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Abstract— Magnetic nanoparticles are of widespread use in 

nanotechnology. One of the most unusual are magnetic 

palladium nanoparticles that combine magnetism with high 

catalytic activity. These nanoparticles could be obtained 

biologically by exposing bacteria to a palladium salt. Due to 

their small size and weak magnetism, however, it is challenging 

to measure their magnetic properties. One of the solutions to 

enhance their magnetism is to incorporate a small amount of 

iron atoms into them. After this procedure, the nanoparticles 

together with bacteria can be embedded in resin and 

characterized by the technique of magnetic force microscopy. 

This technique allows imaging cross-sections of the bacteria 

with nanoparticles, but cannot give information from the depth 

of the sample. Here we report on an approach partially solving 

this problem. Its novelty lies in measurements of consecutive 

thin slices of resin, which allows mapping cross-sections of 

individual bacteria and different parts of the material 

surrounding the same bacterium. An interesting observed 

feature is the formation of magnetic chains of nanoparticles 

outside of the bacteria. 
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I. INTRODUCTION 

Magnetic nanoparticles are becoming indispensable tools 
in nanotechnology. Their applications range from magnetic 
recording media [1] to delivery of drugs [2] and treatment of 
cancer [3]. Special attention is attracted to palladium (Pd) 
nanoparticles that become magnetic when their size is in the 
range of a few nanometers [4,5]. Combined with excellent 
catalytic properties, these nanoparticles are especially 
efficient in cancer treatment [6].  A biological method for 
producing Pd nanoparticles in very large amounts is to 
introduce bacteria to a Pd salt solution [7]. In their exchange 
with the environment, bacteria can supply electrons for redox 
reactions, and efficiently reduce Pd salts from solution due to 
very high redox potential of the latter [8,9]. Adding iron (Fe) 
salt to the solution allows obtaining Pd particles that 
incorporate a small amount of Fe, which strongly increases 
their magnetism [10]. It could be straightforward to use these 
Pd-Fe nanoparticles for applications, but it is not easy to 
measure their magnetic properties. Here a technique is 
reported allowing doing this with the help of magnetic force 
microscopy (MFM). 

II. EXPERIMENTAL 

A. Magnetic force microscopy 

Magnetic force microscopy (MFM) [11-13] is a 
technique allowing mapping magnetic properties of a sample 
with a magnetic tip, which is scanned above its surface. In 
order to distinguish between magnetic and Van der Waals 
forces, which are acting on the tip at small distances, a two-
pass scanning technique is used [11,12]. In the first pass, 
topography close to the surface is mapped. In the next scan, 
the probe is moved along a path following the measured 
topography, but at a larger height, so that the probe-sample 
distance is kept constant. If the height is large enough, Van 
der Waals forces become weak, and the pure magnetic 
response can be measured. According to [11,13,14], shift in 
the phase of oscillations, if AC mode is used, is proportional 
to the gradient of force acting on the tip. The measurements 
were done using JPK NanoWizard 4.0 in AC mode at a 
frequency of about 74 kHz in an applied field of 0.58 T, 
created by a permanent magnet within the sample holder. 
The probes used were manufactured by Nanosensors, model 
type PPP-MFMR-10, with a tip radius of approximately 50 
nm. 

B. Production and preparation of samples 

A single colony of Escherichia coli BW25113 strain was 
inoculated into 10 ml lysogeny broth (LB) medium in a test 

tube overnight at 37 C while shaking it at 200 rpm. On the 
next day, 1 ml of this medium was used to inoculate 49 ml 
fresh LB medium in a 250 ml flask. The flask was also 

incubated at 37 C while shaking at the same speed until the 
optical density (O.D.600) reached 0.5. The medium was 
transferred to a 50 ml falcon tube and centrifuged at 4250 g 
for 10 mins. The supernatant was removed, and the pellet 
was resuspended in 10 ml 20 mM pH 7 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer. This 
washing step was done two more times, except for the last 
round the pellet was resuspended in 8 ml 20 mM pH 7 
MOPS buffer. 1 ml of this suspension was transferred to a 
1.5-ml Eppendorf tube. 1 mM of sodium tetrachloropalladate 
(Na2Cl4Pd) and 1 mM of iron III chloride (FeCl3) (both 
dissolved in 0.01M nitric acid) were added to the tube, 
shaken well by hand and incubated for 1 hour. Then, 10 mM 
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sodium formate was added to the tube to start the reduction. 
The suspensions turned black within 20 minutes.  

Pd-Fe loaded bacteria were washed twice with distilled 
water by centrifuging at 5900 g for 2 min. After the second 
centrifugation step, the pellet was resuspended in 0.5 ml 
fixative solution (4% paraformaldehyde and 2% 
glutaraldehyde (w/v) dissolved in 20 mM pH 7 MOPS 
buffer) and left for 10 minutes at room temperature. Another 
round of fixation was done with the same concentration of 
the solution, and the sample was left in the fridge overnight. 
On the next day, the sample was washed twice with distilled 
water by centrifuging it at 3500 g for 10 minutes. Then, the 
sample was dehydrated by using an ascending ethanol 
concentration series (50, 70, 90, 96 and 100%). The sample 
was incubated with each concentration for 10 min except the 
last concentration. For the last concentration, four rounds of 
dehydration were done, each taking 15 min. Next, one 
additional round with 100% acetone was applied for 15 
minutes. Lastly, one round of 1:1 acetone to epoxy was done 
overnight leaving the cap off, therefore, the epoxy 
concentration slowly increased. The next day, the sample 
was centrifuged at 3500 g for 10 minutes, then, 0.5 mL of 
100% epoxy was added and incubated for 1 hour at room 
temperature. Afterwards, the tube was moved to the oven 

and incubated at 60 C for 3 days. The embedded sample was 
then sliced with a diamond knife into 0.5-1 μm thin slices. 
The slices were moved in a water droplet, put on smooth 
glass slides and left for the water to evaporate. After 
evaporation of water, the slices firmly stick on the slides, 
ready for MFM measurements. The thickness of the slices 
was kept above 500 nm. The reason for this was that the 
sliced resin would bend and fold if slices are too thin. Very 
flat surfaces were found to be of key importance for MFM 
imaging at high resolution.    

C. Sequential MFM Imaging 

With accurate cutting of the slices and setting them to the 
glass, they form a chain, in which each next slice was below 
(or above) the previous one in the sliced volume of resin. A 
fragment of a chain of slices is shown in Fig. 1. Imaging 
slices individually allows us to characterize different cross-
sections of the resin, which may include cuts of the same 
bacteria and give information about the three-dimensional 
distribution of nanoparticles around them. Collecting 
different parameters of tip oscillation during the scans allows 
reconstructing both topography and magnetic properties of 
bacteria and nanoparticles. 

Finding the same group of bacteria on each slice requires 

considerable effort. Its approximate position was determined 

using an optical microscope with a camera above the MFM 

stage designed to see cantilever above a slice. When 

scanning the surface, large areas (90 x 90 µm2) were 

initially mapped in order to compare features on a large 

scale. Scanning an area larger than 20 x 20 µm2 at typical 

rate of scan of 1 Hz is usually not recommended, as the tip 

moves across the surface too rapidly. Therefore, to achieve 

desirable resolution, the scan rate was reduced to 0.2 Hz 

doing the measurement much slower than usually. 

III. RESULTS AND DISCUSSION 

A. Magnetic mapping of Pd-Fe nanoparticles 

Magnetic mapping was done with the two-pass technique 
at an optimal distance of 20 nm above the surface, at which 
Van der Waals forces become weak, but magnetic forces are 
still strong. Fig. 2 shows a selected magnetic map with 
clearly visible Pd-Fe nanoparticles concentrated around the 
cross-section of bacteria and forming extended magnetic 
chains and clusters. The nanoparticles are also seen on the 
outline of the bacteria. In the figure, the phase shift is 
proportional to the gradient of the magnetic force acting on 
the tip. Negative (dark) contrast represents attraction of the 
tip to a nanoparticle. In a few places, attraction is replaced by 
repulsion, when the tip is coming too close to the surface and 
the Van der Waals forces become a dominant force. 

B. Sequential MFM Imaging 

The sequential imaging was done on the slices of resin 
shown in Fig. 1. Fig. 3 gives amplitude maps (measured 
during the first pass) of a 90 x 90 µm2 area selected in the 
same place on each of the three slices. The cantilever in Fig. 
1 shows an approximate position inside the scanned area in 
the left-hand slice. In Figs. 3a, 3b and 3c, the same features 
can be seen confirming that the imaged clusters of bacteria 
belong to the same place, and even that three cross-sections 
of the same bacteria could be found. The images differ 
slightly since some bacteria begin or end in the imaged 
slices. Specifically, the bacteria embedded with their long 
axis parallel to the surface are less likely to be found in the 
sequential slices. By imaging smaller regions, individual 
bacteria can be found in each slice. Fig. 4 shows higher 
resolution 20 x 20 µm2 maps of the amplitude of oscillations 
in each slice of the resin. In these maps, a region of interest 
was a bacterium (outlined by dashed lines) with the chains of 
nanoparticles attached to it. These scans with even higher 
magnification are shown in Fig. 5. In Fig. 5a and 5b, the 
cross-sections of the bacterium are visible at the top with the 
attached nanoparticles. In Fig. 5c, the bulging at the edge of 

 
 

Fig. 2. Magnetic map of a cross-section of bacteria with chains of magnetic 

nanoparticles. The magnetic map displays the phase shift at lift height of 20 
nm. Inset: Amplitude map representing topography of the same area.  

 

 

 

  
 

Fig. 1. Optical image of the slices of bacteria prepared for MFM imaging. 
The red arrow indicates the probe cantilever and the white arrows indicate 

the edges between slices of resin. 
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the bacterium is visible. These maps suggest that imaging 
bacteria and nanoparticles is possible in a three-dimensional 
way, allowing detailed topographical characterization of 
them. Fig. 6 shows the same areas as Fig. 5, but displays the 

shift in the phase of oscillations measured during the second 
pass. Negative (dark) and positive (light) contrast indicate 
attractive and repulsive interaction, respectively, between the 
sample and the tip. Most nanoparticle-tip interactions  appear 

 
a) 

 
b) 

 
c) 

Fig. 3. Amplitude maps of three consecutive slices of resin measured 

during the first pass. An area of 90 x 90 μm2 has been imaged. 

 
a) 

 
b) 

 
c) 

Fig. 4. Amplitude maps of three slices of resin measured during the first 

pass. A 20 x 20 μm2 area has been imaged to compare individual bacteria. 

The location of these scans is indicated by the squares surrounded by 
dashed lines in Fig. 3. 
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a) 

 
b) 

 
c) 

Fig. 5. Amplitude maps of three slices of resin measured during the first 

pass. Nanoparticle chains are visible connected to bacteria. Location of 

scans is indicated by the squares surrounded by dashed lines in Fig. 4. 

 
a) 

 
b) 

 
c) 

Fig. 6. Phase maps of three slices of resin, measured during the second pass 

at lift height of 20 nm, in the same location as Fig. 5. 
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in negative contrast, indicating that the probe and 

nanoparticles are attracted to each other. On the other hand, 

there are clusters of nanoparticles (Fig. 6a), which show 

bright positive contrast, suggesting strong repulsion. The 

aim of this figure is to present the pure magnetic signal 

coming from the magnetic interaction between the sample 

and the tip. The clusters and chains of nanoparticles, the 

formation of which is currently not well understood, are 

found outside of the bacteria. During the sample 

preparation, the solution was washed several times. 

However, the chains and clusters remain attached to the 

bacteria, suggesting a strong chemical or magnetic 

interaction between the nanoparticles themselves and the 

bacteria and nanoparticles. 

Images in Fig. 6 were recorded at lift height set to 20 

nm. This height was selected experimentally for the 

following two reasons. Firstly, the bacterial cell walls, 

which are visible in Fig. 5, are not visible in Fig. 6, 

suggesting that atomic forces from mainly non-magnetic 

material (bacteria still tend to accumulate weakly-magnetic 

pure Pd particles between the outer and inner membranes) 

are not acting on the tip. Secondly, it was found that 

mounting a non-magnetic probe and repeating the same 

scans at 20 nm above the sample resulted in negligible 

interaction between the sample and the tip. This suggests 

that 20 nm from the sample surface to the tip apex is a 

sufficient enough distance to measure a pure magnetic 

response with negligible atomic and electrostatic interaction. 

Fig. 7 shows a three-dimensional representation of the 

cross-sections. The approximate position of the bacteria is 

indicated by the blue ellipsoids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSIONS 

In conclusion, by embedding bacteria and biologically 
produced palladium-iron nanoparticles into resin, slicing it 
into several cross-sections and imaging the sequence of 
slices by magnetic force microscopy, a three-dimensional 
view of the structures was reconstructed. This method 
partially solves the problem of characterization restricted to 
the surface of the material only. In this case, the method has 
enabled nanoparticles and bacterial cross-sections deeper in 
the resin to be mapped. Unusual nanoparticle chains and 
clusters were observed extending from the bacterial cross-
sections. The optimal height for mapping magnetic response 

was found, which isolates the tip-sample magnetic 
interaction from the atomic interactions. This allows the 
magnetic characterization of nanoparticles to be performed 
without being affected by the short-range atomic forces. The 
iron atoms were added to enhance the magnetic response of 
the palladium nanoparticles, which now could be used in 
various applications with additional functionality allowing to 
recover them magnetically after the use. 
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Fig. 7. A 3D representation of the slices of bacteria shown in Fig. 5. The 
sequence of slices is changed to better show bulging in the top layer. 

 


