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Menaquinone-7 (MK-7) has been identified as an essential nutrient in enhancing bone mineral density, bone
health, and reducing the risk of osteoporosis. Although there have been worthy achievements in MK-7 fer-
mentation process using Bacillus subtilis natto, the low yield of fermentation, costly downstream extraction and
purification processes remain the main challenges. In this research, a new approach was taken to study the
feasibility of the production of a functional fermented dairy-based product rich in MK-7 by the use of iron oxide
hydroxide (FeOOH) nanoparticles (NPs) to increase the concentration of MK-7. In this regard, milk a rich source
of calcium, a necessary nutrient for bone health was chosen as the fermentation medium for MK-7 biosynthesis
using B. subtilis natto. Two different types of FeFOOH NPs, namely naked and biocompatible xanthan gum (XG)-
coated NPs, were synthesised (with 10 nm average particle size) and used to evaluate their effect on developing a
fermented dairy-based product rich in MK-7 and iron. According to the results, in the presence of 3 mg/L of XG-
coated and 12 mg/L of naked FeOOH NPs, the concentration of MK-7 significantly enhanced, and approximately
27% and 35% more MK-7 biosynthesis were observed respectively as compared with control samples with only
1.9 mg/L MK-7 production.

Bacillus subtilis natto

1. Introduction

Osteoporosis and low bone mineral density (BMD) due to in-
adequate dietary intake of calcium and menaquinone-7 (MK-7) are the
core causes of bone fractures and subsequent mortality. MK-7 is a
subtype of vitamin K2 consist of a series of vitamers called menaqui-
nones. The subtypes are characterised by the number of isoprenoid
residues in their aliphatic side chains attached at the 3-position
(n = 4-13) (Yamaguchi, 2014). Fig. 1 illustrates the molecular struc-
ture of menaquinone-7.

Natto (fermented soybean) is the richest source of MK-7 that could
provide sufficient amount of MK-7 if it would get consumed in large
quantities. It contains 796-939 pug/100g MK-7 which is superior to
other known sources such as processed cheese and margarine with 0.3
and 0.1 pg/100g MK-7 respectively (Kamao et al., 2007). MK-7 is
mainly synthesised through a fermentation process using Bacillus subtilis
species with some process obstacles such as low yield and complicated
costly recovery steps. Therefore, the development of functional food
products with fewer recovery phases and boosted MK-7 concentration
should be considered. The use of an appropriate fermentation medium

and nutrients would be the key factor in enhancing the concentration of
the intended functional ingredients. For this purpose, milk, a rich
source of calcium (the building blocks of bones) has been used as the
medium for B.subtilis natto fermentation to provide positive effects on
consumers’ health beyond the basic nutritional profile of milk.

On the other hand, studying the effect of iron NPs on enhancing MK-
7 biosynthesis has become a new area of research to address the current
challenges in MK-7 fermentation (Ebrahiminezhad, Varma, Yang, &
Berenjian, 2016; Ebrahiminezhad, Varma, Yang, Ghasemi, & Berenjian,
2015). Iron is involved in numerous essential processes inside the
bacterial cell, ranging from respiration, as both signalling molecules
and enzymatic cofactors, to ribonucleotide synthesis due to the elec-
tronic structure of the iron atom, which can undergo reversible changes
in its oxidation state (Guerinot, 1994). B. subtilis utilise three types of
hydroxamate siderophores, including ferrichromes, ferrioxamines, and
shizokinen, each taken up by different transport systems (Schneider &
Hantke, 1993). Despite the abundance of iron in nature, iron often acts
as a growth-limiting nutrient due to the low solubility of ferric iron
under aerobic conditions at neutral pH (Bsat, Herbig, Casillas-Martinez,
Setlow, & Helmann, 1998). B. subtilis modulates transcription in
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Fig. 1. Molecular structure of menaquinone-7.

response to changes in iron availability using the ferric uptake regulator
(Fur) to sense intracellular iron availability and to maintain iron
homeostasis (Pi & Helmann, 2017). According to a recent report, the
presence of iron oxide NPs in the fermentation media has led to a 15%
enhancement in MK-7 yield (Ebrahiminezhad et al., 2016).

The NPs are defined as particles with sizes ranging from 1 to 100 nm
with unique properties that could not be found in bulk samples of the
same material (Auffan et al., 2009). These metal NPs such as magnetite
(Fe304), maghemite (y-Fe,O3), hematite (a-Fe,O3), and goethite
(FeOOH) can have properties such as high surface area, large surface-
to-volume ratio, and easy separation under external magnetic fields
(Cao et al., 2012; Xu et al., 2014). They are widely studied due to their
unique applications in enzyme and protein immobilisation, magnetic
resonance imaging (MRI), RNA and DNA purification, magnetic cell
separation and purification, magnetically controlled transport of anti-
cancer drugs, hyperthermia generation, process modification and in-
tensification as well as in the food industry (Bazylinski, 1996; Durdn &
Marcato, 2013; Ebrahiminezhad et al., 2015, 2016; Kinoshita, Seino,
Mizukoshi, Nakagawa, & Yamamoto, 2007; Laurent, Dutz, Héfeli, &
Mahmoudi, 2011; Lee & Hyeon, 2012; Matsunaga, Sato, Kamiya,
Tanaka, & Takeyama, 1999; Mornet et al., 2000; Pan, Gao, & Gu, 2005;
Reetz, Zonta, Vijayakrishnan, & Schimossek, 1998; Taylor, Hurst,
Davies, Sachsinger, & Bruce, 2000; Yu et al., 2008). However, apart
from all the advantages, the uncoated form of NPs do not have suffi-
cient physicochemical stability (poor solubility and biocompatibility)
and are toxic to biological systems and environments (Kumar et al.,
2014). Therefore, their surfaces need to be properly engineered to ac-
quire improved biocompatibility and significantly eliminate their det-
rimental properties. The biocompatible coated NPs are among the Food
and Drug Administration (FDA) approved nanostructures for biome-
dical applications (Anselmo & Mitragotri, 2016; Castaneda, Khurana,
Khan, & Daldrup-Link, 2011) via introducing hydrophilic groups and
modification of the bioinorganic shell on the surface of the NPs. The
functional groups of coating materials introduced to iron NPs may also
change their surface charge accordingly, which will affect the biological
behaviours of NPs (Feng et al., 2018). This method can effectively op-
timise the properties of synthesised NPs to meet the requirements of the
biomedical application. Among all mentioned iron NPs, FeOOH is one
of the important iron NPs widely used for the treatment of Iron Defi-
ciency Anaemia (IDA). Anaemia is defined by the World Health Orga-
nization (WHO) (2011) as a condition of insufficient red blood cells to
meet physiological needs. It is a public health problem that needs to be
addressed urgently since about 2.3 billion individuals are affected and
nearly 1 billion suffer from IDA (Vos et al., 2016). There are four for-
mulations of intravenous iron available in which all have an iron oxy-
hydroxide core and a carbohydrate coat (Verraes & Prenen, 2015). Iron
NPs with neutral and hydrophilic carbohydrate shells with no toxicity
are used instead of ferrous salts which frequently causes gastro-
intestinal side effects. However, the iron uptake through NPs with a
negatively charged shell is nearly 40 times higher compared to NPs
with neutral hydrophilic carbohydrate shell or ferric chloride and fer-
rous sulphate (Jahn et al., 2012).

Polysaccharides have the advantages of stability, water solubility
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and fewer side effects on the organism to be used as the modification
and coating materials (Wang et al., 2018). Microbial polysaccharides
such as bacterial cellulose (BC), dextrans, and xanthan gum (XG) have
been widely used in the chemical, food, and pharmaceutical industries
(Huang & Tang, 2007). Among them, XG has gained the leading mi-
crobial polysaccharide market due to its rheological features, as well as
stability in a wide range of temperatures and pH (Huang & Tang, 2007).
XG is an anionic, high molecular weight, exopolysaccharide (Pooja,
Panyaram, Kulhari, Rachamalla, & Sistla, 2014). It is a microbial bio-
polymer produced by gram-negative bacteria of the genus Xanthomonas
mainly by Xanthomonas campestris (Petri, 2015). It has been widely used
in oral/topical formulations and drug release, cosmetics, cleaners,
paints, and ceramic glazes. The most common use of XG is in the food
industry as emulsifier, film-forming agent, stabilizing agent, and
thickening agent in salad dressing, convenience and frozen foods, ba-
kery products, as well as in dairy products (Alhalmi, Alzubaidi,
Altowairi, Salem, & Sharma, 2017; Kar, Mohapatra, Bhanja, Das, &
Barik, 2010; Kulkarni Vishakha, Butte Kishor, & Rathod Sudha, 2012;
Petri, 2015). In addition, it is non-digestible in humans and provides
lower calorific content of foods and improve their passage through the
gastrointestinal tract (Katzbauer & Stability, 1998).

With respect to the benefits of iron NPs, this research aims to (i)
synthesise a biocompatible iron NPs using a natural hetero-poly-
saccharide XG free from toxicity for human consumption; and (ii) in-
vestigate the effect of iron NPs on MK-7 biosynthesis and B. subtilis natto
growth to demonstrate the possibility of developing a functional fer-
mented milk rich in both MK-7 and iron.

2. Materials and methods
2.1. Chemicals

The ultra-high temperature (UHT) processed milk was purchased
from the local market. 2-propanol and n-hexane, iron (III) chloride
hexahydrate (FeCl3-6H,0), and xanthan gum (XG) from xanthomonas
campestris were purchased from Sigma-Aldrich Co., USA. Pure MK-7
was obtained from ChromaDex Co., USA for high-performance liquid
chromatography (HPLC) analysis. Methanol was purchased from
Scharlab S.L. Co., Spain. Lipopan F Conc BG enzyme was obtained from
Novozymes (Novozymes Co., Denmark) and sodium chloride from a
domestic supplier. Nutrient agar plates were purchased from Fort
Richard Laboratories, Auckland, New Zealand.

2.2. Microorganism and inoculum preparation

The commercially available natto in the New Zealand market was
used to isolate the B. subtilis natto strain. The bacterial cells were cul-
tivated on nutrient agar plates (for 48h) and then were scraped off from
the plates. Then, they were suspended in a sterilised saline solution
(NaCl 0.9% w/v) and were kept in a water bath at 80 °C for 30 min and
centrifuged at 1835 x g for 10 min to remove the cell debris (Berenjian
et al., 2011). The spore suspension of 2 + 0.5 X 107 CFU/mL was
obtained and was kept in a fridge for the future fermentation experi-
ments to be used as a starter culture.

2.3. MK-7 fermentation experiment

The fermentation process was carried out aerobically in 100 mL
Erlenmeyer shake flasks by adding 50 mL of milk as the fermentation
media. The fermentation was conducted at 38 °C, 140 RPM, and 1% (v/
v) inoculum volume for three days. The range of NPs concentrations for
fermentation experiments was selected based on the recommended
daily allowance for iron. According to the National Institute of Health
(National Institutes of Health: Office of Dietary Supplements, 2018),
recommended dietary allowance for iron in healthy adults (19-50 year-
old) is sex- and age-dependent and varies from 8 mg to 18 mg per day.
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Fig. 2. Synthesised (a) naked NPs and (b) XG-coated iron oxide hydroxide NPs.

2.4. MK-7 extraction

The enzymatic treatment with a lipolytic enzyme (lipase) was car-
ried out before extraction by adding 1% lipase powder to the 3 mL of
sample and incubating at 37 °C. Then, the MK-7 was extracted from
each sample using a mixture of n-hexane:2-propanol in the ratios of 2:1
(v/v) and 1:4 (liquid: organic (v/v)) (Berenjian et al., 2011). The
mixture was vigorously shaken using a vortex mixer for 2 min and then
centrifuged at 1835 X g for 10 min to separate two phases. The upper
hexane layer was separated and evaporate and the residues after eva-
poration were mixed with methanol for HPLC analysis.

2.5. High-performance liquid chromatography

The Thermo Scientific Dionex HPLC system equipped with a pho-
todiode array UV detector (UVD 170U), AS1-100 automated sample
injector, and four P680 pumps were used to measure the concentration
of MK-7. A Phenomenex C18 Gemini column (5 pm, 150 X 4.6 mm,
Phenomenex, USA) was used and operated at 40 °C and the flow rate of
the mobile phase (methanol), the wavelength, and the injection volume
were set at, 1 mL/min, 248 nm, and 60 puL respectively. The
Chromeleon 7 software (Chromatography Data System) was used to
control the system and for data acquisition.

2.6. Experimental design and statistical analysis

All the experimental values have been reported as mean value =+
standard deviation (SD) of three replicates. Significant differences
among the samples were determined using One-Way Analysis of
Variance (One-Way ANOVA) followed by Tukey post hoc analysis.
Statistical significance was accepted at p < 0.05.

2.7. Synthesis of naked and XG-coated iron oxide hydroxide nanoparticles

A chemical synthesis technique using iron salt (FeClz-6H,0) and 5M
sodium hydroxide (NaOH) was used to fabricate FeEOOH with homo-
genous composition and narrow size distribution. Briefly, 1.08 g of iron
salt was added to 25 mL of deionised water in a round-bottomed flask.
The flask with a magnetic stirrer in it was placed on a mixing plate at
room temperature. Then, 30 mL of 5M NaOH was added to the mixture
and gently mixed for 15 min, centrifuged at 815 X g for 15 min, and
then the supernatant was removed (Ghanbariasad et al., 2019). The
precipitate was washed with deionised water (minimum 4 times) to
remove the impurities. For the XG-coated NPs, the FeOOH was pre-
pared by the hydrolysis of aqueous iron (III) chloride hexahydrate so-
lution (FeCl3.6H20) in the presence of XG at room temperature.
Briefly, 0.25 g XG was dissolved in 25 mL deionised water and was
gently stirred for 15 min. Afterwards, 1.08 g FeCl3.6H20 was added

and to start the reaction, 30 mL 5M NaOH was rapidly injected under
vigorous stirring, and the reaction was continued for 15 min. The
produced nanoparticles were centrifuged at 1835 X g for 20 min. After
removing the supernatant, the precipitate was washed three times with
deionised water to remove impurities. Both samples were dried in an
oven at 50 °C overnight, ground into a powder form and kept in an
airtight container for further use.

2.8. Characterisation of naked and coated iron nanoparticles

Characterisation of synthesised naked and coated iron nanoparticles
was carried out using the following instruments. A transmission elec-
tron microscopy (TEM, Philips, CM10; HT 100 kV) was used to observe
the morphology and size of the prepared NPs (Ebrahiminezhad et al.,
2016; Seifan, Ebrahiminezhad, Ghasemi, Samani, & Berenjian, 2018a).
Fourier transformed infrared spectroscopy (FTIR) (Bruker, Vertex 70,
Kassel, Germany) using KBr pellets containing 1.5 mg sample and
15 mg KBr was used to characterise the fabricated nanoparticles.
Measurements were done under ambient temperature in the exploration
range of 4000 - 450 cm ™! (Seifan, Ebrahiminezhad, Ghasemi, Samani,
& Berenjian, 2018b). Finally, X-ray diffraction (XRD) (Siemens D5000)
with CuKa radiation at 45 kV and 40 mA was used to study the char-
acteristics of synthesised nanoparticles. The well-dried NPs were back-
packed into a sample holder and mounted onto the instrument sample
changer. Data were collected at a step size of 0.0530° for a 20 interval
between 10° and 90° (Seifan, Samani, & Berenjian, 2017).

3. Results and discussion
3.1. Synthesis of naked and XG-coated iron NPs (FeOOH)

Naked FeOOH NPs were synthesised by the chemical precipitation
method and subsequently coated with XG. Equation [1] explains the
formation of FeOOH nanoparticles:

Fe*3 +30H - — Fe (OH); — FeOOH + H,0 [1]

In this method, upon the addition of sodium hydroxide (NaOH) (as a
precipitating agent) to the FeCl;.6H,0, a sudden colour change to
yellow-brown was observed (Fig. 2(a)) due to the formation of FeOOH
cores colloidal suspension upon hydrolysis of ferric ions (Ghanbariasad
et al., 2019).

3.2. Characterisation of naked and XG-coated iron NPs

The morphology, size distribution of NPs were determined using a
TEM. Fig. 3 shows the TEM images of the fabricated naked and XG-
coated iron NPs. The TEM analysis of NPs revealed the production of
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Fig. 3. Transmission electron micrograph (TEM) of the fabricated (a) naked and (b) XG-coated NPs.

uniform ultrafine NPs for both types of synthesised iron NPs. Particles
size analyses were performed by means of ImagelJ software version 1.47
v, an image analysis software (Ebrahiminezhad et al., 2017). The par-
ticles size distribution of both naked and XG-coated NPs was measured
to be from 5 to 15 nm with 10 nm average particle size.

FTIR analysis was performed in order to figure out the functionality
and the surface chemistry of the fabricated naked and XG-coated iron
NPs. Fig. 4 (a) illustrates the FTIR spectra of the fabricated naked NPs.
Fe-O characteristic peaks of NPs appeared at about 616 cm™!
(Ghanbariasad et al., 2019). The absorption at ~3362 cm ™! (stretching
point) (Ghanbariasad et al., 2019) and 1339 em ™! (deforming point)
indicate the presence of O-H groups. The FTIR was also used to confirm
the NPs coating functionalisation and the result is shown in Fig. 4 (b).
The Fe-O characteristic peaks of NPs appeared at about 624 cm™!
(Ghanbariasad et al., 2019).

In the aqueous medium during precipitation synthesis, the surface
of NPs are modified by O-H groups due to the coordination of un-
saturated Fe atoms with water molecules and hydroxyl ions in both
naked and XG-coated NPs (Ebrahiminezhad et al., 2012). The stretching
vibrations of the O-H groups appeared at about 3419 cm™'. In XG-
coated NPs, the C-O stretching vibrations were seen at ~879 cm ™. The
peaks at 1434 and 1067 cm ™' showed the presence of carbonyl and
C=C stretching vibration, respectively. The peak at 2500 cm ™! at-
tributed to the aliphatic C-H groups. The obtained FTIR spectra exhibit
a successful XG coating of iron NPs.

XRD was performed to characterise the fabricated naked and XG-
coated NPs at 20 between 10° and 90°. The XRD spectra of the prepared
naked and coated NPs were validated by position and relative in-
tensities of NPs (Fig. 5) at 20 of about 34° and 64° as corresponded with

the XRD diffraction peaks of standard FeOOH NPs.

3.3. Screening the effect of naked and XG-coated NPs on MK-7 production,
bacterial growth, and pH

The impact of naked and XG-coated FeOOH NPs on MK-7 produc-
tion was investigated by comparing the bacterial growth and pH
changes in the absence and the presence of varying concentrations of
naked and XG-coated iron NPs (3-12 mg/L). The NPs at different
concentrations (3, 6, 9, and 12 mg/L) were mixed with milk and the
fermentation was carried out. As depicted in Fig. 6 MK-7 production
was affected by the presence of NPs in opposite ways for the samples
containing naked and XG-coated NPs as compared to the control sam-
ples (p < 0.05). The increase in the concentration of naked NPs up to
12 mg/L resulted in the highest concentration of MK-7 (2.93 mg/L)
while the lowest concentration of NPs (3 mg/L) resulted in a reduction
(1.16 mg/L) in MK-7 biosynthesis as compared to control samples
without nanoparticles (1.9 mg/L). In contrast, presence of XG-coated
NPs at the lowest concentration (3 mg/L) led to the highest MK-7
production (2.63 mg/L) and a further increase in the concentration of
XG-coated NPs to 12 mg/L resulted in lower MK-7 biosynthesis
(1.85 mg/L).

As illustrated in Fig. 7, bacterial growth was also affected by the
concentration of NPs. Increasing the naked NP concentrations from
3 mg/L to 12 mg/L resulted in a significant difference in cell growth
(p < 0.05) compared to samples without any NPs. Bacterial growth
was measured to be 14.2 X 107 CFU/mL when the fermentation media
was supplemented with 12 mg/L naked NPs as compared to samples
without NPs (10.4 x 107 CFU/mL). In comparison to the control



D. Novin, et al.

82
81
80
79

Transmittance (%)

70
69
68
67
66.1

LWT - Food Science and Technology 129 (2020) 109564

78

77

76

75

74

73

44 3362.92

71 \

\ 616.54

4000 3600 3200 2800 2400 2000

74 b
72
70
68 2500.00
66
64
3419.63
62

60

Transmittance (%)

th th
& o =

th
w

1800 1600 1400 1200 1000 800 600 450

Wavenumber (cm-)

1067.72 624.78

4000 3600 3200 2800 2400 2000 1800

1600 1400 1200 1000 800 600 450

Wavenumber (cm)

Fig. 4. FTIR of the (a) naked NPs (identified as Goethite crystals) and (b) XG-coated NPs.

samples, the lower concentrations of naked NPs (3, 6, and 9 mg/L)
showed an inhibitory effect on bacterial growth by about 25%, 5%, and
13%, respectively. The highest bacterial growth was 15.2 x 107 CFU/
mL (by adding 3 mg/L of XG-coated NPs) and a further increase in NP
concentration lessened the cell growth by about 32%, 43%, and 32%,
respectively as compared to control samples (10.4 x 107 CFU/mL). The
results for both types of NPs showed that MK-7 production was bac-
terial growth dependant in which the more bacterial growth resulted in
more MK-7 biosynthesis using B. subtilis natto.

Iron carries out several functions in the cell, mainly serving as sig-
nalling molecules and enzymatic cofactors (Guerinot, 1994). Generally,
under physiological conditions, iron is found in one of two readily in-
terconvertible redox states: the reduced Fe?* ferrous form and the
oxidised Fe3* ferric form. In B. subtilis, the Fur protein is in charge of
coordinating the expression of iron uptake and homeostasis pathways
in response to available iron (Andrews, Robinson, & Rodriguez-
Quinones, 2003). Iron is an essential nutrient; however, it can be a
growth-limiting nutrient due to the low solubility of ferric iron under
aerobic conditions at neutral pH (Bsat, Herbig, Casillas-Martinez, Se-
tlow, & Helmann, 1998Bsat, Herbig, Casillas-Martinez, Setlow, &
Helmann, 1998). During this study, B. subtilis showed different beha-
viour in the presence of different concentrations of extracellular naked
and XG-coated iron NPs. As there is not sufficient evidence to support
the results, further studies at cell level are required to gain a better
understanding of B. subtilis natto iron NP consumption.

The changes in pH over the course of fermentation is shown in

Fig. 8. For all samples, there was an increase in pH to above 8 compared
to control samples showing an increase from the initial pH of 6.5 to pH
7 at the end of fermentation.

3.4. Monitoring the MK-7 biosynthesis, bacterial growth, and pH in the
presence of XG-coated iron NPs over the course of fermentation

According to the results of screening, the concentration of 3 mg/L
coated and 12 mg/L naked iron NPs showed the highest MK-7 pro-
duction and bacterial growth in comparison with control samples
without NPs. Considering the toxicity of naked iron NPs and the ad-
vantage of the iron-polysaccharide complex including good tolerability,
bioavailability, and higher percentage content of iron (Zhang & Liu,
2011), the samples containing XG-coated NPs (3 mg/L) were mon-
itored. The MK-7 biosynthesis, bacterial growth, and pH changes were
monitored throughout fermentation for three days. According to Fig. 9
and Fig. 10, MK-7 production was growth-dependent and as the growth
phase entered the exponential phase, the MK-7 concentration started to
increase. During the exponential growth phase, MK-7 increased at a
steady pace and increased by about 30%. The MK-7 concentration in-
creased from 1.61 mg/L at the beginning of the exponential growth
phase to 2.47 mg/L by the end of that phase.

The changes in pH during the three days of fermentation are illu-
strated in Fig. 11. The pH increased from 6.70 at the beginning of
fermentation to 8.26 by the end of it. The pH change followed the same
trend as all other experiments carried out in this research. The
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Fig. 6. MK-7 production at various concentrations (0-12 mg/L) of naked and XG-coated NPs. *

control.

enhancement in MK-7 production was related to an increase in pH, up
to about pH 8 due to proteolysis of the proteins by B. subtilis.

3.5. Future studies

This research provides novel information on MK-7 production and
the application of nanotechnology, in particular, food-grade

293 *

3 6
Iron NP concentrations (mg/L)

OXG-coated NPs

denotes significance of difference at p < 0.05 compared with the

nanoparticles in food processing. This advancement in the presence of
biocompatible iron NPs could be used to develop a variety of fermented
functional foods rich in MK-7 and iron NPs and to enhance further all
aspects of food processing from improved health benefits to improved
taste and texture.
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Fig. 10. Changes in bacterial growth during the time course of fermentation at 3 mg/L of XG-coated NPs.
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Fig. 11. Changes in pH during the course of fermentation at 3 mg/L of XG-coated NPs.

4. Conclusion

The naked and XG-coated iron NPs were successfully synthesised
and characterised. The results confirmed that the fabricated NPs were
uniform and monodisperse, and the XG coating had no negative effect
on the size of fabricated NPs. The fermentation process was performed
to investigate the effect of iron oxide hydroxide NPs on B. subtilis
growth, MK-7 production, and pH changes. It was shown that the ad-
dition of naked and XG-coated NPs at highest and lowest concentrations
(12 mg/L and 3 mg/L) respectively could significantly increase the MK-
7 production by improving bacterial growth. Based on the results, XG-
coated NPs are recommended to be used as the MK-7 biosynthesis
booster for the production of a novel fermented dairy-based product
rich in MK-7 and iron NPs.
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