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Abstract: Nanotechnology is especially useful in biotechnological and biomedical applications as
nanomaterials have unique physicochemical properties. Current physical and chemical techniques
used for the production of nanoparticles have various disadvantages that has led to the evaluation of
biological strategies. This study focused on the use of a bacterial species known as Magnetospirillum
magnetotacticum for the production of metallic nanoparticles. The cultivation of MTB is known to
be tedious and time-consuming using the current standardized magnetic spirillum growth media
(MSGM). This study explored the optimization of MSGM for improved growth and nanoparticle yield.
It was found that glucose significantly improved and sustained the growth of M. magnetotacticum
compared to other sole carbon sources having a sustainable OD of ~1.15. However, use of a higher
concentration of sodium nitrate (40 mM) as a nitrogen source was able to significantly improve
iron-containing nanoparticle yield by 1.6× with a final yield of 22 mg/50 mL when compared to
the yield obtained from the MSGM original media. Growth media with a combination of glucose,
sodium nitrate, ammonium sulphate and yeast extract showed the highest exponential growth of
Magnetospirillum magnetotacticum compared to all other MSGM modifications with the highest OD
being 1.7. Silver and gold nanoparticles were also successfully produced in addition to iron-containing
nanoparticles. Overall, no direct correlation between growth and nanoparticle yield was found.

Keywords: optimization; magnetic spirillum growth media (MSGM); metallic nanoparticle yield;
growth conditions

1. Introduction

Physical and chemical techniques for the synthesis of nanoparticles involve complex
protocols, high temperature requirements and the employment of hazardous compounds
such as reducing agents, which not only leads to expensive costs but also the formation of
toxic pollutants on the surfaces of the nanoparticles synthesized. The aspects mentioned not
only cause uncertainty in the preparation steps but also directly question their applicability
in biological systems. On the contrary, the synthesis of nanoparticles via green technology,
also known as biological synthesis, makes use of biological organisms that are cost-effective,
omits use of toxic chemicals and rather utilizes an eco-friendly approach of synthesis that
has gained precedence over conventional physical and chemical techniques.

Nanoparticle synthesis carried out by bacteria has gained interest due to their advanta-
geous properties which include high growth rate, ease of cultivation and ability to grow in
unfavourable environmental parameters (e.g., temperature, pH and pressure) [1]. The dif-
ference between bacteria and other green synthetic strategies such as plants is that bacteria
can be genetically moulded and manipulated with ease for the biomineralization of metal
ions. On the contrary, the use of plants for the synthesis of nanoparticles is not feasible as
it is difficult to control growth parameters due to climate and environmental factors, and

Appl. Sci. 2023, 13, 8491. https://doi.org/10.3390/app13148491 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13148491
https://doi.org/10.3390/app13148491
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5204-5820
https://doi.org/10.3390/app13148491
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13148491?type=check_update&version=2


Appl. Sci. 2023, 13, 8491 2 of 25

to regulate plant growth conditions sophisticated facilities, e.g., greenhouses are required
which are not cost-effective as they require a lot of equipment and maintenance. Plants also
require a long growth period before any part of the plant can be harvested for use whereas
bacteria have a much quicker cultivation period and thus are of particular interest.

Magnetotactic bacteria (MTB) can be described as aquatic prokaryotes whose move-
ment is directed by the Earth’s externally applied magnetic and geomagnetic fields due
to their ability to exhibit magnetotactic behaviour known as ‘magnetotaxis’. These bac-
teria represent a morphologically, phylogenetically and physiologically diverse group of
Gram-negative bacteria known to biomineralize unique organelles referred to as ‘mag-
netosomes’ [2,3]. Magnetosomes contain nano-sized particles composed of either mag-
netite (Fe3O4) or greigite (Fe3S4) depending on the species used, and these iron-containing
particles are encased in a lipid bilayer membrane referred to as the magnetosomal mem-
brane [3–5].

MTB-produced nanoparticles have garnered a lot of interest as these nanoparticles
have a number of desirable properties that are not often present in physically and chemi-
cally synthesized nanoparticles, such as narrow size distribution, uniform morphology, a
large single magnetic domain, and high levels of purity and stability [6,7]. MTB-produced
nanoparticles also have the added advantage of being easily dispersible and having facile
functionalization due to their magnetosomal membrane [8]. The surface properties of
magnetosomes allow significant amounts of specific molecules to be anchored on to the
membrane which enables easy functionalization for various applications dealing with cell
specific targeting [9]. Interestingly, these nanoparticles have been investigated as biotechno-
logical tools in various applications which include but are not limited to drug delivery, cell
separation, food safety, magnetic resonance imaging (MRI) contrast agents, antimicrobial
agents and antioxidant agents, as well as other applications such as recovery or detection
of DNA or antigens, hyperthermia treatment, enzyme immobilization and environmental
applications focusing on wastewater treatment [10]. Synthesizing magnetosomes on a
large scale for commercial applications is still quite challenging. The necessity for high
magnetosome yield at affordable expenditure and energy cost is the main impediment to
industrial-scale mass production of magnetosomes.

Although it is relatively straightforward to identify MTB in samples obtained from
natural settings, they are known as a fastidious group of prokaryotic organisms that require
specific cultivation conditions for growth and isolation [11]. The yield of magnetosomes
synthesized by MTB can theoretically be increased by optimizing the culture medium
composition and growth conditions [12]. However, there have only been a few studies that
have concentrated on this type of optimization. Temperature, dissolved oxygen, pH, and
concentrations of various salts and acids have all been studied in relation to growth, but a
greater focus on maximization of magnetosome yield is required [13]. The concentration
of nutrients, particularly carbon and nitrogen sources, are amongst the most important
elements impacting MTB development and, as a result, magnetosome formation [14].

The cultivation of MTB is known to be tedious and time-consuming using the current
standardized magnetic spirillum growth media (MSGM). Therefore, this study explored
the optimization of MSGM for improved growth and nanoparticle yield in the MTB species,
Magnetospirillum magnetotacticum.

2. Materials and Methods
2.1. Materials

The microaerophilic, magnetotactic bacterial species M. magnetotacticum strain MS-1
used in this study was purchased from Deutsche Sammlung von Mikro-organismen und
Zellkulturen (DSMZ, Brunswick, Germany). Isolation of the nanoparticles was carried out
using a MACS column and magnetic stand (Miltenyi Biotec, Bergisch Gladbach, Germany).
All materials used in this study including the chemicals, solvents and reagents were of
molecular biology or tissue culture grade and purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise stated.
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2.2. Growth Media Preparation

The medium used for the modifications presented in this study was the revised
magnetic spirillum growth medium (MSGM) and was prepared in accordance with
the instructions given by the ATCC (ATCC revised medium 1653) shown in Table S1
(Supplementary Material), with the addition of Wolfe’s Mineral Solution as well as Wolfe’s
Vitamin Solution indicated in Table S2 (Supplementary Material). MSGM was prepared
following the addition of individual components according to Table S1 and dissolving
in water with continuous stirring. Thereafter, the pH was adjusted to 6.8 using sodium
hydroxide (NaOH) and the medium was autoclaved at 121 ◦C for 20 min. The medium
was then allowed to cool to room temperature before use and MSGM original (i.e., no
modifications) served as the control medium.

2.3. Metal Stock Solutions

The following metals were used: iron (Fe), silver (Ag), gold (Au) and zinc (Zn). A
10 mM stock solution of each metal was made up using each metal salt and sterile distilled
water (dH2O) to a total working volume of 100 mL each. The iron solution used was ferric
quinate, where ferric chloride (0.27 g) and quinic acid (0.19 g) were added to a total volume
of 100 mL of dH2O. Since MTB have the natural ability for iron uptake and to biomineralize
it into magnetosomes, iron was selected as the primary metal stock solution that served as
the control metal for each medium being modified. Thereafter, the following metal salts
were used to make up each of the other three metal stock solutions to a total volume of
100 mL each: silver nitrate (0.17 g), gold (III) chloride trihydrate (0.39 g) and zinc chloride
(0.14 g). A 2 mL volume of each metal stock solution was added to each medium prior to
bacterial growth.

2.4. Bacterial Growth Curves

M. magnetotacticum was grown in media that varied in composition, to evaluate which
carbon and nitrogen source resulted in a quicker culturing time, and overall increased
cell biomass and nanoparticle yield. Tubes were sealed with parafilm to maintain mi-
croaerophilic conditions and incubated at 30 ◦C for 336 h. This was performed to determine
which components were needed to develop an overall optimized medium. Each medium
prepared was sterilized using an autoclave for 20 min at 121 ◦C, then cooled to room
temperature before use.

The use of lactate or lactic acid as a carbon source has been widely studied in M.
gryphiswaldense bioreactor experiments; thus, lactic acid was selected for investigation
as a potential carbon source [15]. In addition, glucose and sodium pyruvate were also
selected as potential carbon sources. According to a study carried out by Jajan et al., 25 mM
was found to be the optimum concentration for sodium pyruvate [16]. Thus, 25 mM was
employed for all three sole carbon sources investigated for the amount of carbon present in
the growth media to be kept constant upon comparison of the results.

Thereafter, the original nitrogen source present in MSGM, namely sodium nitrate
(1.4 mM), was replaced with a different sole nitrogen source. According to comparisons
made from different studies, ammonium sulphate, ammonium chloride and sodium nitrate
have all been utilized previously [6,17–19]. Thus, these components were investigated for
use as potential nitrogen sources at a concentration of 40 mM in our study as per a previous
study by Jajan et al. (2019) who used 40 mM sodium nitrate [16]. The concentration was kept
constant to ensure that the amount of nitrogen present in these sources remained the same
allowing for a fair comparison to be made. In addition, certain medium modifications were
supplemented with one of two additives, namely yeast extract or Isogro™ (Sigma-Aldrich,
St. Louis, MO, USA).

Bacterial growth curves were conducted for each MSGM medium modification that
are depicted in Table S3 (Supplementary Material). The initial optical density (OD) range
for each growth curve sample at time point zero was standardized between a range of
0.1 to 0.2 using an ultraviolet–visible (UV-vis) spectrophotometer (Specord® 210 UV/Vis
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spectrophotometer, Analytik Jena, Jena, Germany). The wavelength of the absorbance
readings taken for each of the medium modifications was 600 nm except in the case of
MSGM containing sodium pyruvate and lactic acid, where the wavelength used was 450 nm
due to the change in colour of the media to bluish-purple.

The growth curve experimental design was made up of two biological replicates and
in each instance three technical replicates per sample were used to ensure reproducibility.
The OD readings were taken at time zero (T0) and thereafter every hour for six hours
(T0–T6). Subsequent to the 6 h, the OD readings were taken every 24 h for 14 days (336 h)
to monitor whether a prolonged incubation time resulted in increased or decreased growth.

2.5. Metallic Nanoparticle Production in M. magnetotacticum

M. magnetotacticum was grown in MSGM original followed by each of the different
medium modifications containing the control metal iron for the preparation of nanoparticles.
MS-1 bacterial stock (5 mL) was inoculated into an airtight tube containing 45 mL of
growth medium of each MSGM medium modification. Tubes were sealed with parafilm
to maintain microaerophilic conditions and incubated at 30 ◦C for 48 h. Thereafter, OD
readings were taken, and 50 µL from each of these tubes were kept for TEM and EDX
analysis. Three untouched tubes were used for nanoparticle isolation and to obtain the
nanoparticle dry yield. Thereafter, M. magnetotacticum was grown in MSGM original
and two growth media that showed the most favourable nanoparticle production (i.e.,
MSGM + sodium nitrate (40 mM) and MSGM + sodium nitrate + Isogro™) using each of
the other three metals namely silver, zinc and gold following the same growth conditions
as mentioned above.

2.6. Metallic Nanoparticle Isolation
2.6.1. Nanoparticle Isolation Using MACS Column

Iron, silver and gold nanoparticles were isolated using a MACS column (Miltenyi
Biotec, Bergisch Gladbach, Germany) that consisted of a ferromagnetic bead (spherical)
matrix. When the column was attached to the strong magnetic stand, an intense magnetic
field surrounded the column, which resulted in a high magnetic field gradient that had
the ability to separate the magnetic samples. With the nanoparticles being smaller in size
compared to the beads within the column, the nanoparticles were able to freely pass though
the column. This provided an efficient way to elute the particles remaining in the column
when the column was removed from the magnetic stand.

The isolation process involved centrifugation of the 50 mL culture tubes at 4000 rpm
for 20 min at 4 ◦C, to first pellet the cells. Thereafter, the supernatant was removed, and
the pellet was re-suspended in 10 mL of 20 mM HEPES- 4 mM EDTA (pH 7.4), followed
by brief vortexing to disrupt the pellet. The suspension was then sonicated for 10 min to
break open the cells. Thereafter, the suspension was centrifuged at 4000 rpm for 15 min
at 4 ◦C to pellet the cell debris, as well as the unbroken cells from the nanoparticles that
remained in the supernatant. The supernatant was then transferred to a new tube and
passed through the MACS magnetic separation column attached to the magnetic stand.
The column was then rinsed with 20 mL 10 mM HEPES-200 mM NaCl and washed with
20 mL 10 mM HEPES. Thereafter, the column was removed from the magnetic stand and
placed over a new, pre-weighed tube, where the purified nanoparticles were eluted from
the column using 5 mL of 0.01 M HEPES buffer to concentrate the nanoparticles. The
eluted nanoparticle solution was then dried in an oven set at 80 ◦C. The dry weight of the
nanoparticles was then ascertained.

2.6.2. Nanoparticle Isolation Using Ultracentrifugation

Zinc nanoparticles were isolated primarily via ultracentrifugation as zinc is known to
be diamagnetic in nature [20]. Thus, nanoparticle isolation via the MACS column would
not be an appropriate choice for zinc as the zinc nanoparticles would repel the magnetic
field resulting in unsuccessful retention of the nanoparticles in the MACS column.
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The preparation steps before ultracentrifugation were based on the initial steps out-
lined in Section 2.6.1 above with slight modifications that involved centrifugation of the
50 mL culture tubes at 4000 rpm for 30 min at 4 ◦C, to first pellet the cells. Thereafter, the
supernatant was removed and the pellet was re-suspended in 10 mL of 20 mM HEPES-
4 mM EDTA (pH 7.4), followed by brief vortexing to disrupt the pellet. The suspension
was then sonicated for 30 min to break open the cells. Thereafter, the suspension was
centrifuged at 4000 rpm for 10 min at 4 ◦C to pellet the cell debris, as well as the unbroken
cells from the nanoparticles which remained in the supernatant. The supernatant was then
transferred to an ultracentrifuge tube and centrifuged at 13,000 rpm for 30 min. Thereafter,
the sample was decanted and the pellet was resuspended in 500 µL of sterile dH2O. The
pellet was then sonicated for 5 min, vortexed for ~5 min and transferred to pre-weighed
Axygen® MAXYMum recovery® microtubes (Corning Incorporated, Reynosa, Mexico).
Lastly, the samples were dried in an oven set at 80 ◦C for approximately 2–3 days. The dry
weight of the nanoparticles was then ascertained.

2.7. Characterization of the Nanoparticles

Characterization techniques were adapted from Moodley et al. (2018) [21,22]. Reconsti-
tuted metallic nanoparticle samples and whole bacterial cells present in growth media were
used in transmission electron microscopy (TEM) and elemental dispersive X-ray analysis
whereas only reconstituted nanoparticle samples were used for dynamic light scattering
(DLS) analysis.

2.7.1. Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray
Analysis (EDX)

Characterization of the samples was performed via high-resolution transmission
electron microscopy (HRTEM) using a JEOL JEM-2100 electron microscope (Tokyo, Japan)
operating at 200 kV and 0.23 nm resolution. The electron source used was a lanthanum
hexaboride (LaB6) filament. The sizes of the nanoparticles and data analysis of their sizes
were achieved using Image J software v1.53t (National Institutes of Health, Bethesda,
MD, USA) [23]. The samples were also analysed via EDX (X-Max 80 mm silicon drift
detector (SDD), Oxford Instruments, High Wycombe Buckinghamshire, UK) using INCA v
4.15 software (Oxford Instruments, High Wycombe Buckinghamshire, UK) to determine
their elemental compositions in order to verify whether the metals under investigation
were present.

Sample preparation was conducted as follows; a 5 µL drop of each sample was pipetted
onto a carbon coated copper TEM grid and allowed to stand at room temperature for 2 min.
The excess fluid was removed using filter paper and thereafter a 5 µL drop of distilled
water was added and once again removed using filter paper to wash off any excess media.
The grids were then air dried at room temperature for at least 2 h before being analysed.

2.7.2. Dynamic Light Scattering (DLS)

The reconstituted nanoparticle samples were analysed via DLS using a Malvern
Zetasizer Nano ZS instrument operating on software version 8.02 (Worcestershire, UK), to
determine the size and zeta potential of the nanoparticles synthesized. Sample preparation
involved dilution of the nanoparticle samples using sterile dH2O. DTS0012 polystyrene
cuvettes were used for sizing whereas DTS1070 zeta cells were used for determination of
the zeta potential.

2.8. Statistical Analysis

All data were statistically analysed using GraphPad InStat version 3.10 for Windows
(GraphPad Software, San Diego, CA, USA). Growth curve data were subjected to an anal-
ysis of variance (ANOVA). Differences were considered significant when p < 0.05. To
compare the trends of the different growth curves, Pearson’s correlation coefficient (r)
was used. Correlation coefficients ranging from 0.7 to 1.0 indicate a high level of corre-



Appl. Sci. 2023, 13, 8491 6 of 25

lation, 0.4–0.69 indicates moderate correlation and 0–0.39 indicates low correlation [24].
To attain the level of polydispersity, the polydispersity index (PDI) values were used.
PDI values > 0.7 indicate very polydisperse samples, 0.08–0.7 indicates mid-range polydis-
persity, 0.05–0.08 indicates nearly monodisperse samples and 0–0.05 indicates monodis-
perse samples. Detailed results from statistical analysis are presented in the Supplementary
Material in Tables S5 and S6.

3. Results and Discussion

Carbon and nitrogen sources serve as essential nutritional requirements for bacterial
cell growth. The concentration of carbon and nitrogen sources present in growth media
are amongst the most important elements impacting MTB development and, as a result,
magnetosome formation [14]. The present study investigated the use of different carbon and
nitrogen sources in order to find suitable sole carbon and nitrogen sources that could both
optimize growth and improve magnetosome production whilst being cost efficient. When
analysing the effect of the carbon source modification on growth of M. magnetotacticum, it
was found that comparatively growth was slow in the unmodified MSGM (MSGM) with no
distinct peak and no distinct phases of growth (Figures 1 and 2). A graph with all growth
curves on a single set of axes is available in the Supplementary Material as Figure S1. There
was a gradual increase in OD as time progressed; however, the growth did not exceed an
OD of 0.287 even after 336 h of incubation.
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Figure 1. Growth curves of M. magnetotacticum in MSGM original and medium modifications MSGM
1, 2, 8, 10, 11 and 12 at 30 ◦C with iron as the metal source. OD readings were taken at a wavelength
of 600 nm for MSGM, MSGM 1, MSGM 8 and MSGM 10–12, and at 450 nm for MSGM 2.

Improved growth of M. magnetotacticum was observed in MSGM media containing
sodium pyruvate (MSGM 2) compared to MSGM original. During the exponential phase
between 0 and 48 h, a maximum OD of 1.005 was observed. This finding was supported
by Jajan et al. (2019) who used M. gryphiswaldense strain MSR-1 and four different carbon
sources (sodium pyruvate, sodium L-lactate, sodium succinate and sodium acetate), and
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reported that sodium pyruvate and sodium L-lactate significantly increased the cell growth,
cellular magnetotactic response (Cmag), rate of Fe uptake and magnetosome production
when compared to sodium succinate and sodium acetate as the carbon source [16]. Their
results also showed that sodium pyruvate (25 mM) was much more effective at increasing
magnetosome production. Results from the present study thus indicate that sodium
pyruvate contributes to rapidly dividing bacterial cells; however, a rapid decline could be
noted after the peak had been obtained indicating that this carbon source was depleted
quite quickly. It is thus possible that limited vital nutrients could have led to death of
the cells.
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Figure 2. Growth curves of M. magnetotacticum in MSGM original and medium modifications MSGM
3–7 and MSGM 9 at 30 ◦C with iron as the metal source. OD readings were taken at a wavelength of
600 nm for MSGM, MSGM 4–7 and MSGM 9, and at 450 nm for MSGM 3.

Growth of M. magnetotacticum in MSGM 2 was also greater than MSGM containing
lactic acid (MSGM 3) which produced a maximum OD of 0.46 after 288 h of incubation. In
addition, the results showed that the lactic acid modification (MSGM 3), compared to the
original MSGM, had an r value of 0.83. The high level of correlation could be attributed to
both of these media having no distinct phases of growth.

The third sole carbon source used in this study was glucose as it is a well-known
carbon source that is preferred for bacterial growth (e.g., E. coli), and is a known source
of energy for all organisms as it is essential to fuel both aerobic and anaerobic cellular
respiration [25,26]. Glucose is also a cheaper alternative to the three combined carbon
sources used in MSGM (i.e., ascorbic acid, succinic acid and tartaric acid) and is commonly
used in bacterial growth media. When glucose was utilized as the sole carbon source
(MSGM 1), the highest and most sustainable growth of M. magnetotacticum was observed
compared to using growth media MSGM 2, MSGM 3 and even MSGM the original medium
which had three carbon sources. When M. magnetotacticum was grown in MSGM 1, a peak
OD of 1.15 was observed after only 48 h and this peak was sustained for 336 h.
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The nitrogen source modifications were thereafter performed. Jajan et al. (2019) inves-
tigated three nitrogen sources which included sodium nitrate, ammonium chloride and
ammonium sulphate. It was found that sodium nitrate increased the cellular magnetotac-
tic response (Cmag), rate of Fe uptake and magnetosome production significantly when
compared to the other two nitrogen sources. The concentration used for sodium nitrate in
the optimized culture medium which was found to increase cell growth and magnetosome
production was 40 mM [16,19,27]. In addition, nitrates such as sodium nitrate are a com-
monly used nitrogen source for Magnetospirillum bacteria [3]. The nitrogen source present
in MSGM original, 1.4 mM sodium nitrate, was modified and increased to 40 mM and the
type of nitrogen source was also investigated in this study, by using ammonium sulphate
(40 mM) and ammonium chloride (40 mM). The modifications using ammonium sulphate
(40 mM) (MSGM 4) and ammonium chloride (40 mM) (MSGM 5) showed a very similar
growth trend to that of the MSGM original (containing 1.4 mM sodium nitrate), with r
values of 0.91 and 0.97 (Table S4 in Supplementary Material), respectively, indicating a
very high positive correlation to MSGM original. This indicated that there were no distinct
phases of growth when either ammonium sulphate or ammonium chloride were used, and
thus these two nitrogen sources even at a high concentration of 40 mM did not improve
bacterial growth. However, when the concentration of sodium nitrate was increased from
1.4 mM (MSGM original) to 40 mM (MSGM 6) there was a significant increase in bacterial
growth, with the highest OD being 0.590 after 48 h of incubation. An r value of 0.15 was
obtained when compared to MSGM original, which indicates a negligible correlation to
that of MSGM original possibly due to the distinct exponential phase of growth between 0
and 48 h of incubation.

The present study thus supports the findings of Jajan et al. (2019) [16]. However,
according to a study by Liu et al. (2010), ammonium chloride was identified as a better
nitrogen source for growth and the discrepancy in findings may be attributed to the nature
of the experiment [27]. The experiment by Liu et al. (2010) took place on a larger scale with
the concentration of nitrogen being auto-controlled at a constant level via the use of pH-stat
feeding thus enabling ease of manipulation and elimination of the possibility of nutrient
exhaustion during the culture process which would otherwise occur in a laboratory-based
experiment such as in the present study [27].

The use of two nitrogen sources namely ammonium sulphate (40 mM) and sodium
nitrate (40 mM) used in combination (MSGM 7) was also investigated. However, M.
magnetotacticum still showed better growth when sodium nitrate (40 mM) was the sole
nitrogen source (MSGM 6) as per Figure 2. The peak OD of M. magnetotacticum grown in
MSGM 7 was below that of the MSGM modification which used sodium nitrate (40 mM) as
the sole nitrogen source (MSGM 6). Due to an increase in nitrogen availability in MSGM 7, it
could be argued that more magnetosomes were produced and as a result nutrient depletion
occurred faster, resulting in slower growth of M. magnetotacticum in MSGM 7 than in MSGM
6 media. However, slower growth due to the potential toxic effect of the magnetosomes
themselves and/or their excretion can be ruled out as growth curves were also compared
to nanoparticle yield as shown in Section 3.2 below; thus, nutrient depletion is the most
probable factor.

Yeast extract was then used as an additional nutrient source (medium modification
MSGM 8) and notably the second highest growth was obtained (OD of 1.27), establishing
that use of an additive benefits M. magnetotacticum growth. Since the additive yeast extract
improved growth, we set out to establish whether another additive Isogro™ could also
perform similarly. Isogro™ is composed of an algal lysate that contains metabolic precursors
permitting the bacteria to initiate growth more rapidly, thus eliminating the need for de
novo production of the various components of the metabolic pathways. Isogro™ was then
added to MSGM 6 since MSGM 6 resulted in the best bacterial growth amongst all nitrogen
sources tested. This modification resulted in MSGM 9; however, M. magnetotacticum growth
did not improve when compared to MSGM 6 and in fact remained similar (p > 0.05),
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possibly due to it not containing the specific nutrient requirements needed for improved
growth for this particular bacterial species.

Since the highest growth of M. magnetotacticum was obtained in MSGM media contain-
ing glucose and sodium nitrate as the sole carbon and nitrogen sources, respectively, these
nutrient sources were combined to create the MSGM modification MSGM 10. M. magneto-
tacticum grown in MSGM 10 reached an OD of 1.25 after 72 h of incubation. However, a
rapid decline could be noted once the highest growth had been obtained and thus there was
no prolonged sustainable growth as that seen when using glucose alone. Upon addition of
ammonium sulphate to the MSGM modification containing glucose and sodium nitrate to
produce MSGM 11, it could be noted that the presence of two nitrogen sources resulted
in a lower growth with an OD of 0.92 after 72 h of incubation and also resulted in a more
pronounced decline after the exponential phase was concluded which was below that of
MSGM 10 (modification using glucose and sodium nitrate in combination).

Thereafter, glucose, ammonium sulphate, sodium nitrate and yeast extract were com-
bined resulting in MSGM 12. This modification was performed to establish whether the
addition of two nitrogen sources having a higher growth rate than MSGM original, together
with the best carbon source and an additive, were able to improve M. magnetotacticum
growth. When yeast extract was added, an almost two-fold improvement in M. magneto-
tacticum growth (OD 1.71) was observed when compared to MSGM 11. Comparatively, the
highest growth of M. magnetotacticum was obtained using MSGM 12 consisting of glucose
as the sole carbon source, two nitrogen sources namely sodium nitrate and ammonium
sulphate, and the additive yeast extract.

3.1. Metallic Nanoparticle Synthesis by M. magnetotacticum Using Either Fe, Ag, Au or Zn

Based on the growth curves obtained in Figures 1 and 2, a peak in M. magnetotacticum
growth was observed after 48 h of incubation in MSGM and MSGM medium modifica-
tions. Therefore, 48 h was selected as the point of isolation of nanoparticles from the
various modifications. Dry weight yields of iron-containing nanoparticles produced by M.
magnetotacticum are presented in Table 1 below.

Table 1. Dry weight yields of iron-containing nanoparticles produced by M. magnetotacticum and
isolated after 48 h of incubation at 30 ◦C in different media.

Medium Modifications Nanoparticle Yield (mg/50 mL)

MSGM original 14

MSGM 1 (glucose) 14

MSGM 2 (sodium pyruvate) 15

MSGM 3 (lactic acid) 15

MSGM 4 (ammonium sulphate) 20

MSGM 5 (ammonium chloride) 15

MSGM 6 (sodium nitrate) 22

MSGM 7 (ammonium sulphate and sodium nitrate) 18

MSGM 8 (ammonium sulphate, sodium nitrate and yeast extract) 21

MSGM 9 (sodium nitrate and Isogro™) 17

MSGM 10 (glucose and sodium nitrate) 16

MSGM 11 (glucose, sodium nitrate and ammonium sulphate) 20

MSGM 12 (glucose, sodium nitrate, ammonium sulphate and
yeast extract) 20
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M. magnetotacticum synthesis of Fe nanoparticles in MSGM original resulted in a yield
of 14 mg/50 mL which was found to be similar (p > 0.05) to yields from all three sole carbon
source modifications, i.e., MSGM 1, MSGM 2 and MSGM 3 having yields of 14 mg/50 mL,
15 mg/50 mL and 15 mg/50 mL, respectively. This indicated that the original carbon
sources present in MSGM (i.e., ascorbic acid, succinic acid and tartaric acid) could be
replaced by any one of the three sole carbon sources without significantly impacting M.
magnetotacticum nanoparticle yield.

However, when M. magnetotacticum was grown in a modified MSGM medium with
a higher concentration of sodium nitrate (40 mM) (MSGM 6), there was an extremely
significant difference observed (p < 0.001) with a yield of 22 mg/50 mL being obtained. This
indicated that, by increasing the concentration of sodium nitrate, the nanoparticle yield
improves. Thus, the role of nitrogen is very important to form proteins for the assembly
of magnetosomes, and to transport and incorporate iron in MTB. These findings can be
supported by Jajan et al. (2019) who showed that the use of sodium nitrate in particular
led to a higher production of magnetosomes as observed in our study, possibly due to
nitrate being a strong oxygen acceptor having redox potential [16]. In addition, a study
by Bazylinski and Blakemore (1983) found that M. magnetotacticum was able to reduce
nitrate mainly to N2O or N2 while producing magnetosomes, indicating the existence of a
functioning denitrification mechanism in MTB suggesting that it may be involved in the
synthesis of magnetite and thus magnetosome production as mentioned by Yamazaki et al.
(1995) and Taoka et al. (2003) [28–30].

Interestingly, by replacing the original 1.4 mM sodium nitrate in M. magnetotacticum’s
growth medium (MSGM) with ammonium sulphate (40 mM) (MSGM 4), it resulted in an
extremely significantly different (p < 0.001) nanoparticle yield of 20 mg/50 mL. However,
no significant difference was observed (p > 0.05) in nanoparticle production when M. magne-
totacticum was grown in either MSGM 4 (40 mM ammonium sulphate) or MSGM 6 (40 mM
sodium nitrate) implying that they both significantly increase nanoparticle production and
thus the use of either nitrogen source is optimal for nanoparticle production. Similarly,
1.4 mM sodium nitrate was replaced with ammonium chloride (40 mM), but there was
no significant difference observed between nanoparticle yield from MSGM original and
nanoparticle yield from MSGM 5 (ammonium chloride). Thus, replacing the original nitro-
gen source of sodium nitrate (1.4 mM) with ammonium chloride (40 mM) did not improve
nanoparticle yield.

When the three original carbon sources were combined with two nitrogen sources
namely ammonium sulphate (40 mM) and sodium nitrate (40 mM) resulting in MSGM 7, a
yield of 18 mg/50 mL was obtained that was significantly different (p < 0.05) from MSGM
original indicating that there was an improvement in nanoparticle yield when compared to
MSGM original. Comparison of MSGM 7 to the medium with the highest yield, namely
MSGM 6, indicated that there was no significant difference (p > 0.05), thus increasing the
amount of nitrogen present via the use of two nitrogen sources instead of one did not give a
further improvement in nanoparticle yield as the maximal nanoparticle producing capacity
could have already been achieved. Upon addition of yeast extract, resulting in a medium
modification referred to as MSGM 8, there was an extremely significant difference found
when compared to MSGM original (p < 0.001). However, when MSGM 8 was compared to
MSGM 6 and MSGM 7, there was no significant difference observed (p > 0.05) leading one
to believe that the use of yeast extract did not make a difference in terms of nanoparticle
production as there was already an abundance of nutrients present thus accounting for the
maximal nanoparticle producing capacity by the bacterial cells.

The addition of Isogro™ to the modification which had the highest yield (MSGM 6)
resulted in a medium modification referred to as MSGM 9. This modification was carried
out to establish whether this additive would result in a higher nanoparticle yield. The yield
obtained for MSGM 9 (sodium nitrate and Isogro™) was 17 mg/50 mL, which was found
to not significantly differ when compared to MSGM original (p > 0.05). This indicates that
Isogro™ was in fact inhibiting nanoparticle production. The addition of Isogro™ may have
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created the optimum growth conditions and while this is good for magnetotactic bacterial
growth it may have resulted in feedback inhibition of magnetosome production. As
mentioned earlier, MTB use the magnetosomes for geomagnetic navigation in their aquatic
habitat, i.e., magnetotaxis. It has been proposed that, in natural environments, magnetotaxis
may enable the cells to locate and maintain an optimal position in the water column or in
sediments, and that this aligns with their main metabolic needs [31]. The magnetic assisted
taxis could help MTB in their navigation toward optimum growth conditions [7]; hence,
growing MTB under optimum conditions may in fact inhibit magnetosome production.

When medium modification MSGM 10 (glucose and sodium nitrate) was used, the
yield obtained was 16 mg/50 mL. Although the sole carbon source and nitrogen source
with the highest growth (i.e., glucose (25 mM) and sodium nitrate (40 mM)) were utilized,
it was found that the use of both of these nutrient sources did not significantly improve
nanoparticle yield when compared to MSGM original (p > 0.05). This could be attributable
to adequate nutrients being available and thus there is no need for the bacteria to produce
magnetosomes in order to facilitate magnetotaxis to a different region [32].

MSGM 11 (glucose, sodium nitrate and ammonium sulphate) and MSGM 12 (glu-
cose, sodium nitrate, ammonium sulphate and yeast extract) produced the same yield
(20 mg/50 mL) and were both found to be extremely significantly different when com-
pared to MSGM original (p < 0.001). Thus, the use of glucose (25 mM) and two nitrogen
sources such as sodium nitrate (40 mM) and ammonium sulphate (40 mM) had allowed M.
magnetotacticum to reach its full nanoparticle producing potential and the addition of yeast
extract to MSGM 12 did not have an additional effect. Interestingly, the additional nitrogen
source thus appears to play an important role in magnetosome production. These findings
also indicate that a fine balance between carbon and nitrogen sources is required in order
to ensure optimal magnetosome production.

Overall, it could be noted that the highest nanoparticle yield was obtained for MGSM
6 (sodium nitrate) having a yield of 22 mg/50 mL; however, when compared to MSGM
4, 8, 11 and 12 with yields of 20 mg/50 mL, 22 mg/50 mL, 21 mg/50 mL, 20 mg/50 mL
and 20 mg/50 mL, respectively, it could be noted that there was no statistically significant
difference (p > 0.05) observed indicating that any of these modifications could be used for
optimal nanoparticle production having yields that are significantly different (p < 0.01)
when compared to MSGM original. In addition, it could be seen that increasing the source
of nitrogen beyond a certain point does not increase nanoparticle yield unless there is
a component added to the medium that contributes to adequate nutrient supply to the
bacteria which could result in inhibition of magnetosome formation since the inherent
use of magnetosomes, as described by Müller et al. (2020), is to facilitate transport of the
bacterial cells from an area of low nutrient availability to one that has a better amount of
nutrients [32].

Since MSGM 6 (40 mM sodium nitrate) had quantitatively shown the highest dry
weight of iron-containing nanoparticles, this MSGM modification was then chosen for
further analysis. Nanoparticle isolation at all three phases of bacterial growth was carried
out using MSGM 6, to ascertain whether the exponential phase (48 h) did indeed result in
the highest yield of nanoparticles. According to Table 2 below, the lag phase (24 h) had the
lowest yield (16 mg/50 mL) suggesting that the bacterial cells were getting accustomed
to their environment in preparation for cell division (i.e., exponential phase) [33]. The
exponential phase (48 h) had a yield of 22 mg/50 mL which was the highest yield obtained
when compared to the other phases of growth. This can be attributed to the bacteria being
the most metabolically active at this phase of growth. The last phase (stationary/death
phase) resulted in a yield of 18 mg/50 mL which was indicative of the bacterial cells
reaching a plateau in growth.

It could then be confirmed that the exponential phase did result in the highest yield
(p < 0.001) and was therefore the most effective for isolation of nanoparticles. Furthermore,
a study by Marcano et al. (2017) found that when bacteria start synthesizing magnetosomes
at the exponential phase of growth they are magnetically closer to stoichiometric magnetite
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rather than when they are synthesized at the stationary phase [34]. This further suggests
that the synthesis of magnetosomes after 48 h of incubation is more beneficial when
compared to the other phases of growth which could also enhance the properties of the
nanoparticles produced for potential downstream applicability.

Table 2. Dry weight yield (mg/50 mL) of iron-containing nanoparticles produced by M. magneto-
tacticum and isolated at different phases of bacterial growth after incubation in MSGM 6 at 30 ◦C.

Bacterial Growth Phase Time Point (Hours) Nanoparticle Yield
(mg/50 mL)

Lag phase 24 16

Exponential phase 48 22

Stationary/death phase 72 18

According to a study conducted by Heyen and Schuler (2003), a maximum yield of
0.0063 mg/mL was achieved for M. magnetotacticum using a medium that varied the iron,
nitrogen and carbon source concentrations, containing 27 mM lactate, 4 mM sodium nitrate
and 100 µM ferric citrate [6]. It could thus be noted that the medium modification with the
highest yield of 0.44 mg/mL obtained in our study (MSGM 6) showed a significant increase
in nanoparticle yield as opposed to the study conducted by Heyen and Schuler (2003) [6].
The difference in yield could be attributed to the different iron and carbon sources as well
as the lower concentration of sodium nitrate [6]. Another study conducted by Sun et al.
(2008) made use of 60 µM ferric citrate, 11.25 mM ammonium chloride and 15 mM of
sodium lactate as the iron, nitrogen and carbon sources, respectively [35]. A maximum
of 0.0417 mg/mL of iron-containing magnetosomes was achieved after 60 h of incubation
using M. gryphiswaldense. When comparing our media having the highest yield to their
yield, it could be noted that our medium (MSGM 6) had an approximate 11-fold increase in
yield which was significantly higher. In addition, another study by Liu et al. (2008) reported
the use of ferric citrate, ammonium chloride and sodium lactate in their culture media as
iron, nitrogen and carbon sources, respectively, using a chemostat culture technique [36]. A
yield of approximately 0.0436 mg/mL was achieved which is ten times less than the yield
obtained in the current study using MSGM 6. Interestingly, all studies mentioned above
made use of ferric citrate as the iron source when compared to our study that used ferric
quinate; thus, the difference in iron sources may have been a contributing factor, i.e., had
an effect on the biomineralization process itself, accounting for the significant differences
in yield. In addition, it is also quite evident that an optimal nitrogen source is in the form
of sodium nitrate at a high concentration of 40 mM.

MSGM original, MSGM 6 and MSGM 9 were then evaluated to determine whether
M. magnetotacticum was able to use metals such as silver, gold and zinc to synthesize
metallic nanoparticles, apart from the inherently biomineralized iron nanoparticles. These
metals were selected for this study as they were identified as the most commonly used for
downstream application such as antibacterial agents, antioxidant agents, drug delivery
and biosensing [21,22,37–44]. According to Table 3 below, M. magnetotacticum was unable
to synthesize silver nanoparticles when using MSGM original and MSGM 6 (sodium
nitrate) respectively as no nanoparticles were visible during TEM analysis and evaluation
of elemental composition using EDX did not indicate the presence of silver. However, when
Isogro™ was added to the medium resulting in MSGM 9 (sodium nitrate and Isogro™),
silver nanoparticles were successfully produced. This suggests that the additive Isogro™
present in MSGM 9 was indeed beneficial for silver nanoparticle production as it allowed
for the successful uptake of the metal silver and its subsequent biomineralization into
silver-containing nanoparticles as verified by TEM and EDX analysis. All three media
evaluated (i.e., MSGM original, MSGM 6 and MSGM 9) were able to be used to successfully
synthesize gold nanoparticles as verified by TEM and EDX analysis. Interestingly, MSGM 9
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produced an excellent amount of gold nanoparticles when compared to the other medium
modifications used. However, in this study using all three media (i.e., MSGM original,
MSGM 6 and MSGM 9), zinc nanoparticles could not be synthesized, suggesting that the
nature of this bacteria possibly does not favour the production of zinc nanoparticles which
can be supported by the fact that no other studies to date have been able to synthesize zinc
nanoparticles using M. magnetotacticum.

Table 3. Dry weight yield (mg/50 mL) of metallic (Fe, Ag, Au) nanoparticles produced by M.
magnetotacticum after 48 h of incubation at 30 ◦C in either MSGM original, MSGM 6 or MSGM 9.

Metallic Nanoparticle Medium Modification Nanoparticle Yield
(mg/50 mL)

Iron (Fe)

MSGM original 16

MSGM 6 (sodium nitrate) 22

MSGM 9 (sodium nitrate and Isogro™) 17

Silver (Ag)

MSGM original -

MSGM 6 (sodium nitrate) -

MSGM 9 (sodium nitrate and Isogro™) 15

Gold (Au)

MSGM original 17

MSGM 6 (sodium nitrate) 22

MSGM 9 (sodium nitrate and Isogro™) 33

Overall, when comparing the bacterial growth to the nanoparticle yields obtained, it
could be seen that improved bacterial growth does not necessarily mean an improvement
in nanoparticle yield which was evident in MSGM 1, 2 and 10 where improved growth
was seen having OD values of 1.14, 1.00 and 1.14 after 48 h of incubation, respectively.
However, the nanoparticle yields obtained for these MSGM modifications were found to
not statistically significantly differ (p > 0.05) from that of MSGM original thereby indicating
no improvement in nanoparticle yield. Therefore, according to these results there was no
correlation between growth and nanoparticle production in the present study which is in
line with the findings of Kresnowati and Wijaya (2016) [45].

3.2. Characterization of Metallic Nanoparticles Synthesized by M. magnetotacticum Using Either
Fe, Ag or Au
3.2.1. TEM and EDX Analysis

TEM was used to characterize the morphology of nanoparticles in terms of their
shape and size. TEM and EDX analyses were performed for all MSGM modifications
(MSGM original and MSGM 1–12) supplemented with iron. The results obtained for
MSGM original (Figure 3) indicated that the iron nanoparticles were spherical in shape and
well dispersed having narrow size distribution with a size range of 6–7 nm. MSGM 1 which
used glucose as a sole carbon source resulted in a cluster of cuboidal-shaped nanoparticles
that are characteristic of the Magnetospirillum species (Figure S1 in Supplementary Material).
However, these nanoparticles were unable to be sized due to aggregation. The nanoparticles
synthesized using MSGM 2 (sodium pyruvate) were spherical in shape and larger in size
with size ranges of 13–81 nm although most regions were highly aggregated (Figure S3 in
Supplementary Material). The use of lactic acid as the sole carbon source (MSGM 3) did
not produce well defined nanoparticles but rather a large cluster of undefined particles
(Figure S4 in Supplementary Material), and thus could not be sized.
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Figure 3. (A,B) TEM micrographs showing iron-containing magnetosomes formed by M. magneto-
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Figure 3. (A,B) TEM micrographs showing iron-containing magnetosomes formed by M. magneto-
tacticum after incubation at 30◦ for 48 h in MSGM original containing iron (10 mM). Size range of
nanoparticles is 6–7 nm. (C) EDX profile of the observed nanoparticles presented in (A). Iron peaks
are present confirming nanoparticle composition. Samples were analysed using carbon-coated copper
grids and therefore high peaks denoting carbon and copper are also present. The other peaks present
are due to medium components and elements present as part of normal bacterial composition.

Medium modification MSGM 4 (ammonium sulphate) also resulted in iron-containing
nanoparticles. Although well-dispersed nanoparticles were observed (Figure S5A in
Supplementary Material), it should be noted that highly agglomerated regions were also
present (Figure S5B in Supplementary Material). According to Figures S5–S12 in the
Supplementary Material, it could be noted that particles were highly agglomerated for
medium modifications MSGM 4 to MSGM 8 and MSGM 10 to MSGM 12. Medium modi-
fication MSGM 9 (sodium nitrate and Isogro™) showed partial agglomeration; however,
well dispersed iron nanoparticles were observed for most regions with a size range of
4–6 nm (Figure 4).
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Figure 4. (A,B) TEM micrographs showing iron-containing magnetosomes formed by M. magne-
totacticum after incubation at 30◦ for 48 h in MSGM 9 (sodium nitrate and Isogro™) containing
iron (10 mM). Size range of nanoparticles is 4–6 nm. (C) EDX profile of the observed nanoparticles
presented in (A). Distinct iron peaks are present confirming presence of iron-containing nanoparticles.
Samples were analysed using carbon-coated copper grids and therefore high peaks denoting carbon
and copper are also present. The other peaks present are due to medium components and elements
present as part of normal bacterial composition.

MSGM original and medium modifications MSGM 6 and MSGM 9 which were sup-
plemented with the other metals were also analysed via TEM and EDX. Figure 5 shows the
TEM and EDX images obtained for silver using MSGM 9 (sodium nitrate and Isogro™),
and it could be seen that the majority of the nanoparticles were rod-shaped with a width
range of 2–42 nm and a length range of 32–59 nm whilst some were spherical in shape;
however, these nanoparticles were also clustered. This size range is similar to the findings
of Murei et al. (2021) who was also able to synthesize nanoparticles with a size range of
3–35 nm using the same MTB strain [41]. EDX confirmed the presence of silver with a
high signal peak being obtained. Figures S13–S15 in the Supplementary Material show the
presence of gold-containing nanoparticles when using MSGM original, MSGM 6 (sodium
nitrate) and MSGM 9 (sodium nitrate and Isogro™), respectively. It could however be
noted that most of the particles analysed were highly aggregated and undefined thus sizing
was not possible. The high degree of agglomeration could be attributed to the magnetic
potential of the nanoparticles synthesized and thus the force of attraction to each other.
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According to Marcano et al. (2017), growth conditions greatly influence the final properties
of the biosynthesized nanoparticles which is in agreement with the present study due to
the addition of different medium components [34]. The TEM and EDX results obtained
indicated the presence of iron-containing nanoparticles in MSGM original and MSGM
modifications 1–12, the presence of silver in MSGM 9, and the presence of gold in MSGM
original, MSGM 6 and MSGM 9, respectively.
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Figure 5. (A,B) TEM micrographs showing silver-containing magnetosomes formed by M. mag-
netotacticum after incubation at 30◦ for 48 h in MSGM 9 (sodium nitrate and Isogro™) containing
silver (10 mM). Nanoparticles have a width of 2–42 nm and length of 32–59 nm. (C) EDX profile of
the observed nanoparticles presented in (A). Distinct silver peaks are present confirming presence
of silver-containing nanoparticles. Samples were analysed using carbon-coated copper grids and
therefore high peaks denoting carbon and copper are also present. The other peaks present are due to
medium components and elements present as part of normal bacterial composition.

3.2.2. DLS Analysis

Dynamic light scattering (DLS) was used to determine the hydrodynamic sizes of
the metallic nanoparticles synthesized. Table 4 shows all the DLS size ranges (nm) and
TEM size ranges (nm) obtained for the metallic nanoparticles that were verified using EDX
analysis. It should be noted that the sizes obtained using Image J software for TEM analysis
were much smaller when compared to the sizes obtained via DLS which is due to TEM
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being a number-based particle size measurement whereas DLS is an intensity-based one.
Therefore, DLS is very sensitive to the large particles as they were highly agglomerated
and thus puts higher emphasis on the larger particle sizes whereas TEM shows stronger
emphasis on the smallest components in the size distribution. This can be attributed to the
difference in nature of the samples being analysed as the samples analysed via DLS were
suspended in an aqueous solution which could have caused the nanoparticles to aggregate
accounting for the larger sizes. The significant difference between the hydrodynamic sizes
and the TEM sizes could be explained by the formation of a hydration shell on the surface
of the particles present in water, which significantly affects the dynamic light scattering
measurements as explained by Shipunova et al. (2018) [46]. The size range obtained for
iron-containing nanoparticles using DLS was 24–68 nm for MSGM original; however, a
peak with a size range of 712–6439 nm was also present and could be attributed to the high
degree of agglomeration (Figure 6).

Table 4. Size and zeta potential obtained for each metal (Fe, Ag and Au) synthesized using MSGM
original, MSGM 6 (sodium nitrate) and MSGM 9 (sodium nitrate and Isogro™).

MSGM Modification Metal
Size (nm) Zeta Potential (mV)

and Stability PDI Values
DLS TEM

MSGM original

Fe 24–68 nm 6–7 nm −26 (incipient instability) 0.534 (mid-range polydispersity)

Ag - - - -

Au 66–195 nm Agglomerated −35 (moderate stability) 0.601 (mid-range polydispersity)

MSGM 6 (sodium
nitrate)

Fe 149–199 nm Agglomerated −40 (good stability) 0.368 (mid-range polydispersity)

Ag - - - -

Au 599–705 nm Agglomerated −23 (incipient instability) 0.574 (mid-range polydispersity)

MSGM 9 (sodium
nitrate and Isogro™)

Fe 74–239 nm 4–6 nm −44 (good stability) 0.411 (mid-range polydispersity)

Ag 154–187 nm 2–59 nm −40 (good stability) 0.541 (mid-range polydispersity)

Au 270–284 nm Agglomerated −15 (incipient instability) 0.361 (mid-range polydispersity)
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The size range for the iron-containing nanoparticles obtained using MSGM 6 (sodium
nitrate) was 149–199 nm (Figure S16 in Supplementary Material). Use of MSGM 9 (sodium
nitrate and Isogro™) resulted in nanoparticles with a size range of 74–239 nm; however,
there were two other peaks shown on the graph with size ranges of 255–825 nm and
4145–6439 nm, respectively, and this could also be attributed to the high degree of agglom-
eration (Figure 7). The size ranges obtained for gold using DLS were 66–195 nm for MSGM
original (Figure S18 in Supplementary Material), 599–705 nm for MSGM 6 (sodium nitrate)
(Figure S20 in Supplementary Material) and 270–284 nm for MSGM 9 (sodium nitrate and
Isogro™) (Figure S21 in Supplementary Material). However, sizing using DLS could not be
performed for silver using MSGM original and MSGM 6 (sodium nitrate) due to lack of
verification via EDX analysis however the size range for silver obtained using MSGM 9
(sodium nitrate and Isogro™) was 12–342 nm (Figure 8).
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Figure 7. Size distribution intensity from DLS analysis of iron-containing magnetosomes formed
by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 9 (sodium nitrate and Isogro™)
containing iron (10 mM).

The zeta potential values for iron nanoparticles showed an increase in stability when
using medium modifications MSGM 6 (Figure S17 in Supplementary Material) and MSGM 9
(Figure 9) with values of −40 mV and −44 mV, respectively, as compared to the value of
−26 mV which was obtained for iron nanoparticles produced in MSGM original (Figure 10).
This indicates that the addition of a higher concentration of sodium nitrate allowed for
better stability. Silver nanoparticles were only produced using MSGM 9 (sodium nitrate
and Isogro™) and showed good stability with a zeta potential value of −40 mV (Figure 11).
However, gold nanoparticles showed decreasing stability with the addition of sodium ni-
trate and Isogro™ (Figure S22 in Supplementary Material). Gold nanoparticles produced in
MSGM original, MSGM 6 (sodium nitrate) and MSGM 9 (sodium nitrate and Isogro™) had
zeta potential values of −35 mV, −23 mV and −15 mV, respectively (Figures S19 and S22 in
Supplementary Material), and thus sodium nitrate and Isogro™ could have a role in van der
Waals forces acting upon the nanoparticles thereby facilitating their aggregation [47]. Ac-
cording to the graphs obtained for size and zeta potential distribution it could be noted that
the nanoparticles were highly polydisperse as there was more than one peak obtained for
the size distribution. The high degree of polydispersity is due to the highly agglomerated
nanoparticles obtained and as seen using TEM.
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This study has thus demonstrated improved yield of green synthesized Fe, Ag and
Au nanoparticles using the MTB strain M. magnetotacticum. However, further optimization
to obtain non-aggregated particles especially in the case of Au needs to be investigated
for downstream application. Metallic nanoparticles have a wide range of biotechnological
application and a recent review by Xiong et al. (2023) clearly outlines the versatility of
plasmonics in biosensors [48]. This review explains the properties and structure of photon
crystals and how they can be enhanced so that they can be used to improve detection for
use in a myriad of applications. Notably, AuNps coupled with quantum dots can be used
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to detect actinobacteria [49], whilst poly(methyl methacrylate) opal photonic crystals were
shown to detect a protein marker for prostate cancer [50]. An important factor that could
also contribute to the use of magnetosomes in plasmonics is their magnetic parameters
which have recently been elucidated by Ryzhov et al. (2023) [51]. Although this study
presents improved yield of green synthesized metallic nanoparticles using a bacterial
species, it should also be noted that the use of soluplus®, kollidon® and gelucire® as
reducing and stabilizing agents for the synthesis of Au, Ag and Au-Ag hybrid nanoparticles
have proven extremely successful [42–44]. In particular, it has resulted in nanoparticle
platforms that have enhanced surface plasmon-coupled emission thereby making this
synthetic route highly favourable for application in ultrasensitive biosensing that is even
suitable for use with smartphone detection [42–44].

4. Conclusions

The present study successfully cultivated M. magnetotacticum in a laboratory envi-
ronment using optimized media. With glucose as the sole carbon source, the bacterial
growth was significantly improved and sustained compared to the other carbon sources.
Using yeast extract and Isogro™ as additives also improved growth. The use of sodium
nitrate (40 mM) as the sole nitrogen source improved growth at the higher concentration
compared to the originally used concentration (1.4 mM) and also resulted in better growth
than the sole nitrogen sources ammonium sulphate and ammonium chloride. Yeast extract
significantly improved growth rates, unlike Isogro™, which achieved the highest growth in
MSGM 12. The study also focused on metallic nanoparticle synthesis in a medium designed
for optimal growth and maximal magnetosome nanoparticle production. The effect of the
three sole carbon sources on biomass production did not significantly differ from the origi-
nal MSGM carbon sources. MSGM 6, containing 40 mM of sodium nitrate, was, however,
found to be the most effective in improving nanoparticle production. The highest nanopar-
ticle yield was obtained from the exponential phase (48 h) of growth, when bacteria are
most metabolically active, resulting in better metal uptake. This study found that bacterial
growth and nanoparticle production did not correlate, with MSGM 1, 2, and 10 resulting in
improved growth but no improvement in nanoparticle yield. It can be concluded that a
fine balance between carbon and nitrogen sources is necessary for optimal magnetosome
production. This study also reported the successful synthesis of nanoparticles containing
iron, gold or silver by the magnetotactic bacterial strain M. magnetotacticum.

5. Future Scope and Perspectives

Many researchers have been actively involved in the mass cultivation of magnetosomes
via the use of different MTB strains. The optimization of culture media and conditions can
improve both cell growth and magnetosome yield. It is evident that there is a research gap
which needs further improvement to simultaneously improve both nanoparticle production
and bacterial growth whilst also improving the overall expenses involved in the preparation
of culture medium and optimization of physiological conditions. A possible way to improve
the use of the nanoparticles synthesized in the present study could be by evaluating the
use of capping agents in future studies to stabilize the nanoparticles thus preventing the
nanoparticles from agglomerating. In addition, there are various areas of this field that
can be explored, one such being genetically engineering specific magnetosome proteins for
improved functionalization of the magnetosomal membrane and for improved purification
of magnetosomes which are important issues that are currently limiting their practical
applicability, specifically in biomedicine and biotechnology where purified magnetosomes
are needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13148491/s1, Table S1: ATCC medium 1653-Revised Magnetic
Spirillum Growth Medium (MSGM) composition, Table S2: Composition of Wolfe’s Vitamin & Mineral
solutions, Table S3: MSGM media modifications for bacterial growth curves in methodology, Table S4:
Statistical analysis using Pearson’s correlation coefficient (r) for each MSGM modification vs MSGM
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original supplemented with iron, Table S5: Statistical analysis results showing p-values obtained
using one way analysis of variance (ANOVA) for determination of statistical significant difference
between nanoparticle dry weight yields for all MSGM modifications supplemented with iron, Table S6:
Statistical analysis results showing p-values obtained using ANOVA for determination of statistical
significant difference between nanoparticle dry weight yields between the three different phases
of isolation using MSGM 6 (sodium nitrate), Figure S1: Growth curves of M. magnetotacticum in
MSGM original and media modifications MSGM 1, 2, 8, 10, 11 and 12 at 30 ◦C with iron as the
metal source, Figure S2: (A,B) TEM micrographs showing iron containing magnetosomes formed by
M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 1 (glucose) containing iron (10 mM).
(C) EDX profile of the observed nanoparticles in (A), Figure S3: (A,B) TEM micrographs showing
iron containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 hours
in MSGM 2 (sodium pyruvate) containing iron (10 mM). Size range of nanoparticles is 13–81 nm.
(C) EDX profile of the observed nanoparticles in (A), Figure S4: (A,B) TEM micrographs showing
iron containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in
MSGM 3 (lactic acid) containing iron (10 mM). (C) EDX profile of the observed nanoparticles in
(A), Figure S5: (A,B) TEM micrographs showing iron containing magnetosomes formed by M.
magnetotacticum after incubation at 30◦ for 48 h in MSGM 4 (ammonium sulphate) containing iron
(10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S6: (A,B) TEM micrographs
showing iron containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for
48 h in MSGM 5 (ammonium chloride) containing iron (10 mM). (C) EDX profile of the observed
nanoparticles in (A), Figure S7: (A,B) TEM micrographs showing iron containing magnetosomes
formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 6 (sodium nitrate) containing
iron (10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S8: (A,B) TEM micrographs
showing iron containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for
48 h in MSGM 7 (ammonium sulphate and sodium nitrate) containing iron (10 mM). (C) EDX profile
of the observed nanoparticles in (A), Figure S9: (A,B) TEM micrographs showing iron containing
magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 8 (ammonium
sulphate, sodium nitrate and yeast extract) containing iron (10 mM). (C) EDX profile of the observed
nanoparticles in (A), Figure S10: (A,B) TEM micrographs showing iron containing magnetosomes
formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 10 (glucose and sodium
nitrate) containing iron (10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S11:
(A,B) TEM micrographs showing iron containing magnetosomes formed by M. magnetotacticum after
incubation at 30◦ for 48 h in MSGM 11 (glucose, sodium nitrate and ammonium sulphate) containing
iron (10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S12: (A,B) TEM micrographs
showing iron containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for
48 h in MSGM 12 (glucose, sodium nitrate, ammonium sulphate and yeast extract) containing iron
(10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S13: (A,B) TEM micrographs
showing gold containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for
48 h in MSGM original containing gold (10 mM). (C) EDX profile of the observed nanoparticles
in (A), Figure S14: (A,B) TEM micrographs showing gold containing magnetosomes formed by
M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 6 (sodium nitrate) containing gold
(10 mM). (C) EDX profile of the observed nanoparticles in (A), Figure S15: (A,B) TEM micrographs
showing gold containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for
48 h in MSGM 9 (sodium nitrate and Isogro™) containing gold (10 mM). (C) EDX profile of the
observed nanoparticles in (A), Figure S16: Size distribution intensity from DLS analysis of iron
containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM
6 (sodium nitrate) containing iron (10 mM), Figure S17: Zeta potential data of iron containing
magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 6 (sodium
nitrate) containing iron (10 mM), Figure S18: Size distribution intensity from DLS analysis of gold
containing magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM
original containing gold (10 mM), Figure S19: Zeta potential data of gold containing magnetosomes
formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM original containing gold
(10 mM), Figure S20: Size distribution intensity from DLS analysis of gold containing magnetosomes
formed by M. magnetotacticum after incubation at 30◦ for 48 hours in MSGM 6 (sodium nitrate)
containing gold (10 mM), Figure S21: Size distribution intensity from DLS analysis of gold containing
magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 9 (sodium
nitrate and Isogro™) containing gold (10 mM), and Figure S22: Zeta potential data of gold containing
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magnetosomes formed by M. magnetotacticum after incubation at 30◦ for 48 h in MSGM 9 (sodium
nitrate and Isogro™) containing gold (10 mM).
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