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Abstract—Palladium (Pd) is a scarce metal, which is able to
catalyze a variety of important chemical reactions. In the bulk
form, Pd is anomalous paramagnetic, but in the form of
nanoparticles, it has been reported as ferromagnetic. Detecting
the magnetism of Pd nanoparticles is, however, difficult due to
their reduced dimension. In addition, the ferromagnetic nature
is a size-dependent property and, for Pd, the strength of
magnetism decreases with slight increments in size. A “green”
methodology for the preparation of small Pd nanoparticles was
followed in this study. It is based on the ability of bacteria to
take up Pd?* ions from its surrounding solution and to
enzymatically reduce it to metallic Pd® nanoparticles. The
efficiency of the production can be determined by transmission
electron microscopy and, as a new technique, magnetic force
microscopy. Notwithstanding, the study of nanoparticles of the
size of just a few nanometers with these techniques is still
difficult. Here we present a methodology for the enhancement
of the magnetic signal of biologically produced Pd-based
nanoparticles through the decoration of Escherichia coli
bacteria  cross-sections with Fe nanoparticles. This
methodology allows the visualization of bacteria that are
loaded with magnetic nanoparticles even when conventional
transmission electron microscopy has difficulties to resolve
them inside the microorganisms.

Keywords—Pd  nanoparticles,  transmission  electron
microscopy, magnetic force microscopy, Escherichia coli,
magnetic decoration.

. INTRODUCTION

Palladium (Pd) is a rare element in the earth crust, which
is intensively used in numerous catalytic reactions [1-3]. In
recent years, the unique properties of Pd nanoparticles (NPs)
promoted their intensive experimental and theoretical study.
The use of Pd in the form of nanoparticles offers a higher
surface area for the interaction with other materials, which
overall increases the performance of the element in catalysis
[4-6]. Several reports have presented the size-dependent
ferromagnetic nature of Pd NPs, which could expand the area
of their applications [7—10]. Measuring the magnetism of Pd
NPs is, however, not simple because their size and magnetic
moment are smaller than that of traditionally used NPs,
which are based on metals providing strong magnetization:
Fe, Co, or Ni [11]. The cost-effective production of Pd NPs
also remains a challenge. In an attempt to resolve this
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problem, biological routes for production of Pd NPs have
been developed using a variety of biological models
[6,12,13] including bacteria such as Escherichia coli (E. coli)
[14, 15]. In these biological processes, the Pd NPs are found
intracellularly, in the periplasmic space or extracellularly. To
observe Pd NPs, transmission electron microscopy (TEM)
[16-18] or magnetic force microscopy (MFM) [19,20] are
used.

The application of MFM for the detection of Pd NPs is a
new activity [20], which became possible after the
development of scanning probe microscopes and engineering
sensitive nanometer-scale magnetic probes. MFM is the main
technique in this study. The visualization of the magnetism
of pure Pd NPs inside or surrounding the cell is an arduous
labor, therefore in this work, a modification in the sample
preparation to increase their magnetic response is tested. This
modification consists of the decoration of already prepared
cross-sections of Pd-based NP-loaded bacteria with 10 nm
Fe,O3 NPs in the presence of a strong external magnetic field
perpendicular to the sample. The complete description of this
technique and the obtained results are the main subjects of
this paper.

Il.  EXPERIMENTAL

A. Bacteria growth and nanoparticle production

Escherichia coli (E. coli) BW25113 strain was used for
the production of Pd-Fe NPs. A single colony was used to
inoculate 10 ml Lysogeny Broth (LB) starter culture and
incubated overnight at 37°C with shaking at 200 rpm. On the
next day, 0.5 ml of the starter culture was used to inoculate
50 ml LB in an Erlenmeyer flask incubated at 37°C with
shaking at 200 rpm until the optical density (ODsw) of the
culture reached 0.5. The cells were harvested and washed
two times with 20 mM MOPS buffer (pH 8) by centrifuging
at 4200 g before normalizing the cell concentration to ODgoo
equal to 3.5. For nanoparticles formation, E. coli suspensions
were exposed to 1 mM sodium tetrachloropalladate (1)
(ClsNazPd) and 1 mM iron (I11) chloride (FeCls) (both
purchased from Sigma Aldrich, Norway). After 2 hours of
incubation at 30°C, 10 mM sodium formate was added to
initiate the reduction reaction to neutral Pd and Fe, and the
solution was left to react until the solution turned black.



B. Sample embedding

For the embedding of the bacterial samples, the bacteria
were thoroughly washed, fixed, dehydrated, and finally
embedded in epoxy resin, according to Deplanche et.al [21].
The Pd-Fe NP-loaded bacteria were fixed in 4%
paraformaldehyde and 2% glutaraldehyde (v/v) (both
purchased from Sigma Aldrich, Norway) dissolved in 20mM
MOPS buffer (pH 8) overnight at 4°C. The samples were
washed twice with distilled water. The dehydration was
performed in a series with ascending ethanol concentrations
of 50%, 70%, 90% and 96% ethanol for 10 min each,
followed by centrifugation at 5900 g for 2 minutes. Finally
100% ethanol was used four times for 15 min each. The
samples were then incubated in 1 mL of 100% acetone for 15
min followed by an incubation in 1:1 acetone-EPON solution
at room temperature overnight. The NP-loaded cells were
centrifuged at 3500 g for 10 min and incubated in 100%
EPON for 1 h at room temperature before finally drying
them in an oven at 60°C for 3 days. The hardened resin was
sliced with a Diatome ultra 45° diamond knife (Diatome
Ltd., Switzerland) into slices of 0.5-1 um of thickness, which
were set on top of clean glass microscope coverslips and
inserted into MFM for measurements. Thinner slices of the
resin (70-100 nm) were mounted on copper grids for imaging
with TEM.

C. Transmission electron microscopy (TEM)

TEM samples were investigated using a JEOL 1400 plus
(JEOL, Japan) Electron Microscope at 60-100KV equipped
with element Energy Dispersive X-Ray Analysis (EDX).

D. Magnetic Force Microscopy (MFM)

Magnetic force microscopy (MFM) was performed using
a scanning probe microscope, NanoWizard (JPK
Instruments, UK) with a 4.0 pyramidal-tipped silicon
cantilever PPP-MFMR-10 coated with a magnetic cobalt
film (Nanosensors, Switzerland). The samples were studied
using the two-pass scanning technique [22]. In this
technique, the first scan is performed close to the surface of
the sample measuring its topography. In the second pass, the
scanned topography is followed at a certain height, large
enough to distinguish short-range (van der Waals) from long-
range (e.g. magnetic) forces. The measurements were done
in AC mode at the resonance frequency of 74 KHz. Previous
studies revealed that the optimum height for the used
cantilevers and Pd-Fe NPs, at which van der Waals forces
could be neglected but magnetic interaction is still strong,
was between 20 and 30 nm of lift height [20]. The magnetic
signal was measured via phase shift of the cantilever
oscillations, which is proportional to the gradient of force
between the probe and the sample [22-25]. The NPs were
magnetized by a magnet set below the slices of the strength
of 0.58 T.

E. Magnetic decoration

The deposition of Fe,O3 NPs on top of the resin sections
was carried out to evaluate their effect as a magnetic signal
enhancer for the low magnetic response of the Pd-based
nanoparticles. The non-specific attachment of magnetic NPs
has been used previously, including applications in
separation, targeting and localization of the magnetic
response of NPs [26]. A 20 uL drop of a 5 pg/mL dilution of
single core magnetic Fe,Os nanoparticles with an average
diameter of 10 nm in distilled water was spread on top of the

sample. During this procedure, the sample was subjected to a
0.58 T external magnetic field perpendicular to the slice
surface, and the drop was left to dry at room temperature for
2 hours. The samples with Fe,Os NPs were later studied with
MFM.

F. Image processing

The images obtained with TEM were imported into the
image processing software ImageJ for analysis. To avoid
uneven illumination of the images, the image threshold
procedure was applied, and the NP diameter was calculated
manually drawing a horizontal and perpendicular line on top
of the desired NPs for a representative sample.

I1l.  RESULTS AND DISCUSSION

AFM and MFM studies of bacteria commonly use fixed
and dried samples on top of a smooth and clean surface to
immobilize the cells or nanoparticles [27-29]. This
methodology has one relevant shortcoming. It is only
possible to obtain information about forces close to the
surface. Therefore, the weak magnetism of the Pd NPs
deeper inside the sample requires the use of different sample
preparation techniques in order to improve the interaction of
the tip with the NPs inside or around the bacteria. As
described in previous work [19, 20], EPON embedding of
bacterial samples — as is usual for TEM of biological samples
- can be used for the visualization of the samples in the
MFM. The samples in the form of thin resin slices allow to
study the Pd or Pd-Fe NPs in different locations with respect
to the bacteria that produced them, both by TEM and MFM.
After the study of a sample, magnetic decoration of the slice
surface with commercial Fe;Os NPs was carried out. This
was done in order to amplify the low magnetic signal of the
small Pd-based nanoparticles inside or in contact with the
bacteria which are otherwise difficult to resolve
magnetically.

A. TEM characterization

The correct embedding of E. coli along with the NPs was
evaluated by TEM. The cross-sections of bacteria with Pd-Fe
NPs produced by them are presented in Fig. 1a. The NPs are
seen as clusters of black particles in the bacterial membrane
or as NP chains connecting different cells. In addition, a
negative control sample was prepared without using the
precursors Na,PdCl, and FeCls. An example of the TEM for
the control sample is shown in Fig. 1b, in which, as expected,
there is no evidence of nanoparticles inside or around the
bacteria.

In spite of the thorough-washing steps of NP-loaded E.
coli before embedding, clusters of Pd-Fe NPs remain
attached to bacteria (Fig. 1c) and also clusters of pure Fe
needle-like grey crystals (Fig. 1le) can be seen in the
proximity of bacteria. The elemental composition of both
types of clusters was confirmed by EDX analysis. As shown
in Fig. 1d, the Pd-Fe NPs clusters present peaks of Pd
(yellow arrow) and low peaks of Fe (white arrows).
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Fig. 1. TEM results for the resin slices with (a) E. coli with Pd-Fe NPs and
(b) control unloaded E. coli. Close up study and EDX analysis of the
clusters of Pd-Fe nanoparticles (c, d) and clusters of pure Fe needle-like grey
crystals (e, f).

In contrast, the needle-like crystal structures are
composed mainly of Fe, without traces of Pd (Fig. 1f). The
additional Cu peaks come from the support surface (copper
grids) [30]. A size distribution histogram was calculated for a
statistically representative sample with Pd-Fe NPs in the
clusters, and the average particle size was found to be
5,94+1,48 nm. This is important for the study, as other
reports suggest that Pd NPs are ferromagnetic when they
reach sizes comparable to or less than 7 nm [7, 8]. Therefore,
the imaged nanoparticles should be magnetic.

In Fig. 1a, there is no evidence of NPs inside the bacteria.
However, this does not mean the absence of small NPs. The
resolution of the employed TEM might not be sufficient to
visualize them. In fact, there were several reports showing
that the High Resolution TEM imaging indeed reveals many
small Pd NPs inside the bacteria in similar experiments [12,
13]. These NPs are expected to be magnetic. To confirm this
and compare their magnetic properties with those of Pd-Fe
and pure Fe nanoparticle clusters, the MFM study was
conducted on slices of resin of the same sample.

B. MFM analysis

In Fig. 2, the MFM images for one of the samples before
the magnetic decoration with Fe;O3 NPs are shown. This
region of the slice is represented by amplitude (a) and phase
shift (b) maps of probe oscillations. The phase shift images
was recorded at the lift height of 25 nm above the measured
sample surface. In the amplitude scan (Fig. 2a), it is possible
to observe the position of bacteria and the Pd-Fe NPs clusters
produced by them. The corresponding phase shift map (Fig.
2b) presents the magnetic regions of the sample. Here, the
darker the contrast, the stronger is the magnetic interaction of
the sample with the probe, and since the tip is far from the
surface, the changes of contrast are produced mainly by
magnetic interaction.

The drawback of this phase shift map is that, at the
selected lift height, it does not allow to resolve individual
NPs. Instead, the spread of the magnetic field lines from
individual dipoles and merging of field lines from different
nanoparticles create the dark regions, which are the
cumulative sum of the stray magnetic fields [27].
Additionally, as Krivcov et al. suggested, an optimal lift
height for MFM measurements is also dependent on NP size
[22]. In order to resolve NPs of this size in phase shift maps,
the tip has to be extremely close to the surface, where the
short-range surface forces interfere with the measurements.
Although the Pd-based NPs are not visible in the TEM study,
the dark regions inside the bacteria are an indication of the
magnetic interaction with the tip. It is clear that magnetism
inside the bacteria is weaker than in the clusters surrounding
them. The strength of the magnetic interaction was quantified
measuring histograms of the phase shift, separately in
bacteria and in the clusters, and subtracting the phase shift of
the background.

It was found that inside bacteria, the mean phase shift
value is -2.70+0.54 degrees, while in the clusters outside the
bacteria, it is -16.33+1.97 degrees. This suggests that the
magnetism of intracellular Pd NPs is about 6 times weaker
than it is in the clusters. There is, however, an additional
uncertainty in this estimation. The black regions on top of the
NP clusters are surrounded by less dark areas, which are
most likely coming from the magnetic response of the NPs
below the surface of the sample. Their contribution to the
magnetism inside the bacteria is not clear. To visualize the
magnetism inside of bacteria more clearly, the magnetic
decoration technique has been used. The MFM images of a
resin slice after magnetic decoration are shown in Fig. 3.
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Fig. 2. MFM images of a resin slice with bacteria and clusters of Pd-Fe NPs.
(a) Amplitude trace and (b) phase shift retrace maps of the same area.
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Fig. 3. MFM images of E. coli with Pd-Fe NPs sample after magnetic decoration with 10 nm Fe,O; NPs. Amplitude and phase shift maps of the sample
sections with (a-b) high and low (c-d) concentrations of bacteria, respectively. In €), the phase shift line profile for the white line in the lower image, which

crosses two Pd NPs-loaded bacteria is shown.

The decoration methodology is similar to Bitter’s method
[31] used to visualize vortices of magnetic flux in
superconductor materials. In this case, ejected magnetic
atoms are allowed to settle on a magnetic surface, and it
reveals the irregularities in the magnetic flux [32, 33]. In this
work, a drop of aqueous solution of highly magnetic 10 nm
Fe,Os NPs was spread on the surface of the resin slice
containing bacteria and Pd or Pd-Fe NPs. The deposition was
carried out in the presence of a homogeneous external
magnetic field, and the Fe;Os NPs in the solution move
guided by the magnetic force. Due to this, they settle in the
places, where they are attracted to other magnetic objects.
There is big difference regarding the deposition of the NPs
between areas highly covered with bacteria (Figs. 3a-b) and
areas free of them (Figs. 3c-d). The non-magnetic areas
outside the bacteria appear rough. Similar to other reports
[31-33], the Fe,O3 NPs are accumulated in regions where
they group together and form nearly periodically spaced
complexes that can be seen as white spots, especially in the
amplitude scan in Fig. 3c. We suggest that these regions are
formed when the first NPs get attached to the surface
forming spots of strong magnetic field, to which the
succeeding particles are attracted to. In contrast, the areas
above and around bacteria look smooth, as Fe,O3 NPs spread
themselves evenly on top of the weakly-magnetic regions.
The scale of the images in Fig. 3 is much bigger than the size
of Fe;O3 NPs, so they cannot be seen individually.

In the phase shift maps in Figs. 3b and 3d, it is clearly
seen that several bacteria became intensively black, i.e.
strongly attracting the oscillating probe. This is the
amplification of the magnetic signal, which originally is not
strong, as seen in Fig. 2b. The level of amplification can be
demonstrated by a line profile across a bacteria. In Fig. 3e, a
white line is shown crossing two bacteria, and the phase shift
profile is presented. Using the background as reference line,

here the phase shift above the bacteria can reach values close
to 40-50 degrees. This is about 15 times bigger than original
weak response of Pd NPs inside the bacteria and even larger
than magnetic response of hon-covered Fe and Pd-Fe clusters
outside the bacteria. This illustrates the high potential of
magnetic decoration as a tool to visualize weak magnetic
structures.

IV. CONCLUSIONS

The use of MFM for the study of weakly-magnetic
nanoparticles, such as Pd NPs, is still a growing research
field. The limitations set by the sample composition, the
magnetic strength, and the particle size, among other,
require the development of novel methods and techniques
that could help resolving and quantifying their magnetic
properties. Although the presence of Pd NPs inside the
bacteria could not be confirmed by TEM, the MFM study
reveals a weak magnetic response. In this work, a technique
similar to Bitter’s method was used in order to visualize the
weak magnetism of the Pd-based NPs inside the bacteria
that produced them. The decoration with external Fe;Os;
nanoparticles produced a strong enhancement of the
magnetic signal, up to 15 times higher than the original one.
Therefore, the proposed technique, which is frequently used
for studies of vortex structures in superconductors, could, in
modified form, be useful to study weak magnetic properties
of NPs produced within biological samples.
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