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Abstract 
Iron nanoparticles (FeNPs) are promising candidates for medical purposes, 
including topical dermatological applications and skin absorption. This re-
search investigated whether biologically synthesized FeNPs display potential 
toxic effects in human keratinocytes in vitro. Cell cultures were performed 
with the HaCaT keratinocyte cell line, which was exposed to FeNPs (0 - 214 
µg/mL) for 4 and 24 h. Cell viability, reactive oxygen species production, cel-
lular antioxidant components, and wound healing assays were analyzed. FeNPs 
did not alter the morphology of HaCaT cells, although low cellular cytotoxicity 
at the highest concentration was observed. The 214 µg/mL condition also 
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altered cell migration as well as increased reactive oxygen species production. 
The obtained results have shown that biosynthetic FeNPs display low keratino-
cyte toxicity and could be explored as promising candidates to be used in local 
treatments as conjugates for drug delivery systems. 
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1. Introduction 

Metal nanomaterials have been investigated for various applications, including 
catalytic reactions, medical imaging, biosensors, drug delivery, and biomedical 
therapy due to their unique physical and chemical properties [1] [2]. In particular, 
iron oxide nanoparticles (NPs), have gained attention to be promising candidates 
due to their low toxicity and facile functionalization [3]. Iron and iron oxide NPs 
are the preferred metal NPs in biomedicine, including anticancer and antiviral 
therapy, magnetic hyperthermia, resonance imaging, and drug delivery, among 
others [4]. The Food and Drug Administration (FDA) approved Fe3O4/Fe2O3 NPs 
in clinical applications primarily because of their high versatility in surface mod-
ification and stability [5]. 

The synthesis of NPs with biological techniques has several advantages com-
pared to chemical and physical methods, such as being safe to handle, less con-
taminating, and relatively inexpensive [6]. Metal NPs biosynthesis can be achieved 
with biological products, plant extracts, and microorganisms such as fungi, algae, 
and bacteria [6]-[8]. Microorganism-based NPs synthesis has gained popularity 
because it is easy to perform as it occurs under ambient conditions, produces 
fewer toxic byproducts, utilizes abundant and renewable metal precursors, and is 
easily scalable [6]. It has been shown that bacteria are good generators of metallic 
NPs, either by extracellular or intracellular synthesis [9]. It has been reported that 
microorganisms such as Pseudomonas aeruginosa [10], Bacillus subtilis [11], Ba-
cillus cereus [12] and E. coli have [10] a good capacity to produce iron NPs. 

Although metal NPs, in particular iron and iron oxide NPs, hold tremendous 
potential benefits, there is a significant lack of knowledge concerning their health 
effects in short- and long-term exposure scenarios [13]. Due to their larger surface 
area, smaller size, and enhanced chemical reactivity, NPs exhibit potentially higher 
toxicity than larger particles of the same substance [14]. Dermal exposure is a po-
tential route of exposure to iron and iron oxide NPs because of their manufactur-
ing and innovative use in wound healing [15]. FeNPs possess promising uses in 
topical treatments [16], however studies assessing skin toxicity are scarce and 
mainly focused on assessing the biocompatibility of FeNPs obtained by chemical 
synthesis [17] [18]. Although biogenic NPs show differences in biocompatibility 
and cell toxicity compared to their chemical counterparts [19] [20], the Biocom-
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patibility of biogenic FeNPs has been studied to a lesser extent [21]. Moreover, to 
our knowledge, the skin biocompatibility of biogenic FeNPs derived from E. coli 
has not been evaluated. Keratinocytes are the major constituent of the epidermis, 
and the human HaCaT cell line is a valuable model to investigate the toxic effects 
of NPs on the skin [22] [23]. 

This work studied the biocompatibility of FeNPs derived from E. coli [10], on 
a human keratinocyte cell model. Possible alterations in cell viability, redox mod-
ulation including oxidative and nitrosative stress and antioxidant defenses, were 
analyzed in HaCaT cells. Taking into account the importance of keratinocytes in 
the wound-healing process, cell migration was also studied. Our results demon-
strate, for the first time, that E. coli biogenic FeNPs exhibit a good keratinocyte 
biocompatibility. 

2. Materials and Methods 
2.1. HaCaT Cell Culture 

The immortalized human keratinocyte cell line HaCaT was grown in RPMI 1640 
medium (Sigma Aldrich. St. Louis, MO, USA) supplemented with antibiotic anti-
mycotic solution 1X (Sigma Aldrich. St. Louis, MO, USA) and 10% fetal bovine 
serum (FBS) (NATOCOR. Córdoba, Argentina). 2 × 106 cells were cultured (37˚C 
in a 5% CO2) in a 100 mm Petri dish, until achieving an 80% - 90% confluence. 
For the following assays FeNPs were used at a concentration range of 26.8 to 214 
μg/mL. The concentration range was selected considering previous reports [24] 
[25] and studies performed in our laboratory [26]. Different conditions were as-
sayed as controls. cells were incubated with RPMI as the basal condition (control) 
or the metal precursor salt FeSO4. H2O2 was used as a positive control for cell via-
bility and ROS assays [27] (data not shown). Conditions were assayed as triplicates 
and the assays were repeated at least 3 times. 

2.2. Cell Viability 

The cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay, neutral red (NR) and crystal violet (CV) [28]. 
Cells (3 × 104 cells/100 μL) were plated in 96-well plates and then treated with 
FeNPs (range 214 - 26.8 μg/mL) for 4 and 24 h. Cells were also incubated with 
medium alone (control) or FeSO4. For the MTT assay, cells were incubated with 
MTT (0.5 mg/mL) (Sigma Aldrich. St. Louis, MO, USA) in sterile PBS 1X for 1 h 
at 37˚C. This solution was removed, and the precipitated dye was dissolved in 
dimethyl sulfoxide (DMSO) (BioPack. Buenos Aires, Argentina) with gentle shak-
ing for 30 min. On the other hand, for the NR test, cells were incubated with NR 
(50 µg/mL) (BioPack. Buenos Aires, Argentina) in RPMI 1640 medium without 
phenol red (Sigma Aldrich. St. Louis, MO, USA) for 1 h at 37˚C. This solution was 
removed and the fixative solution (formaldehyde 1%, calcium carbonate 1%) was 
added after 2 min and washed once with saline solution (NaCl 0.9%). Finally, the 
developer solution (ethanol 50%, glacial acetic acid 1%) was added. Lastly, for CV 
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assay, cells were incubated with CV solution (0.1%, methanol 20%) (BioPack. Bue-
nos Aires, Argentina) for 15 min in a wet chamber. The solution was removed, 
and the microplate was washed once with distilled water. Finally, acetic acid 30% 
was added. For MTT, CV, and NR absorbance was recorded at 550 nm (THER-
MOMAX microplate reader), and the results were expressed as a percentage of 
control cells maintained with the medium alone. 

2.3. Wound Healing Assay 

The migratory capacity of HaCaT keratinocytes was evaluated by the wound heal-
ing assay according to Grada et al. [29]. Briefly, cells were cultured in 96-well 
plates until 80% - 90% confluence. Then, the cell monolayer was scratched with a 
small pipette tip (10 µL) to make the wound. Wounds were gently washed with 
sterile 1X PBS and treated with the previously mentioned conditions. Treatments 
were prepared in culture medium supplemented with 1% FBS, to minimize cell 
proliferation. At least 2 wounds were made per treatment and data were obtained 
from at least three biological replicates. The images were captured after 0, 4 and 
24 h treatment. The wound area was measured using the ImageJ program  
(https://imagej.nih.gov/ij/). Results are expressed as the percentage reduction of 
wound closure area. 

2.4. Reactive Species Analysis 

After cellular treatments superoxide anion radical (O2
•−) production was evalu-

ated with the nitroblue tetrazolium (NBT) assay [26]. After removing the super-
natants, NBT-phorbol 12-myristate 13-acetate (PMA) solution (0.01% - 0.125 
μM) (Sigma Aldrich. St. Louis, MO, USA) was added. The plate was incubated at 
37˚C for 45 min. Then the solution KOH (2 N) and DMSO was used to solubilize 
the formazan crystals. Plate absorbance was measured at 630 nm (THERMOMAX 
microplate reader). The results were expressed as percentages of O2

•− production 
concerning control cells maintained in the control condition. 

Reactive nitrogen species (RNS) production was determined with the Griess rea-
gent (Sigma Aldrich. St. Louis, MO, USA). After treatments culture supernatant 
(100 µL) was obtained and mixed with the Griess reagent [26]. After 30 min. incu-
bation plate absorbance was measured at 540 nm (THERMOMAX microplate 
reader). Nitrite concentration was calculated using a sodium nitrite standard curve. 

Intracellular ROS were determined with dichloro-dihydro-fluorescein diacetate 
(DCFH2-DA), as described previously [26]. After treatments, HaCaT cells were 
incubated with DCFH2-DA (25 μM) (Sigma Aldrich. St. Louis, MO, USA) in the 
dark for 30 min. at 37˚C. Then, fluorescence was measured (Hitachi H700) and 
ROS were expressed as relative fluorescence units (RFU). 

2.5. Antioxidant Enzyme Activities and GSH Content 

Superoxide dismutase (SOD) activity was determined in cultured cells, as described 
previously [26]. After treatments, cells were incubated with the reaction mixture 
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containing NBT 75 μM (Sigma Aldrich. St. Louis, MO, USA) in DMSO-PBS 1X, 
methionine 13 mM (Sigma Aldrich. St. Louis, MO, USA), ethylenediaminetet-
raacetic acid (EDTA) 100 nM (Sigma Aldrich. St. Louis, MO, USA), and riboflavin 
2 μM (Sigma Aldrich. St. Louis, MO, USA) in PBS 1X; for 15 min at 20 W fluo-
rescent light exposure. The absorbance was determined at 560 nm (THERMO-
MAX microplate reader). A unit of SOD was defined as the quantity of enzyme 
required to produce a 50% inhibition of NBT reduction. 

Catalase (CAT) activity was determined by monitoring the continuous decrease 
of hydrogen peroxide (H2O2) [26]. Cell homogenates were obtained and incubated 
with sodium-potassium phosphate buffer (50 mM, pH 7.0) and H2O2 (81.5 mM). 
The absorbance was immediately recorded at 240 nm at 37˚C for 60 seg (SHI-
MADZU UV 1603 spectrophotometer). A unit of CAT was defined as the quantity 
of enzyme required to consume 1 μmol of H2O2 per minute. The extinction coef-
ficient used was ε = 40 M−1 × cm−1. 

Glutathione S-transferase (GST) activity was determined as described previously 
[26]. cell homogenates were obtained and incubated with sodium phosphate buffer 
(0.1 M, pH 6.5) with 1-chloro-2,4-dinitrobenzene (CDNB, 50 mM) (Sigma Aldrich. 
St. Louis, MO, USA) and GSH (50 mM) (Sigma Aldrich. St. Louis, MO, USA). The 
absorbance was recorded at 340 nm (SHIMADZU UV 1603 spectrophotometer). 
A unit of GST was defined as the quantity of enzyme required to produce CDNB 
conjugate (nmol/min). The extinction coefficient used was ε = 9.6 mM−1 × cm−1. 

Glutathione (GSH) content was determined by Ellman’s colorimetric assay. 
Cell homogenates were obtained and incubated with trichloroacetic acid (10%), 
then centrifuged at 10,000 × g, 4˚C for 10 min. The sample was mixed with Ellman’s 
reagent containing 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) 1.5 mM (Sigma Al-
drich. St. Louis, MO, USA) in potassium phosphate buffer 0.25 M, and measured 
at 412 nm (SHIMADZU UV 1603 spectrophotometer). For GSH quantification 
calibration curves were carried out with GSH (0 - 16 nmol). 

Protein content was quantified by the Bradford method using bovine serum 
albumin (BSA) as standard. 

2.6. Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism 8 program (GraphPad 
Software, CA, USA), one-way analysis of variance (ANOVA), and Dunnet tests 
were applied for post-hoc analysis. All values are expressed as mean ± SEM. A 
value of p < 0.05 was considered to be statistically significant. 

3. Results 
3.1. Effect of FeNPs in Keratinocytes Cell Viability 

Possible interactions between FeNPs and HaCaT keratinocytes were analyzed, and 
cell viability was determined by different assays. The MTT reduction assay in-
volves the conversion of the water-soluble yellow dye to an insoluble purple form-
azan by the action of mitochondrial reductase [30]. The CV assay binds to proteins 
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and DNA, thus detecting the adherent cell [31]. The NR assay (NR) is based on 
the ability of viable cells to incorporate and bind the supravital dye NR [32]. 

Figure 1(a) and Figure 1(b) shows the MTT results after 4 and 24 h treatments. 
FeNPs significantly reduced cell viability compared to the control condition 
(complete medium). After 4 h culture 86.39% and 78.81% of viable cells were 
determined at 107 and 214 µg/mL, respectively. After 24 h culture of 214 µg/mL, 
significantly induced cell death. Similarly, cell adherence was altered by the highest 
FeNPs concentrations assayed after 24 h incubation (Figure 1(c) and Figure 1(d)).  

 

 
Figure 1. Viability of HaCaT keratinocytes after FeNPs treatment for 4 and 24 h. (a) (b) Cell viability was determined by MTT, (c) 
(d) crystal violet (CV), and (e) (f) neutral red (NR) assays. Cell viability is expressed as percentages (mean ± SEM). *p < 0.05, **p < 
0.01, statistical difference compared to control cells. 
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The NR assay indicated non-significant changes in all the conditions assayed (Fig-
ure 1(e) and Figure 1(f)). 

3.2. Effect of FeNPs in Keratinocytes Cell Morphology and Migration 

As observed in Figure 2, all the conditions assayed did not affect the cell morphology. 
The scratch-wound assay was carried out to determine the FeNPs effect on the  
 

 
Figure 2. Wound healing assay of HaCaT cells treated with FeNPs. (a) Percentage of wound 
healing at 4 h, mean ± SEM; (b) Percentage of wound healing at 24 h, mean ± SEM. *p < 
0.05, **p < 0.01, statistical differences compared to control cells. Bar graphs show the mean 
± SEM of three independent biological replicates; (c) Representative Images of the wound 
healing process after 4 and 24 h exposure to FeNPs. 

https://doi.org/10.4236/jbnb.2025.161001


E. D. Lopez Venditti et al. 
 

 

DOI: 10.4236/jbnb.2025.161001 8 Journal of Biomaterials and Nanobiotechnology 
 

migration of HaCaT cells into cell-free scratch-wounded areas after 4 and 24 h 
treatments. The percentage of wound closure after 4 h, showed non-significant 
changes among treatments. However, after 24 h incubation, the higher FeNPs 
concentrations (107 and 214 µg/mL) significantly altered cell migration and di-
minished the wound closure. 

3.3. Effect of FeNPs on ROS and RNS Levels 

The incubation with 214 µg/mL FeNPs induced a significant increase in O2
•− pro-

duction after 4 h (130.4%) and 24 h (118%) with respect to control cells (Figure 
3(a) and Figure 3(b)). A higher range of ROS was also determined with the 
DCFH2-DA reagent. FeNPs 214 µg/mL treatment, for 4 h and 24 h, significantly 
increased 2.3 times the ROS production in comparison to the control condition 
(Figure 3(c) and Figure 3(d)). No significant changes in RNS levels were observed 
in HaCaT cells after exposure for 4 and 24 h, for all treatments (data not shown). 

 

 

Figure 3. Reactive oxygen species (ROS) production after 4 and 24 h exposure to FeNPs. (a) (b) Levels of superoxide anion after 4 
and 24 h exposure to FeNPs. NBT reduction is expressed as percentages (mean ± SEM). (c) (d) Levels of intracellular ROS by 
DCFH2-DA after 4 and 24 h exposure to FeNPs. Relative fluorescence units (RFU) are expressed as the mean ± SEM. *p < 0.05, **p 
< 0.01, statistical differences compared to control. 

3.4. Effect of FeNPs in Keratinocytes Antioxidant Cellular Defenses 

Possible alterations in redox homeostasis were evaluated by the determination of 
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enzymes important for antioxidant cellular defenses such as SOD, CAT, and GST. 
The cellular content of the GSH was also determined. 

FeNPs at 53.5, 107, and 214 µg/mL significantly modify SOD activity after 4 h 
exposure. In contrast, after 24 h treatments showed non-significant changes in 
SOD activity (Figure 4(a) and Figure 4(b)). CAT and GST activity and GSH levels 
showed non-significant changes among treatments after 4 and 24 h incubations 
(Figures 4(c)-(h)). 

4. Discussion 

Microorganisms can produce inorganic materials at the nanoscale, either intra- 
or extracellularly. These organisms can reduce and accumulate metal ions when 
exposed to metal ion solutions, as detoxification and homeostasis mechanisms 
[33]. Microorganisms as Ralstonia pickettii sp. [34], Pseudomonas aeruginosa 
[10], Bacillus subtilis [35] and Bacillus cereus [12] were used for either for intra-
cellular or extracellular synthesis of FeNPs. E. coli is a bacterium able to produce 
different nanomaterials such as quantum dots and NPs [36]-[38]. Previously, Cre-
spo et al. [10] optimized the environmentally friendly process of biosynthesis of 
iron NPs intra- and extracellular employing prokaryotic microorganisms that 
showed anticoagulant activity by the activation of the extrinsic pathway [10]. The 
results presented here demonstrated the reproducibility of FeNPs green synthesis 
using E. coli. Similar to Crespo et al., the FeNPs obtained here had a size of 20.7 ± 
6.1 nm, a negative Z potential of −10.9 mV, and a spherical shape [10]. On the 
other hand, characterization by FT-IR spectroscopy showed the presence of ab-
sorption bands characteristic of proteins, amides and polysaccharides. These were 
later related to the presence of proteins observed in the silver-stained gel, indicat-
ing that FeNPs may be stabilized by amino acid and protein coating. The presence 
of iron was also confirmed by the plasmon appearance and the Fe-O signal in the 
FT-IR analysis. It has been postulated that one of the main challenges when using 
biogenic precursors is to achieve the reproducibility of the synthesis method [39], 
which is essential to reproduce the specific characteristics and properties of the 
synthesized nanoparticles. Also, the scaling capabilities of the NPs bioprocess 
strongly depend on the biosynthesis reproducibility. 

Different types of FeNPs can be synthesized using the physical, chemical, and 
biological methods [40], resulting in FeNPs with different characteristics and 
properties. Thus, metal salt precursor as well as the synthesis mode are crucial to 
define the FeNPs properties and biocompatibility. Studies have demonstrated 
better biocompatibility of biogenic green FeNPs compared to chemical FeNPs 
[19] [20]. Most of the published reports have evaluated the biocompatibility of 
iron oxide NPs in different cell types, including macrophages [41], endothelial 
[42], and fibroblasts [43]. Although potential uses of FeNPs include topical dermal 
applications [44]-[46], and transdermal drug delivery carriers [47], investigations 
of possible toxic effects on keratinocytes and epidermal cells are limited. Moreo-
ver, it has been postulated that one of the primary pathways for the entry of NPs  
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Figure 4. Antioxidant defenses of HaCaT cells treated with FeNPs for 4 and 24 h. (a) (b) Superoxide dismutase activity is expressed as 
units of SOD (USOD, mean ± SEM). (c) (d) Catalase activity is expressed as µmol of consumed H2O2 per min per mg of protein (mean 
± SEM). (e) (f) Glutathione-S-transferase activity is expressed as nmol of conjugated CDNB per min per mg of protein (mean ± SEM). 
(g) (h) Glutathione content is expressed as nmol of GSH per mg of protein (mean ± SEM). *p < 0.05, **p < 0.01, ****p < 0.0001. 
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into the body involves absorption through the skin, comprehensive investigation 
into the cutaneous toxicity of NPs remains scarce [48]. Toxicity studies have been 
focused on investigating the toxic effect of FeNPs from either chemical or plant 
biological synthesis [21], neglecting the toxicity research of biogenic microbial 
FeNPs. 

In this work, microbial biosynthesized FeNPs did not alter the HaCaT cell mor-
phology, although cells developed minor cytotoxicity at the highest concentration 
assayed. Thus, an important percentage of cells remained viable after 4 h and 24 
h incubation, a 78.81% and an 80.72%, respectively. Similarly, FeNPs obtained 
from biological synthesis using Artemisia absinthium L. [21] demonstrated a low 
toxicity, as the HaCaT viable population did not decrease beyond 80%. Moreover, 
FeNPs from solution combustion synthesis [47], did not alter cell viability after 24 
h exposure to 25 µg/mL concentration. Amin et al. (2014) have investigated the 
keratinocyte toxicity of photochemically obtained Fe3O4 NPs and reported no cy-
totoxicity within the tested concentrations (up to 500 µg/mL) [49]. In our work, 
the low cytotoxicity observed with the MTT method was confirmed with two ad-
ditional methods. CV showed a minor decrease in cell viability with the highest 
concentration assayed after 24 h exposure, whereas NR uptake showed non-sig-
nificant changes. Differences were observed between the MTT, CV, and NR as-
says, likely due to their distinct mechanisms: the MTT assay measures mitochon-
drial succinate dehydrogenase activity, the CV assay detects adherent cells [31], 
and the NR assay assesses the ability of cells to maintain pH gradients through 
ATP production [32]. Thus, FeNPs interact with HaCaT cells at high concentra-
tions, mainly altering mitochondria activity at the highest concentration. Never-
theless, one of the drawbacks of using cell lines to assay toxicity is the inability to 
fully reproduce the complexity of the skin and the cellular heterogeneity under 
basal or inflammatory conditions. This highlights the need for further studies on 
the interactions of FeNPs with other cells relevant to skin integrity, such as fibro-
blasts, as well as in in vivo models under acute and chronic exposure scenarios. 

The condition that decreased cell viability also altered cell migration as well as 
increased ROS. Although antioxidant defenses were induced at short incubation 
times, the increase in SOD activity was not sufficient to mitigate oxidative stress 
at the highest concentration tested. The excess of ROS observed at the highest 
concentrations of FeNPs reveals the insufficiency of the endogenous antioxidant 
system to counteract ROS. It has been postulated that ROS could trigger the oxi-
dation of the main macromolecules such as lipids, proteins and DNA, generating 
cellular alterations with the consequent decrease in cell viability [26]. Different 
mechanisms are proposed for the cytotoxic effect of FeNPs in diverse cell types, 
such as release of iron ions, the ROS production and genotoxicity [50] [51]. These 
effects can be explained by the large amount of Fe2+/Fe3+ ions exposed on the large 
surface of iron oxide nanoparticles [51]. It has been reported that upon entering 
the cell, NPs could release ferric ions which generate H2O2 radicals, hydroxyl rad-
icals, and ferrous ions by the Fenton reaction [52]. Excess of iron ions will cause 

https://doi.org/10.4236/jbnb.2025.161001


E. D. Lopez Venditti et al. 
 

 

DOI: 10.4236/jbnb.2025.161001 12 Journal of Biomaterials and Nanobiotechnology 
 

overproduction of ROS, which can damage cellular compartments and oxidize li-
pids, proteins, and DNA. It has been shown that the cytotoxicity generated by 
FeNPs in human fibroblasts would be related to DNA oxidation [51]. Further-
more, it has been reported that prolonged exposure to iron oxide NPs could in-
duce the loss of cellular GSH from various proteins [53]. However, the FeNPs re-
ported here did not generate changes in glutathione content in HaCaT keratino-
cytes. Further studies evaluating the possible oxidation of protein, lipids and DNA 
in keratinocytes will be necessary to elucidate the mechanism of toxicity mani-
fested by biogenic FeNPs at high concentration. 

5. Conclusion 

FeNPs “green synthesis” has found wide applications in different fields of biomed-
icine. Here we have shown that FeNPs “green synthesis” by E. coli is a reproduci-
ble bioprocess in which the biogenic FeNPs display low toxicity and could be ex-
plored as promising candidates to be used as conjugates for drug delivery systems. 
Moreover, the topical dermal use and the skin absorption pathway represent a 
promising FeNPs treatment targets and administration route. 
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Supplementary Material 

1. Materials and Methods for Iron NPs Biosynthesis and  
Characterization 

Iron NPs were biosynthesized as previously reported [1]. Briefly, 50 mL of 1 mM 
FeSO4 (Cicarelli. Santa Fe, Argentina) solution was added to 50 mL Escherichia 
coli ATCC 25922 culture (1 × 109 colony-forming units -CFU/mL) in Luria Ber-
tani (LB) medium (MP BIOMEDICALS, Irvine, CA, USA). After 48 h of constant 
stirring at 37˚C, the mixture was sonicated at 469W, 47 KHz, for 30 min, and the 
supernatant was obtained after being centrifuged (3500 rpm) 3 times for 15 min. 
Finally, supernatant was filtered twice with 0.45 µm and 0.22 µm filters. FeNPs 
were obtained after centrifuging the supernatant at 20,000 ×g for 20 min. FeNPs 
were resuspended in milliQ water and then lyophilized (BioBase Lyophilizer 
Model BK-FD10 Series) at −60˚C/−70˚C and 10 kPa, to determine their concen-
tration. 

The NPs bioproduction was regularly checked by the color change of the reac-
tion mixture and by UV-vis spectroscopy. Zeta potential of FeNPs was measured 
with Zetasizer Nano ZS (Malvern Panalytical). Dynamic light scattering (DLS) 
(Zetasizer Nano ZS, Malvern Panalytical) and transmission electron microscopy 
(TEM) (JEM-JEOL 1120 EXII), were performed to determine FeNPs size and 
shape, respectively. 

Fourier-transform infrared spectroscopy (FT-IR) was performed with a spec-
trometer equipped with a deuterated L-alanine-doped triglycine sulfate detector 
(DLATGS) in the range from 4000 to 400 cm−1 (Shimadzu IRTracer-100). FeNPs 
samples were prepared in a potassium bromide tablet, containing 300 mg of po-
tassium bromide and 3 mg of FeNPs, and compressed for the tablet formation 
with a hydraulic press. In addition, to determine the presence of proteins in the 
FeNPs, SDS-PAGE (12% gel) electrophoresis was performed (Mini-PROTEAN® 
Tetra Cell 4-gel handcasting system, BioRad). The gels were stained with a silver 
nitrate solution to reveal the protein bands. FeNPs have a long-term stability of 
24 months. 

2. Results 
2.1. FeNPs Biosynthesis and Characterization 

The synthesis of FeNPs, after 48 h E. coli culture, was determined spectrophoto-
metrically with the presence of a 294 nm peak, which corresponded to the FeNPs 
surface plasmon resonance (Supplementary Figure S1(a)). In addition, a visual 
change in color from yellow (control SN) to orange in the culture supernatant 
incubated with Fe2+ ions, was observed (Supplementary Figure S1(a)). The mor-
phology and structure of the FeNPs were investigated by TEM (Supplementary 
Figure S1(b)). The TEM image indicated that FeNPs are spherical with an average 
diameter of 20.7 ± 6.1 nm. The hydrodynamic diameter (Hd) of FeNPs was de-
termined by DLS. NPs have a Hd of 201.7 ± 26.6 nm and a polydispersity index  
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Figure S1. FeNPs biosynthesis and characterization. (a) UV–vis spectra of biosynthesized FeNPs 
by E. coli culture. The curve was recorded after 48 h incubation. Figure insert shows the culture 
supernatant color change from yellow to orange indicative of FeNPs presence. (b) Representa-
tive TEM image 100,000 × of the biosynthesized FeNPs. (c) Zeta potential of the biosynthesized 
FeNPs. (d) FT-IR spectrum of FeNPs biosynthesized by E. coli. (e) SDS-PAGE silver staining, 
line 1: supernatant; line 2: FeNPs sample. The arrows show protein bands. 
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of 0.46 ± 0.12. The dispersion stability of FeNPs was measured through the abso-
lute value of zeta potential. The Z potential of FeNPs was −10.9 mV (Supplemen-
tary Figure S1(c)), suggesting that the FeNPs are dispersed and stabilized in the 
medium. EDX analysis performed by Crespo et al., (2016), confirmed the presence 
of elemental iron and oxygen signals, suggesting that the FeNPs presented an ox-
ide layer [1]. 

2.2. FT-IR Characterization and Protein Coating of FeNPs 

The chemical composition of the FeNPs was characterized by FT-IR spectroscopy 
at room temperature (Figure S1(d)). Supplementary Table S1 contains the peaks 
of spectra with the chemical bonds of the biosynthetic FeNPs. The peaks detected 
at 3400 and 3064 cm−1 were attributed to the O-H and N-H stretching vibrations 
present in polysaccharides and proteins. The peak at 2964 cm−1 indicates the 
symmetric and asymmetric stretching of CH2 and CH3 bonds. The peaks observed 
at 2362 and 2123 cm−1 correspond to the stretching of C=O and the C≡C and 
C≡N triple bonds. At 1584 cm−1, the vibrations of the amine group (N-H), the 
carbonyl group (C=O) and the cyano group (C-N) were detected. The C=O bond 
stretching was also detected at 1519 cm−1. The main peak at 1457 cm−1 could 
correspond to a CH2 bond stretching or a CH3 deformation associated with lipid 
proteins. The peaks detected at 1124 and 1085 cm−1 were mainly attributed to the 
vibrations of the C-O-C and P=O bonds associated with polysaccharides and 
nucleic acids and phospholipids, respectively. Finally, the peaks corresponding to 
670, 622 and 537 cm−1 were attributed to the vibration of the Fe-O bond, which  

 
Table S1. FT-IR analysis of FeNPs. 

Peak (cm−1) Assignment (Functional Groups) References 

3400 νas (N-H); ν (O-H) [2]-[4] 

3064 νs (N-H); ν (O-H) [2] [5] 

2964 νas (CHx); νs (CHx) [3] [6] 

2362 ν (C=O), ν (C≡C), ν (C≡N) [3] 

2123 ν (C≡C), ν (C≡N) [2] [3] 

1584 δ (N–H); ν (C-N); ν (C=O) [4]-[6] 

1519 ν (C=O) [5] [7] 

1457 ν (CH2); δas (CH3) [5] [6] [8] 

1405 ν (C=C) [4] [6] 

1124 νas (C–O–C); νas (P=O), ν (C-C) [3] [5] [6] [8] 

1084 νs (C-O-C); νs (P=O); ν (C–O) [3] [4] [6] [8] 

670 ν (Fe-O) [9] 

622 ν (Fe-O) [5] [9] 

537 ν (Fe-O) [3] [5] [9] 
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confirms the production of FeNPs. In addition, the bands present in the silver-
stained gel (Supplementary Figure S1(e)) confirm the presence of proteins that 
are found in FeNPs but not in the E. coli supernatant. 
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