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FeOOH nanoparticles have recently appealed to wide-ranging applications due to their physicochemical properties and size-
tunable synthesis; however, a few studies were performed on the antimicrobial potentials of iron oxyhydroxide nanoparticles.
In this regard, we aimed to design various synthesis experiments to optimize the fabrication of β-FeOOH nanorods (NRs) with
a desirable size of NRs and high antimicrobial potential. For this purpose, ten experiments were designed by manipulating
reaction conditions of the standard hydrolysis method, including the initial concentration of ferric ions, reaction time, reaction
temperature, and different concentrations of surfactants of PEI and PEG as process control agents. The structural
characteristics of prepared NRs were analyzed using FE-SEM, FTIR, and XRD. The ImageJ software was also used to measure
the length, width, and aspect ratio of NRs. Five microbial species, including the Gram-positive and Gram-negative bacteria and
fungi species, were applied to investigate the antimicrobial potentials of NRs. The initial concentration of ferric ions revealed a
dominant effect in NRs’ morphology, though other reaction conditions also played essential roles. The crystal structure of NRs
was preserved in all synthesis experiments (β-phase) due to using the same iron salt precursors. The synthesized NRs exhibited
dose-dependent antimicrobial activities against all tested microbial species. Additionally, the presence of surfactants exhibited
an excellent capability of controlling effects on the size and growth pattern of NR crystals and improving their antimicrobial
potentials; PEI could also be more effective on the antimicrobial efficacy of final NRs. Besides, our findings exhibited an
inverse correlation between aspect ratio and antimicrobial potentials of β-FeOOH NRs. To sum up, it seems that optimization
of synthesis conditions could provide tunable size and structure patterns of β-FeOOH NRs to achieve a promising tool for
biomedical applications, particularly in combat with resistant microbial species, though further studies are needed in this regard.

1. Introduction

Antimicrobial resistance, described as a defense mechanism
of bacteria or fungi to protect against antimicrobial agents, is
one of the ten leading global health issues recommended to
track in 2021, based on recent reports by the World Health
Organization [1]. It can be associated with over and misuse
of conventional antibiotics, the inefficiency of current anti-
microbial agents due to low stability and solubility, and pos-
sible side effects. Accordingly, new innovative strategies are
in high demand to overcome these ever-increasing concerns

[2]. For this purpose, novel nanoscale systems for targeted
antibiotic drug delivery and some potent antimicrobial
nanoparticles (NPs) emerged with great antimicrobial effica-
cies against various resistant microorganisms [3]. Various
nanomaterials have been studied in this regard, like metal
NPs, transition metal dichalcogenide nanostructures, and
carbon-based nanomaterials, in diverse forms, from single-
phase particles to hybrid structures and nanosheets [4–7].

Iron nanoparticles (INPs) are one important and widely
used metal NPs due to their unique physicochemical proper-
ties, high biocompatibility, low toxicity, and simple synthesis
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pathways [8–10]. INPs have received much attention in the
last two decades for wide biomedical applications as imaging
and therapeutic agents such as magnetic resonance imaging
(MRI) and magnetic hyperthermia, gene and drug delivery,
biosensor and immunoassay, antimicrobial functions, tissue
engineering, cancer therapy, and theranostic approaches
[11–14]. Iron oxyhydroxide (FeOOH), as one type of INP,
recently appealed to different applications, including water
treatment and degradation of organic pollutants due to their
potential to generate reactive oxygen species, photocatalyst,
solar cell, and ion batteries [15, 16]. According to crystalline
structures, it can be found in various nanoscale polymorphs
containing goethite (α-FeOOH), akaganeite (β-FeOOH),
lepidocrocite (γ-FeOOH), and feroxyhyte (δ-FeOOH) [17].
In recent years, there has been growing interest in optimiz-
ing the synthesis of FeOOH NPs, especially in β-phase, to
apply in wide applications. The standard synthetic nano-
structure of β-FeOOH is nanorods (NRs) which can be
achieved by hydrolysis of ferric ions in an aquatic environ-
ment and chloride ions [17].

One of the promising applications of β-FeOOH NRs is
the capability of converting to magnetic iron oxide NRs.
The fabrication of elongated iron oxide NPs directly from
iron salts takes complicated procedures due to their prefer-
ential cubic orientation in the crystal growth process [18].
This conversion can be implemented by using a reducing
agent or calcinating FeOOH NRs in high temperatures
above 400°C [19]. Besides, the composites of FeOOH NRs
revealed high efficiency in potassium and lithium-ion batte-
ries due to their excellent electrochemical performances,
high capacity, and decent cycling stability [20]. Nanoellip-
soids of FeOOH were also suggested as food-grade NPs with
a good source of ferrous ions in food fortification and sup-
plements [21]. In addition, there is a vast amount of litera-
ture on the antimicrobial benefits of FeOOH NPs
individually or in a composite of nanostructures incorpo-
rated with other elements. Nanocomposites of FeOOH/
AlOOH containing iron oxyhydroxide and aluminum oxy-
hydroxide NPs presented synergistic antimicrobial effects
against Gram-positive and Gram-negative bacterial strains
without any significant cytotoxicity [22]. Moreover, iron-
based nanopillar arrays consisting of Fe2O3 and FeOOH
NPs exhibited good antimicrobial effects against tested bac-
teria and fungi strains, which suggested ideal surface disin-
fection and their ability to grow in various substrates [23].
β-FeOOH NRs have also exhibited high inhibitory effects
on biofilm formation, the leading cause of bacterial antibi-
otic resistance [24].

Despite this interest, no one, as far as we know, has opti-
mized the synthesis of β-FeOOH NRs for antimicrobial
applications by considering the influential roles of particle
size and concentration of NPs along with preserved mor-
phology. Previous evidence indicated that the initial concen-
tration of iron ions and reaction conditions such as reaction
times could significantly effect on characteristics of NRs,
particularly the length of rods which, unlike NRs’ width, is
much tuneable as a result of these changes [25]. Accordingly,
we aimed to design different experiments to synthesize β-
FeOOH NRs by manipulating reaction conditions of com-

mon hydrolysis approaches with different concentrations
of iron salt precursors to obtain a potent antimicrobial agent.
The antimicrobial evaluation of synthesized NPs was
assessed against five microbial species, including the Gram-
positive and Gram-negative bacteria and fungi species. In
addition, earlier studies highlighted that the presence of
additional compounds as surfactants, including polymers
such as polyethyleneimine, carbohydrates, salts, acids, and
also algal culture supernatant, could improve the fabrication
of FeOOH NRs by controlling size, the growth pattern of
crystals, and stability [18]. Therefore, we also carried out
the synthesis of FeOOH NRs in the presence of two widely
used chemical polymers, polyethyleneimine (PEI) and poly-
ethylene glycol (PEG), in deferent concentrations to evaluate
their effects on synthesis process and antimicrobial activities
of final NRs.

2. Materials and Methods

2.1. Synthesis. FeOOH NRs were generally synthesized by
the hydrolysis of ferric ions in aqueous environments, as
shown in

Fe IIIð Þ + 2H2O⟶ FeO OHð Þ + 3H+ ð1Þ

A total of ten experiments were designed based on previ-
ous studies to optimize the synthesis of β-FeOOH NRs with
the highest antimicrobial properties. Parameters considered
in designed experiments are as follows, which exhibited sig-
nificant roles in morphology and size of final NRs: initial
concentration of ferric ions; different concentrations of sur-
factant, PEI, and PEG; and reactions time and temperature.
The second compounds containing PEI and PEG were
employed in the one-pot method to control the variables of
the synthesis process. Firstly, a 40mL homogeneous ferric
chloride solution was prepared with certain concentrations
of ferric chloride hexahydrate (FeCl3.6H2O) and deionized
water. The surfactant compounds were employed to control
the size of final NPs. So, PEG with final concentrations of 1,
3, and 6% w/v and PEI with concentrations of 0.25, 0.5, and
1.25% w/v were added. Then, the mixture was heated to 80-
120°C for 2-12 h under sealed conditions (Table 1). Brown-
ish suspension of synthesized NPs was centrifuged
(10000 rpm, 30min) and rinsed three times with deionized
water, and finally, obtained precipitates were dried at 60°C
for 24 h and stored at 4°C. During the synthesis process,
the color change was observed from light orange to deep
brown, confirming the fabrication of β-FeOOH NRs [26].

2.2. Characterizations. FeOOH NRs synthesized with and
without surfactants were characterized by field emission
scanning electron microscopy (FE-SEM, Mira3, XMU, Ger-
many) and energy-dispersive X-ray spectroscopy detector
and mapping (EDX, Mira III, TESCAN) to determine mor-
phology, size distribution, and qualitative analysis; X-ray dif-
fraction (XRD, Siemens D5000, Karlsruhe, Germany) to
analyze crystal structures and crystallite size; zeta potential
analysis using Zetasizer (Nano ZS-90, Malvern Instruments,
UK) to assay surface charge of final NRs; and Fourier
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transform infrared spectroscopy (FTIR Spectroscope, Vertex
70, Bruker, Germany) to identify chemical bonds in mole-
cules and assess their chemical properties. The FTIR spec-
trum of NPs was recorded in the range of 400-4000 cm-1 at
room temperature using the standard KBr pellet method.
The Fe content of each sample was measured by Inductively
Coupled Plasma Optical Emission (ICP-OES) spectroscopy
(ICP-OES Spectrometer, Perkin Elmer Optima 7300 DV,
USA) before treating microorganisms. The ImageJ software,
open-source image analysis software, was also used for the
measurement of length, width, and aspect ratio of NRs.

2.3. Antimicrobial Assay. The antimicrobial potential of as-
prepared β-FeOOH NRs was assessed by microdilution
methods, based on the clinical and laboratory standard insti-
tute (CLSI, 2019), against Gram-positive and Gram-negative
bacterial species and a common fungal pathogen of humans.
For this purpose, Staphylococcus aureus (S. aureus) PTCC
1112, Enterococcus faecalis (E. faecalis) PTCC 1778, Escheri-
chia coli (E. coli) PTCC 1399, Salmonella typhi (S. typhi) PTCC
1609, and fungal species of Candida albicans (C. albicans)
PTCC 5027 were purchased from Persian type culture collec-
tion center. Bacterial species were cultured in BHI media at
37°C with 200 rpm agitation, and C. albicans was cultured in
an RPMI culture medium. The microdilution method was
applied to achieve the minimum inhibitory concentration
MIC of NRs and quantitatively report their antimicrobial
potentials against microbial strains. The MIC value was con-
sidered the lowest concentration of NRs able to inhibit 90%
of microbial growth after overnight incubation.

10μL of prepared bacterial suspension containing about
5 × 106 CFU/mL inoculated to the wells of a 96-well micro-
plate containing 90μL medium with the concentration of
500, 250, 125, 62.5, 31.25, 16.12, 8, and 4μg/mL of each syn-
thesized NRs. After 24 hours of incubation of microplates at
37°C, the optical density of all wells was measured by a
microplate reader (PowerWave XS2, BioTek Instruments
Inc., US) at 600nm. Control groups were defined as wells
containing medium with the same microbial inoculation
without any NRs and blank groups containing medium
without microbial inoculation or NRs.

3. Results and Discussion

Nanostructures of akaganeite are generally found in elon-
gated orientations such as rods or ellipsoids, which can be
formed in iron- and chloride-rich environments and heating
to at least 80°C. In contrast, this hydrothermal reaction pro-
longs at least six months at room temperature [27]. Through
the akaganeite synthesis process, as Fe salts dissolve in water,
Fe3+ ions will make a complex with water molecules and
from [Fe(H2O)6]

3+. Then, the synthesis process is continued
by hydrolysis reaction in two steps, release of protons from
water molecules and formed double octahedral units via Fe
−OH−Fe bonds, which can interact strongly or weakly with
various anions, and form various morphology and size of
FeOOH nanorods in the polymerization step [28]. Thus,
the type of anions of ferric salt plays a determinative role
in the final size and crystallization of the products. Yue
et al. described the synthesis of β-FeOOH NPs from differ-
ent iron salts in an experimental and theoretical study and
suggested FeCl3 for achieving β-FeOOH NRs [29]. Accord-
ing to their evidence, firstly, hydrothermal reaction arranges
FeO6 octahedral units to form FeOOH seeds, double octahe-
dral units, and finally lattices.

During the growth process, chloride ions are adsorbed
on the surface of FeOOH lattices due to high electronegati-
vity and direct the growth of NPs through elongated struc-
tures by strong interactions (Figure 1). This study
highlighted the significant effects of various anions of ferric
salts on the morphology and size of obtained FeOOH NPs.
FeCl3 salt leads to the formation of FeOOH NRs in the β
phase. However, other salts of iron provide different mor-
phology of FeOOH NPs. Fe(NO3)3 helps the synthesis of
spherical goethite NPs (α-FeOOH), and the Fe2(SO4)3 salt
leads to produce amorphous FeOOH NPs with irregular
morphology [29].

There is a considerable amount of optimization studies
on NP synthesis using almost the same synthesis protocols,
obtaining distinct characteristics and properties, including
size, morphology, crystallinity, and biological activities. It
has been performed just with some simple and facile changes
in reaction conditions or precursors without any remarkable

Table 1: Mean size of FeOOH nanorods, length, width, and aspect ratio based from FE-SEM results along with crystallite size of nanorods
measured by using XRD data.

Experiment
FeCl3.6H2O
(gr/mL)

Temperature
(°C)

Time
(hours)

Surfactant
concentration (%w/v)

Length
(nm)

Width
(nm)

Aspect ratio:
length/width

Crystallite size
(nm)

1 0.0027 80 10 — 125 34 3.676 23

2 0.0324 80 2 — 120 30 4 18

3 0.05 120 4 — 425 85 5 26

4 0.008 80 12 PEG-1% 216 74 2.919 24

5 0.008 80 10 PEG-3% 165 49 3.367 34

6 0.008 80 2 PEG-3% 129 36 3.58 23

7 0.008 80 10 PEG-6% 154 44 3.5 20

8 0.008 120 4 PEI–0.25% 124 88 1.409 28

9 0.15 120 4 PEI–0.5% 772 103 7.495 21

10 0.15 120 4 PEI–1.25% 661 90 7.34 26
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modifications in the protocol of synthesis. Sayed and Pol-
shettiwar reported the synthesis of iron oxide nanoparticles
in six different morphologies denoted as follows, based on
the same protocols with simply changing precursor iron
salts: distorted, nanocubes, porous spheres, and self-
oriented flower shapes [30]. Moreover, Moradpoor et al.
described nine different synthesis experiments of cobalt
oxide NPs to obtain an optimal antibacterial agent. In this
case, the same protocol was applied in experiments with
changes in the reaction conditions, such as stirring time
and concentrations of precursors containing cobalt salts
and reducing agents [31].

In this work, we aimed to optimize the fabrication of β-
FeOOH NRs to achieve the desired size along with the high
potent antimicrobial activity. Although FeOOH NPs can be
formed in rod-like morphologies without using addictive
compounds, however, appropriate surfactants can facilitate
the synthetic process and control the growth pattern of crys-
tals in uniform size and shape [32]. Accordingly, we applied
PEG and PEI polymers as process control agents to the one-
pot synthesis of β-FeOOH NRs and four Gram-positive and
Gram-negative bacterial strains, including S. aureus, E. fae-
calis, E. coli, and S. typhi, and one of the pathogenic fungal
species, C. albicans, to find the best antimicrobial potent
NR of as-prepared NPs.

3.1. Characterizations. Figure 2 displays the FE-SEM micro-
graph of synthesized NPs achieved from designed experi-
ments. All NPs exhibited elongated and rod-like morphology
with almost good monodispersity. The mean size and aspect
ratio of NRs were evaluated by size measurement of at least
100 NPs selected at random per condition by the ImageJ soft-
ware. Table 1 illustrates the measured length and width mean
sizes and aspect ratio per experiment individually.

As indicated in previous literature, the concentration of
ferric salts plays a defining role in the synthesis of β-FeOOH
NPs by controlling the growth of nanocrystals. Increasing

the concentration of ferric ions leads to an increase in the
length of NRs without significant width change and subse-
quently elevated aspect ratio since a higher concentration
of ferric salts provides more ferric precursor along with
more acidic pH, facilitating parameters in the hydrolysis
process and further growth of NRs [28, 33]. In this regard,
we also found that increasing the concentration of ferric ions
raises the length of NRs without a significant change in
aspect ratio (Table 1). Moreover, surfactants are considered
a decisive factor in NR synthesis by tuning the morphology
[34, 35]. As shown in the results, more concentration of
PEG leads to a decreased size of final NRs without significant
change in aspect ratio, 3.5 compared to 2.9 (Exp. 7 to Exp.
4). Kasparis et al. also confirmed the significant role of sur-
factants on the morphology of FeOOH nanorods. A high
concentration of PEI revealed significant decreases in NPs
with well-preserved crystal structure and aspect ratio [18].
However, unlike the expected effects of surfactants, the
increase of PEI concentrations in Exp. 9 and 10 made their
particle size larger than Exp. 8 and remarkably changed in
aspect ratio (7.34 compared to 1.41). This reveals the domi-
nant role of higher ferric ions concentration in synthesis
reaction that minimizes the surfactant effects, increasing
the length of NRs and, after that, increasing the aspect ratio.

Nevertheless, reductive effects of PEI on the mean size of
NPs can be observed in NPs obtained from Exp. 10 compared
to Exp. 9. All of the synthesis conditions were similar in the
two experiments except for the increased concentration of PEI
surfactant in Exp. 10, providing a smaller size of NPs with a
similar aspect ratio. Additionally, we found that although Exp.
7 was carried out in the presence of a higher concentration of
PEG compared to Exp. 6, however, size of NPs increased with-
out a change in aspect ratio. It can result from an increased time
reaction of up to 10 hours that could improve the growth of
crystals and provide a larger size of NRs. Notably, the aspect
ratio did not change significantly in this experiment, and the
size change was limited due to the tuning effects of surfactants.

FeCI3 salt Fe3+ ions
in aquatic environment

FeO6 octahedral
units

Cl3 Ions

Akaganeite

Polyeriza
tion

Double FeO6
octahedral unit

Figure 1: Schematic diagram illustrating the synthesis mechanism of β-FeOOH nanorod structures from ferric ions in the aquatic
environment.
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As proposed in previous studies, the evidence we found
highlights the influential role of surfactants like PEG and
PEI in controlling the particle size and improving the size

distribution of final β-FeOOH NRs during fabrication.
PEG molecules favor the fabrication of smaller sizes of β-
FeOOH NRs, as suggested by Wei et al. The possible

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 2: FE-SEM micrographs of the β-FeOOH nanorods synthesized by various synthesis experiments: (a–j) Exp. 1-10, respectively.
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mechanisms that PEG surfactant firmly coordinated with
ferric ions (Fe3+) through OH functional groups were pro-
posed to explain this effect, which prevents nuclei aggrega-
tion and subsequently achieves the smaller size of β-
FeOOH NRs. Furthermore, PEG surfactant avoids the
aggregation of final synthesized NRs and maintains the size
and morphology [34].

In addition, in earlier investigations, the role of PEI poly-
mer in improving the morphology of metal oxide NRs and
reducing their diameters and length has been argued in
detail. For this purpose, PEI as a cation surfactant was sug-
gested to limit the lateral growth of NRs remarkably by
adsorbing on the negatively charged lateral facets of NRs
during the synthesis process owing to electrostatic interac-
tion. Moreover, amino groups of this surfactant coordinated
with NRs, which led to obtaining NRs with smaller diame-
ters than synthesized NPs without surfactants [36]. Besides,
PEI was argued to be the controlling agent of length and
width of β-FeOOH NRs by Mohapatra et al. The adsorption
of PEI molecules on the lateral plan of NRs was suggested
for the mechanism of this action [37].

Reaction time is one of the other factors that can affect
the morphology of FeOOH NRs. Kasparis et al. reported that
the increasing reaction time from 30min to 4 hours made
larger NRs without effects on the aspect ratio [18]. In this
study, we also found that NRs achieved larger size with pre-
served aspect ratio by extending reaction times from 2 to
10 h in the presence of a consistent concentration of PEG
and ferric ions (Exp. 5 compared to Exp. 6), even though this
size change was limited due to presence of surfactant. In
addition, while the reaction time of Exp. 1 was more than
Exp. 3, obtained NPs did not show a larger size and even
revealed a smaller size and aspect ratio. These findings con-
firm the dominant effect of ferric ions concentration, as the
concentration of iron salts applied more in Exp. 3.

Our findings appeared well substantiated by previous
studies on effective parameters for synthesis reactions con-
taining ferric ion concentration, presence of surfactant, and
reaction time (Table 2). Findings suggest that ferric ion con-
centration is the dominant factor in the morphology of NRs.
Also, surfactants such as PEI and PEG can be good candi-
dates to tune the size and aspect ratio of β-FeOOH NRs effi-
ciently. The aspect ratio is independent of all factors except
ferric ion concentrations. Moreover, in the consistence of
other synthesis parameters, time reactions can cause the
overgrowth of NRs; therefore, it should also be considered
to tune NR morphology. Furthermore, EDX spectroscopy
was performed for qualitative analysis and chemical charac-
terization of β-FeOOH NRs prepared with and without the
presence of surfactants, as revealed in Figure 3. As shown

in the results, a desirable percentage of Fe and O was
obtained in all NRs, which confirms the successful formation
of β-FeOOH NRs. Moreover, the contents of C, N, and O in
the results related to NRs obtained from synthetic EXP 4-10
indicated the surface functionalization of NRs by PEG and
PEI.

The FTIR spectrum of prepared NRs is exhibited in
Figure 4. According to previous studies, specific characteris-
tic peaks should be assessed to analyze and confirm the
appropriate synthesis of FeOOH NPs chemically. The
absorption peaks in the 300 to 700 cm-1 have frequently been
assigned to fundamental vibrational bands of inorganic ions
[3]. FeO6 octahedral units of β-FeOOH NRs are identified
by characteristic peaks of two prominent vibration bands,
FeO and OH groups. The vibration of FeO groups of octahe-
dral units was observed as Fe−O bending vibrations at about
400 cm-1 and Fe−O stretching vibrations containing sym-
metrical stretching bands from 435 to 495 cm-1 and asym-
metrical stretching bands at 647 to 700 cm-1 [28, 38, 39].
As shown in Figure 4, the characteristic absorption peaks
related to Fe−O bands of octahedral sites are perceptible
between 400 and 700 cm-1 in all sample graphs. In addition,
structural OH bands as Fe-OH in the octahedral site are rec-
ognized by bending vibration at ~818 cm-1. Also, O-H…O
bending vibration in Fe−O−OH bands is reported between
840 and 850 cm-1 [28, 39]. The FTIR spectrum of all samples
represents the prominent absorption peaks in the range of
820-850 cm-1, confirming the existence of structural OH
groups in octahedral units of FeOOH NRs. In line with for-
mer findings, the stretching and bending vibrational bands
of surface hydroxyl groups were found at a range of about
3390-3490 and 1620-1650 cm–1, respectively, corresponding
to possible adsorbed water molecules in FeOOH NPs [14,
38]. The additional bands detected in the region of 1550–
1350 cm–1 and 2850–3000 cm–1 are assigned to artefacts of
the preparation or organic contaminants. However, some
evidence considered the absorption bands located in 1350
to 1490 cm–1 peculiar to β-FeOOH NPs and convenient to
differentiate it from other phases [39]. Additionally, surface
functionalization of NRs with PEG and PEI surfactants
could be confirmed by the characteristic peaks related to
C–H and N-H vibration of hydrocarbon chains and the
amine groups of the polymer structures in the FTIR spec-
trum of NRs (Figure 4). The corresponding peaks of the
stretching and bending vibration of C-H bond appeared at
2800–3000 cm−1 and 1300-1500 cm−1, respectively [40–43],
as our findings also illustrated these absorption ranges as
small peaks (Figures 4(b) and 4(c)). Moreover, previous
findings reported that the absorption peak range of 1500-
1650 cm−1 and 3000-3400 cm−1 were ascribed to N-H

Table 2: Effects of various synthesis parameters on the structural properties of prepared β-FeOOH nanorods.

Structural properties of final NPs Kind of Fe salts (anions) Fe salt concentration Reaction time Surfactant concentration

Morphology (size) ∗ ∗ ∗ ∗

Aspect ratio ∗ ∗ — —

Crystal structure ∗ — — —
∗Dependent-Independent.
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Figure 3: EDX pattern of β-FeOOH nanorods synthesized by various synthesis experiments. (a–c) Exp. 1-3, NRs without surface
functionalization. (d–g) Exp. 4-7, NRs with PEG surface functionalization. (h–j) Exp. 8-10, NRs with PEI surface functionalization.
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bending and stretching vibration region related to the amine
groups of PEI molecules [44–46], which are illustrated in
Figure 4(c) as a broad peak in the region of 3000 to
3500 cm−1 that seems to be overlapped with the peaks of
O–H stretching vibrations.

The XRD patterns FeOOH NRs as prepared through dif-
ferent designed experiments of the one-pot hydrothermal
method are provided in Figure 5. All of the diffraction peaks
were consistent well with the typical values of β-FeOOH NR
pattern based on the Joint Committee of Powder Diffraction
Standards (JCPDS) database (reference code: 00-034-1266),
related to the tetragonal body-centered crystal structure of
β-FeOOH with lattice parameters: a = b = 10:535Å, c =
3:03Å, and V = 336:29Å3. As shown in Figure 5, all of the
reflection peaks were well indexed to a similar tetragonal
phase of β-FeOOH and in line with previous reports [47];
the crystal structure of β-FeOOH NRs is independent of
synthesis parameters manipulated in this work, including
ferric ion concentration, surfactant concentration (PEG
and PEI), temperature, and time reaction.

In this regard, a similar experiment reported that the
presence and concentration of size-controlling agents such
as PEI and different HCl molarities have no significant
impacts on the crystal structure of prepared β-FeOOH
NRs [18, 48]. Similar results were also confirmed that the
β-FeOOH crystals are independent of the concentration of
ferric ions in hydrolysis synthesis [28, 33]. Moreover, Para-
meshwari et al. reported that a sufficient amount of dextrose
as a chelating agent is required to acquire a stable and single
phase of β-FeOOH in the coprecipitation method. The coex-
istence of the secondary phase of FeOOH occurred in low
concentrations of dextrose [38].

In addition, in this study, the crystallite size of NRs was
measured using XRD data, which revealed a narrow-range
difference between all samples, 18-34 nm. It implies that var-
ious synthesis conditions could not significantly impact the
crystallite size of NRs, despite their remarkable impacts on
the length and width of final NRs (Table 1). Before assessing
the antimicrobial effects of synthesized NRs, each sample’s
surface charge and iron concentration were determined by
zeta potential analysis and ICP-OES spectroscopy, as shown
in Table 3. The results noticeably indicated the positive sur-
face charge of β-FeOOH NRs prepared in the presence of

PEI surfactant (Exp. 8-10), which increased 15:5 ± 5:8 to
62:9 ± 0:6 due to the rise of PEI concentration from 0.25-
1.25% w/v, while zeta potential measurement showed the
negative surface charge of β-FeOOH NRs synthesized in
the presence of PEG or without surfactant agents (Exp. 1-
7). Consistent with previous evidence, this positive surface
charge owning to surface modification of NPs could play a
significant role in their biological behaviors, particularly
antimicrobial activities [49, 50]. Moreover, according to
ICP data, the concentration of Fe was found within a narrow
range of concentration in all samples, between 212.68 and
307.38μg/mL (Table 3). The impact of this difference
between the iron content of samples seems negligible in eval-
uating NRs’ antimicrobial properties.

3.2. Antimicrobial Assay. Antibacterial and antifungal activ-
ities of prepared β-FeOOH NRs synthesized with and with-
out surfactants were evaluated by microdilution against five
pathogenic microorganism species, including S. aureus, E.
faecalis, E. coli, S. typhi, and C. albicans. Figure 6 represents
the viability percentage of microorganisms treated by 500,
250, 125, 62.5, 31.25, 16.12, 8, and 4μg/mL of each synthe-
sized NRs. All NRs exhibited dose-dependently inhibitory
effects on microbial growth; higher concentrations led to
more growth inhibition, as shown in the results. According
to MIC value (Table 4), Gram-negative species demon-
strated more susceptibility than Gram-positive bacterial spe-
cies; S. typhi showed the most and S. aureus and E. faecalis
the least susceptibility to NRs. Gram-positive bacteria such
as staphylococci, enterococci, and pneumococci are cur-
rently known as pathogens of great concern due to their
intrinsic virulence inducing various infections and excep-
tionally high multidrug resistance, which should be
addressed before long [51]. Based on the results, Synthesized
NRs could inhibit the growth of S. aureus and E. faecalis,
mostly just in high concentrations.

The impacts of surfactant presence on the antimicrobial
properties of final NRs were evaluated by comparing the
results of Exp. 1, 6, and 8, NRs with fairly similar length sizes
that were obtained, respectively, in the absence of any surfac-
tants and in the presence of PEG and PEI. NRs synthesized in
the absence of surfactants exhibited the least antimicrobial
effects on all tested microbial species; however, surfactant
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Figure 4: FTIR spectra of the β-FeOOH nanorods prepared by various synthesis experiments. (a) Exp. 1-3, NRs without surface
functionalization. (b) Exp. 4-7, NRs with PEG surface functionalization. (c) Exp. 8-10, NRs with PEI surface functionalization.
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presence PEI in the synthesis process contributed to achieving
NRs with remarkably higher potential of antimicrobial activi-
ties: Exp. 8>>Exp. 6>Exp. 1. PEG and PEI are synthetic poly-
mers considered individually antimicrobial agents and act as
microbicidal enhancers in antibiotics, especially against resis-
tant bacterial species [52, 53]. Coating of polycationic poly-
mers such as PEI exhibited highly electrostatically interact
with the bacterial membrane due to its negatively charged

and result in increased membrane permeability, penetration
of conjugated materials to bacteria cells, and finally disturbing
cell structure and raising cell death [53]. Grafted PEG coating
was also found to be contributed to the bactericidal effects of
nanocomposites, particularly against resistant bacteria species,
by providing a hydrophilic environment to avoid bacterial
inhesion and biofilm formation, which also gives the conju-
gated nanomaterials offer additional bactericidal effects [54].
Thus, the higher antibacterial action of PEG and PEI conju-
gated synthesized NRs could be assigned to polymers’ instinct
antimicrobial properties as well as synergistic effects of these
polymers.

On the other hand, the impact of aspect ratio on the
antibacterial efficacy of NRs cannot be ignored. The aspect
ratio is considered a critical factor in the cellular uptake of
rod-like NPs [55]. NP uptake by microorganisms is related
to physicochemical properties, particle orientation, and
membrane properties. Moreover, the surface active agents
can be involved in particle characterization changes such
as aspect ratio and interactions with biological samples,
membrane wrapping, and subsequent internalization [56].
The higher aspect ratio of NRs is less favored for microbial
particle uptake and antimicrobial efficacy.

In the present case, Exp. 1, 6, and 8 displayed the aspect
ratios of 3.676, 3.58, and 1.409, respectively. Exp. 8 obtained
a lower aspect ratio due to different synthesis conditions and
the presence of PEI. Based on the results, these samples
exhibited remarkably more antimicrobial impacts on all
microbial species, which along with PEI antimicrobial activ-
ities; it could be related to the decreased aspect ratio of these
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Figure 5: XRD patterns of the β-FeOOH nanorods synthesized by various synthesis experiments (1–10) and the standard pattern of
akaganeite (β-FeOOH) crystals (JCPDS 00-034-1266).

Table 3: Zeta potential values and ICP-OES analysis results of β-
FeOOH nanorods obtained from synthetic Exp. 1-10, with and
without the presence of surfactants.

Experiment
Surfactants

(w/v)
Zeta

potential
(mV)

Charge
Final content
(μg/mL)

1 — −5:21:4 ± 1:4 Negative 307.38

2 — −14:1 ± 2:2 Negative 278.38

3 — −21:2 ± 2:3 Negative 212.68

4 PEG-1% −27:4 ± 2:0 Negative 242.02

5 PEG-3% −41:3 ± 0:3 Negative 240.89

6 PEG-3% −45:3 ± 0:5 Negative 286.84

7 PEG-6% −54:2 ± 0:4 Negative 235.67

8 PEI–0.25% 15:5 ± 5:8 Positive 257.845

9 PEI–0.5% 56:3 ± 0:2 Positive 270.65

10 PEI–1.25% 62:9 ± 0:6 Positive 252.54
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samples (Figure 6). Our experiments were consistent with
previous results of NR antimicrobial analysis. Ojha et al.
reported that the lower aspect ratio of silver NRs exhibited
significantly further antibacterial efficiency against both
Gram-positive and Gram-negative bacterial species, com-
paring the aspect ratio of 1.8 and 3 [57].

More in detail, although the NRs obtained from Exp. 9
and 10 were synthesized in the presence of surfactant PEI,
almost no antimicrobial effects of tested microorganisms
withMIC ≥ 500μg/mL in all species were shown. It could
be related to the larger size of NPs, which is a determining

factor in the biological activities of nanomaterials. NRs syn-
thesized in the presence of PEG (Exp. 4-7) provided an
appropriately moderate susceptibility in all tested microbial
species because of almost moderate particle size among syn-
thesized NRs and appropriate aspect ratios, about 3-3.6.

C. albicans exhibited the least susceptibility to NRs with
generally the most MIC value among all tested microbial
species (Table 4). C. albicans is one of the opportunistic
and pathogenic fungal species posing a particular challenge
to the healthcare system due to their increasing drug resis-
tance that should be addressed preferably [58]. Exp. 4
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concentrations of each as-prepared β-FeOOH nanorod based on the designed experiments (1–10).
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(PEG: 1% w/v, aspect ratio: 2.919) and Exp. 8 (PEI: 0.25%
w/v, aspect ratio: 1.409) displayed high antifungal potentials
with MIC values of 62.5 and 8μg/mL, respectively, which
could be considered as an antifungal agent in this case.

4. Conclusion

FeOOH NRs, especially in the β-phase, have attracted much
attention in recent years to apply in biomedical applications.
With the ever-increasing challenge of antimicrobial resis-
tance, new innovative strategies are in high demand to com-
bat. In the current study, ten synthesis experiments of β-
FeOOH NRs are designed to optimize the NRs’ properties
toward the desirable antimicrobial potential. Reaction con-
ditions, including reaction time and temperature and con-
centration of iron salt precursors, were considered essential
in final particle characteristics and biological activities.
Although these factors could affect particle size and aspect
ratio, ferric ion concentration showed a dominant effect on
the morphology of NRs. NRs also synthesized with and
without the presence of surfactants of PEG and PEI, which
could play good controlling roles in the size and growth pat-
tern of NP crystals. The aspect ratio was also independent of
all factors except ferric ion concentrations.

To sum up, our work indicated that synthetic conditions
and the kind and concentration of surfactants contribute to
the characterization properties and biological activities of
final β-FeOOH NRs. Moreover, β-FeOOH NRs synthesized
in the presence of surfactants exhibited more antimicrobial
activities against Gram-positive and Gram-negative bacteria
and fungi species, even though Gram-negative bacteria
showed more susceptibility against NRs. Also, NRs synthe-
sized in the presence of PEG generally revealed relatively
moderate antimicrobial effects against tested bacterial and
fungal species of final synthesized NPs compared to high
antimicrobial activities of PEI surfactant. As mentioned
above, surface active agents, particle size, and particularly
aspect ratio are crucial decisive factors in the biological
activities of β-FeOOH NRs as well as the concentration of
NRs. Though further experimental investigations are
required, the decent biocompatibility and antimicrobial effi-

cacy of β-FeOOH NPs make them promising candidates for
various biomedical applications.
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