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Abstract: Conventional wet chemical methods for the synthesis of superparamagnetic magnetite
nanoparticles (MNPs) are energy-intensive and environmentally unsustainable. Green synthesis
using bacteria is a less-explored approach to MNP production. Large-scale biosynthesis of MNPs
has heretofore been conducted using extremophilic bacteria that exhibit low growth rates and/or
require strict temperature control. However, a decrease in material and energy costs would make
such bioprocesses more sustainable. In this study, Shewanella putrefaciens CN-32, an iron-reducing
bacterium, was employed to reduce amorphous iron oxyhydroxide and synthesize MNPs in a non-
growth medium at ambient temperature and pressure. The synthesis was conducted using plain
saline solution (0.85% NaCl) to avoid impurities in the products. X-ray diffraction and transmission
electron microscopy indicated that the reduction products were MNPs with a pseudo-spherical
shape and 6 £ 2 nm average size. Magnetometry showed that the particles were superparamagnetic
with maximum saturation magnetization of 73.8 emu/g, which is comparable to that obtained via
chemical synthesis methods. Using less than a quarter of the raw materials employed in a typical
chemical co-precipitation method, we obtained a maximum yield of 3.473 g/L (>5-fold increase).
These findings demonstrate that our simple and ecofriendly process can help overcome the current
barriers for large-scale synthesis of high-purity magnetic nanopowders.

Keywords: Shewanella putrefaciens CN-32; biomagnetite; nanoparticles; dissimilatory iron reduction;
anaerobic; non-growth medium

1. Introduction

Magnetic nanoparticles (NPs) are among the most prominent nanomaterials that have
been tested for applications in diverse fields such as biomedicine [1], catalysis [2], and agri-
culture [3]. Among such materials, magnetite (Fe304) nanoparticles (MNPs) are recognized
as the most versatile, owing to their inherent biocompatibility and tunable size-dependent
properties such as saturation magnetization and surface area [1]. Notwithstanding the
scope for their commercialization, the large-scale manufacture of metal oxide NPs, such
as MNPs, using conventional wet chemical methods, including chemical co-precipitation,
sol-gel synthesis, and thermal decomposition, is currently limited owing to issues such
as negative environmental impact, high cost, and variations in product properties across
batches [4,5]. This is due to the cost and toxicity of the solvents, reducing agents, and/or
stabilizers involved in such approaches, in addition to their limited control on particle
shape, size, and dispersity [6]. Methods such as hydrothermal synthesis also require
considerable energy input [7]. Top-down approaches such as mechanical milling, sput-
tering, chemical etching, laser ablation, electroexplosion, and lithography can be used
to obtain NPs while controlling their shape and size. However, these methods generally
require specialized equipment and huge energy input; hence, their cost of production
is high. Moreover, they may produce waste that is hazardous in nature. Additionally,
most top-down approaches are not conducive to the synthesis of extremely small NPs
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(<10 nm) [6,8]. Ganapathe et al. [9] compared different chemical and biological approaches
for the synthesis of MNPs. They concluded that although solvothermal synthesis offers the
greatest control of the shape, size, and crystallinity of the synthesized NPs, it is also the
most expensive approach at large scales. Hence, co-precipitation is a more preferable option
owing to its simplicity and cost-effectiveness. On the other hand, the main drawbacks
of co-precipitation are that the products exhibit low crystallinity, polydispersivity, and
broad size distribution, resulting in low saturation magnetization values ranging from
~30 to ~50 emu/g [9]. Biological synthesis using bacteria has been suggested as the ideal
solution to these problems [10].

Biosynthesis is an eco-friendly process that produces fairly mono-dispersed MNPs that
are more biocompatible and have a milder impact on the environment than their chemically
synthesized counterparts [11]. This is because microorganisms, plants, and their extracts
themselves act as the reducing and/or stabilizing agents, and the process takes place in
benign solvents such as water. Hence, such approaches are environmentally friendly and
inexpensive for nanostructure fabrication [12]. Plant-mediated synthesis requires steps such
as intermittent raw material acquisition and extract preparation. Moreover, the synthesis
is often carried out in solvents such as lower alcohols [12]. Heating may also be required.
In contrast, microbial synthesis has greater potential for large-scale NP synthesis. Micro-
organisms are abundant in nature; once obtained, they can be continuously cultivated in
the manufacturing plant itself. Microbial cells can also be reused after a batch of synthesis.
They are hence more renewable raw materials and are logistically less demanding than
plants. Certain micro-organisms are also versatile enough to synthesize complex bimetallic
NPs, which are difficult to produce using conventional chemical and physical methods [6].
Among microbes, bacteria exhibit better potential than fungi for use in industrial NP
synthesis because they grow more rapidly; they can hence shorten the production time,
and thereby, the cost of synthesis [10].

Despite these advantages, only 1% of microbially synthesized nanomaterials have been
commercialized to date [13], possibly due to low rates of production and poor yield [14].
Many bacteria that produce copious amounts of NPs are extremophiles that only grow
optimally under complex conditions in terms of temperature, pH, and medium compo-
sition (metals, dissolved oxygen, salt, etc.) [15]. It is hence a challenge to use them for
large-scale production of NPs. For example, magnetotactic bacteria such as Magnetospir-
illum gryphiswaldense MSR-1 require strict control of dissolved oxygen levels to ensure
optimal growth [16]. Moreover, they produce magnetic NPs in intracellular organelles
called magnetosomes. Therefore, employing them for MNP synthesis would entail extra
steps of cell breakdown and purification from the cellular debris. Scaling up of microbial
bioprocesses may also be encumbered by high energy requirements; hence, it has been
suggested that room-temperature biosynthesis would make the process more economical
and energy-sustainable [17]. Furthermore, similar to chemical synthesis processes, the
reactors, metal salts, and media used for microbial growth are expensive [13]. Therefore, to
scale up such laboratory-level bioprocesses to an industrial setup, the production must be
cost-effective and sustainable.

Campania et al. [6] have pointed out that the key parameters that affect the yield of
NPs are incubation time, biomass concentration, precursor type, and choice of bacterial
species. Therefore, sustainable inexpensive large-scale MNP production requires bacteria
that produce a high yield of particles extracellularly while consuming minimal media.
Considering these factors, dissimilatory iron-reducing bacteria (DIRB) emerge as ideal
candidates. DIRB such as Shewanella, Geobacter, and Thermoanaerobacter spp. can conserve
energy by coupling the oxidation of organic compounds with the reduction of oxides and
hydroxides of iron to magnetite [18]. The mechanisms of magnetite biomineralization by
these bacteria were among the earliest to be studied and applied [19]. Since these DIRB
produce MNPs extracellularly, they can help avoid extra steps and costs associated with
product purification. However, species of the Geobacter and Thermoanaerobacter genera,
such as Geobacter sulfurreducens and Thermoanaerobacter ethanolicus TOR-39, are obligate
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anaerobes. Therefore, they exhibit lower growth rates compared with aerobic bacteria.
Moreover, T. ethanolicus TOR-39 is a thermophile (it grows optimally at 60 °C [20]). It hence
requires more energy input compared with mesophiles.

MNP biosynthesis using DIRB is generally a two-step process: a pre-inoculum of
cells is prepared and then used for metal reduction. Therefore, the promotion of bacterial
growth would cut down production time. However, growing cells under nutrient-rich
conditions can divert metabolic reactions away from iron reduction. Another issue is
that growth media components such as bicarbonates and phosphates can influence the
final iron oxide phase and induce the precipitation of poorly magnetic carbonate- and
phosphate-containing Fe minerals such as siderite and vivianite, respectively [21,22]. This
decreases the yield of MNPs. Hence, profitable large-scale MNP synthesis using DIRB
requires a system that generates biomass in a short period of time and produces maximum
yield of the target particles.

Therefore, mesophilic Shewanella spp. are prime candidates for an industrial microbial
system capable of MNP synthesis at ambient temperature, pressure, and pH. To overcome
the aforementioned hurdles in scaling up MNP biosynthesis using DIRB, a proof-of-concept
experiment was conducted wherein Shewanella putrefaciens CN-32 was used to reduce amor-
phous iron oxyhydroxide to MNPs in a two-step process. This strain is a well-characterized
metal-reducing bacterium [23]. The aim of the experiment was to synthesize pure MNPs
as fast as possible with minimal energy and material inputs. Since S. putrefaciens CN-32
is a mesophile (optimal growth temperature: 30 °C), it does not require energy inputs for
temperature maintenance as in the case of thermophiles or psychrophiles. Moreover, it
is a facultative anaerobe, and hence can grow both aerobically and anaerobically. There-
fore, a pre-inoculum of cells was first prepared under aerobic conditions and then iron
reduction was carried out under non-growth anaerobic conditions in plain saline solution
at room temperature and atmospheric pressure, thus reducing the overall time required
for NP biosynthesis and avoiding impurities in the reduction products. No exogenous
electron carriers (e.g., anthraquinone disulfonate), reducing agents (e.g., cysteine), trace
elements, or buffers were added to the anaerobic medium; this decreased the overall capital
expenditure. Therefore, this is a cost-effective bacterial system for the synthesis of pure
superparamagnetic (SP) MNPs.

2. Materials and Methods
2.1. Culture Source and Maintenance Conditions

Shewanella putrefaciens CN-32 (ATCC BAA-453) was obtained courtesy of Prof. Kenneth
Nealson, University of Southern California, CA, USA. The bacterial cells were maintained
as glycerol (40% v/v; HiMedia Laboratories Pvt Ltd, Thane (W), India) stocks at —80 °C
and grown oxically in Tryptone Soya Broth (TSB; HiMedia Laboratories) at 30 °C to prepare
inocula for iron reduction.

2.2. Preparation and Characterization of Precursor Iron Oxyhydroxide

The crystallinity of Fe(IIl) oxides affects the availability of ferric ions for dissimilatory
reduction by microorganisms; highly crystalline oxides are recalcitrant to reduction un-
der nutrient-poor conditions [24]. Therefore, a poorly crystalline precursor for magnetite
synthesis, ferric iron oxyhydroxide (FeOOH), was chosen for the reduction experiments in
this study. It was prepared by adding 10 M NaOH (Qualigens, Thermo Fisher Scientific
India Pvt Ltd., Mumbeai, India) drop-wise to a 0.4 M FeCl3-6H,0O (Qualigens) solution
while mixing with a magnetic stirrer (SPINOT, Tarsons Products Ltd., Kolkata, India) at 10
Hz (600 revolutions per min) until the pH reached 7 [25]. The reddish-brown precipitates
formed were stirred overnight for uniform oxidation. Then, they were centrifuged (Ep-
pendorf India Pvt Ltd., Chennai, India) at 6655x g for 10 min, washed, and re-suspended
in sterile distilled water. This was repeated thrice to remove residual chloride ions. The
suspension was made up to a final concentration of 0.4 M FeOOH. To characterize the
precursor, a suspension sample was centrifuged (Eppendorf) and freeze-dried (ATS VirTis
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Freeze Dryer, SP Industries, Warminster, PA, USA) to obtain a fine powder. The crystal
structure, morphology, and magnetic nature of this powder were analyzed using X-ray
diffraction (XRD; Bruker D8 Advance, Bruker India Scientific Pvt Ltd., Bengaluru, India),
transmission electron microscopy (TEM; CM12, Philips/FEI, Hillsboro, OR, USA), and
vibrating sample magnetometry (VSM; 7410S, Lake Shore Cryotronics Inc, Westerville, OH,
USA) at room temperature, respectively.

2.3. Preparation of Inoculum

Shewanella putrefaciens CN-32 cells were grown in TSB (pH 7.5 % 0.2) using a shaker-
incubator (ORBITEK, Scigenics Biotech Pvt Ltd., Chennai, India) set at 30 °C and 3 Hz
(180 r/min) shaking speed for 12 h (the onset of the culture’s stationary phase). Early-
stationary-phase cells were centrifuged (Eppendorf) at 6655 x g for 10 min and the super-
natant was discarded. The cells were then washed with and suspended in saline (0.85%
NaCl, Qualigens) at a concentration of 5 x 108 cells/mL for use in iron reduction.

2.4. Reduction of Iron Oxide

The reaction mixture used for iron reduction experiments comprised washed S. putre-
faciens CN-32 cells suspended in saline solution, sodium lactate as the sole carbon source,
and FeOOH as the sole electron acceptor. Anaerobic culture conditions were set up using
a modification of the Hungate technique [25,26]. Saline was boiled to remove dissolved
oxygen and flushed with O;-free N, gas while being cooled. A manifold fitted with hy-
podermic needles (DispoVan, Hindustan Syringes & Medical Devices Ltd., New Delhi,
India) was used for flushing by inserting the ends of the needles into the mouths of the
flasks/vials used. Aliquots (47 mL) of saline were pipetted into 100 mL serum vials while
flushing. The vials were sealed with butyl rubber stoppers, crimped, and sterilized by
autoclaving. To initiate the reduction reaction, 1 mL each of the bacterial cell suspension,
1 M sodium lactate (Qualigens), and 0.4 M FeOOH were injected into the vials using sterile
disposable syringes (DispoVan); thus, the final volume of the reaction mixture was 50 mL.
The final concentrations of the reactants were 1 x 107 cells/mL, 20 mM sodium lactate,
and 8 mM FeOOH (hereinafter referred to as FH-8). A control vial without the bacterial
cell suspension was also prepared. Similarly, vials with 16 and 24 mM precursor (FH-16
and FH-24, respectively) were prepared to determine the maximum amount of FefOOH
that can be reduced at this scale. The vials were incubated (ORBITEK) at 30 °C while
shaking at 3 Hz (180 r/min) for 24 h. All the iron-reduction experiments were conducted in
triplicate. The culture characteristics data presented herein are an average of the triplicate
values obtained.

2.5. Estimation of Lactate and Soluble Fe** Ion Concentrations

Media samples were taken at different intervals using sterile syringes (DispoVan) to
record the time course of iron reduction by monitoring the pH, lactate utilization, and
soluble ferrous (Fe?*) ion concentration. The medium pH was measured using a pH meter
(Hanna Equipments India Pvt Ltd, Navi Mumbali, India). The lactate concentration was
determined using high-performance liquid chromatography (HPLC; JASCO International
Co, Ltd, Tokyo, Japan) with an Aminex Amino Acids column (Bio-Rad Laboratories India
Pvt Ltd, Gurugram, India) and 0.005 M H,SO4 (Qualigens) as the mobile phase.

The soluble Fe?* ion concentration was measured using the ferrozine assay (modified
from the protocol of Kim et al. [27]). Firstly, 0.5 mL of the reaction mixture was filtered
through a 0.2 pm filter paper (Whatman Cytiva, Chicago, IL, USA) and the filtrate was mixed
with 1 mL of 0.5 N HCI (Qualigens). This mixture was kept at room temperature for 15 min.
Finally, 1 mL of ferrozine solution (1 g/L in 50 mmol/L HEPES buffer, pH 7.0; Sisco Research
Laboratories Pvt Ltd, Mumbai, India) was added to the mixture and reacted for 15 min before
measuring the absorbance at 562 nm in a UV-Vis spectrometer (ATT UNICAM UV4-100,
Cambridge, UK). The soluble Fe?* ion concentration was then determined using a standard
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curve. Ferrous sulphate tetrahydrate (Qualigens) was used to prepare the standard Fe?*
solutions (concentration ranging from 200 to 1000 uM with increments of 200 uM).

2.6. Characterization of MNPs

At the end of incubation, reaction mixtures were decanted, and the precipitates were
washed with de-ionized water five times and freeze-dried (ATS VirTis) to fine powders,
which were then characterized. A PANalytical X"Pert PRO XRD unit (Malvern Panalytical
Ltd, Malvern, UK) was used for XRD analysis. Powder samples were mounted in epoxy,
polished, and ion-milled for high-resolution transmission electron microscopy (HR-TEM)
and energy-dispersive X-ray spectroscopy (EDS) analyses using a Philips CM20 instrument
(Philips/FEI). VSM was carried out in a Lake Shore 7410S unit at room temperature.

3. Results
3.1. Characterization of FeFOOH Precursor Particles

The XRD pattern (Figure 1a) of the precursor showed no sharp planes, confirming that
the compound was amorphous in nature. Autoclaving increased the crystallinity of the
precursor, as indicated by the appearance of a few peaks in the diffractogram (Figure 1b),
which matched with those of hexagonal Fe,O3; (hematite). Hence, the precursor was used
for experiments without autoclaving. The magnetization curve of the un-autoclaved sample
exhibited no characteristic hysteresis loop of a ferromagnetic or paramagnetic material,
indicating that the compound was non-magnetic at room temperature (Figure 1c).
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Figure 1. X-ray diffraction (XRD) spectra of FefOOH precursor (a) before autoclaving and (b) after
autoclaving, and (c) magnetization curve of unautoclaved precursor used for experiments.
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TEM analysis showed that the FeOOH particles were nanorods with an average width
of 2 nm and average length of 26 nm (Figure 2). The chemical composition of the particles
was analyzed using EDS, which elicited characteristic signals for only Fe and O.
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ETECTOR TYPE: SUTW-SAPPHIRE RESOLUTION: 133.01

Figure 2. Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS)
analysis of FefOOH precursor.

3.2. Culture Characteristics

There was no significant change in the pH (7.65) of the reaction mixture throughout the
reduction experiment. In the FH-8 and FH-16 vials, the soluble ferrous ion concentration
increased with the incubation time, indicating the reduction and dissolution of ferric iron
in the FeOOH precursor by S. putrefaciens CN-32 (Figure 3). The color of the medium
changed from the initial reddish brown to dark brown and finally to black. The drop in the
soluble Fe?* ion concentration (Figure 3) in the medium corresponded with the complete
transformation of the suspension into black magnetic precipitates. This occurred at 12 h in
the FH-8 vials and 18 h in the FH-16 vials. At the end of incubation, the concentrations of
lactate and soluble Fe?* in the medium were 10.133 mM and 95.37 uM, respectively in the
FH-8 vials, and 5.98 mM and 201.11 uM, respectively in the FH-16 vials. More lactate was
utilized and a higher concentration of soluble Fe?* ions was produced in the FH-16 vials
because they had twice the initial concentration of precursor than that in the FH-8 vials.

These results indicate that S. putrefaciens CN-32 could reduce ferric ions in the insoluble
precursor to ferrous ions and induce the precipitation of a magnetic mineral under the non-
growth conditions of this experiment. Lactate concentration dropped with incubation time
to become nearly constant after the formation of the magnetic precipitates. The subsequent
slight increase in ferrous ion concentration suggests that S. putrefaciens CN-32 reduced
some ferric ions on the magnetic product surface under these conditions. However, this
reduction did not lead to further transformation of the mineral product.

Control vials with only the precursor and lactate (no inoculum) in saline did not exhibit
any change in color or magnetic behavior during the incubation period (Figure 4). Thus,
it was confirmed that the use of an unsterilized precursor did not affect the experimental
outcome and that the reduction activity was biotically mediated by the S. putrefaciens CN-32
inoculum alone.

The medium color in the FH-24 vials darkened slightly but did not change to black.
The precipitates were not strongly attracted to a magnet as in the other experimental vials
even after 75 d of incubation. Doubling the inoculum concentration also had no effect on
the outcome, indicating that only partial iron reduction occurred under this ratio of carbon
source to precursor. Table 1 presents the time taken for the formation of black precipitates
in different experimental vials.
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Figure 3. Ferrous (Fe?*) ion dissolution and lactate utilization by Shewanella putrefaciens CN-32 in
saline. Initial concentrations were 1 x 107 cells/mL, 20 mM lactate, and (a) 8 mM or (b) 16 mM
precursor. Data presented are averages of triplicate results; the variation was < 5%.

CONTROL VIAL EXPERIMENTAL VIALS

Figure 4. Representative control (without bacterial inoculum) and experimental serum vials after
incubation. The reddish-brown FeOOH precursor was transformed into black magnetic precipitates
by bacterial action. The control vials showed no change.
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Table 1. Effect of precursor concentration on time taken for magnetic product formation by Shewanella
putrefaciens CN-32.

Vial Precursor(ioMn)centration Inoculu(rcré Ssrgf?tration Product Characteristic Time (h)
FH-8 8 1 x 107 Magnetic 12
FH-16 16 1 x 107 Magnetic 18
FH-24 24 1 x 107 Weakly magnetic >1800
FH-24 24 2 x 107 Weakly magnetic >1800

3.3. Characterization of Magnetic Products

The black, magnetic precipitates formed in the FH-8 and FH-16 vials exhibited sim-
ilar characteristics. Their crystal structure was confirmed using XRD (Figure 5a). The
diffractogram peaks appearing at 26 of 30.440, 35.713, 43.370, 53.869, 57.403, 62.957, and
74.605 corresponded to those of cubic Fe3O,4 (PDF No. 98-011-1045). The average crystallite
size was calculated, using the Scherrer equation, to be 7.93 nm. The precipitates were
strongly attracted to a magnet (Figure 5b).
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Figure 5. (a) Representative XRD spectrum, (b) image, and (c) magnetization curve of black precipi-
tates at the end of incubation.

The magnetization curves of the product samples showed hysteresis loops typical of
superparamagnetic materials, with no appreciable coercivity (Figure 5c). The highest Mg
value recorded was 73.8 emu/g (FH-16).

TEM imaging (Figure 6) showed that the MNPs formed were fairly monodispersed
with low aggregation. They were pseudo-spherical in shape, with an average diameter
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Figure 6. Representative TEM and EDS analysis images of magnetic products.

Shewanella putrefaciens CN-32 completely reduced FeOOH to pure superparamagnetic
MNPs within 12-18 h under the experimental conditions described. Based on the weight of
the magnetite collected at the end of incubation, the yield was estimated to be 1.806 g/L
(7.8 mM; FH-8) and 3.473 g/L (15 mM; FH-16). Considering the amount of Fe?* ions
remaining in the solution after magnetite precipitation (~100-200 uM; Figure 3), it was
essentially a 100% conversion. This is in line with the results obtained by Salas et al. [28]. It
is notable that this bacterium reduced the same precursor to magnetic precipitates within
8-12 h (8-16 mM precursor) under growth conditions in our tests using a defined medium
containing yeast extract, vitamins, and minerals (Table S1 in the Supplementary Material).
Hence, the advantages of the non-growth bacterial system (cost and product purity) were
achieved without much increase in production time.

4. Discussion

Iron reduction/oxidation of amorphous/crystalline precursors leading to magnetite
formation has been studied using a number of bacterial strains (Table 2). There have
also been a few attempts at large-scale MNP synthesis using DIRB [29,30]. However, in
most cases, the products were reported to be mixtures containing different levels of Fe-
bearing minerals such as magnetite, maghemite, hematite, geothite, lepidocrocite, siderite,
vivianite, and green rust. Moreover, some of the strains employed are obligate anaerobes or
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extremophiles that require precise control of temperature, pH, and medium composition.
Their production times vary from a few days to weeks. These factors can significantly add
to the cost of synthesis on an industrial scale.

Table 2. Purity and characteristics of magnetite nanoparticles (MNPs) synthesized using bacteria.

Strain Type Product Characteristics Total Production Time Reference
Enrichment cultures TAs? Mixture >2d [31]
Thermoanaerobacter ethanolicus TOR-39 TA® SD € magnetite >2d
Shewanella alga BrY MFA b Magnetite NA [32]
Shewanella alga NV-1 PFA © Magnetite >5d
Shewanella c f .
pealeana W3-7-1 PFA SP ' magnetite NA
Shewanella b .
putrefaciens strain CN32 MFA Mixture >2d (331
Shewanella oneidensis MR-1 MFA b Mixture >2d [34]
Acidovorax sp. strain BoFeN1 Anaerobe Mixture with SD ¢ magnetite >2.d [35]
Thermoanaerobacter sp. TOR-39 TA? SD € magnetite >2d [29]
Geobacter sulfurreducens MA d Mixture >2d [30]
Shewanella MFA b SP f magnetite 1-2d This study

putrefaciens strain CN32

2 TA: Thermophilic anaerobe; b MFA: Mesophilic facultative anaerobe; © PFA: Psychrotolerant facultative anaerobe;
4 MA: Mesophilic anaerobe; ¢ SD: Single-domain; f SP: Superparamagnetic.

Furthermore, in some cases of pure Fe;O, formation, the synthesized particles ex-
hibited diameters in the single-domain (SD) range [29,35]. SPMNPs are preferred over
single-domain (SD) MNPs for biomedical applications because they can be guided using
an external magnetic field but do not agglomerate after the field is removed. This loss
of interparticle magnetic dipolar interactions also lowers the risk of thrombus formation.
Furthermore, the heating power exhibited by SPMNPs under biologically tolerable mag-
netic field strengths makes them beneficial for magnetic hyperthermia to treat tumors [36].
Although ferri- and ferromagnetic NPs exhibit superior heat dissipation, they might form
agglomerates and induce capillary embolization. This limits the in vivo application of
SDMNPs. Moreover, the heating effect of SPMINPs can be enhanced by controlling their
crystal growth or adding metal dopants [37].

Biosynthesis using plant extracts is widely considered as more economical than chemi-
cal methods because it eschews the use of costly reducing agents or stabilizers. However, its
ability to control particle shape and size is currently limited [38]. Altaf et al. [39] conducted
a cost analysis of MNP synthesis using extracts of Moringa olifera leaves. They calculated
that the cost of chemicals involved in this method was 75.3% and 94.6% less than that for
chemically synthesized and commercially available magnetite, respectively. They obtained
an MNP yield of 4.55 g using 3.99 g NaOH, 5.3 g FeCl;-6H,0, and 2.65 g FeCl,-4H,0
at a cost of USD 33.03; however, they considered only chemical costs in their analysis
but not other physical costs (such as extract preparation and heating). In comparison,
our method does not involve heating or the use of FeCl,-4H,O. Therefore, according to
Equations (1) and (2), our method can yield 4.26 g MNPs using 5.3 g FeCl3-6H,0,2.35 g
NaOH, and 2.207 g lactate at a cost of USD 31.01 (Table 3).

FeCl; + 3NaOH -> FeOOH-H,O + 3NaCl (1)

6FeOOH-H,0 + lactate + HyO -> 2Fe304 + 20, + 6H,O + acetate + 2H; + CO,  (2)
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Table 3. Comparison of cost and sustainability aspects of MNP synthesis using different methods.

Chemically Synthesized Green Synthesized

, Unit Cost (Ref. [39]) (Ref. [39) This Study
Material/Aspect
(USD) Amount Cost NP Yield  Amount Cost NP Yield Amount Cost NP Yield
Used (g) (USD) (8 Used (g) (USD) (g Used (g) (USD) (g)
FeCl3.6H,O 5.76 19.8 114.04 5.3 30.52 5.3 30.52
FeCl,.4H,O 0.726 27.03 19.62 2.65 1.92 - -
NaOH 0.15 3.99 0.59 0.80 3.99 0.59 4.55 2.35 0.35 4.26
Nitrogen gas 0.010/L 500 (mL) 0.005 - - 500 (mL) 0.005
Lactate 0.063 - - - - 2.207 0.14
Heating
requirement Yes Yes No
ge‘r/lvearsattee d Spent liquor Spent liquor Re-usable cells and saline
Total
Chemical 134.25 33.03 31.01
Cost (USD)

Table 3 summarizes the advantages of our bacterial system over other methods of
MNP synthesis in terms of cost and sustainability.

The non-growth—-associated magnetite biomineralization (NGAMB) system that we
have formulated in this study exhibits the following features that make it advantageous
over previously used biological and chemical methods of MNP synthesis.

1. It eschews the temperature control requirements for psychrophilic/thermophilic species.

2. Since S. putrefaciens CN-32 is a facultative anaerobe, greater quantities of pre-inoculum
cells can be prepared quickly under aerobic conditions before the bioreduction process,
which would increase the quantity of iron oxide/hydroxides that can be reduced in a
batch and reduce overall production time.

3. Thereaction is carried out in plain saline. Thus, impurities (from growth media) that
may affect the crystal structure of the reduction products can be avoided. Hence, pure
magnetite crystals can be produced without undesired side products. Moreover, no
toxic waste is generated.

4. The MNPs obtained are superparamagnetic with saturation magnetization compara-
ble to that of other biologically and chemically synthesized MNPs [40], making them
ideal for biomedical applications.

5. This system also permits easy experimentation to study the effects of dopants on the
crystal structure of biomagnetites, which can be tailored for use in different fields
such as catalysis and bioremediation.

6.  Furthermore, since Shewanella spp. are capable of using more than 10 different metals
as terminal electron acceptors for growth [41], this system can be expanded to produce
bimetallic and higher mixed metallic nanoparticles (including ferrites).

In summary, the NGAMB that we have employed in this study enhances the scope for
economical large-scale green synthesis of highly pure MNPs. Since we have not used any
complex or defined media for MNP synthesis, the end products of the reaction are only mag-
netite, cells, and saline (with minuscule amounts of lactate/acetate, which are non-toxic).
The bacterial culture generates no other waste. Magnetite can be easily separated from the
culture via magnetic decantation. The cells in saline can either be reused for MNP synthesis
or preparation of S. putrefaciens CN-32 inoculum. Therefore, the environmental impact of
our system is nil compared with that of physical/chemical fabrication. As indicated by
Sadhukhan et al. [42], further experiments are underway in our lab to determine alternative
precursors (such as ferric sulphate instead of chloride) for more sustainable and efficient
microbial reduction to magnetite. Scale-up studies and cost-benefit analyses with different
ratios of inoculum:electron donor:electron acceptor are necessary to deploy our NGAMB
system at an industrial level.
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