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ABSTRACT: Nanoscale zero-valent iron nanoparticles (nZVIs)
are known to boost biomass production and lipid yield in Fremyella
diplosiphon, a model biodiesel-producing cyanobacterium. How-
ever, the impact of nZVI-induced reactive oxygen species (ROS) in
F. diplosiphon has not been evaluated. In the present study, ROS in
F. diplosiphon strains (B481-WT and B481-SD) generated in
response to nZVI-induced oxidative stress were quantified and the
enzymatic response determined. Lipid peroxidation as a measure of
oxidative stress revealed significantly higher malondialdehyde
content (p < 0.01) in both strains treated with 3.2, 12.8, and
51.2 mg L−1 nZVIs compared to untreated control. In addition,
ROS in all nZVI-treated cultures treated with 1.6−25.6 mg L−1

nZVIs was significantly higher than the untreated control as
determined by the 2′,7′-dichlorodihydrofluorescein diacetate fluorometric probe. Immunodetection using densitometric analysis of
iron superoxide dismutase (SOD) revealed significantly higher SOD levels in both strains treated with nZVIs at 51.2 mg L−1. In
addition, we observed significantly higher (p < 0.001) SOD levels in the B481-SD strain treated with 6.4 mg L−1 nZVIs compared to
3.2 mg L−1 nZVIs. Validation using transmission electron microscopy equipped with energy-dispersive X-ray spectroscopy (EDS)
revealed adsorption of nZVIs with a strong iron peak in both B481-WT and B481-SD strains. While the EDS spectra showed strong
signals for iron at 4 and 12 days after treatment, a significant decrease in peak intensity was observed at 20 days. Future efforts will be
aimed at studying transduction mechanisms that cause metabolic and epigenetic alterations in response to nZVIs in F. diplosiphon.

1. INTRODUCTION

As an important element for most living organisms, iron serves
as a cofactor in a multitude of cellular processes such as
respiration, photosynthesis, and nitrogen fixation. In photo-
trophs such as cyanobacteria, iron is indispensable for redox-
related functions in the photosynthetic apparatus.1 Cyanobac-
terial iron requirements exceed that of nonphotosynthetic
prokaryotes by multiple folds and are exceptionally high
compared to other photosynthetic organisms.2 Present in the
form of ferredoxins (Fds) within the thylakoid membrane, iron
mediates electron transfer in metabolic reactions and facilitates
the reduction of NADP+ to NADPH by carrying an electron
from the iron−sulfur complex to the Fd-NADP+ reductase.3

However, due to its redox properties, iron has the capacity to
react with oxygen, thus generating reactive oxygen species
(ROS) resulting in the rapid generation of free radicals. Redox-
active Fe0 reacts with oxygen or water and releases Fe2+ that
further generates ROS via the Fenton chemistry.4

In recent years, cultivation of various algal and cyanobacte-
rial strains with nanoscale zero-valent iron nanoparticles
(nZVIs) has been reported to boost growth and lipid
production.5,6 The relatively low standard reduction potential

enables nZVIs to act as electron donors, catalyzing a wide
range of reactions.7 Of the various cyanobacterial species,
Fremyella diplosiphon is a widely studied model organism with
increased fitness to grow in a broad spectrum of light.
Additionally, the organism grows in a short generation time of
8−10 days, making it an ideal model for several studies.8 In
recent years, metallic nanoparticles have been shown to boost
growth, photosynthetic pigmentation, and the fatty acids
accumulated in this organism, making it an attractive third-
generation biofuel agent.9,10

While nanoparticles are known to positively impact cellular
processes in cyanobacteria, oxidative stress induced by an
imbalance of intracellular ROS is inevitable. Disruption of
cellular organelles and physiological processes due to excessive
ROS in cyanobacteria has been reported.11 Specifically, singlet
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oxygen is a highly reactive ROS species that targets molecules
such as proteins, pigments, and lipids in the immediate vicinity.
In addition, production of ROS increases the intensity of light
required for electron transport, which outpaces the rate of
electron consumption during carbon assimilation.12 Several
critical enzymes such as superoxide dismutases (SODs),
catalases, and peroxidases in this pathway have been reported
to be indicators of free radical production and oxidative stress
in cyanobacterial cells.13

So far, the impact of nZVI-induced oxidative stress on F.
diplosiphon has not been reported. In the present study, we
evaluated nZVI-mediated oxidative stress in F. diplosiphon as a
measure of lipid peroxidation using malondialdehyde and
thiobarbituric acid-reactivity (MDA-TBA) assay and the 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) fluorogenic
probe. Enzymatic response of nZVI-treated cultures was

determined as a measure of FeSOD (iron superoxide
dismutase) using western blotting and immunodetection. In
addition, the distribution and surface assimilation of nZVIs was
detected using transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS).

2. RESULTS
2.1. Determination of Lipid Peroxidation as a

Measure of ROS. The level of malondialdehyde production,
which serves as an indicator for ROS in nZVI-treated F.
diplosiphon, indicated increased lipid peroxidation and intra-
cellular ROS in a dose-dependent manner. Both B481-WT and
B481-SD strains treated with 3.2, 12.8, and 51.2 mg L−1 nZVIs
exhibited significant increases (p < 0.01) in MDA content
compared to the untreated control (Figure 1). While the MDA
content of the nZVI-treated B481-WT strain ranged from

Figure 1. Quantification of malondialdehyde as a measure of lipid peroxidation in F. diplosiphon B481-WT and B481-SD strains treated with nZVIs
at concentrations ranging from 0.8 to 102.4 mg L−1. Average MDA concentration (±standard error) of three biological replicates for each strain is
shown. Different letters above the final concentration point indicate significance among treatments (p < 0.01).

Figure 2. Intracellular reactive oxygen species validated using highly fluorescent DCF in F. diplosiphon B481-WT and B481-SD strains grown in
BG-11/HEPES medium supplemented with 1.6, 3.2, 6.4, 12.8, and 25.6 mg L−1 nZVIs. Average DCF fluorescence (±standard error) of three
biological replicates for each sample is shown. Different letters above the error bars indicate significance among treatments (p < 0.01).
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86.73 ± 9.7 to 165.50 ± 5.8, that of the B481-SD strain ranged
from 128.46 ± 24 to 267.20 ± 26.23 nmol mL−1. However, we
did not observe any significant differences in MDA
concentration in both strains treated with 0.8, 1.6, and 102.4
mg L−1 nZVIs. Cultures treated with 12.8 and 51.2 mg L−1

nZVIs exhibited significantly higher ROS compared to the

untreated control, 1.6, and 3.2 mg L−1 nZVIs (Figure 1).
Comparison of MDA content between strains in each
treatment revealed significant differences from 1.6 to 102.4
mg L−1 nZVIs (data not shown).

2.2. Increased ROS Detected by the 2′,7′-Dichlor-
odihydrofluorescein Diacetate Assay. Intracellular ROS

Figure 3. Non-denaturing PAGE and immunoblot analyses of FeSOD in F. diplosiphon B481-WT and B481-SD strains grown in BG-11/HEPES
medium containing 3.2, 6.4, and 51.2 mg L−1 nZVIs. (a) Immunoblot analysis for detection of FeSOD protein accumulation. (b) FeSOD volume in
extracted protein lysate. Different letters above the final concentration point indicate significance among treatments (p < 0.05).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04482
ACS Omega 2021, 6, 32730−32738

32732

https://pubs.acs.org/doi/10.1021/acsomega.1c04482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04482?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that oxidizes DCFH to highly fluorescent 2′,7′-dichlorofluor-
escein (DCF) ranged from 0.0710 ± 0.001 to 0.1063 ± 0.0006
in B481-WT, while that of the B481-SD ranged from 0.0647 ±
0.0016 to 0.1 ± 0.002 nmol mL−1. Both strains treated with
nZVIs ranging from 3.2 to 25.6 mg L−1 exhibited significantly
increased levels of ROS (p < 0.001) compared to the untreated
control (Figure 2). While the wild-type strain exhibited
significantly increased ROS levels when treated with 1.6−
25.6 mg L−1 (p < 0.01) nZVIs, the B481-SD strain showed
significantly higher levels of oxidative stress ranging from 3.2 to
25.6 mg L−1 (p < 0.01) nZVIs (Figure 2). In addition, we
observed significant differences between the B481-WT and
B481-SD strains grown in 1.6, 6.4, 12.8, and 25.6 (p < 0.05)
mg L−1 nZVIs (data not shown). The negative control of bare
nanoparticles did not exhibit DCF signal interference.
2.3. Immunodetection Reveals Increased SOD Levels

in nZVI-Treated F. diplosiphon. SOD enzymes known for
scavenging ROS in cells were quantified to determine oxidative
stress in nZVI-treated F. diplosiphon. Densitometric analysis of
anti-FeSOD revealed significantly higher FeSOD levels in both
B481-WT (p < 0.05) and B481-SD (p < 0.001) strains treated
with 51.2 mg L−1 when compared to the control. We also
observed significantly higher levels of FeSOD (731.97 ± 89.6,
p < 0.01) in the B481-SD strain treated with 6.4 mg L−1 nZVIs
compared to 3.2 mg L−1 (401.37 ± 67.1, p < 0.001); however,
it was significantly lower than that in 51.2 mg L−1 nZVIs.
Additionally, the B481-SD strain treated with 51.2 mg L−1

exhibited significantly higher SOD levels compared to that of
3.2 mg L−1 nZVIs. We did not observe significant differences in
SOD levels of the B481-WT strain treated with 3.2 and 6.4 mg
L−1 nZVIs compared to the untreated control. Further, FeSOD
activity was significantly higher in the B481-WT strain treated
with 3.2 and 6.4 mg L−1 nZVIs (p < 0.05) compared to the
B481-SD strain grown under similar concentrations (data not
shown).
2.4. Particle Size Determination and F. diplosiphon-

Nanoparticle Interaction. Optical imaging revealed adsorp-
tion of nZVIs on the surface of F. diplosiphon cells (Figure 4a).
TEM equipped with EDS confirmed the composition and
distribution of nZVIs through elemental mapping and revealed
the adsorption of nZVIs on F. diplosiphon cells (Figure 4b,c). A
strong iron peak in the EDS spectra confirmed the presence of
elemental iron in nanofer 25s nZVIs (Figure 4c). As shown in
the differential particle size histogram (Figure 4d), nZVIs used
in the study ranged from a size of 24.68 to 82.72 nm, with an
average of 55.17 nm (Figure S1). Comparison of EDS spectra
on days 4, 12, and 20 in both F. diplosiphon strains treated with
3.2 mg L−1 nZVIs showed a gradual reduction of the iron
signal over the period tested. While the spectral analysis of
both B481-WT and B481-SD cultures treated with nZVIs
indicated a strong signal for iron at day 4 (Figure 5a,b) and day
12 (Figure 5c,d), a significant decrease in the intensity of the
iron peak was observed at day 20 (Figure 5e,f). Control
cultures that were not treated with nZVIs did not show the
presence of the iron peak in EDS spectral analysis.

3. DISCUSSION
Various stressors such as ultraviolet radiation, high light
intensity, and salinity are reported to increase oxidative stress
by several folds, leading to cyanobacterial toxicity.14,15 It is well
known that in cyanobacteria, iron homeostasis is tightly
controlled by the ferric uptake regulator which modulates the
transcription of iron-responsive genes.16 In recent years, iron

nanoparticles, specifically nZVIs, have been applied to boost
biomass production in cyanobacteria, and their impact on
lipids and fatty acid methyl esters have been reported.5,17

While the impact of iron deficiency and strategies to cope with
this challenge have been extensively studied in other
cyanobacteria species,2 there is still insufficient knowledge of
the impact of excessive iron on ROS generation in F.
diplosiphon.
A variety of enzymes such as catalases, SODs, and

peroxidases are deployed against excessive ROS generation in
cyanobacteria.18 Of these, malondialdehyde formed due to the
breakdown of lipid peroxidation is an important marker that
reflects cellular oxidative damage due to nanoparticles.19 In the
present study, the MDA content in both B481-WT and B481-
SD strains exposed to nZVIs from 3.2 to 51.2 mg L−1 was
observed to be significantly higher than the control (Figure 1).
It is possible that higher nZVI concentrations could have
disrupted the redox stability between production and
scavenging of ROS in F. diplosiphon, resulting in the
overaccumulation of ROS, thus triggering the peroxidation of
membrane lipids. Interestingly, we observed significant differ-
ences in the MDA content between B481-WT and B481-SD
strains which could be attributed to the fact that the B481-SD
strain was overexpressed for higher lipid content.10 As
observed in our study, there was no significant difference in
the MDA content in cultures treated with 102.4 mg L−1 nZVIs
and the untreated control. We speculate that nZVIs at a high
concentration of 102.4 mg L−1 could have induced significant
oxidative stress, thus limiting culture growth as confirmed by
reduced optical density on day 15. Since lipid peroxidation is
directly related to MDA content, a reduction in the MDA
content directly correlates to lower growth. Our results are
corroborated by a previous study in which seven different types
of iron-based nanoparticles were reported to induce lipid
peroxidation of cell membranes in the green alga Chlorella
pyrenoidosa.20

Using the oxidant-sensing DCFH-DA probe which is
converted into the highly fluorescent form DCF in the
presence of ROS, we observed significantly higher fluorescence
in both F. diplosiphon strains treated with nZVIs ranging from
3.2 to 25.6 mg L−1, indicating higher levels of ROS with the
increase in nZVI concentrations (Figure 3). Interestingly, we
observed lower levels of fluorescence in the B481-SD strain
compared to B481-WT in all nZVI concentrations tested.
These results are in accordance with a previous study where
the impact of iron-induced ROS in Anabaena sphaerica was
reported using the DCFH-DA assay. Maximum ROS was
observed at 100 μM FeCl3 (78.89% increase), followed by 75
μM (30% increase) and 50 μM FeCl3 which contributed to the
membrane injury index. The substantial increase in fluo-
rescence intensity corresponded to higher cellular ROS, which
was attributed to elevated iron concentration, leading to
imbalances in the electron transport chain.21 It should be
noted that the nZVI-treated and control cultures were grown
under the same light conditions in this study, and hence, ROS
generated from the photo-fenton pathway is not considered as
a contributing factor.
Although various types of SODs such as Fe-SOD, Mn-SOD,

and Ni-SOD are expressed in response to stress tolerance in
prokaryotes,22 we tested FeSOD activity due to its affinity,
selectivity, and its importance as the most ancient type of SOD
crucial for cell survival.23 Our results revealed that both B481-
WT and B481-SD strains treated with 51.2 mg L−1 nZVIs
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exhibited significantly increased SOD levels (Figure 3),
indicating that the cells suffered from sustained oxidative
stress. It is known that nZVIs tend to release electrons and iron
(II) ions, which convert less reactive hydrogen peroxide into
more ROS via the Fenton reaction.11 Iron is essential for
optimal FeSOD activity, as reported in Spirulina platensis
exposed to several environmental stresses including iron, pH,
and salinity. A broad variation in specific SOD activities has
been observed in different cyanobacterial species, with maximal
SOD activity of Anabaena variabilis recorded at only 0.02 mM
Fe, while in S. maxima, it was at 0.036 mM iron.24 Moreover, it
is possible that the nZVI-mediated oxidative stress could have
elevated the level of signal transduction, leading to an
activation of existing enzyme pools or enhanced expression
of FeSOD gene transcription and enzymatic activity,
particularly at concentrations of 51.2 mg L−1 nZVIs.
While TEM imaging provided morphological information on

the adsorption of nZVIs to F. diplosiphon cells, EDS revealed
qualitative analysis, distribution, and elemental mapping. A
strong iron peak in the EDS spectra (Figure 4c) confirmed the
presence of iron in F. diplosiphon-treated cultures. It is
important to note that the spurious copper signals in the
EDS spectrum (Figure 4a) originated from the TEM copper
grid sample holder25 and not the sample, which was confirmed
by analyzing the EDS of the empty grids. Our results on
spectral analysis indicate that the nZVIs were progressively
uptaken by F. diplosiphon B481-WT and B481-SD strains. The
variation in nZVI sizes observed (Figure 4d) could be
attributed to the magnetic nature and high surface area to
volume ratio of the iron nanoparticles, which could have
resulted in agglomeration.4,26 Although EDS is an analytical
technique used to determine the chemical elements present in
a sample, quantitative analysis could be affected by several
factors. While the EDS spectra of nZVI-treated strains
exhibited strong signals for iron after day 4 and day 12
(Figure 5b,d), a significant decrease in the iron peak intensity

was observed after 20 days (Figure 5f). Cellular uptake of the
nZVIs on day 4 was lower and the strong Fe signal was mostly
from iron nanoparticles adsorbed onto the surface of the cells.
After day 12, it is possible that most of the nZVIs dissolve and
get absorbed into the cells, leading to a decrease of the iron
signal detected by the EDS.27 It is likely that most
nanoparticles were internalized by day 20 and the electron
beam was not able to sufficiently interact with the nZVIs,
resulting in a lower intensity of the iron peak.

4. CONCLUSIONS
Our study is the first to understand the effect of nZVI-induced
oxidative stress in F. diplosiphon, a biodiesel-producing
cyanobacterium. Based on our results, we conclude that the
exposure of F. diplosiphon to nZVIs increases intracellular ROS
production, leading to oxidative stress and membrane lipid
peroxidation. In addition, our findings show increased SOD
enzyme activities as a defense mechanism to alleviate oxidative
stress. TEM imaging with EDS analysis showed strong signals
for iron at 4 and 12 days after treatment. Future work will aim
at understanding specific signal transduction impacted by
nZVI-induced oxidative stress and antioxidant mechanisms.
Creating surface modifications to enhance nanoparticle entry
into cells will help to determine nZVI localization in F.
diplosiphon.

5. EXPERIMENTAL SECTION
5.1. Strains and Culture Conditions. F. diplosiphon

strains, B481-WT obtained from the UTEX algal repository
(Austin, TX, USA) and B481-SD (overexpressed strain with
the sterol desaturase gene; accession: MH329183), were used
in this study. The strains were grown in liquid BG-11 medium
containing 20 mM HEPES (hereafter termed as BG-11/
HEPES) to an exponential growth phase (∼optical density 750
nm of 0.8). Cultures were grown in vented 40 mL tissue
culture flasks with continuous shaking at 70 rpm and 28 °C in

Figure 4. Microscopy images of F. diplosiphon grown with nZVIs. (a) Optical microscopy image of the F. diplosiphon B481-SD strain grown in 3.2
mg L−1 nZVIs for 12 days. (b) TEM image of bare nZVIs. (c) EDS spectrum of bare nZVIs nanoparticles. (d) Histogram showing size distribution
of nZVIs used in the present study.
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an Innova 44R incubator shaker (Eppendorf, Hamburg,
Germany). The spectrum of photosynthetic light in the shaker
had peak wavelengths at 437 and 600−650 nm with an
intensity adjusted to 30 μmol m−2 s−1 using the model LI-
190SA quantum sensor (Li-Cor, Lincoln, NE, USA). Nanofer
25s zero-valent iron nanoparticles (nZVIs) coated with
polyacrylic acid were obtained from Nano iron company
(Rajhrad, Czech Republic) and adjusted to final concentrations
of 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, and 102.4 mg L−1.
5.2. Nanoscale Zero-Valent Nanoparticle-Induced

Lipid Peroxidation in F. diplosiphon. Quantification of
oxidative stress in F. diplosiphon strains treated with nZVIs was
performed using the thiobarbituric acid-malondialdehyde

(TBA-MDA) adduct formation according to the method
described by Bhandari and Sharma28 with modifications.
Cultures were grown in BG-11 media containing nZVIs at
concentrations of 1.6, 3.2, 6.4, 12.8, 51.2, and 102.4 mg L−1 for
a period of 15 days under culture conditions mentioned above
in Section 5.1. Cultures not treated with nZVIs served as the
control. Three replicates were maintained for each treatment,
and the experiment was repeated once. A total of 5 mL cells
from each treatment was centrifuged at 18,000 rpm for 15 min
at 4 °C. The pellet was weighed and homogenized in 1 mL of
0.5% trichloroacetic acid (TCA), brought to 5 mL final volume
with TCA, and centrifuged at 14,000 rpm for 15 min at 4 °C.
To a test tube containing 2.5 mL of 0.5% TBA in 20% TCA, 1

Figure 5. TEM images of F. diplosiphon treated with 3.2 mg L−1 nZVIs. TEM images with corresponding EDS of F. diplosiphon cells after exposure
to nZVIs on (a) and (b) day 4, (c and d) day 12 (e), and (f) day 20.
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mL of the supernatant was added and incubated for 30 min at
90 °C in a water bath. The mixture was centrifuged for 2 min
at 3000 rpm to remove the nonspecific precipitate. Absorption
was measured at 532−600 nm using a microplate reader
(BioTek Synergy H1 Microplate Reader, Agilent, USA).
Peroxidation of lipids was calculated using an extinction
coefficient of ε = 155 mM−1 cm−1.
5.3. Detection of Intracellular ROS in Fremyella

diplosiphon Treated with nZVIs. Intracellular ROS in
nZVI-treated F. diplosiphon was measured using the 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) fluoromet-
ric probe (EMD Chemicals, USA) according to the method
described by Pattanaik et al.29 B481-WT and B481-SD strains
were grown in nZVIs at 1.6, 3.2, 6.4, 12.8, and 25.6 mg L−1

under culture conditions as mentioned above. As cultures
treated with 51.2 mg L−1 nZVIs resulted in elevated oxidative
stress as observed in the lipid peroxidation assay, this
concentration was not used to detect intracellular ROS.
Three biological replicates were maintained, and the

experiment was repeated once. Cultures not treated with
nZVIs served as the control. At 15 days after treatment, 1 ml of
each culture was incubated in 10 mM DCFH-DA for 1 h at
room temperature in the dark and under shaking at 70 rpm.
Fluorescence of DCF-DA converted from the nonfluorescent
DCFH-DA was detected by loading 200 μl of each sample in a
96 well-plate and read at an excitation wavelength of 485 nm
and an emission of 520 nm in a microplate reader (BioTek
Synergy H1 Microplate Reader, USA). Three technical
replicates on a 96-well plate were measured for each treatment
to account for plating bias. A negative control of bare nZVIs
was used to account for any potential interference of
autofluorescence that may interfere with the DCFH-DA
probe signal.
5.4. Enzymatic Response of Fremyella diplosiphon to

Nanoscale Zero-Valent Nanoparticle-Mediated Oxida-
tive Stress. 5.4.1. Protein Extraction. F. diplosiphon B481-
WT and B481-SD strains were grown in BG11 media/HEPES
media supplemented with 3.2, 6.4, and 51.2 mg L−1 nZVIs.
Cultures were grown in 250 mL conical flasks with continuous
shaking at 170 rpm, 28 °C, and ambient CO2 (350−1000 mg
L−1) in an Innova 44R incubator shaker (Eppendorf,
Hamburg, Germany). Cultures not treated with nZVIs served
as the control. After 9 days, cells were pelleted at 8000 rpm for
15 min at 4 °C and total proteins extracted. For each sample,
two protease inhibitor tablets (Roche) were dissolved in 30
mL of binding buffer containing 50 μM tris and 500 μM NaCl.
Lysozyme (0.03 g) was dissolved in 3 mL of binding buffer,
added to each sample, and incubated in ice for 1 h. The pellet
was sonicated in ice at 100% ampere for 10 s with 1 min
intervals, and the process was repeated nine times. The lysate
was spun down at 10,000 rpm for 15 min at 4 °C and
lyophilized, and the protein concentration of each sample
determined using the BCA assay Smith et al.30 Samples were
diluted to 2.0 mg mL−1 in SDS boiling buffer with reducing
agents and heated in a digital dry bath at 95 °C for 10 min
before loading in a SDS gel.
5.4.2. Sodium Dodecyl Sulfate-Polyacrylamide Gel Elec-

trophoresis. SDS slab gel electrophoresis was carried out
under reducing conditions according to the method of
Laemmli,31 as modified by O’Farrell.32 The samples were
loaded in 10% acrylamide slab gels (0.75 mm thick) and SDS
slab gel electrophoresis was carried out for about 4 h at 15
mA/gel. Myosin (220,000), phosphorylase A (94,000),

catalase (60,000), actin (43,000), carbonic anhydrase
(29,000), and lysozyme (14,000) were used as molecular
weight standards. Following slab gel electrophoresis, the gels
for blotting were placed in a transfer buffer (10 mM Caps, pH
11.0, 10% methanol) and transblotted onto PVDF membranes
overnight at 200 mA and approximately 100 V/two gels. The
blots were stained with Coomassie Brilliant Blue R-250 and
scanned with GE Imagescanner III.

5.4.3. Western Blot and Densitometric Analysis. The blots
were destained in 100% methanol, rinsed in Tween-20 tris
buffer saline (TTBS), and blocked for 2 h in 5% nonfat Dry
Milk (NFDM) in TTBS. The blots were then incubated
overnight in primary antibody (anti-FeSOD [Agrisera, Cat#
AS06125] diluted 1:20,000 in 2% NFDM TTBS) and rinsed
for 3 × 10 min in TTBS. The blots were placed in the
secondary antibody (anti-Rabbit IgG-HRP [SeraCare, Cat#
5220−0337] diluted 1:20,000 in 2% NFDM TTBS) for 2 h,
rinsed as above, treated with enhanced chemiluminescence,
and exposed to Kodak BioMax MR X-ray film. Western blot
films (KO5401 #1−3: Kodak BioMax MR 3-min exposures)
were scanned with a laser densitometer (Model PDSI,
Molecular Dynamics Inc, Sunnyvale, CA). The scanner was
checked for linearity prior to scanning with a calibrated
Neutral Density Filter Set (Melles Griot, Irvine, CA). Band
volume above background (manual marking) was quantified
using Phoretix 1D software (version 11.2) with a Windows 10
compatible computer.

5.5. Distribution and Validation of nZVIs in Fremyella
diplosiphon. F. diplosiphon strains grown in 0.8 mg L−1 nZVIs
for 4, 12, and 20 days were tested for distribution and
adsorption of nanoparticles using TEM. Samples were
prepared by aliquoting 10 μL onto TEM carbon-coated 200-
mesh copper grids and dried overnight at room temperature.
The sizes of one hundred nZVIs were measured and their
average with associated standard deviation calculated. The
TEM was equipped with an EDS detector for spectral and
elemental mapping.
TEM images of F. diplosiphon-treated with nZVIs, untreated

cells, and bare nanoparticles were acquired using the JEM-
1400 PLUS (JEOL USA, Massachusetts, USA) equipped with
an energy-dispersive X-ray microanalysis system (Oxford
Instruments plc, Abingdon, United Kingdom). The images
were viewed using Digital Micrograph software from GATAN
(GATAN Inc., CA, USA). In addition, samples were fixed to a
glass microscope slide and visualized using a Wolfe DigiVu
DVM 9.0 digital microscope (Carolina Biological Supply Co.,
Burlington, NC, USA), and images were captured using a
Moticam digital microscopy camera.

5.6. Statistical Analysis. Results were reported as
cumulative treatment mean ± standard error. Statistical
significance was determined using one-way analysis of variance
and Tukey’s honest significant differences post hoc test at 95%
confidence intervals (p < 0.05). The single-factor, fixed-effect
ANOVA model, Yij = μ + αNi + εij, was used where Y
represents a single, distinct parameter (growth rate or ROS
content) in nZVI treatment i and biological replicate j. The μ
represents the overall mean adjusted by effects associated with
the nZVI treatment (αN) and εij the experimental error from
nZVI treatment i and biological replicate j.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04482
ACS Omega 2021, 6, 32730−32738

32736

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c04482.

Well-defined TEM micrograph of nZVIs used in the
present study (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Viji Sitther − Department of Biology, Morgan State University,
Baltimore 21251, United States; orcid.org/0000-0003-
0096-569X; Email: viji.sitther@morgan.edu

Authors
Samson M. Gichuki − Department of Biology, Morgan State
University, Baltimore 21251, United States

Yavuz S. Yalcin − Department of Biology, Morgan State
University, Baltimore 21251, United States

LaDonna Wyatt − Department of Biology, Morgan State
University, Baltimore 21251, United States

William Ghann − Center for Nanotechnology, Departmaent of
Natural Sciences, Coppin State University, Baltimore,
Maryland 21216, United States

Jamal Uddin − Center for Nanotechnology, Departmaent of
Natural Sciences, Coppin State University, Baltimore,
Maryland 21216, United States; orcid.org/0000-0002-
6714-9286

Hyeonggon Kang − Center for Nanotechnology, Departmaent
of Natural Sciences, Coppin State University, Baltimore,
Maryland 21216, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c04482

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was funded by the National Science
Foundation’s Nanoscale Interactions Program grant under
award number 1900966 and co-supported by the Excellence in
Research. Core support facilities partially provided by the
National Inst i tute of General Medical Sciences
(5UL1GM118973) and National Institute on Minority Health
and Health Disparities (5U54MD013376) grants are acknowl-
edged.

■ REFERENCES
(1) Sunda, W. G.; Huntsman, S. A. High iron requirement for
growth, photosynthesis, and low-light acclimation in the coastal
cyanobacterium Synechococcus bacillaris. Front. Microbiol. 2015, 6, 561.
(2) Kranzler, C.; Rudolf, M.; Keren, N.; Schleiff, E. Iron in
cyanobacteria. Adv. Bot. Res. 2013, 65, 57−105.
(3) Lea-Smith, D. J.; Bombelli, P.; Vasudevan, R.; Howe, C. J.
Photosynthetic, respiratory and extracellular electron transport
pathways in cyanobacteria. Biochim. Biophys. Acta 2016, 1857, 247−
255.
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