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ABSTRACT

Our aim is to provide nanostructures combining photodynamic therapy (PDT) and low-
dose radiation therapy (RT) to target Escherichia coli (E. coli) and Green Fluorescence 
Protein-E coli bacteria (GFP-E. coli). To accomplish this, we synthesized cubic iron oxide 
nanoparticles conjugated with 2-deoxy-2-[fluorine-19] fluoro-D-glucose (FDG) and loaded 
them with indocyanine green (ICG) (referred to as ICG@FDG-MNPs). ICG, which has the 
potential for PDT, was incorporated into ICG@FDG-MNPs to enable effective combined 
therapy approach targeting E. coli bacteria using an LED beam and LINAC-X-ray source 
treatment. PDT/RT studies demonstrated that when the nanoconjugate was initially 
stimulated with the LED beam on E. coli and Green Fluorescence Protein-E. coli bacteria, 
radiation damage increased, ultimately leading to bacterial death.
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1. Introduction

Bacterial infections caused by pathogens are deadly 
diseases that have a significant impact on human 
health and mortality. Significant advances have been 
made in the treatment of bacterial infections over 
the last few decades. However, the effectiveness of 
these antimicrobial agents diminishes over time due 
to the development of resistant bacteria [1]. Antibiotic-
resistant pathogens, including Escherichia coli, caused 
more than 250,000 deaths due to bacterial infection 
syndrome worldwide in 2019 [2]. Recent estimates 
suggest that deaths from drug-resistant bacterial 
infections will continue to increase in the next few 
decades [2]. The cocktail of magnetic nanoparticles 
(MNPs) induces robust immune responses against 
its components [3]. MNPs are utilized in various 
therapeutic and diagnostic methods. One of these 
methods is PDT, which gained importance in recent 
years, particularly in non-oncological antitumor 
treatment, as it offers a potential alternative with fewer 
side effects than existing treatments [4]. The basis 
of this therapy method is to deliver LED light with 
wavelengths between 400-700 nm to target cells using 
a photosensitizing (PS) molecule. This approach aims 
to enhance the drug's efficacy by inducing apoptosis 
in the target cell through light stimulation [5]. The 
fact that PDT induces apoptosis of target cells solely 
with the assistance of free oxygen has allowed this 
therapy method to be utilized in treatment of both 
bacterial infections and cancer [6]. Particularly, current 
applications in the treatment of multidrug-resistant 

bacterial infections demonstrate the effectiveness of 
PDT [7, 8].

There are two different reaction pathways involved in 
the activity of PDT. The first pathway is photosensitizer 
that reacts with its oxidizing substrate and second 
pathway is photosensitizer reacts with ground-state 
triplet oxygen. These pathways cause formation of 
reactive oxygen radicals [7]. Current studies suggest 
the use of nanoparticles to enhance the efficiency of 
photosensitizers, which is the main component of these 
reactions [9, 10]. This is because photosensitizers 
are often hydrophobic and require a carrier system 
for more effective biodistribution [11]. Nanoparticles 
conjugated with various photosensitizers have shown 
significant potential in antimicrobial photodynamic 
therapy [6, 12].

MNPs promise in the diagnosis and treatment 
of not only cancer but also bacterial infections 
[13]. They have gained significant attention in the 
field of antimicrobial therapy due to their unique 
properties, which distinguish them from conventional 
nanoparticles. Their ability to be guided by external 
magnetic fields and their high surface area make them 
promising candidates for targeted bacterial delivery 
and enhanced antimicrobial effects. One of the primary 
advantages of MNPs is their ability to be directed 
to specific sites using external magnetic fields. This 
feature allows for precise localization of nanoparticles 
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at infection sites, which improves the efficiency of 
treatment by ensuring that therapeutic agents are 
concentrated where they are most needed. The use 
of magnetic fields enables MNPs to accumulate 
in targeted tissues, reducing off-target effects in 
healthy areas [14]. Studies have demonstrated that 
this magnetic targeting can significantly increase the 
therapeutic potential of nanoparticles by increasing 
their local concentration in infected areas, thereby 
improving antimicrobial efficacy [15]. Additionally, the 
prolonged retention of MNPs at the site of infection 
increases their interaction time with bacterial cells, 
potentially enhancing the treatment outcome. 
Magnetic nanoparticles can exert antimicrobial effects 
through several mechanisms. Their ability to disrupt 
bacterial cell membranes and interfere with cellular 
processes is a key factor in their antimicrobial activity. 
Furthermore, MNPs can be functionalized with 
antimicrobial agents, such as antibiotics or peptides, 
which can be specifically delivered to the infection site 
under the influence of a magnetic field. This ensures 
that antimicrobial agents are concentrated in infection, 
reducing systemic exposure and minimizing side 
effects [16]. The localized application of these agents 
also improves their efficiency in combating resistant 
bacterial strains [17]. Moreover, MNPs can generate 
reactive oxygen species (ROS) or induce mechanical 
damage to bacterial cells, which contributes to their 
bactericidal effect [15, 18]. This multifaceted approach 
makes MNPs highly effective in combating bacterial 
infections, particularly those caused by antibiotic-
resistant strains. This functionalization capability 
enhances the specificity of MNPs in targeting bacterial 
pathogens and enables the development of customized 
treatments tailored to specific types of infections or 
antibiotic-resistant bacteria [16, 19]

MNPs exhibit excellent magnetic saturation due to their 
strong ferromagnetic properties. They are chemically 
stable and biocompatible. However, magnetic 
nanoparticles without surface coating tend to aggregate 
due to their high surface energies [20]. Polymeric 
materials, such as polyethylene glycol (PEG), have 
been widely employed for coating superparamagnetic 
iron oxide nanoparticles (SPIONs). This is because 
PEG exhibits lower toxicity, high colloidal stability, 
biocompatibility, and reduced bacterial adhesion on 
surfaces. Additionally, the coating or modification of 
MNPs with PEG has improved morphology, properties, 
and targeting abilities [21]. Due to their low toxicity, 
magnetic nanoparticles have recently been actively 
studied for their antibacterial properties. SPIONs can 
be used as targeting to disease both porphyrin and 
non- photosensitizers (PSs) using external magnetic 
field. This approach helps limit the biodistribution of 
PSs in non-targeted tissue [11, 22]. However, the 
limited activity of PSs carried by nanoparticles may 
also be attributed to insufficient light wavelength for 
cell penetration and low affinity in bacterial cells, 
which could potentially pave the way for secondary 
infections [23]. Surface modifications are implemented 

on nanoparticles to prevent low selectivity, increase 
bioavailability and biodistribution, and enhance affinity 
for bacterial cells. Most photosensitizing substances, 
such as ICG and methylene blue, are produced with 
a cationic charge to enhance their affinity for bacteria 
[23].

Fluorodeoxyglucose (FDG), is a glucose analog 
commonly used in positron emission tomography 
(PET) imaging for monitoring metabolic activity. FDG 
is structurally similar to glucose and is taken up by 
cells through glucose transporters. Once inside the 
cell, FDG is phosphorylated, but unlike glucose, it is 
not further metabolized and thus accumulates within 
the cell. This characteristic allows FDG to accumulate 
in areas of high metabolic activity, such as cancer 
cells or infected tissues, making it useful for imaging 
these areas. The ability of FDG to accumulate in 
metabolically active cells is crucial for its role in 
diagnostic imaging and targeted therapies [24]. The 
mechanism of FDG-coated MNP uptake by bacteria 
relies on the ability of FDG to be transported into cells 
via glucose transporters, which are integral membrane 
proteins responsible for facilitating glucose entry into 
cells. Because FDG is structurally similar to glucose, 
it is recognized and transported by these glucose 
transporters. Once FDG-coated MNPs enter bacterial 
cells, the magnetic properties of the nanoparticles 
allow them to be guided to specific areas using an 
external magnetic field. This external guidance can 
help increase the accumulation of the nanoparticles 
at infection sites, potentially enhancing therapeutic 
efficacy. The accumulation of FDG within bacterial 
cells occurs because bacteria, particularly in infected 
or active metabolic states, have an increased demand 
for glucose, leading to greater FDG uptake.

The uptake of FDG by bacteria is generally specific 
to metabolically active cells and depends on the 
presence of glucose transporters. Bacteria with high 
metabolic activity, such as those found in infected 
tissues, tend to take up glucose and its analogs like 
FDG more efficiently. However, this uptake is not 
entirely specific to one bacterial species; it depends 
on the presence of functional glucose transporters on 
the bacterial surface and the metabolic activity of the 
bacteria.

While FDG is preferentially taken up by bacteria that are 
metabolically active and have glucose transporters, not 
all bacterial species exhibit the same level of uptake. 
Some bacteria may have fewer glucose transporters, 
or their metabolic activity may not be sufficient to drive 
significant FDG uptake. Therefore, while FDG-coated 
MNPs are more efficiently taken up by certain bacterial 
species, the process is not entirely specific to a single 
bacterial type. The efficiency of uptake can vary based 
on the bacteria's metabolic characteristics and their 
expression of glucose transporters [25, 26]. Recent 
studies demonstrate that FDG is a powerful agent for 
monitoring biochemical and physiological processes in 
E. coli. Matsumoto and co-workers investigated FDG’s 
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conversion to fluorescein by the β-galactosidase 
enzyme in E. coli. A novel microfluidic device was 
used to analyze efflux pump interactions, aiding in the 
understanding of bacterial resistance mechanisms 
[27]. In another study, Landon and co-workers 
investigates the effects of β-defensins on E. coli, 
using fluorescence microscopy to track FDG-related 
processes like membrane permeability and bacterial 
growth dynamics under physiological conditions [28]. 
These studies highlight FDG's role in visualizing and 
understanding bacterial processes, particularly in E. 
coli.

Green fluorescent proteins (GFPs) have been 
extensively utilized as spectroscopic and microscopic 
probes in a wide range of physiological systems. In this 
study, E. coli bacteria containing GFP were used to 
investigate the efficacy of fluorescent photons emitted 
by GFP in photodynamic therapy [29]. The present 
report describes the investigation of the antimicrobial 
efficacy of ICG@FDG-MNPs, which have enhanced 
bioavailability due to various surface and structural 
modifications, in the combined treatment approach of 
PDT/RT.

2. Methods

2.1. Chemicals and Equipment

The chemicals used in cubic iron oxide nanoparticle 
synthesis and tetraethyl orthosilicate (TEOS) were 
supplied from Merck KGaA (Darmstadt, Germany).

NaF and 2-mercaptoethanol were obtained from Fluka 
(Germany). PEG, NHS, THF, NH3 (25%), mannose 
triflate, kryptofix, K2CO3, NaCNBH3, ethylenediamine, 
DMF, APTES, ICG, CDI, MES, NaCl and oleic acid 
were purchased from Sigma Aldrich (Germany). 
Escherichia coli (E. coli) and green fluorescent protein 
Escherichia coli (GFP-E. coli) bacteria were supplied 
from Ege University Department of Biochemistry in 
Izmir, Turkey, and LINAC (TrueBeam) irradiation was 
performed at Medicana Hospital in Izmir, Turkey.

Size and zeta potential measurements of nanoparticles 
and viability analyses of bacteria were carried out with 
the following devices located at the Ege University 
Institute of Nuclear Sciences: Zeta Sizer (Malvern 
Nano ZS DLS, Malvern, UK), A plate reader (Biotek, 
Elx800 Universal Absorbance Microplate Reader, 
USA), a microscope (Leica Microsystems, Germany), 
a hemocytometer (Carl Zeiss, Jena Germany), an 
EVOS XL imaging system (Thermofisher, UK).

2.2. Chemicals and Equipment

Synthesis of iron oxide nanoparticles was prepared 
according to Martinez-Bobueta et al. [12]. For the 
synthesis, 0.353 g (1 mmol) Fe(acac)3 was mixed 
with 0.688 g (4 mmol) decanoic acid in 25 mL dibenzyl 
ether. After heating at 60°C (30 min), the solution 
temperature was increased to 200°C and stirred with 

a magnetic stirrer under argon flow at 800 rpm for 2h. 
At the end of 2 hours, the solution temperature was 
increased to reflux temperature (300oC) and stirred at 
800 rpm for 1h. The solution was cooled for 1 h and 
the nanoparticles were washed 3 times with ethanol 
using magnets and redispersed in ethanol.

Surface modifications with silica and silane were 
synthesized by modifying our previous method [30]. 
C-Fe3O4 nanoparticles (100 mg) were dispersed using 
ultrasonication in a mixture of ethanol and distilled 
water with a total volume of 10 mL. pH was adjusted to 9 
with ammonia (NH3) solution. 2.5 mL TEOS was added 
dropwise, and the mixture was heated to 40°C under 
reflux. The solution was stirred at this temperature at 
600 rpm for 12 hours. In the second step, a similar 
process was used for the synthesis of C-Fe3O4@
SiO2-NH2 nanoparticles. For this, 3 mL of APTES was 
added to the C-Fe3O4@SiO2 nanoparticles (100 mg) 
dropwise, and the mixture was stirred under reflux at 
600 rpm at 60°C for 14 h. In both steps, the precipitate 
was separated by magnetization and washed several 
times with ethanol. Nanoparticles were stored in 
ethanol at 4°C.

PEGylation was performed following the method 
described by Zhang’s report [31]. Prior to surface 
modification, the C-Fe3O4@SiO2-NH2 nanoparticles 
were dried to remove any adsorbed water. 12 mg of 
PEG (Poly (ethylene glycol) 2-aminoethyl ether acetic 
acid) was dissolved in 3 mL of THF. The C-Fe3O4@
SiO2-NH2 nanoparticles, dispersed in THF, were mixed 
with a 1:1 weight ratio of PEG overnight at 60°C. Then, 
distilled water was added to the mixture with ultrasonic 
agitation, and THF was allowed to evaporate overnight.

Synthesis of FDG and conjugation with MNPs were 
carried out similarly to our previous method [24, 
32]. ICG-bound FDG-MNP was synthesized using 
previously reported methods [24, 33]. FDG-MNP was 
activated by CDI and then bound to the sulfo groups 
of ICG through the OH groups on the nanoparticle 
surface.

2.3. Characterization of Synthesized Nanoparticles

The hydrodynamic diameters were analyzed using 
Malvern Nano-ZS DLS. The nanoparticles were kept 
in an ultrasonic bath for 30 minutes and then passed 
through 0.45 µm filters. Results are expressed as 
mean ± standard deviation.

SEM and TEM images were taken at Ege University 
Central Research Laboratory (MATAL) and Eskişehir 
Osmangazi University Central Research Laboratory 
Application and Research Center (ARUM). For SEM 
imaging, FDG-MNP was dried and dissolved in ethanol 
and coated with 80% Au and 20% Pd. The sample was 
prepared by drying a carbon-coated copper grid in a 
dilute ethanol suspension at room temperature. High-
resolution TEM images were obtained by dispersing 
the powder in methanol, stirring with ultrasound for 
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a few minutes, followed by pipetting one drop onto a 
carbon support film on a 3 mm copper grid.

2.4. Photodynamic Therapy/Radiotherapy

Four different working groups were formed for PDT 
and RT experiments of ICG@FDG-MNPs. 1-2 ml of 
each bacterial sample (sterile saline, PBS, dH2O) was 
taken and read at 620 nm to determine the Mc Farland 
value. An absorbance value of 0.1 corresponds to a Mc 
Farland turbidity value of 0.5 Mc Farland pattern. E. coli 
(Escherichia coli) and GFP-E. coli (Green Fluorescent 
Protein Escherichia coli) bacteria were inoculated in 
Nutrient Broth medium with 0.5 Mc Farland pattern 
turbidity on 96 well plates, respectively, concentrations 
of FDG-MNP (1, 2, 10, 20, 100 µg/ µL) (Fig 2) was 
added in duplicate, and absorbance values were 
read at 620 nm. After the 24-hour incubation period, 
the absorbance values at 620 nm in each well were 
measured again to determine the bacterial proliferation. 
A graph was then plotted using the differences in 
absorbance. Photodynamic LED light irradiation with 
a wavelength of 400-700 nm for 5 minutes at 30 cm. 
This was followed by the administration of a 1 Gy 
X-ray dose 30 minutes later for 2 minutes. This was 
conducted with four different sets of samples, each 
undergoing various combinations of the two treatment 
methods [34]. The first group was initially exposed 
to light, followed by radiation after 24 hours. In the 
second group, the order of exposure was reversed, 
with radiation administered first, followed by LED 
light. The LED beam source used had wavelengths 
of 400-700 nm and a power of 5.1 Jcm-2. The third 
group was only exposed to an LED beam, while the 
fourth group was exposed only to radiation.  Bacteria-
free medium was used as a negative control and only 
bacteria in the medium without any other substances 
(like antibiotics,nanoparticles etc.) were used as 
positive control and exposed to all photodynamic 
therapy and radiotherapy conditions in the same 
manner. Viabilities (%) were calculated by dividing the 
measured absorbance value by the control value as 
the percentage value. The absorbance of the negative 
control was considered zero [35, 36].

2.5. Statistical Analysis

The statistical significance was assessed using the 
Graph Pad Prism version 5.0 for Windows program via 
one-way ANOVA and linear regression [37]. A one-way 
analysis of variance was used to compare differences 
between the E. Coli and GFP-E. Coli treated groups. 
Data was expressed as the mean ± standard deviation 
and P <0.05 was considered to indicate a statistically 
significant difference.

3. Results and Discussion

3.1. Characterizations

Fig. 1a and Fig. 1b show SEM and TEM images of 
FDG-MNPs, respectively. The average hydrodynamic 

diameters for C-Fe3O4 and C-Fe3O4@SiO2 were 
measured as 159.0±12.0 nm and 162.6±4.0 nm, 
respectively (Fig. 1c). The hydrodynamic sizes of 
C-Fe3O4@SiO2-NH2-PEG nanoparticles and FDG-
MNPs were found to be 256.1±9.0 nm and 314.0±4.0 
nm, respectively. The decrease in zeta potential from 
C-Fe3O4 to C-Fe3O4@SiO2 is likely due to the surface 
charge of the silica molecules present on the surface of 
the Fe3O4 nanoparticles. This surface charge reduces 
the agglomeration of nanoparticles in aqueous media, 
enabling the magnetic nanoparticles to retain their 
colloidal structure. SEM and TEM images revealed 
that the particle size and shape exhibited a smooth, 
homogeneous spherical morphology, consistent 
with the literature [38]. Based on the images, the 
nanoconjugate exhibited a smooth and round surface 
(Fig. 1a), and the surface coating did not interfere with 
the structure of the cubic-shaped iron core (Fig. 1b). 
The surface coating resulted in an increase in the 
nanoparticle size which was an expected outcome. 
These results are consistent with our previous studies 
[24, 32].

Figure 1. (a) SEM image of FDG-MNPs, (b) TEM image of 
FDG-MNPs and (c) the average hydrodynamic diameters 
and zeta potential values of nanoparticles.

Nanoconjugates
Hydrodinamic 

Diameter 
(d.nm)

Agv. Zeta 
Potantial 

(mV)
C-Fe3O4 159.0 ± 12.0 +2.51 ± 1.0

C-Fe3O4-SiO2 162.6 ± 4.0 -19.1± 0.6

C-Fe3O4-SiO2-NH2 163.2 ± 5.0 -36.0± 0.7

C-Fe3O4-SiO2-NH2PEG 256.1 ± 9.0 -20.4± 1.2

C-Fe3O4-SiO2-NH2PEG-FDG 314.0 ± 4.0 -24.0± 0.3

C-Fe3O4-SiO2-NH2PEG-FDG@ICG 120.5 ± 4.5 -16.4± 1.55

HV = 7.5 kV   WD = 25.4 mm    Mag = 65.000 X 2 μm

(a)

(b)

(c)
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compared to the control group supports the potential 
use of photodynamic therapy in Gram-negative 
bacterial biofilms.

In recent years, the use of nanoparticles has become 
widespread in antibacterial photodynamic therapy 
and combined therapy methods. Various methods 
involving nanoparticles have been employed, such as 
utilizing modified nanoparticles as photosensitizers or 
as transport systems to enhance the efficient delivery 
of photosensitizers to bacterial cells [6, 43]. Mohanta 
et al. demonstrated the antibacterial and antibiofilm 
effect of silver nanoparticles on Gram-negative and 
multi-drug resistant E. coli bacteria microbiota [44].

Aras et al. reported that conjugation of ICG with FDG-
MNPs provides more accurate and positive results in 
tumor monitoring [45]. In our study, when evaluating 
the results, the bactericidal effect of FDG-MNPs and 
ICG@FDG-MNPs was found to be higher than that of 
the control groups (see Fig 2 and Fig 3).

3.2. Photodynamic Therapy/Radiotherapy

Photodynamic therapy has been proven to be effective 
against biofilm-forming strains and to treat bacteria 
without resistance to antibiotics [34]. However, its 
application in deep infections is limited due to the 
restricted penetration of light [39]. To overcome this 
limitation, combined treatment methods including 
photodynamic therapy, are recommended, as current 
studies have demonstrated their stronger bactericidal 
effect [40, 41]. In our current study, we observed that 
the vitality rate for the 1st and 2nd groups, in which light 
and radiation were applied simultaneously, was lower 
than the 3rd and 4th groups, where only light or only 
radiation was applied. Kunz et al. demonstrated the 
effects of PDT on Gram-negative bacteria using LED 
light at a wavelength of 460 nm using 0.1% riboflavin 
photosensitizer [42]. Although the vitality rate of E. coli 
bacteria exposed to photodynamic therapy alone (3rd 
group) was higher than that of the groups exposed to 
combined therapy, the significant decrease in this rate 

Figure 2. Antimicrobial efficacies of E. Coli in different rates FDG-MNP and ICG@ FDG-MNP concentrations (The 1st group: 
light first and then radiation, The 2nd group: first radiation and then LED light, The 3rd group: only exposed to an LED beam 
and 4th group: only exposed to radiation.)

Figure 3. Antimicrobial efficacies of GFP-E.Coli in different rates FDG-MNP and ICG@ FDG-MNP concentrations (The 1st 
group: light first and then radiation, The 2nd group: first radiation and then LED light, The 3rd group: only exposed to an LED 
beam and 4th group: only exposed to radiation.)
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Combined photodynamic and low-dose radiation 
therapy for cancer cell damage has been previously 
reported [34, 35, 46]. Tekin et al. reported that PC3 
and LNCaP cell viability was significantly reduced 
when light and radiation were applied using SPHINX-
conjugated Pt@TiO nanoparticles. Our study also 
demonstrated the antibacterial efficacy of the 
combined treatment method developed and tested for 
cancer. Radiation creates reactive oxygen species in 
the living media and causes excitation and ionization. 
ICG as a light-sensitive dye activates reactive oxygen 
species (ROS) with radiation in the living media. The 
effect of light synergistically enhances the radiation 
damage of ROS [35].

Bacteria-free medium was used as a negative 
control, and only bacteria in the medium without 
any antibiotics or nanoparticles etc. were used as a 
positive control group. In the control group, bacterial 
damage decreases with increasing concentration. 
Bilici et al. reported that ICG-conjugated SPIONs in 
photodynamic therapy methods, incorporating PDT 
and photothermal therapy (PTT), provide an effective 
and alternative antibacterial therapy even in the 
absence of antibiotics [47]. Magesan et al. reported 
that the Fe2O3-TiO2 nanocomposites on bacteria have 
remarkably antibacterial activity against E. coli [48]. 
Photodynamic therapy using nanoparticular systems 
may be a new solution for the treatment of drug-
resistant bacterial infections [48, 49].

The increase in antibiotic resistance in recent years has 
sparked increased interest in non-antibiotic treatment 
methods for bacterial infections. Photodynamic 
therapy (PDI) has received attention in recent years 
due to its high effectiveness. Furthermore, low-dose 
X-irradiation shows potential as a more effective 
treatment when combined with photodynamic 
therapy. Radiation therapy is commonly used for 
cancer treatment, but its application in the treatment 
of bacterial infections, such as caused by E. coli, is 
a developing area of research. The concept of using 
radiation to kill bacteria or prevent their growth isn't 
new, and in some cases, ultraviolet (UV) or X-rays 
have been tested as potential antibacterial agents [50-
52]. The use of radiation as a clinical tool for treating 
infections is still an experimental area and studies are 
limited in the literature concerning the bacteria and 
clinical radiotherapy applications. Typically, radiation 
therapy is generally combined with other agents (such 
as antibiotics) to increase effectiveness, and its safety 
and efficacy depend heavily on the dose and type of 
radiation used, as well as the duration of exposure [53-
55]. However, ionizing radiation, such as X-rays and 
gamma rays, is widely used in clinical settings for local 
treatment. For instance, in 1982, Luckey proposed that 
low dose ionizing radiation (LDI) could be beneficial to 
animal health and survival. This hypothesis has since 
been supported by several studies, reinforcing the 
potential positive impacts of LDI on health [56-58] (In 
our previous studies, we reported that the combined 
use of different nanoparticles, low-dose X-ray therapy, 

and photodynamic therapy yields effective results in 
various cancers [35, 36, 59]. Antibacterial resistance 
poses a serious threat to human health [38]. The rapid 
proliferation and mutation of bacteria, along with the 
overuse of antibiotics and their inappropriate release 
into the environment, have significantly contributed 
to the emergence and spread of antibiotic-resistant 
bacteria. It is crucial to explore innovative therapeutic 
approaches to overcome antibiotic resistance [5]. 
Among these approaches, photodynamic therapy 
(PDT), which is a clinically proven antibacterial 
therapy, stands out as one of the innovative methods 
[6]. This approach relies on the interaction of a non-
toxic photosensitizer (PS), oxygen, and light of the 
appropriate wavelength to generate highly reactive 
oxygen species (ROS). These ROS instantly react with 
surrounding biomolecules and damage their bioactive 
components, such as cytoplasmic membranes. In 
this way, it leads to irreversible cell inactivation, 
affecting intracellular proteins and DNA [7]. Various 
compounds such as TiO2 [8], fullerenes, phenylenes 
[10], methylene blue [11, 12] and porphyrins [23, 
24] have been used for this purpose. However, due 
to the differences in structure and physicochemical 
properties of PSs, as well as the variability in bacterial 
membrane structures, PSs demonstrate activity 
against specific bacterial species or strains. Therefore, 
the design and discovery of new PSs that can achieve 
higher efficiency against a broader range of bacteria 
remain a significant challenge.

The treatment of bacterial biofilms presents a significant 
challenge in wounds, primarily due to the limited 
penetration of antibiotics. Wounds containing biofilms 
of antibiotic-resistant bacteria have an even poorer 
prognosis. To enhance biocompatibility and reduce 
toxicity, we modified our nanoparticles with PEG in 
a simple one-step reaction. We propose a combined 
therapy approach that involves low-dose X-ray therapy 
in conjunction with photodynamic therapy, where 
the external application of our pegylated FDG-MNP 
nanoparticles deactivates biofilms and resistance 
mechanisms [59].

MNPs have other innovative potential applications in 
(i) therapy with hyperthermia [32] and (ii) in imaging 
as magnetic resonance imaging (MRI) probes [60]. 
Mahandran et al. demonstrated the utility of FDG 
MNPs in magnetic hyperthermia and cancer therapy. 
Magnetic hyperthermia is based on the local application 
of a magnetic field, causing damage to the tumor by 
increasing its temperature above body temperature 
[32]. Photodynamic therapy combined with low-dose 
radiotherapy that damages cancer or bacterial cells via 
reactive oxygen species (ROS) may be more effective 
in common bacterial infections resistant to antibiotics.

The nanoparticles exhibit lower oxidation and 
relatively low toxicity in comparison to many other 
materials, such as iron, nickel, and cobalt. Moreover, 
new bioconjugates can be developed to enhance their 
bioavailability, such as the use of FDG labeled with 
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nonradioactive 19F, as a conjugate to increase their 
affinity for both cancer cells [61, 62] and infections 
[63]. This research can establish the safety of its in 
vivo applications and explore its potential in cancer 
treatment, while also unlocking possibilities for other 
medical applications. The obtained results would 
offer valuable guidance for the future development of 
multifunctional agents and the further optimization of 
their diagnostic performance in clinical settings.

4. Conclusions

In conclusion, we have observed that the ICG@
FDG-MNP exhibits greater efficacy, particularly 
against GFP-E. coli bacterial strains. Furthermore, 
the combined therapy approach proves to be more 
effective in terms of its antibacterial effects compared 
to radiotherapy or photodynamic therapy alone. In 
future studies, we recommend conducting more 
comprehensive investigations into the antibacterial 
effects of photosensitizers and further defining the 
effectiveness of combined treatment methods for 
infectious diseases.
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