound healing [7]. UV-A is partic-
ularly attractive due to its lower health risks 
compared with UV-B and UV-C, as it primar-
ily induces ROS indirectly rather than directly 
damaging DNA, as UV-C does. This mecha-
nism enables the achievement of therapeu-
tic benefits with minimal side effects [8]. The 
antimicrobial potential of UV-A can be further 
enhanced through the use of nanoscale photo-
sensitizers, such as TiO2 and ZnO nanoparticles 
(NPs), carbon dots, and silver or copper NPs 
[9–11]. In this approach, synergistic effects of 
ROS generation, membrane and DNA damage, 
and biofilm disruption can be achieved, offering 
a novel strategy for combating antibiotic-resis-
tant wound infections [9–11].

In the present work, we report on an innova-
tive wound-healing complex in a form of gel con-
taining inorganic redox photoactive nanopar-
ticles of lanthanum orthovanadate doped with 
Eu3+ ions (LaVO4:Eu3+) combined with silver 
nanoparticles as plasmonic sensitizers, anti-
inflammatory and antimicrobial components. 
The anti-/prooxidant properties of LnVO4:Eu3+ 
NPs (Ln = Gd, Y, La) are well described and at-
tributed to the ability of vanadium ions to ex-
ist in multiple oxidation states (V3+, V4+, V5+) 

Ag забезпечує ефективне плазмон-опосередковане посилення під впливом м’якого УФ-А  
(395 нм)  опромінювання. Цей ефект, найімовірніше, пояснюється механізмом інжекції 
гарячих електронів, який сприяє утворенню активних форм кисню (АФК). Біологічні 
тестування продемонстрували, що гель, який містить наночастинки Ag/LaVO4:Eu3+ повністю 
пригнічує ріст Staphylococcus aureus ATCC 25923 лише після 10 хвилин впливу УФ-А, при 
цьому відновлення бактерій не спостерігається через 4 години. Поєднання фотокаталітичної 
фототермічної активності та власних антимікробних властивостей наночастинок Ag та 
LaVO4:Eu3+ сприяє вираженому та стійкому антибактеріальному ефекту. Враховуючи 
нагальну проблему стійкості до антибіотиків, плазмон-опосередкований фотокаталіз 
у багатофункціональних нанокомпозитних гелях забезпечує потужну альтернативну 
стратегію для контролю інфекцій та загоєння ран.
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within the crystal lattice and participate in 
diverse redox reactions in cells [12–14]. These 
unique properties enable LnVO4:Eu3+ NPs to 
either induce or scavenge ROS, depending on 
the microenvironmental conditions [13]. More-
over, LnVO4:Eu3+ NPs exhibit a wide range of 
biological effects, including antibacterial, anti-
inflammatory, and wound-healing properties 
[15-18]. Although these biological processes of-
ten involve or depend on oxidative stress, sim-
ply listing these diverse effects suggests that 
the interaction of nanoparticles with biological 
systems is far more multifaceted than mere 
ROS scavenging or generation. This indicates 
that the anti-/pro-oxidant properties of LnVO4:
Eu3+ NPs may represent only one component 
of a broader, more complex profile of biological 
activity. This profile likely encompasses intri-
cate modulation of cellular signaling pathways, 
immune responses, and potentially direct anti-
microbial actions.

Silver nanoparticles (AgNPs) display potent 
in vivo anti-inflammatory effects via multiple, 
complementary mechanisms. They suppress 
the NF-κB signaling pathway—reducing key 
pro-inflammatory cytokines (IL-1, IL-1β, IL-6, 
IL-9, IL-12, IL-18, IFN-γ, TNF-α) through cell 
membrane penetration, Ag+ ion release, and 
ROS generation. This targeted inhibition also 
lowers C-reactive protein and S-100 B levels, en-
abling inflammation control without broad im-
munosuppression [19,20]. Additionally, AgNPs 
selectively inhibit cyclooxygenase-2 (COX-2), 
limiting prostaglandin synthesis, reducing leu-
kocyte chemotaxis, and preventing inflamma-
tory exacerbation. Their intrinsic antioxidant 
activity - scavenging free radicals, reducing ox-
idative stress biomarkers, and elevating intra-
cellular glutathione - further protects against 
tissue damage [19,20]. This integrated profile, 
combining direct molecular inhibition, immune 
modulation, and oxidative stress reduction, po-
sitions AgNPs as versatile candidates for treat-
ing diverse inflammatory disorders. Notably, 
these anti-inflammatory effects complement 
their well-established antimicrobial activity 
[20]. A cornerstone of their therapeutic value 
in wound healing is their broad-spectrum an-
timicrobial efficacy against Gram-positive and 
Gram-negative bacteria (e.g., Staphylococcus 
aureus, Escherichia coli), fungi (e.g., Candida 
albicans, Aspergillus niger), and a wide range 
of viruses (e.g., HIV, HBV, HSV, influenza vi-
rus, SARS-CoV-2) [21,22]. This broad activity 
prevents and combats infections, a critical fac-

tor in preventing chronic wound development. 
Reported antimicrobial mechanisms include 
DNA/RNA complex formation, enzyme inacti-
vation and protein denaturation, disruption of 
ion exchange leading to membrane contraction 
or rupture, and ROS generation.

Thus, AgNPs and LnVO4:Eu3+ represent 
promising directions in nanomedicine due to 
their properties described above. Accordingly, 
we developed a wound-healing gel contain-
ing a combination of AgNPs and LaVO4:Eu3+ 
NPs. Europium activation of orthovanadate 
nanoparticles allows a reliable gel identifica-
tion by characteristic Eu3+ luminescent lines in 
vanadate matrix under UV excitation [23].

2. Experimental section

2.1. Chemicals 
Lanthanum chloride LaCl3·7H2O (99.9%), 

sodium metavanadate NaVO3 (96%), and diso-
dium EDTA·2Na (99.8%) were purchased from 
Acros Organics (USA). 1,10-di(3-sulfobutyl)-
3,3,3`,3`-tetramethylindodicarbocyanine sodi-
um salt (DiD C4S) was from the dyes collection 
of Dr. Igor Borovoy (Institute for Scintillation 
Materials NAS of Ukraine). AgNO3 (99.0%), 
glycerol (>99.5%), poly(acrylic acid) - carbomer 
940 (viscosity 0.5% solution 40 000 – 60 000 
cPc) were purchased from Sigma-Aldrich. So-
dium tetraborate (Na2B2O2· 10 H2O, analytical 
grade) was from Indiamart (India). 

2.2. Synthesis of LaVO4:Eu3+ NPs
 LaVO4:Eu3+ NPs in the form of an aqueous 

colloidal solution were synthesized according to 
a previously described method [13, 24, 25]. The 
NPs were stabilized in situ during synthesis 
with sodium EDTA, which imparts a negative 
surface charge. At the final stage, the colloidal 
solution was dialyzed against deionized wa-
ter for 24 h to remove excess ions and organic 
species, using a dialysis membrane with a mo-
lecular weight cut-off of 12 kDa. The resulting 
colloidal solution remains stable for more than 
two years without changes in its properties 
when stored in sealed ampoules under ambient 
conditions.

2.3. Synthesis of AgNPs 
A total of 120 mL of 0.001 M AgNO3 solution 

was combined with 60 mL of 0.0015 M EDTA so-
lution in a 200 mL beaker and stirred on a mag-
netic stirrer for 15 min. Subsequently, 8 mL of 
0.02 M NaOH solution was added under contin-
uous stirring. The pH of the resulting mixture 
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was 12–12.5. The beaker was then placed in a 
water bath equipped with an overhead stirrer 
and maintained at 90 °C for 18 min. The for-
mation of Ag nanoparticles was monitored by 
UV–Vis absorption spectroscopy. The reaction 
mixture developed a light brown coloration, 
and, upon cooling, exhibited a typical localized 
surface plasmon resonance (LSPR) peak in the 
range of 400–430 nm, confirming the formation 
of silver nanoparticles [26].

2.4. Preparation of a gel containing Ag 
and LaVO4:Eu3+ NPs 

A total of 46.15 mL of an aqueous LaVO4:
Eu3+ NPs suspension (3.9 g/L) was placed in 
a 300 mL beaker. Carbomer 940 (2.00 g) was 
added, and the mixture was stirred using a 
magnetic stirrer and left to hydrate for 24 h at 
room temperature. The next day, 144.77 mL 
of an aqueous AgNPs suspension (0.076 g/L) 
and 20.26 mL of distilled water were added, 
followed by stirring for 15 min. Subsequently, 
under vigorous stirring, 12 mL of a 4% (w/v) 
sodium tetraborate solution (Na2B2O2) in glyc-
erol was added. This procedure yielded a homo-
geneous gel with the following final composi-
tion: LaVO4:Eu3+ NPs – 0.8 g/L; AgNPs – 0.049 
g/L; Na2B2O2 – 2.15 g/L; glycerol – 65.6 g/L;  
Carbomer – 8.96 g/L. 

2.5. Instrumentation and 
characterization

The size, morphology, and phase composi-
tion of the synthesized LaVO4:Eu3+ NPs were 
analyzed using transmission electron micros-
copy (TEM) on a JEOL JEM-2100F microscope 
equipped with a Schottky-type field emission 
gun, operated at an accelerating voltage of 200 
kV. X-ray diffraction (XRD) patterns were ob-
tained using a Siemens D500 X-ray diffractom-
eter (Germany). Zeta potential measurements 
were performed with a ZetaPALS/BIMAS ana-
lyzer (Brookhaven Instruments Corp., USA) in 
phase analysis light scattering mode. UV–Vis 
absorption spectra were recorded on a Specord 
200 spectrophotometer (Analytik Jena, Ger-
many).

2.6. Measurement of photocatalytic ac-
tivity of the Ag/LaVO4:Eu3+ NPs gel under 
395 nm irradiation

A light-emitting diode (LED) flashlight with 
an emission wavelength of 395 nm was used as 
a light source. Gel samples were diluted five-
fold with distilled water and placed in a quartz 
cuvette with internal dimensions of 10 × 10 

mm. The light source was positioned 3 cm from 
the sample surface, providing an irradiance 
of 0.3 W/cm². The photocatalytic activity was 
evaluated by monitoring the photodegradation 
of organic dye 1,10-di(3-sulfobutyl)-3,3,3`,3`-
tetramethylindodicarbocyanine sodium salt 
(DiD-C4S) added to the gel, which are readily 
degraded in the presence of free radicals gener-
ated in the medium [27,28]. The dye absorption 
spectra in the visible spectral range were mea-
sured at different time intervals using a Spe-
cord 200 spectrophotometer (Analytik Jena, 
Germany). The intensity of peak at 640 nm, 
which is assigned to DiD-C3S, was analyzed in 
the solutions contained the Ag/LaVO4:Eu3+ NPs  
gel or its components.

2.7. Evaluation of antibacterial activ-
ity of Ag/LaVO4:Eu3+ NPs gel

The antibacterial effect of the Ag/LaVO4:
Eu3+ NPs gel and was evaluated using Staphy-
lococcus aureus ATCC 25923 (from the collec-
tion of the I. Mechnikov Institute of Microbiol-
ogy and Immunology of the National Academy 
of Medical Sciences of Ukraine). The bacterial 
strain was cultured on nutrient agar at 37 °C 
for 24 h, and the cell density was adjusted to 
0.5 McFarland standard (≈1 × 106 CFU/mL) 
using a Densi-La-Meter (PLIVA-Lachema, 
Czech Republic; λ = 540 nm). Quartz cuvettes 
(4 cm  ×  1 cm) were filled with 1 mL bacterial 
suspension and 1 mL of the gel. Non-treated 
samples served as controls. The light source 
(395 nm LED) was positioned 3 cm from the 
sample surface, providing an irradiance of 0.3 
W/cm². Cuvettes were irradiated for 10 min un-
der the 395 nm LED source, and aliquots were 
plated on nutrient agar immediately and after 
4 h incubation. Colony-forming units (CFUs) 
were counted to assess antibacterial activity.

3. Results and discussion

3.1. Characteristic of synthesized 
nanoparticles

The TEM image of synthesized LaVO4:Eu3+ 
NPs is presented in Fig.1A and reveals rod-like 
nanoparticles of about 5 x 30 nm size. LaVO4:
Eu3+ NPs exhibit a body-centered tetragonal 
crystal structure, belonging to the I41/amd 
space group (Fig.1B). The phase identification 
was confirmed by matching the X-ray diffrac-
tion patterns with standard reference data from 
the PDF-4+ database:  card no. 04-006-8778. 
LaVO4:Eu3+ NPs were found to have a nega-
tive surface charge, the ζ-potential was −30.02 
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± 0.91 mV. Absorption spectrum of LaVO4:
Eu3+ NPs (Fig.2) consists of wide bands in the 
260−320 nm spectral range with the maximum 
centered at 280 nm that corresponds to charge 
transfer from oxygen ligands to the vanadium 
atom in the VO4

3-  group [29]. 
Fig.1C represent the TEM image of syn-

thesized AgNPs. The synthesized NPs were 
of spherical form with the mean size of about 
15 nm. The absorption spectrum of AgNPs is 
shown in Fig.2 and exhibits a characteristic 
LSPR peak centered at 410 nm. 

3.2. Studying photocatalytic activity of 
the Ag/LaVO4:Eu3+ gel

The photocatalytic activity of metal oxide 
NPs is well established [30]. Upon UV irradia-
tion with photon energy E large then band gap 
energy Eg (E>Eg), metal oxide NPs undergo 
charge separation, generating conduction-band 
electrons (e-) and valence-band holes (h+). The 
resulting charge carriers exhibit strong redox 

potentials, reacting with molecular oxygen and 
water or hydroxyl ions from photolysis to yield 
variety of ROS including superoxide (O2

- )  and 
hydroxyl radicals (·OH) contributing to a num-
ber of photocatalytic effects at the surface of 
NPs, such as organic dye degradation [30,31]. 
Photocatalytic properties of LnVO4:Eu3+ 
(Ln=Gd,Y,La) NPs were studied in our previous 
works [13,27,28]. The Eg value for LaVO4:Eu3+ 
NPs was calculated to be 4.12 eV [13] indicat-
ing that excitation at wavelengths shorter than 
300 nm is required to generate electron–hole 
pairs (see Fig.2). For example, in [18], a high-
pressure mercury lamp providing a light flux 
of 43 W/cm² was used to observe DID-C3S dye 
degradation. In contract, irradiation of the gel 
containing only LaVO4:Eu3+ NPs with a 395 nm 
LED at a light flux of 0.3 W/cm² did not meet 
the conditions necessary for DiD-C3S dye deg-
radation via photocatalytic reactions (Fig.3). 

Fig. 1. TEM images with the size distribution diagram of synthesized LaVO4:Eu3+ NPs (A) and Ag NPs (C), 
XRD pattern of LaVO4:Eu3+ NPs (B).

Fig. 2. Absorption spectra of LaVO4:Eu3+ (red 
curve) and Ag (blue curve) NPs

Fig. 3. Time-dependent DiD-C3S dye decomposi-
tion in various environment (water, gel contain-
ing Ag/LaVO4:Eu3+ NPs and its components) un-
der 395 LED irradiation.
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Despite the fact that the excitation wave-
length of 395 nm corresponds to the LSPR 
band of AgNPs, no photocatalytic activity was 
observed in the gel containing only AgNPs 
(Fig.  3). In contrast, irradiation of the Ag/
LaVO4:Eu3+ NP gel with a 395 nm LED induced 
pronounced degradation of the DiD-C3S dye 
(Fig. 3), whereas no such effect was detected in 
aqueous suspensions containing both Ag and 
LaVO4:Eu3+ NPs. Furthermore, the effect was 
absent when the composite was irradiated with 
visible light from a halogen lamp, even though 
its luminous flux was an order of magnitude 
higher than that of the 395 nm LED.

These results indicate that, the UV-A (395 
nm) irradiation of the Ag/LaVO4:Eu3+ NPs com-
posite, that coincide with LSPR band of AgNPs, 
enhances the photocatalytic activity of the Ag/
LaVO4:Eu3+ NPs complex via plasmon-mediat-
ed mechanisms, and that the poly(acrylic acid)–
carbomer 940 gel matrix provides the spatial 
confinement necessary for these effects by host-
ing both types of NPs within its network.

Several mechanisms could contribute to the 
observed plasmonic photocatalysis upon excita-
tion of the Ag/LaVO4:Eu3+ gel within the LSPR 
band including (і) plasmon-induced resonant 
energy transfer (PIRET), (ii) electromagnetic 
local field enhancement (LFE) and (іiі) hot elec-
tron injection (HEI) [31-34]. Given the absence 
of spectral overlap between the LSPR band 
of AgNPs (~410 nm) and the main absorption 
band of LaVO4:Eu3+ NPs (~280 nm), see Fig.2, 
the contributions of plasmon-induced resonant 
energy transfer (PIRET) could be excluded 
[32,33]. In the composite gel, irradiation at the 
LSPR wavelength induces strong localized elec-
tromagnetic fields around AgNPs, which can, 
in principle, enhance the excitation of nearby 
semiconductor NPs [33]. For such localized field 
effects (LFE) to facilitate redox reactions at the 
NP surface, however, the LSPR wavelength 
must overlap with the semiconductor band gap. 
Since no such overlap occurs in our system, LFE 
cannot efficiently drive photocatalytic processes. 
Nevertheless, Eu3+ has direct excitation band 
near 395 nm, corresponding to 7F0→5L6 tran-
sition [36,37]. This spectral proximity to the 
AgNPs’ LSPR suggests that LFE could instead 
enhance Eu3+ luminescence. However, the over-
all efficiency of this process is inherently low, 
because the 4fⁿ–4fⁿ intra-configurational transi-
tions of Eu3+ are only weakly allowed [36,37]. 

Upon 395 nm excitation, the plasmonic os-
cillations of AgNPs decay non-radiatively, gen-

erating high-energy (“hot”) electrons [32,34]. 
If these electrons possess sufficient energy to 
overcome the Schottky barrier at the Ag/LaVO4:
Eu3+ NPs interface, they can be injected into 
the conduction band of LaVO4:Eu3+ NPs. The 
injected electrons could participate in redox re-
actions, enhancing the formation of ROS and 
promoting DiD-C3S dye degradation (Fig.3). 

Let us estimate the possibility for HEI in 
the Ag/LaVO4:Eu3+ interface. Photon energy at 
395 nm: h eVn = 3 14.   . The Fermi level ( EF ) of 
silver is commonly referenced based on its work 
function, typically around - 4.26 eV below the 
vacuum level. Maximum energy of a  hot elec-
tron (in the simplest model) [34]:

 
E E h

eV vacuum
hot
max

F» + »- + =

=- ( )
n  . .

  .     .
4 26 3 14

1 12
 

Conduction band minimum (CBM) of LaVO4:
Eu3+ NPs: ECBM = – 3.48 eV (vacuum) [13].  
Thus, −1.12eV > −3.48eV indicating that hot 
electrons possess a significant excess energy 
(~2.36 eV) relative to the CBM and are ener-
getically capable of injection into the conduc-
tion band of LaVO4:Eu3+ NPs. 

Another useful parameter is the Schottky 
barrier (Fb ) between the Ag EF  and the LaVO4:
Eu3+ NPs CBM: Fb CBM FE E Ag eV= - ( )=  .  0 78 .  
This means that for electron injection to occur, 
a hot electron must carry at least ≥ 0.78 eV of 
excess energy. Since excitation at h eVn = 3 14.    
provides sufficient energy, hot-electron injec-
tion is energetically feasible.

Thus, the most plausible mechanism un-
derlying the plasmon–mediated photocatalytic 
enhancement in the Ag/LaVO4:Eu3+ NPs com-
posite seems to be the hot electron injection. 
The carbomer gel matrix likely facilitates this 
process by maintaining close spatial proximity 
and stable contact between the Ag and LaVO4:
Eu3+ NPs, which is essential for efficient charge 
transfer. The concept of “plasmonic photocata-
lysts” was first introduced by Awazu and co-au-
thors in 2008 [38] and since then, the plasmon-
mediated enhancement of semiconductor NPs 
catalytic properties has been widely demon-
strated in various composites, such as Ag/TiO2, 
Au/TiO2, Au/ZnO, Au/CeO2, Ag/Cu2O and oth-
ers [32-34]. However, Ag/LaVO4:Eu3+ NPs em-
bedded in a gel matrix is reported for the first 
time. 

It should be noted that, in addition to plas-
mon-mediated photocatalysis, other mecha-
nisms associated with NPs surface reactions 
under the UV-A (395 nm) irradiation could be 
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possible and will be the subject of our further 
studies. The irradiation of AgNPs within the 
LSPR band can also induce photothermal ef-
fects and the combined action of hot carriers, 
ROS generation, and localized heating, as well 
as antimicrobial activity of both AgNPs and 
LaVO4:Eu3+ NPs, thereby endowing the Ag/
LaVO4:Eu3+ NPs composite with exceptional 
antimicrobial and anti-inflammatory proper-
ties. 

3.3. Evaluation of antibacterial activ-
ity of the Ag/LaVO4:Eu3+ NPs gel 

The antimicrobial activity of the Ag/LaVO4:
Eu3+ NPs gel was tested with Staphylococcus 
aureus ATCC 25923 bacterial strain, which is 
a gold standard to test antimicrobial preser-
vatives, and bacterial resistance of test sub-
stances. (Fig.4). As shown in Fig.4, upon UV-A 
irradiation (395 nm LED) of the samples with-
out the Ag/LaVO4:Eu3+ NPs gel for 10 minutes 
(+UV group), no immediate difference in bac-
terial colony counts was observed compared 
with the control (104 colonies). However, after 
4 hours, the number of colonies decreased sub-
stantially to 10², suggesting that 395 nm light 
alone exerts a delayed bacteriostatic effect. 
In the presence of the Ag/LaVO4:Eu3+ NPs gel 
without an irradiation (+gel group), bacterial 
growth remained unaffected after 10 minutes, 
but a pronounced reduction was observed 4 
hours later (down to 3–4 colonies). This delayed 
effect is most likely related to the intrinsic anti-
microbial activity of Ag [19,20] and LaVO4:Eu3+ 
[15] described above and UV-A light irradiation 
(Fig.4). Most notably, when samples containing 
the Ag/LaVO4:Eu3+ NPs gel (+gel+UV group) 
were irradiated with 395 nm light, complete in-
hibition of bacterial growth was achieved after 
just 10 minutes, and no regrowth was detected 
even 4 hours post-irradiation. These findings 
strongly suggest that the enhanced antibacte-
rial effect arises from the synergistic action of 
UV-A light and the Ag/LaVO4:Eu3+ NPs com-
posite. In particular, plasmon-mediated ROS 
generation enhancement together with pos-
sible photothermal and intrinsic antimicrobial 
effects appear to play a decisive role in produc-
ing long-lasting antibacterial activity.

4. Conclusion
In this study, we developed a hybrid gel 

composed of Ag and LaVO4:Eu3+ nanoparticles 
embedded within a poly(acrylic acid)–carbomer 
940 matrix and evaluated its photocatalytic and 

antimicrobial performance. While LaVO4:Eu3+ 
nanoparticles alone require high-energy UV ex-
citation to initiate photocatalysis, the incorpo-
ration of AgNPs enables plasmon-assisted en-
hancement, most likely via a hot electron injec-
tion mechanism, resulting in efficient ROS gen-
eration under mild UV-A (395 nm) irradiation. 
The contribution of enhanced photocatalytic 
activity, photothermal effects, and the intrinsic 
antimicrobial properties of AgNPs and LaVO4:
Eu3+ NPs appears to be crucial for achieving a 
strong and long-lasting antibacterial response 
under these soft illumination conditions. No-
tably, the Ag/LaVO4:Eu3+ NPs gel completely 
inhibited the growth of Staphylococcus aureus 
ATCC 25923 after short UV-A (395 nm) expo-
sure, with no bacterial recovery observed even 
after 4 hours. In light of the global challenge 
of antibiotic resistance, the Ag/LaVO4:Eu3+ 
NPs gel leveraging plasmon-mediated photo-
catalysis offer a powerful alternative strategy 
for infection control, with strong potential to be 
extended toward broader biomedical applica-
tions, including advanced wound healing and 
tissue regeneration.
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Fig. 4. Growth inhibition of Staphylococcus au-
reus ATCC 25923 under different treatment 
conditions: control – untreated bacterial culture; 
+UV – exposure to UV-A light (395 nm LED); 
+gel – treatment with Ag/LaVO4:Eu3+ NPs gel; 
+gel+UV combined treatment with Ag/LaVO4:
Eu3+ NPs gel and UV-A light.
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