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A B S T R A C T

Magnetotactic bacteria offer promising biomedical applications due to their unique ability to synthesize mag
netic nanoparticles and their natural magnetotaxis, which enables their controlled navigation in fluids. They also 
serve as a platform for integrating synthetic nanomaterials, adding new functionalities and increasing their 
potential in biomedicine. This study explores the functionalization of Magnetospirillum gryphiswaldense (MSR-1) 
with gold nanoprisms (AuNPR). The attachment of AuNPR to the outer surface of MSR-1 was achieved by two 
synthetic approaches: i) direct attachment of AuNPR to MSR-1 to produce MSR-AuNPR and ii) pre-coating 
AuNPR with exopolysaccharides (EPS) from Lactobacillus plantarum (Lp) or Pseudomonas aeruginosa (Pa), 
resulting in Lp@AuNPR and Pa@AuNPR, which were then bound to MSR-1, thereby producing MSR-Lp@AuNPR 
and MSR-Pa@AuNPR. When exposed to near-infrared (NIR) light (λ = 1064 nm), the functionalized bacteria 
were able to produce a temperature increase ranging from 8 ◦C to 10 ◦C, thereby substantiating their capacity for 
photothermal therapy. Viability of the functionalized bacteria was also studied. While MSR-1 viability exhibited 
a greater decrease upon direct AuNPR attachment, EPS-coated AuNPR were able to decrease this toxic effect. 
This finding suggests that EPS coatings enhance bacterial compatibility and system stability. The study also 
confirmed that the release of AuNPR from MSR-1 remained minimal under biological pH conditions, indicating a 
high degree of conservation of the MSR-AuNPR, MSR-Lp@AuNPR, and MSR-Pa@AuNPR systems. Furthermore, 
the structural integrity of the functionalized bacteria was maintained after prolonged storage at 4 ◦C. These 
results underscore the augmented biomedical potential of magnetotactic bacteria functionalized with AuNPR for 
photothermal therapy, a combination that integrates their mobility given their intrinsic magnetic properties with 
an innovative NIR-responsive pathway.

1. Introduction

Hyperthermia as a therapeutic approach consists of rising the tem
perature of a targeted body area (typically ranging from 40 to 43 ◦C) to 
produce a therapeutic effect. A considerable amount of research is 
currently focused on the application of hyperthermia to target cancerous 
cells while preserving the surrounding healthy tissue [1]. An effective 
approach involves the use of hyperthermia agents within the tumor to 

facilitate the conversion of various forms of energy into heat [2]. Among 
the nanoscale devices with different compositions described for this 
purpose [3], the most commonly used hyperthermia agents are magnetic 
nanoparticles and gold nanoparticles, which respectively operate 
through different mechanisms: magnetic hyperthermia (MHT), induced 
by alternating magnetic fields (AMF), and photothermal therapy (PTT), 
triggered by the absorption of near-infrared (NIR) light [4]. The prin
ciple of PPT has been demonstrated to be applicable in a variety of 
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therapeutic areas beyond oncology, including bacterial infections, 
wound healing, ophthalmology, neurological disorders, and cardiovas
cular diseases [5].

In the field of PTT, anisotropic gold nanoparticles have emerged as a 
promising solution due to their unique optical properties. Gold nano
prisms (AuNPR) have demonstrated a remarkable ability to absorb light 
in the NIR range and subsequently convert it into heat. This property 
makes them especially effective for PTT applications [6], and significant 
efforts have focused on improving the biocompatibility of 
AuNPRs—either by attaching organic ligands [7] or by incorporating 
them into suitable carriers [8] for real-world applications. Notwith
standing the considerable progress that has been made, there are several 
challenges that have yet to be solved. These include inadequate accu
mulation and heterogeneous distribution of the particles within solid 
tumors, inequitable dissipation of heat between distinct tumor regions 
and the decrease of NIR light reaching PTT agents within the body [9]. 
In this context, the prospect of biohybrid microrobots, which could be 
controlled and activated by external stimuli, has been explored as a 
means of overcoming the limitations of existing PTT agents. In this re
gard, magnetotactic bacteria have been put forth as biological micro
robots called nanobiots [10]. This diverse bacterial group comprises a 
variety of motile aquatic microbes capable of orienting themselves in 
accordance with the Earth’s magnetic field [11]. This phenomenon is 
attributable to the presence of magnetosomes, which are intracellular 
magnetic nanoparticles (composed of either Fe3O4 or Fe3S4) that are 
biomineralized and arranged into chains along the longitudinal axis of 
the bacteria [12,13]. The magnetosome chain enables the bacteria to 
orient themselves in a magnetic field, while motility structures such as 
flagella facilitate navigation in a directed orientation, a process referred 
to as magnetotaxis [14]. Magnetotaxis and self-propulsion can be 
employed to regulate the trajectory of bacterial movement through the 
utilization of an external magnetic field, while the bacteria actively 
penetrate deep into tumor tissue [15,16]. Likewise, the presence of the 
magnetosome chain provides magnetotactic bacteria with intrinsic 
theragnostic capabilities analogous to those observed in magnetic 
nanoparticles, such as MHT [17–19]. Moreover, recent findings have 
revealed that Magnetospirillum magneticum (AMB-1) exhibits remarkable 
photothermal properties in the near-infrared range. The effectiveness of 
this phenomenon is attributed to the efficient conversion of NIR exci
tation light into heat by its magnetosome chain [20]. This observation 
underscores the potential of magnetotactic bacteria to serve themselves 
as dual hyperthermia agents, capable of generating heat through both 
alternating magnetic fields and near-infrared light. However, the loca
tion of the magnetosomes within the magnetotactic bacteria may ulti
mately be a limiting factor, as the heat generated is dissipated within the 
bacteria, with the consequent loss of efficiency to impact the targeted 
cancer cells. In this regard, it should be noted that hyperthermia agents 
produce maximum temperature increase at their surface, quickly 
reducing the effect with the distance from the heating source [21].

In this study, we functionalized the outer membrane of the magne
totactic bacterium Magnetospirillum gryphiswaldense (MSR-1) using 
AuNPR-type gold nanoparticles. Establishing a novel method for pro
ducing supplementary heating on the bacteria surface aims to ampli
fying the therapeutic effect on cancer cells.

The functionalization of magnetotactic bacteria with drugs or 
nanoparticles has the potential to enhance their properties for biomed
ical applications. However, only limited progress has been made in this 
area. Specifically, the uptake of gold nanoparticles (AuNP) by magne
totactic bacteria or their incorporation into the surface of magnetosome 
has led to the creation of guidable delivery vehicles. These vehicles 
respond to AMF and NIR light and function as hyperthermia agents [22,
23]. However, the use of a microaerophilic strain in the case of bacterial 
uptake of AuNP has been found to limit the application of AuNP-loaded 
magnetotactic bacteria in an oxic environment [22]. In a similar 
manner, isolated AuNP-labeled magnetosomes are incapable of exhib
iting the self-propulsion ability characteristic of magnetotactic bacteria. 

This deficiency results in a reduction of their capacity to penetrate 
deeper into solid tumors [23]. Furthermore, it has been reported that the 
magnetosomes produce less heat than the magnetotactic bacteria from 
which the magnetosomes were isolated [18,24].

AuNPR were externally loaded onto the MSR-1 surface using two 
different approaches (Scheme 1). The first approach entailed the 
incorporation of AuNPR into the native outer layer of MSR-1 through a 
one-pot synthesis. In the layer-by-layer strategy, AuNPR were previously 
encapsulated in exopolysaccharides (EPS) from different bacterial 
strains to produce EPS@AuNPR. Subsequently, EPS@AuNPR were in
tegrated onto the external surface of MSR-1. We demonstrate that both 
approaches result in the functionalization of the external surface of 
MSR-1 with AuNPR, thereby providing a novel type of externally 
modified MSR-1. This approach aims at generating additional heat in 
closer proximity to the tumor cells after NIR irradiation.

We developed a new concept for a bifunctional hyperthermia agent 
by decorating magnetotactic bacteria (MSR-1) with AuNPRs. The nov
elty of this system lies in its dual role: MSR-1 provides both the magnetic 
component, through its intact magnetosome chains, and the platform for 
assembling gold nanoparticles, which adds the photothermal activity. 
This represents the first reported functionalization of MSR-1 with 
AuNPRs, yielding a material capable of heat generation under both 
magnetic fields and light irradiation. Unlike previous bacter
ia–nanoparticle conjugates [25], MSR-1 offers advantages as a thera
peutic vehicle due to its intrinsic magnetosomes and natural ability to 
penetrate tumors [10,16]. The resulting hybrid thus stands out as a 
bimodal agent, adaptable to act through photothermal or magnetic 
hyperthermia, either separately or in combination, depending on tumor 
characteristics.

2. Methods

2.1. Materials

All reagents were purchased from Sigma Aldrich.

2.2. Synthesis of gold nanoprisms

Gold nanoprisms (AuNPR) were synthesized following a previously 
reported protocol [7,25]. 100 ml of HAuCl4 2 mM and 120 ml of fresh 
sodium thiosulfate (Na2S2O3) 0.5 mM, both prepared in Milli-Q ultra
pure water, were mixed and stirred gently at 15 ◦C. After 9 min (“seed” 
formation) an extra 50 ml of fresh Na2S2O3 0.5 mM was added. Growth 
mixture was left overnight at 15 ◦C under mild stirring conditions. The 
AuNPR were characterized by UV–vis spectroscopy (using a Thermo 
Spectronic Unicam UV 300 spectrophotometer), TEM and DLS. Photo
thermal capacity of AuNPR was also assessed (See Figure SI1 from the 
Supporting information).

2.3. MSR-1 culture

Magnetospirillum gryphiswaldense MSR-1 (DSMZ 6361) was cultured 
in flask standard medium (FSM) supplemented with 100 μM of Fe(III)- 
citrate in three-fourths 15 ml tubes, at 28 ◦C for 72 h as described 
elsewhere [26].

2.4. Isolating EPS layer from Lactobacillus plantarum and Pseudomonas 
aeruginosa

The EPS isolation protocol from Lactobacillus plantarum (CECT 220, 
Lp) was designed based on another probiotic EPS extraction protocol 
[27]. From an overnight liquid culture of L. plantarum grown in de Man, 
Rogosa and Sharpe medium (MRS, Oxoid) at 37 ᵒC, bacteria were 
removed by centrifugation at 3000g for 10 min. The supernatant was 
filtered using an EMD Millipore Steritop™ sterile vacuum bottle-top 
filter (0.22 μm pore size). Ice-cold ethanol (2 vol) was added to the 
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cell-free supernatant (1 vol) under continuous stirring, then stored 
overnight in a refrigerator to promote precipitation. The alcoholic su
pernatant was centrifuged at 22000 g for 35 min and the precipitated 
EPS were washed with acetone and centrifuged once again. The solid 
obtained was dissolved in distilled water (100 ml) and dialyzed against 
distilled water for 24 h at room temperature using a 12–14 kDa mo
lecular weight cut-off (MWCO). The dialyzed solution was lyophilized.

In the case of EPS from Pseudomonas aeruginosa (CECT 108, Pa), a 
previously reported protocol was carried out with some modifications 
[28]. 100 ml of a five-days liquid culture of P. aeruginosa, grown in 
tryptic soy broth (TSB No2, Sigma-Aldrich) at 37 ᵒC, were treated with 
600 μl of formaldehyde (36.5 % solution). The formaldehyde-bacterial 
culture mixture was incubated at room temperature with gentle 
shaking (100 rpm) for 1 h 40 ml of NaOH (1 M) were added and incu
bated at room temperature, under continuous stirring for 3 h, to extract 
EPS. Bacterial suspension was then centrifuged (16800 g) for 1 h at 4 o C. 
The supernatant containing soluble EPS was filtered using an EMD 
Millipore Steritop™ sterile vacuum bottle-top filter (0.22 μm pore size) 
and dialyzed against distilled water using a 12–14 kDa MWCO mem
brane for 24 h at room temperature. Trichloroacetic acid (TCA) was 
added (6 % w/v) to extracted EPS solutions on ice. After 6.5 h, the so
lution was centrifuged (16800 g) for 1 h at 4 ᵒC, the supernatant was 
collected, and 1.5 vol of 96 % ethanol were added, and the mixture was 
placed at − 20 ᵒC overnight to precipitate EPS. The solution was then 
centrifuged (16800 g) for 1 h at 4 o C and the EPS pellet was resuspended 
in the minimum amount of Milli-Q water and dialyzed against the same 
for 24 h at 4 ᵒC using a 12–14 kDa MWCO membrane. The remaining 
retentate was lyophilized during 24 h.

2.5. Deposition of AuNPR onto EPS layer

0.5 mg ml− 1 EPS solutions, from L. plantarum (Lp) and P. aeruginosa 
(Pa), were separately prepared in water. AuNPR (0.5 vol) were added to 
the two different EPS solutions (1 vol). All EPS@AuNPR samples were 
lyophilized and stored as powders. Redissolution of the powders in 
water gave unchanged UV–vis spectra.

2.6. Grafting AuNPR and EPS@AuNPR to MSR-1

To incorporate AuNPR on MSR-1, an aliquot of an MSR-1 culture (5 
ml) was collected and centrifugated at 1500 g for 15 min. 2 ml of AuNPR 
colloid were added to the bacterial pellet. MSR-AuNPR were collected at 
100 g for 30 min, freeze-dried and characterized as mentioned below 

(see 2.7) [25].
On the other hand, two aliquots of an MSR-1 culture (5 ml) were 

collected and centrifugated at 1500 g for 15 min. 3 ml of each 
Lp@AuNPR and Pa@AuNPR colloids were separately added to the two 
bacterial pellets and incubated at 30 ◦C for 3 h. The resulting MSR- 
EPS@AuNPR systems were centrifuged at 100 g for 30 min, freeze- 
dried and characterized as described in Section 2.7 [25].

The supernatant solutions obtained after the filtration of the mix
tures of AuNPR, Lp@AuNPR, and Pa@AuNPR with MSR-1 exhibited no 
SPR signal corresponding to gold nanoparticles. Consequently, it was 
ascertained that the absorption percentage to MSR-1 was essentially 
complete.

2.7. Characterization of AuNPR, MSR-AuNPR and MSR-EPS@AuNPR

To assess the hydrodynamic diameter (dH) and Z potential of 
AuNPR, dynamic light scattering (DLS) and ζ-potential measurements 
were performed in water on a Malvern Zetasizer Nano-ZS, using eleven 
(DLS) and twenty (Z potential) runs per measurement and three repli
cates at 25 ◦C.

AuNPR, MSR-AuNPR and MSR-EPS@AuNPR samples were charac
terized by UV–vis spectroscopy using a Thermo Spectronic Unicam UV 
300 spectrophotometer.

Transmission electron microscopy (TEM) analyses were performed 
with a LIBRA 120 PLUS microscope (Carl Zeiss SMT) operating at 120 
keV and a Philips CM-20 HR analytical electron microscope operating at 
200 keV. To prepare TEM samples, a drop of the sample was placed on a 
carbon-coated Cu grid (200 mesh) designed specifically for TEM. The 
grid was blotted with filter paper. Nanoanalytical information for MSR- 
AuNPR and MSR-EPS@AuNPR samples were obtained using a FEI Titan 
Cubed Themis 60-300 microscope operating at 300 kV. The double 
aberration-corrected scanning transmission electron microscope (STEM) 
was equipped with a Super X-G2 X-ray energy-dispersive spectrometer 
(EDX), thus providing a tool to simultaneously combine spectroscopy 
and image signals. The large area views of the samples were recorded 
using the scanning high angle annular dark field detector (HAADF).

For the elemental analysis, freeze-dried MSR-AuNPR and MSR- 
EPS@AuNPR systems were weighed and acid digested for elemental 
analysis by adding aqua regia (HCl:HNO3, 3: 1 v/v) and heating up to 
60 ◦C for 30 min using a hot block. After that, the samples were allowed 
to cool down to room temperature and 30 % H2O2 (w/v) was added and 
heated up to 95 ◦C for 1 h. Inductively coupled plasma optical emission 
spectroscopy (ICP-OES) was performed to determine the gold 

Scheme 1. Gold nanoprisms (AuNPR) were incorporated onto the surface of magnetotactic bacteria Magnetospirillum gryphiswaldense (MSR-1), either by direct 
incorporation (MSR-AuNPR) or previously encapsulated in bacterial EPS in a layer-by-layer approach (MSR-EPS@AuNPR).
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concentrations using a PerkinElmer Optima 2100 DV.

2.8. Photothermal agent characterization

The photothermal conversion was assessed by monitoring the tem
perature change while the sample (450 μL) was irradiated using a laser 
(laser quantum, mpc6000/Ventus 1064) of λ = 1064 nm using a power 
of 1 W (See Figure SI3 from the Supporting Information). The diluted 
sample was placed into a quartz cuvette (2 mm optical path) with 
magnetic stirring and the temperature was recorded with a T-type 
thermocouple coupled to a Datalogger USB (TC direct). The laser beam 
(spot size 2.2 mm diameter) corresponds to an irradiated sample volume 
of 0.008 ml. Given the limited irradiated area, the power density was 
determined to be 26 W/cm2. Milli-Q water was used as control. The SAR 
(kW gAu

− 1) was calculated using equation (1) [21]. 

SAR=
CpH2O ×mH2O

mNPs
×
dT
dt

[
kWg− 1

Au
]

Eq. 1 

where CpH2O is the specific heat capacity of water (4.186 J g− 1 K− 1), 
mH2O is the mass of water (g), mNPs is the mass of Au (g) corresponding to 
NPs in the irradiated volume (considering the spot size and the cuvette 
length), and (dT/dt) is the initial slope of the heating curve (first 30 s).

2.9. Release of AuNPR from MSR-AuNPR and MSR-EPS@AuNPR

To assess the conservation percentage of AuNPR from MSR-AuNPR 
and MSR-EPS@AuNPR, the time-dependent release of gold from sam
ples was analyzed at two physiological pH conditions. At a pH of 7.4, the 
physiological pH of blood and at a pH of 4.5, simulating the pH inside 
cell lysosomes [29]. Samples MSR-AuNPR, MSR-Lp@AuNPR and 
MSR-Pa@AuNPR were prepared as previously described (Section 2.6) 
and collected by centrifugation at 100g for 30 min. Pellets were 
dispersed in Phosphate Buffered Saline (PBS, 10 mM, 3 ml) at pH 7.4 and 
pH 4.5, respectively, and incubated at 37 ◦C during 6h. The amount of 
released gold (AuR), after this time, was measured by ICP-OES analysis 
of 50 μl from all the supernatants after gentle centrifugation (100 g, 30 
min). Sample preparation for elemental analysis is detailed above 
(Section 2.7). To compare with the Au-loading capacity (AuLC) of 
MSR-1, the same volume of complete samples (not centrifugated, 50 μl) 
were analyzed by ICP-OES, considering this amount of gold as 100 % of 
retention. Retention rates (RR) were obtained according to equation (2). 

RR =100 −

[(
AuR
AuLC

)

x 100
]

Eq. 2 

To qualitatively evaluate whether released gold results from non- 
absorbed AuNPR or from the degradation of AuNPR into gold ions, the 
above-mentioned supernatants from MSR-AuNPR, MSR-Lp@AuNPR and 
MSR-Pa@AuNPR were characterized by UV–vis spectroscopy using a 
Thermo Spectronic Unicam UV 300 spectrophotometer. AuNPRs 
exhibited strong absorption bands in the UV–vis–NIR regions, due to a 
small particle effect absent in individual gold ions (See Figure SI2 from 
the Supporting information).

2.10. Electron microscopy study of MSR-AuNPR and MSR-EPS@AuNPR 
after storage at 4 ◦C

MSR-AuNPR, MSR-Lp@AuNPR and MSR-Pa@AuNPR were stored for 
2 months at 4 ◦C in PBS (10 mM, 3 ml, pH 7.4). After this period, the 
sample surfaces were analyzed by Field Emission Scanning Electron 
Microscopy (FESEM) using a TESCAN AMBER X, instrument located at 
Centre for Scientific Instrumentation, University of Granada (CIC-UGR). 
For this purpose, the samples were fixed in 1 mL of 0.1 M cacodylate 
buffer (pH 7.4) containing 2.5 % glutaraldehyde at 4 ◦C for 24 h. Sub
sequently, the samples were washed three times (30 min each at 4 ◦C) 
with cacodylate buffer, stained with 1 % (v/v) osmium tetroxide 

solution for 2 h in the dark, and then thoroughly rinsed with Milli-Q 
water to remove excess osmium. Dehydration was performed at room 
temperature using graded ethanol/water mixtures of 50 %, 70 %, 90 %, 
and 100 % (v/v) for 20 min each, with the 100 % ethanol step repeated 
three times. Finally, samples were dried at the CO2 critical point, 
mounted on quartz wafers, which were placed on conductive carbon 
tape adhered to metal stubs, and then coated with a thin carbon film. For 
compositional analysis, the FESEM system is coupled with an Oxford 
Instruments ULTIM MAX 100 Energy Dispersive X-ray Spectroscopy 
(EDX) microanalysis system, allowing detailed elemental characteriza
tion of the samples.

High-angle annular dark field scanning transmission electron mi
croscopy (HAADF-STEM) images, energy-dispersive X-ray spectroscopy 
(EDS) spectra, and selected area electron diffraction (SAED) patterns 
were obtained using a STEM FEI TALOS F200X microscope equipped 
with four Super-X SDD detectors (Thermo Fisher Scientific, Waltham) at 
the Scientific Instrumentation Center (CIC-UGR). A carbon-coated cop
per grid (200 mesh) was gently placed onto a drop of the specific sample. 
The grids were then rinsed with ultrapure water and allowed air-dry 
under ambient conditions for 24 h.

2.11. Effect of AuNPR and EPS@AuNPR on the growth of MSR-1

Quantification of AuNPR-loaded bacteria proliferation was per
formed by using the live/dead bacterial viability kits SYTO9 (green) and 
propidium iodine (PI) (red) (ThermoFisher) for confocal laser scanning 
microscopy. 6h after AuNPR and EPS@AuNPR incorporation, MSR-1 
were stained with SYTO9 and PI dyes and assessed for viability. 
Following the manufacturer’s instructions, the molar ratio between 
SYTO9 and PI in the mixture was 1:6. A drop of the AuNPR-decorated 
bacteria, labeled with both dyes (PI and SYTO9), was deposited onto a 
polylysine glass and observed in a confocal microscope Leica DMI6000, 
counting the number of live (green) and dead (red) bacteria in a batch of 
three experiments with the software Image-Pro Plus 6.0 (Media Cyber
netics, Inc., Rockville, MD, USA). The average live/dead ratio was used 
to quantify the bacterial viability.

Moreover, to evaluate the bacterial growth after AuNPR incorpora
tion, the absorbance at 600 nm (OD600 nm) was measured with a 
spectrophotometer (Infinite® 200 PRO NanoQuant) every 24 h, and the 
growth curves were plotted to compare the cytotoxic effects of AuNPR 
and EPS@AuNPR on the growth of MSR-1. All experiments were 
repeated three times.

2.12. Antibacterial activity of gold ions in MSR-1

Decreasing concentrations (starting from 2 mM and ending in 0.007 
mM) of HAuCl3 were incorporated into 200 μl of FSM in a 96 well-plate. 
Each well was inoculated with 100 μl of a standardized cell suspension 
containing 1 × 106 viable bacteria/ml. The inoculated plate was incu
bated at 28 ◦C for 72 h, and bacterial growth was measured by means of 
absorbance at 600 nm.

3. Results and discussion

3.1. MSR-AuNPR and MSR-EPS@AuNPR synthesis

For the one-pot synthesis (Scheme 1), AuNPR were subjected to 
direct incubation with MSR-1. TEM images of the resulting MSR-AuNPR 
sample (Fig. 1) demonstrated that AuNPR, both individually and in 
aggregate form, were distributed over a substantial portion of the MSR-1 
surface. The presence of aligned magnetosomes within MSR-1, which 
were labeled in green in the HAADF-STEM image (Fig. 1B), was also 
observed. The supernatant solution obtained after centrifugation of 
MSR-AuNPR did not exhibit SPR signal corresponding to any gold 
nanoparticle. Moreover, ICP-OES measurements confirmed a negligible 
presence of gold in the supernatant. Therefore, it was determined that 
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the absorption percentage of AuNPR on MSR-1 bacteria was virtually 
complete. To the best of our knowledge, the only previous example of 
functionalization of magnetotactic bacteria using gold nanoparticles 
was based on DNA-AuNP that were internalized by endocytosis in MSR- 
1. In that case the viability of MSR-1 was compromised under aerobic 
conditions [22].

UV–Vis spectroscopic analysis of the MSR-AuNPR (Fig. 1C) revealed 
a shift of the absorption maxima towards lower energies in the near- 
infrared region (1100 nm) compared to that of the UV–Vis spectrum 
of isolated AuNPR (935 nm). This shift was attributed to the local ag
gregation of gold nanoparticles on the bacterial surface. Consequently, 
MSR-AuNPR exhibited absorption in the NIR region, making it suitable 
for biomedical applications, as NIR light has the capacity to penetrate 
deep into soft tissues and reach the nanoparticles within the body [30,
31].

In the second approach to functionalize MSR-1, the layer-by-layer 
approach, AuNPR were precoated with EPS (Scheme 1). This method 
is particularly interesting due to its potential to create layered systems 
and provide a more biocompatible coating for the nanoparticles [25]. 
EPS are a pool of molecules, mainly exopolysaccharides, that surround 
the outer surface of certain bacteria and are the precursor in the for
mation of biofilms. The biofilm enables bacterial communities to thrive, 
thereby enhancing their survival prospects by establishing an optimal 
environment for communication and defence [32]. In this study, two 
distinct bacterial strains were selected for their role as EPS producers 

given their different composition, and properties. Specifically, EPS from 
Lactobacillus plantarum, a Gram-positive bacterium designated as GRAS 
(generally recognized as safe) probiotic due to its capacity to ferment 
lactic acid and to exert health benefits after consumption was used [33]. 
It is worth noting that the ability of EPS from the Lactobacillus genus to 
adhere to gold nanoparticles was previously reported [25]. On the other 
hand, Pseudomonas aeruginosa, a pathogenic bacterium, was selected 
because it is a gram-negative bacterium, as MSR-I is, and it is widely 
studied as a model organism for biofilm formation due to its high sub
strate adhesion capacity [34]. The production of EPS by P. aeruginosa is 
well documented, and its applications in biomedicine have been 
approved for commercial use [35]. Interestingly, EPS from P. aeruginosa 
are heterogeneous biopolymers (including polysaccharides, proteins, 
nucleic acids, lipids, and humic substances) that function as key struc
tural components in biofilms, while EPS from L. plantarum are mainly 
polysaccharides with reported bioactive (antioxidant, anti-adhesion, 
anti-tumor) and technological (gelling, stabilizing) properties [36,37].

AuNPR were first incubated with EPS from L. plantarum or 
P. aeruginosa, and the resulting Pa@AuNPR and Lp@AuNPR were then 
added to MSR-1 to obtain the MSR-Lp@AuNPR and MSR-Pa@AuNPR 
samples. This second strategy sought to exploit the specific EPS–EPS 
recognition that allows the layer-by-layer formation of structures on the 
bacterial outer wall [25]. The HAADF-STEM and EDX studies confirmed 
that Pa@AuNPR and Lp@AuNPR were adhered to MSR-1 (Fig. 2). 
Magnetotactic bacteria were easily distinguished by the magnetosome 

Fig. 1. (A) TEM image of the MSR-AuNPR. (B) HAADF-STEM merged with EDX compositional analysis of the MSR-AuNPR (Au, pink; Fe, green). (C) UV–vis spectra of 
AuNPR (dashed line) and MSR-AuNPR (orange solid line), MSR-1 was used as control (grey solid line).

Fig. 2. (A and D) TEM images of MSR-Pa@AuNPR and MSR-Lp@AuNPR respectively. (B and E) HAADF-STEM merged with EDX compositional analysis of MSR- 
Pa@AuNPR and MSR-Lp@AuNPR respectively (Au, pink; Fe, green). (C and F) UV–vis spectra of MSR-Pa@AuNPR (C, green solid line), MSR-Lp@AuNPR (F, pink 
solid line) and AuNPR (C and F, dashed line), MSR-1 was used as control (grey solid line).
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chains (in green in Fig. 2B and E). In such cases, the EPS@AuNPR layer 
only partially covered the surface of the MSR-1, following a very similar 
pattern in both MSR-1@La@AuNPR and MSR-Pa@AuNPR samples. 
Both samples showed absorption bands in the UV–vis spectra at around 
1100 nm and 1050 nm respectively (Fig. 2). The aggregation effect of 
EPS encapsulation on AuNPR was previously observed [25,27]. The gold 
content in the supernatant solutions obtained after centrifugation of 
MSR-1@La@AuNPR and MSR-Pa@AuNPR was found to be negligible, 
indicating that the absorption of both EPS@AuNPR to MSR-1 was as 
efficient as for AuNPR.

3.2. MSR-AuNPR and MSR-EPS@AuNPR heating efficiency

Conventional agents for PTT have traditionally been based on gold 
nanoparticles; however, the use of magnetic nanoparticles as heat 
sources under NIR light exposure has been explored only in recent years 
[21,38]. In fact, magnetotactic bacteria M. magneticum (AMB-1) were 
recently tested for photothermal treatments, finding that a higher tem
perature increase was achieved when irradiating AMB-1 with a NIR 
light. Thus, in our systems, two different components had the potential 
to generate heating by NIR irradiation: the native magnetosomes of 
MSR-1 and the synthetic AuNPRs located on the outer surface. The 
objective of this study was to assess the heating induced by the AuNPR 
component. To this end, experiments were conducted at low concen
trations of MSR-1 bacteria, approximately 2x108 bacteria/ml and 5 
μg/mL of iron. This concentration was notably low, and it was equiva
lent to a minimal quantity of magnetosomes.

The heating produced by the AuNPR-labeled MSR-1 samples when 
exposed to a NIR light (λ = 1064 nm) was measured during 5 min. The 
samples were prepared with the same Au concentration of 0.05 mgAu/ 
mL. The heating curves demonstrated temperature increments of 7.9, 
9.8, and 9.3 ◦C for MSR-AuNPR, MSR-Lp@AuNPR, and MSR- 
Pa@AuNPR, respectively (see Fig. 3). This increase in temperature 
allowed reaching values near the 42–45 ◦C range, which, according to 
the literature on photothermal therapy and hyperthermia, is considered 
as the effective thermal window for inducing tumor cell stress while 
minimizing damage to healthy tissue [39]. Indeed, some relevant related 
examples found in the literature had shown that gold–iron oxide nano
hybrids are able to generate local temperature increases exceeding 42 ◦C 
in a 3D glioblastoma model upon near-infrared irradiation, demon
strating that such localized heating was sufficient to induce cell death in 

tumor-mimicking tissues [40]. Additionally, the complete tumor 
remission in an animal model was also reported when the tumor tem
perature (achieved through photothermal treatment) exceeded 43 ◦C for 
a sustained period of time [41].

Notably, at these low bacterial concentrations, the native MSR-1 
sample (i.e., magnetotactic bacteria with no AuNPR) exhibited a negli
gible temperature increase when irradiated under identical experi
mental conditions. The observed increase in temperature (Fig. 3, grey 
solid line) was approximately one order of magnitude less than that of 
the samples containing AuNPR. Therefore, it was concluded that the 
photoactivated heat generation of MSR-AuNPR, MSR-Lp@AuNPR, and 
MSR-Pa@AuNPR was mainly due to the presence of adsorbed AuNPR to 
MSR-1 and not to the MSR-1 magnetosomes.

A recent study by Huang et al. [20] showed that a different strain of 
magnetotactic bacteria (M. magneticum, AMB-1) was used for photo
thermal treatments, and a higher temperature increase was achieved 
when irradiating the bacteria with a NIR light. However, several factors 
may play an important role in achieving such a high temperature in
crease. The primary factor influencing the observed results and pre
cluding a direct comparison between the two studies is the 
concentration of bacteria utilized in both investigations. In the present 
study, approximately 2⋅108 MSR-1 bacteria/mL were used, containing 
approximately 5 μg/mL of iron. In contrast, the study by Huang et al. 
[20] used iron concentrations ranging from 100 to 400 μg/mL, which is 
significantly higher than the concentration used in our experiments. 
Another crucial element is the experimental design and measurement 
methodology. In the aforementioned study, the entire sample was irra
diated, covering an area of approximately 0.24 cm2 (equivalent to the 
dimensions of a 96-well plate). In contrast, our measurement system 
employed a targeted irradiation of a limited area, representing a fraction 
of the total sample volume (~1.7 %), while the recorded temperature 
reflected the overall system average.

The quantities of gold per sample were determined to be 1 %, 1.1 %, 
and 1.3 % by weight of Au for MSR-AuNPR, MSR-Pa@AuNPR, and MSR- 
Lp@AuNPR, respectively. The SAR values were derived from the 
concentration-normalized slopes of the temperature curves (see Exper
imental Section). Under these measurement conditions, SAR values of 
275, 304, and 266 kW/gAu were observed for MSR-AuNPR, MSR- 
Lp@AuNPR, and MSR-Pa@AuNPR, respectively (see Table 1). The 
highest SAR value of MSR-Pa@AuNPR was associated with a shift in the 
absorption maximum in the UV–vis spectrum towards longer wave
lengths (Fig. 2C), along with a reduced amount of gold relative to the 
other samples (Table 1).

Gold nanoprism (AuNPR) deposition was observed on the outer 
surface of MSR-1, while the internal magnetosome chains remained 
intact (Fig. 1A and B). This indicates that the structural basis for mag
netic hyperthermia (MHT) was preserved. In these hybrid systems (MSR- 
AuNPR, MSR-Lp@AuNPR, and MSR-Pa@AuNPR), the combination of 
magnetosomes and gold nanoparticles suggests potential for dual pho
tothermal therapy (PTT) and MHT applications. PTT would arise from 
both magnetosomes and AuNPR, while MHT would rely on magneto
somes as previously reported [10,18].

3.3. pH effect on AuNPR release from MSR-AuNPR and MSR- 
EPS@AuNPR

The influence of pH on AuNPR release was investigated to evaluate 

Fig. 3. Heating curves obtained after laser irradiation of MSR-AuNPR, MSR- 
Pa@AuNPR and MSR-Lp@AuNPR at 0.05 mgAu ml− 1, plus water as a control 
sample. Heating curve of MSR-1 was used as reference (grey solid line).

Table 1 
Summary table showing the mean values of gold concentration in each sample 
and their corresponding SAR values.

Sample % Au w/w SAR (kW/gAu)

MSR-Lp@AuNPR 1.3 266
MSR-Pa@AuNPR 1.1 304
MSR-AuNPR 1 275
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the stability of MSR-AuNPR, MSR-Lp@AuNPR, and MSR-Pa@AuNPR 
after a 6-h incubation at 37 ◦C. Given that variations in physiological 
pH can influence nanoparticle behavior [42], AuNPR release was 
assessed under two conditions: pH 7.4, mimicking the bloodstream, and 
pH 4.5, representative of the mildly acidic tumor microenvironment 
and/or the lysosomal compartment within cells.

Fig. 4 presents the retention percentages of AuNPR for the three 
formulations after incubation at both pH values. The released gold 
content in the supernatants was quantified using ICP-OES, and retention 
rates were calculated according to Equation (2) (see Section 2.9), by 
comparing the amount of released gold to the total gold content in the 
samples. At pH 7.4, retention rates were 90.5 %, 80 %, and 78.5 % for 
MSR-Pa@AuNPR, MSR-Lp@AuNPR, and MSR-AuNPR, respectively. As 
anticipated, slightly lower retention was observed at pH 4.5 for all 
samples, likely due to the more destabilizing acidic conditions. Notably, 
at physiological pH, the EPS-coated system of P. aeruginosa exhibited 
significantly enhanced AuNPR retention rates compared to the uncoated 
MSR-AuNPR, suggesting that its EPS coating improves the stability of 
AuNPR-functionalized MSR-1 under these conditions. In contrast, no 
significant differences were observed between MSR-Lp@AuNPR and 
MSR-AuNPR at pH 7.4, whereas the protective effect of L. plantarum EPS 
became apparent under acidic conditions.

These results suggest that EPS coatings derived from P. aeruginosa 
and L. plantarum improved the stability of AuNPR-functionalized MSR-1.

To verify that the released gold detected in the supernatants origi
nated from non-absorbed AuNPR rather than from the degradation of 
AuNPR into ionic gold species, the supernatants of all samples collected 
at pH 7.4 were analyzed using UV–vis–NIR spectroscopy. The resulting 
spectra for all samples exhibited characteristic plasmon resonance 
absorbance bands associated with intact AuNPR, thereby confirming 
that the released gold corresponded to particulate AuNPRs and not to 
dissolved gold ions (see Figure SI2). As expected, samples exhibiting 
higher levels of AuNPR release—specifically MSR@AuNPR—displayed 
increased absorbance signals in the spectra, consistent with their lower 

nanoparticle retention ratios.

3.4. Effect of long-time storage on MSR-AuNPR and MSR-EPS@AuNPR 
integrity

The structural integrity of the samples was assessed by Field Emis
sion Scanning Electron Microscopy (FESEM) after two months of storage 
at 4 ◦C in phosphate-buffered saline (PBS, pH 7.4). As shown in Fig. 5, 
FESEM images confirmed the continued interaction between AuNPR and 
the outer surface of MSR-1 in all systems—MSR-AuNPR, MSR- 
Lp@AuNPR, and MSR-Pa@AuNPR (Fig. 5A–E, and I, respectively). 
Elemental analysis via energy-dispersive X-ray spectroscopy (EDX) 
further verified the presence of gold on the surface of MSR-1 across all 
samples (Fig. 5B–F and J).

The spatial distribution of AuNPR closely resembled that observed in 
freshly prepared samples (Figs. 1 and 2). In MSR-AuNPR (Fig. 5C and D), 
AuNPR appeared more diffusely distributed over the bacterial surface. 
In contrast, MSR-Lp@AuNPR and MSR-Pa@AuNPR (Fig. 5G and H and 
5K–L, respectively) exhibited randomly dispersed aggregates of EPS- 
coated AuNPR. Collectively, these observations indicated that all sys
tems retained their structural integrity and that the interactions between 
AuNPRs and the MSR-1 outer membrane were maintained after two 
months of storage at 4 ◦C in PBS pH 7.4.

Based on both the heating efficiency and the viability of MSR-1 (see 
Section 3.5), the MSR-Pa@AuNPR sample stored for two months at 4 ◦C 
was selected for further characterization by transmission electron mi
croscopy (TEM). High-angle annular dark-field scanning transmission 
electron microscopy coupled with energy-dispersive X-ray spectroscopy 
(HAADF-STEM-EDX) analysis (Fig. 6) confirmed the presence of 
Pa@AuNPR adhered to the surface of MSR-1. As observed in the SEM 
images (Fig. 5), the Pa@AuNPR only partially covered the bacterial 
surface.

The HAADF-STEM and EDX results (Fig. 6B and C) further verified 
this partial surface coverage. Magnetotactic bacteria were easily iden
tified by their characteristic magnetosome chains, highlighted in green 
in Fig. 6C. Notably, the spatial distribution of the EPS@AuNPR resem
bled that observed in freshly prepared samples (see Fig. 2B), indicating 
consistent structural organization despite storage.

3.5. Viability of MSR-AuNPR- and MSR-EPS@AuNPR

The bacterial viability of the three samples (MSR-AuNPR, MSR- 
Lp@AuNPR, and MSR-Pa@AuNPR) was evaluated using a standard 
live/dead assay for confocal laser scanning microscopy (CLSM) with the 
dyes SYTO9 and propidium iodide (PI). Both dyes can bind to bacterial 
nucleic acids; however, they differ in their ability to penetrate bacterial 
cells. Propidium iodide (PI) (red) can only penetrate non-viable bacteria 
with damaged membranes, whereas SYTO9 (green) stains all bacteria. 
Consequently, the CLSM reveals red fluorescence dots for dead bacteria 
and green fluorescence dots for live bacteria. Bacteria that appear as 
both green and red dots in the merged image (red + green channels) are 
considered dead. The CLSM images obtained for MSR-AuNPR, MSR- 
Lp@AuNPR, and MSR-Pa@AuNPR are shown in Fig. 7B–D, compared 
with a control MSR-1 culture without AuNPR (Fig. 7A). The bacterial 
viability of each sample was quantified by the ratio of the number of 
green and total spots in the merged channels. Values of 8 ± 6 %, 17 ± 6 
%, and 30 ± 8 % were obtained for MSR-AuNPR, MSR-Lp@AuNPR and 
MSR-Pa@AuNPR, respectively (Fig. 7E). The viability of the control 
culture of MSR-1 was found to be 99 % ± 1 %.

The survival of MSR-AuNPR was found to be significantly lower than 
that of MSR-Pa@AuNPR, with a 22 % reduction in the percentage of 
living cells. This finding suggests that the toxicity of AuNPR to MSR-1 
was reduced when encapsulated in EPS. Au3+ is widely known to be a 
cytotoxic agent and therefore it could be speculated that this could be 
the species causing the low viability levels found. To evaluate this, MSR- 
1 were exposed to Au3+ concentrations ranging from 0.007 to 2 mM. 

Fig. 4. AuNPR retention rates from MSR-Pa@AuNPR, MSR-Lp@AuNPR, and 
MSR-AuNPR in Potassium Phosphate Buffer pH 7.4 (empty bars) and in Po
tassium Phosphate Buffer pH 4.5 (striped bars) after 6h at 37 ◦C. Statistical 
significance is indicated by asterisks ((*p < 0.05; **p < 0.01; ***p < 0.001).
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Even at the lowest Au3+ concentration, no growth of MSR-1 was 
detected. The fact that Au3+ is a cytotoxic species for MSR-1, and that 
the presence of EPS mitigates its toxicity is consistent with previous 
observations related to the reducing capacity of certain EPS in the 
presence of Au3+ ions, resulting in the formation of gold nanoparticles 
[27]. Therefore, the enhanced reducing potential of EPS could be 

postulated as a contributing factor to the reduced toxicity of 
EPS@AuNPs to MSR-1 and suggests that the use of EPS coating is a 
useful way to introduce potential cytotoxic agents into bacteria with a 
lower impact on their viability. However, no significant differences were 
observed between the viability of MSR-AuNPR and MSR-Lp@AuNPR. 
These results are consistent with the retention rate (Fig. 4), indicating 

Fig. 5. FESEM micrographs of MSR-AuNPR, MSR-Lp@AuNPR, and MSR-Pa@AuNPR (A, E and I respectively), EDX spectra (B, F and J respectively) and elemental 
mapping (C, G and K respectively). Gold-related peaks in the spectra are shown as inset zooms. FESEM images combined with EDX compositional analysis (gold in 
pink) of MSR-AuNPR, MSR-Lp@AuNPR, and MSR-Pa@AuNPR (D, H and L respectively).

Fig. 6. (A and B) TEM images of MSR-Pa@AuNPR. (C, inset from B) HAADF-STEM merged with EDX compositional analysis of MSR-Pa@AuNPR (Au, pink; 
Fe, green).
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that the samples releasing higher amounts of gold (MSR-AuNPR and 
MSR-Lp@AuNPR) are those that induce greater mortality in magneto
tactic bacteria, which can be attributed to the cytotoxic nature both of 
Au3+ and AuNPs [43,44].

The live/dead assay provided information on the integrity of the 
bacterial wall but did not indicate whether MSR-1 were metabolically or 
physiologically active. To further assess the viability of MSR-1 after 
AuNPR attachment, measurements of bacterial growth were made by 
recording the optical density at a wavelength of 600 nm every 24 h from 
a control culture of MSR-1 as well as all systems including AuNPR. 
Bacterial growth curves of MSR-1, MSR-AuNPR, MSR-Lp@AuNPR and 
MSR-Pa@AuNPR are shown in Fig. 7F. The results were consistent with 
those previously obtained using CLSM. At the end time point (48 h), as 
usual MSR-1 reached the highest number of bacteria followed by MSR- 
Pa@AuNPR, MSR-Lp@AuNPR and MSR-AuNPR in that order. The initial 
number of bacteria in all the samples was 2.1x108 bacteria/ml. After 48 
h, amounts of 7.2, 5.1, 3.7 and 2.4x108 bacteria/ml were recovered for 
MSR-1, MSR-Pa@AuNPR, MSR-Lp@AuNPR and MSR-AuNPR, respec
tively. The number of bacteria in MSR-AuNPR remained almost constant 
throughout the experiment, indicating a significant disruption of the 
metabolic machinery of MSR-1. This again demonstrates that EPS 
encapsulation of AuNPR provides protection against their cytotoxic 
effects.

These results demonstrated that the toxic effect of isolated AuNPRs 
on MSR-1 was significantly higher than that observed when AuNPRs 
were delivered within EPS. This protective role of the EPS coating ap
pears to arise from several complementary mechanisms.

First, EPS acts as a stabilizing matrix for AuNPRs (Fig. 4). By stabi
lizing AuNPRs, EPS reduces their direct interaction with the bacterial 
membrane, thereby limiting physical disruption and DNA or membrane 
damage, which has been reported as major toxicity pathways of AuNPs 
in bacteria [44].

Secondly, the prevention of AuNPRs degradation is of significant 
importance, given the high toxicity of Au3+ to bacteria, including MSR- 
1. Remarkably, even low Au concentrations are able to inhibit bacterial 
growth.

Third, EPS possesses reducing capacity, limiting the toxic effect of 
Au3+ ions that may be released from the particles [27]. The reducing 
capacity of EPS decreases the presence of Au3+ ions, mitigating oxida
tive and ion-related stress.

Taken together, these results indicate that EPS works both as a 
chemical shield—by reducing free Au3+ ions—and as a physical 
barrier—by controlling nanoparticle stability and limiting direct mem
brane contact—therefore mitigating AuNPR-induced toxicity in MSR-1.

4. Conclusions

The functionalization of MSR-1 with AuNPR occurred through two 
distinct methodologies: i) a one-step procedure involving direct func
tionalization with AuNPR to yield MSR-AuNPR, and ii) a layer-by-layer 
approach, where AuNPR were pre-coated with EPS of L. plantarum or 
P. aeruginosa, and then incorporated to MSR-1, leading to MSR- 
Lp@AuNPR and MSR-Pa@AuNPR, respectively. It was demonstrated 
that the AuNPR produced an increase in temperature of approximately 
8–10 ◦C when irradiated with NIR light (1064 nm). Interestingly, while 
the incorporation of AuNPR had a significant impact on the viability of 
MSR-1, the viability was improved when AuNPR were pre-coated with 
EPS. Furthermore, AuNPR-functionalized MSR-1 systems demonstrated 
low AuNPR-release profiles under biological conditions and exhibited 
satisfactory stability during prolonged cold storage. These findings 
expand the scope of functionalized magnetotactic bacteria for PTT, as 
the incorporation of AuNPR enhances the previously documented 
pathway of heating due to native magnetosomes.

The MSR-AuNPR and MSR-EPS@AuNPR biohybrid systems showed 

Fig. 7. Confocal laser scanning microscopy images of: (A) MSR-1, (B) MSR-Lp@AuNPR, (C) MSR-Pa@AuNPR and (D) MSR-AuNPR (Scale bars 10 μm). All images 
correspond to merged channels (green, live bacteria and red, dead bacteria). (E) % Viability of MSR-1, MSR-Lp@AuNPR, MSR-Pa@AuNPR and MSR-AuNPR obtained 
by counting live (green) and dead (red) bacteria from CLSM images. Asterisks represent significant differences (**p < 0.01; ***p < 0.0001). (F) Dynamic growth 
curves of MSR-1, MSR-Pa@AuNPR, MSR-Lp@AuNPR and MSR-AuNPR showing the effect of incorporation of isolated AuNPR (yellow solid line) or EPS-encapsulated 
AuNPR (pink solid line and green solid line).
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strong translational potential as a new generation of hyperthermia 
agents by combining magnetosome-driven heating with AuNPR- 
mediated photothermal conversion, enabling adaptable activation 
modes tailored to tumor depth and accessibility. Its intrinsic targeting 
ability, stability, and low nanoparticle release make it a promising 
candidate for personalized cancer therapy, with opportunities to expand 
into theragnostic and controlled drug delivery. However, key challenges 
including the biosafety and clearance of MSR-1, the improvement of 
nanoparticle location and light penetration, and the development scal
able, standardized production methods require further developments. 
Therefore, this work encourages further studies of these systems to 
overcome these hurdles, which will be essential for advancing this dual- 
mode platform towards clinical application.
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