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In the pursuit of a sustainable transition toward green synthesis, the biological production of nanomaterials
emerges as an attractive alternative for generating nanomaterials with controlled physicochemical properties.
In this work, Fe-based nanostructures were biosynthesized using Trichoderma harzianum with iron precursor
concentrations of 5 mM (Fe5) and 10 mM (Fel0), followed by thermal treatment. SEM, AFM, and TEM analyses
revealed that precursor concentration governs particle size and aggregation, while annealing drives the phase
evolution from FesO,4 based composition in the as-synthesized nanomaterials to a crystalline a-Fe,Oz phase,
as confirmed by XRD and XPS. These techniques further indicate that this transformation is associated with the
removal of capping biomolecules and the oxidation of Fe(i) to Fe(n). Biologically, Fe5 and Fel0 acted as potent
biostimulants, enhancing T. harzianum growth, sporulation, and pigmentation without inhibition. Dual-culture
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assays demonstrated that both materials significantly increased the fungus's antagonistic activity against
Fusarium oxysporum, Fusarium verticillioides, and Phytophthora infestans. These results highlight the potential
of biosynthesized Fe oxide nanoparticles as dual-function platforms that couple nanotechnology and biologi-
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1. Introduction

Global agriculture faces ongoing threats from phytopathogens,
which cause significant losses in both crop yield and quality
worldwide. Conventional control strategies overwhelmingly
depend on chemical pesticides; although effective, these
methods have drawbacks including adverse environmental
and health impacts, and the risk of selecting for resistant
pathogen strains. Consequently, there is a pressing need for
sustainable, eco-friendly alternatives that preserve both food
security and ecosystem integrity.

Nanotechnology offers one such avenue: nanomaterials
with antimicrobial activity are emerging as powerful tools for
phytopathogen control. Among them, iron oxide nano-
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cal control for sustainable crop protection.

structures (notably Fe,O; and Fe;0,) are especially attractive
due to their favorable physicochemical properties, cost-effec-
tiveness, biocompatibility, and their dual functionality, acting
both as antimicrobial agents and micronutrients critical for
plant growth. Several recent studies underline these potentials.
For example, Hasan et al. reported that biosynthesized iron
oxide nanoparticles (NPs) exhibit peroxidase-like activity with
low cytotoxicity, suggesting suitability for agricultural and
environmental applications." On the other hand, Fatih et al.
demonstrated that green-synthesized o-Fe,O; nanoparticles
have strong antibacterial, anti-biofilm, and anti-virulence
effects against pathogenic bacteria, underscoring their
growing relevance as biocontrol agents.>

Despite these advantages, many methods for synthesizing
iron oxide nanomaterials rely on physical and chemical pro-
cesses that are often energy-intensive, produce hazardous by-
products, or require harsh conditions. In contrast, green or
biological synthesis methods are gaining interest, permitting
production under milder conditions, often yielding particles
with natural capping agents and enhanced environmental
compatibility. Fungi are excellent candidates for this purpose,
owing to their robust metal tolerance and secretion of reduc-
tive metabolites (enzymes, organic acids, etc.) that mediate
nanoparticle formation.®> Recently, Gallo et al.* revealed mul-
tiple oxidoreductase enzymes that appear to play key roles in
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the biosynthesis of zinc/iron oxide nanoparticles, demonstrat-
ing how fungal metabolism can be harnessed to produce NPs
with controlled morphology and composition.

Beyond synthesis, fungi such as species in the genus
Trichoderma are well-known for their biocontrol capabilities.
They produce a variety of secondary metabolites, volatile com-
pounds, hydrolytic enzymes, and display antagonism against
many phytopathogens. Reviews have summarized recent
advances in using Trichoderma both for direct pathogen sup-
pression and for plant growth stimulation.® Recent work also
indicates that combining iron oxide nanoparticles with
Trichoderma sp. can enhance plant responses under stress (e.g.
drought) or improve resistance to specific pathogens (for
example Fusarium wilt), suggesting a synergistic benefit of inte-
grating NPs with fungal agents. Shao et al. showed that
T. harzianum not only improves plant growth in calcareous
soils, but its interaction with soil microbial communities
enhances iron mobilization, a finding that could complement
nanoparticle-based iron delivery strategies.®

Therefore, this study aims to synthesize iron oxide nano-
particles via Trichoderma harzianum, controlling their morpho-
logical, compositional, and optical properties, and to assess
their potential both to stimulate 7. harzianum growth and to
enhance its antagonistic activity against agriculturally relevant
phytopathogens. By uniting green nanoparticle synthesis with
fungal biocontrol into a single platform, we propose a syner-
gistic biotechnological strategy that may offer more effective,
less chemically dependent disease management in agriculture.

2. Materials and methods
2.1 Trichoderma harzianum biomass obtention

Trichoderma harzianum was grown on Potato Dextrose Agar
(PDA) at 25 °C for one week. T. harzianum inoculum was pre-
pared by adding 10 mL of sterile distilled water on PDA, fol-
lowed by removing the mycelium. To produce fungal biomass,
100 mL of liquid medium composed of peptone (32.6%),
sodium chloride (16.3%), disodium phosphate (11.4%), mono-
potassium phosphate (4.9%), magnesium chloride (0.3%),
yeast extract (2.0%), and dextrose (32.6%), were inoculated
with 1 mL of inoculum and cultured for 7 days at 25 °C, 100
rpm. After, the cultures underwent centrifugation at 6500 rpm,
15 °C for 15 min. The supernatant was removed, and the
resulting biomass was transferred to a flask containing 100 mL
of sterile distilled water, then incubated at 25 °C, 100 rpm for
72 h. Subsequently, the extract was obtained through centrifu-
gation at 8000 rpm, 15 °C for 15 min.

2.2 Nanomaterials fungal biosynthesis

Fungal filtrates were placed on an orbital shaker at 100 rpm to
facilitate the addition of ferrous acetate salt (Fe(CyH30,),).
Controlled dropwise addition of a 500 mM Fe(C,H;0,), solu-
tion was performed into 100 mL of fungal extract until reach-
ing final concentrations of 5 mM and 10 mM, herein referred
to as Fe5 and Fel0, respectively. The cultures were incubated
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at 25 °C and 100 rpm for 72 h. Following incubation, each
flask was transferred into 50 mL centrifuge tubes and centri-
fuged at 12 000 rpm and 15 °C for 15 min. Supernatants were
discarded, and the resulting pellets (Fe5 and Fe10) were oven-
dried at 60 °C for 24 h. The dried materials were finely ground
in an agate mortar to obtain biosynthesized iron oxide nano-
particles. Additionally, to remove capping agents and promote
crystallization, selected Fe5 and Fe10 samples were thermally
treated at 600 °C for 2 h in a Nabertherm LT 3/11 mulffle
furnace under ambient air (oxygen partial pressure
~160 mmHg), followed by natural cooling to room tempera-
ture; the resulting samples were labeled Fe5HT and Fe10HT.

2.3 Material characterization

The morphology of the synthesized materials was examined
using secondary electron images (SEI) acquired with a Zeiss
Ultra Plus field-emission scanning electron microscope
(FESEM). Topography and surface roughness features of the
samples were evaluated by atomic force microscopy (AFM)
using a Nanosurf FlexAFM system operating in tapping mode.
JEOL JEM-2200FS EFTEM/STEM instrument was used to
perform transmission electron microscopy (TEM), selected
area electron diffraction (SAED), scanning transmission elec-
tron microscopy (STEM) and energy-dispersive X-ray spec-
troscopy (EDS) elemental mappings measurements. Structural
characterization was carried out using X-ray diffraction (XRD).
As-synthesized samples were measured using a Rigaku
Miniflex diffractometer (600 W, Co K, radiation, A = 1.7909 A,
260 = 20-75°, step size 0.02°), while heat-treated samples were
analyzed using a Rigaku SmartLab diffractometer (9 kW, Co K,
radiation, A = 1.7909 A, 20 = 20-75°, step size 0.02°). All XRD
experiments were performed using a Co K filter and zero
background holders. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo Scientific
ESCALAB 250Xi system (Al Ka source, v = 1486.6 eV), collect-
ing survey spectra over a binding energy range of 0-1350 eV to
assess the elemental composition of the samples. High-resolu-
tion XPS spectra were deconvoluted using the Avantage soft-
ware package. A combination of Gaussian (G) and Lorentzian
(L) curves with an L/G mix product of 30.0% were employed
together with a Shirley background. UV-Vis-NIR spectroscopy
measurements were used to assess the optical properties of
the biosynthesized materials. Absorbance and diffuse reflec-
tance spectra (DRS) were acquired over the 190-1400 nm range
using a Shimadzu UV-2600 spectrophotometer equipped with
an ISR-2600 Plus integrating sphere. The optical band gaps of
the synthesized samples were determined using Tauc plot
fitting. Finally, to evaluate functional groups’ presence,
Fourier-transform infrared (FTIR) spectroscopy was performed
using a Bruker Vertex v80.

2.4 Stimulatory effect of biosynthesized iron oxide
nanoparticles on the growth of Trichoderma harzianum

The biosynthesized Fe5 and Fel0 nanoparticles were incorpor-
ated into potato dextrose agar (PDA) at a concentration of
100 ppm. The medium was homogenized for 30 min before

This journal is © The Royal Society of Chemistry 2026
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dispensing 10 mL into 50 mm Petri dishes. A mycelial plug of
T. harzianum was placed at the center of each plate and incu-
bated at 28 °C for seven days. In addition, the post-synthesis
viability of T. harzianum was evaluated to determine whether
the fungus remained active after participating in the nano-
particle biosynthesis. For this purpose, 10 mL of sterile dis-
tilled water was added to the Fe10 pellet and homogenized for
30 min. The resulting suspension (T. harzianum + Fel0) was
incorporated as a plug into PDA medium to assess whether
mycelial growth could originate from reproductive structures
attached to Fe10 surface. Plates inoculated with T. harzianum +
Fel0 suspension and control plates containing only
T. harzianum were incubated under identical conditions, and
their radial growth and mycelial morphology were monitored
at1,2,3,4,6,and 7 days.

2.5 Antagonistic activity of Trichoderma harzianum

The antagonistic capacity of T. harzianum was assessed against
Fusarium oxysporum, Fusarium verticillioides, and Phytophthora
infestans. Biosynthesized Fe5 and Fel0 nanoparticles were
incorporated into PDA at a concentration of 100 ppm and
homogenized for 5 min. Approximately 10 mL of medium was
poured into 50 mm Petri dishes. A pathogen mycelial plug was
placed at one edge of each plate; after two days, a plug of
T. harzianum was placed at the opposite edge. Plates were incu-
bated at 28 °C for seven days. Growth dynamics and mycelial
morphology were evaluated at 1, 3, 7, 10, and 13 days. The
antagonistic degree was determined for each treatment follow-
ing the scale proposed by Bell et al.” (Table 1).

3. Results and discussion

The morphological characteristics of the biosynthesized iron
oxide samples were examined viea scanning electron
microscopy (SEM). Fig. 1(a and b) shows the SEM images of
the materials synthesized with 5 mM and 10 mM iron precur-
sor concentrations, denoted as Fe5 and Fel0 respectively. For
imaging, the powdered dried Fe5 and Fel0 samples were
directly sprinkled onto carbon tape and coated with a thin con-
ductive sputtered platinum layer. No additional processing
steps, such as sonication, dispersion, and drop-casting, were

Table 1 Antagonism scale by Bell et al.” for determining antagonistic
ability of Trichoderma sp.

Degree Description

1 Trichoderma sp. completely overgrew the pathogen and
colonized the entire plate surface.

2 Trichoderma sp. colonized more than two-thirds of the plate
surface.

3 Trichoderma sp. and the pathogen each colonized half of the
plate surface, with no dominance observed.

4 The pathogen colonized at least two-thirds of the plate
surface and resisted invasion by Trichoderma sp.

5 The pathogen completely overgrew Trichoderma sp. and

colonized the entire plate surface.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a and b) Secondary electron images (SEl) of the biosynthesized
iron oxide nanomaterials: (a) Fe5 (5 mM) and (b) Fel0 (10 mM), acquired
using secondary electron detectors. (c—f) Atomic force microscopy
(AFM) images of Fe5 (c and d) and Fel0 (e and f) samples.

used to isolate smaller structures. SEI images reveal the for-
mation of irregular shaped microstructures, with average sizes
of 6.0 + 3.0 pm for Fe5 and 10 + 3 um for Fe10. In both cases,
the size distributions extended up to 30 pm (see magnified
images in SI, SI 1). These results indicate a direct relation
between precursor concentration and microstructure size,
pointing out that higher precursor concentrations lead to the
formation of larger structures.

Furthermore, both samples exhibit surface decoration with
quasi-spherical nanoparticles (NPs). In the Fe5 sample, these
NPs had an average diameter of 159 + 9 nm, while slightly
smaller structures averaging 140 + 8 nm were observed for
Fe10. These values were determined through statistical ana-
lysis of multiple SEM micrographs using Image] software. The
measured size distributions were fitted to log-normal distri-
butions, as presented in SI 2. Notably, while precursor concen-
tration appears to have limited influence on the size of individ-
ual NPs, it significantly affects their surface coverage. The Fe10
sample displays a more densely decorated microstructure
surface, with virtually no bare regions, whereas the Fe5 sample
still presents areas devoid of nanoparticles decoration. This
observation suggests that precursor concentration mainly
governs the density of microstructure surface coverage rather
than the size of the NPs.

To gain further insight into surface topography, atomic
force microscopy (AFM) images of Fe5 and Fe1l0 samples were
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attained. For AFM imaging, powdered samples were dispersed
in ethanol (1 mg mL™"), sonicated for 10 min, and drop-casted
onto crystalline silicon substrates. Fig. 1(c-f) shows the AFM
micrographs of the synthesized samples in tapping operating
mode. The images processing (i.e. background subtraction,
height calibration, and row alignment via mean-line correc-
tion) was carried out using Gwyddion software.

For Fe5 sample, analysis of Fig. 1(d) using the particle ana-
lysis tool in Image]J (SI 3) revealed an average particle diameter
of 108 + 7 nm. The nanostructures exhibited quasi-spherical
morphology with good homogeneity across the substrate,
aligning well with the nanoscale surface features previously
observed in SEM. This suggests that the sonication process
effectively removes surface-bound nanostructures from the
Fe5 microstructures.

In contrast, the Fel0 sample showed noticeably different
behavior. Despite undergoing identical dispersion and soni-
cation conditions, the Fe10 material largely retained its micro-
structure form with attached nanoparticles exhibiting higher
agglomeration compared to the Fe5 sample. For Fe10 sample,
Image] analysis indicated the presence of larger agglomerates
with sizes from 8.49 to 0.69 um. Surface roughness analysis
further supports these observations. Root mean square (RMS)
roughness values (Sq) calculated from AFM measurements
were 11.3 + 6.1 nm for Fe5 and 96.9 + 51.7 nm for Fel0,
respectively. These values indicate a pronounced increase in
surface roughness for the Fel0 sample as result of higher
nanostructured decoration, consistent with the morphological
differences observed through SEM. As we can see, using
10 mM of iron precursor concentration gives rise to higher
yield of nanostructures but accompanied by higher
agglomeration.

Since the 10 mM precursor concentration yielded a higher
amount of nanostructured material, this condition was
selected for further characterization using transmission elec-
tron microscopy (TEM). To prepare the samples, we employed
a sonication procedure for 10 minutes in ethanol followed by
drop casting into carbon grids. Fig. 2(a-b) shows the obtained
micrography for Fe10 sample, where the formation of hetero-
geneous granular agglomerated structures with sizes of (193 =+
129) nm can be observed, which agrees with both AFM and
SEM results. By measuring the peripheral regions, we could
observe small nanoparticles (NPs) of around 19 + 11 nm
agglomerating into larger nanostructures. Agglomeration has
been reported as a typical mechanism to reduce surface energy
in nanostructured systems.® Selected area electron diffraction
(SAED) patterns (see Fig. 2(b)) showed diffuse rings indicating
an amorphous nature for the Fe10 sample.

To increase crystallinity, the samples (Fe5 and Fe10) were
subjected to post-synthesis heat treatment (HT) at 600 °C for
2 hours in air atmosphere (the samples were labeled as Fe5HT
and FelOHT, respectively). Fig. 2(c and d) shows the TEM
images of Fel0HT sample, where the formation of nano-
particles (approximately 13 + 6 nm) is more clearly observed in
the peripheral region of the microstructures, compared to
Fe10 sample. However, despite the annealing process, the
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Fig. 2 (a and b) Transmission electron microscopy (TEM) images and
corresponding selected area electron diffraction (SAED) patterns for
FelO (a and b) and FelOHT samples (c and d). (e) X-ray diffraction (XRD)
patterns of the FelO and FelOHT, showing the presence of a-Fe;Os in
the thermally treated sample. (f) SEM micrograph of FelOHT shows no
significant changes in morphology due to heat treatment process.

SAED patterns still exhibit diffuse rings, which are attributed
to the amorphous nature of the selected area given the nano-
particles sizes surrounded by organic compounds (capping
agents), along with dark, electron-opaque regions ascribed to
nanoparticles’ agglomeration and sintering effects.
Nevertheless, SAED patterns of Fe5HT show defined spots that
were successfully indexed to the Fe,O; structure (zone axis
—341) using the CrysTBox software,” as shown in SI 4.

Subsequently, X-ray diffractograms were measured to deter-
mine the general structural nature of the Fe samples before
and after HT. The Fe10 sample diffractogram (Fig. 2(e)) exhi-
bits no well-defined diffraction peaks, confirming its amor-
phous structure. In contrast, the Fe10HT sample (blue line)
showed distinct diffraction peaks at 28.1°, 38.7°, 41.6°, 47.9°,
58.0°, 63.7° and 76.0° attributed to the (012), (104), (110),
(113), (024), (116) and (300) of the a-Fe,O; phase (hematite), in
agreement with the ICDD reference PDF-5+ (04-015-6945), with
a figure of merit of 0.621. These results indicate that the calci-
nation process promotes a structural rearrangement of iron
oxide into its thermodynamically stable a-phase. Average crys-
tallite size of (11 + 5) nm was determined for Fe10HT sample
using the Scherrer equation.'® XRD patterns of Fe5 and Fe5HT
(SI 4) show limited crystallinity for the materials biosynthe-
sized with a 5 mM precursor concentration.

In addition, to evaluate the impact of the annealing process
on the morphological features of the samples, SEM images
were acquired for Fe5HT (SI 5) and Fe10HT (Fig. 2(f)). For the
FelOHT sample, a statistical analysis of the nanostructure’s
coverage revealed average sizes of 129 + 8 nm, respectively. No
significant morphological differences were observed after the
post-treatment process, which suggests that the sample
remained essentially unchanged.

Since diffraction-based techniques allow structural identifi-
cation only for materials with sufficient long-range crystalline
order, the analysis of the biosynthesized samples prior to

This journal is © The Royal Society of Chemistry 2026
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thermal treatment was complemented by spectroscopic tech-
niques, which enable confirmation of chemical composition
and iron oxidation states even in amorphous materials.
Elemental characterization was carried out using energy-dis-
persive X-ray spectroscopy (EDS) coupled with scanning trans-
mission electron microscopy (STEM). The full compositional
maps for both Fe10 and Fel0OHT and EDS spectra are pre-
sented in Fig. 3. The EDS spectra confirm the presence of C, N,
O, Na, P, K, and Fe (Fig. 3(a and c); Table S1), being Fe, O, and
P the most abundant elements in both samples. These
elements reflect the chemical composition of the biological
capping derived from Trichoderma harzianum, employed in the
synthesis process. All elements exhibited a homogeneous dis-
tribution throughout both samples surfaces (for Fe10 and
Fe10HT) with slight variations on their concentration.

Based on the elements with higher concentration in the
samples (ie. Fe, O, and P), RGB overlay maps were con-
structed, assigning Fe to red, O to green, and P to blue chan-
nels (SI 6). As shown in SI 6(c), regions with white coloration
indicate similar composition of the three elements (Fel0
sample). On the other hand, RGB maps for Fe10HT (see SI
6(d)) display a predominantly yellow hue, reflecting the major
presence of Fe and O (red and green channels) with reduced P
signal. This shift suggests that thermal treatment facilitates
the removal of phosphorus through its oxidation to form vola-
tile compounds, promoting the formation of purer Fe oxide
nanostructures. The presence of P in the samples originates
from the organic matter presented in the caping agents. The
decrease in relative organic content can be also corroborated
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Fig. 3 Elemental mapping by EDS in STEM images of Fel0 (a and b) and
FelOHT (c and d) nanostructures. EDS spectra showing characteristic
X-ray emissions of C, N, O, Na, P and Fe. The spectrums were obtained
from the highlighted areas.
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by a decrease in intensity of the CK, signal after calcination, as
shown in Fig. 3(b-d). The iron content and batch-to-batch
reproducibility of the biosynthesized materials were evaluated
by TEM-EDS and SEM-EDS analyses, with quantitative results
summarized in Table S2 (SI 7).

To characterize in more detail the composition and the
chemical environments of the biosynthesized samples, X-ray
photoelectron spectroscopy (XPS) measurements were carried
out for Fe10 and Fe10HT samples. All the measurements were
calibrated using the C 1s orbital (284.8 €V) as reference.'” The
survey spectra (0-1350 eV binding energy) are shown in
Fig. 4(a). For the Fe10 sample, characteristic peaks associated
with the following elemental orbitals and Auger emissions
were identified: O 2s (22.1 eV), Fe 3p (55.0 eV), Na 2s (63.4 eV),
Fe 35 (93.0 eV), P 2p (132.0 V), P 25 (189.8 eV), C 15 (284.8 €V),
N 1s (398.8 eV), O 1s (529.9 eV), Fe 2p3 (709.9 eV), Fe 2p1
(723.1 eV), Fe LM1 (771.4 eV), Fe LM2 (783.3 eV), Fe LM3
(807.6 €V), Fe 2s (842.3 eV), Fe LM7 (924.2 eV), O KL1 (975.3
eV), O KL2 (994.9 eV) and C KL1 (1220.6 eV). In contrast, the
Fel0HT sample exhibited a similar set of peaks, with the
notable absence of the N 1s and C KLL signals as well as a sig-
nificant decrease of the C 1s peak. The thermal treatment
reduces the contribution from biologically derived elements
(particularly carbon and nitrogen) while enhancing the signals
associated with iron and oxygen, suggesting partial decompo-
sition of organic material and probably delivered as CO,, NO,
and PO, molecules.'?

To profound more on the chemical environments of each
element, high resolution XPS (HRXPS) spectra measurements
were performed for the C 1s, O 1s and Fe 3p orbitals (Fig. 4(b
and c)). Deconvolution using Gaussian/Lorentzian curves of
the C 1s spectra for Fe10 sample allows us to identify signals
in 284.7 eV, 286.1 eV and 288.1 eV that can be assigned to C-
C, C-0-C and C=O0 bonds coming from the organic capping
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Fig. 4 X-ray photoelectron spectroscopy (XPS) spectra of Fel0 and
FelOHT samples. (a) Survey spectra recorded in the binding energy
range from 1350 to O eV. (b—d) High-resolution XPS spectra corres-
ponding to (b) C 1s, (c) O 1s and (d) Fe 2p orbitals.

Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04745e

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 8:45:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

layer.”® On the other hand, for Fe10HT, the peaks assigned to
the bonds C-O-C and C=O0 (286.3 eV and 289. 4 eV) decrease
in intensity in comparison with the C-C peak (284.9 eV),*? con-
firming still the presence of organic matter after the heat treat-
ment. In addition, we observed the presence of potassium
doublet K 2p in 293.3 eV (K 2p35,) and 296.2 eV (K 2py),
which overlaps with C signals, and agree with the EDS
results.’* Overall, the unnormalized spectra from Fig. 4(b)
shows a clear decrease in C 1s intensity as a result of the
annealing process.

Additional O 1s HRXPS were acquired for Fe10 and Fe10HT
samples. The deconvolution process adjusts with three peaks
at 529.7 eV, 531.1 eV, and 532.4 eV (for Fe10) which have been
attributed to metal oxide signal, C=O and C-O
respectively,’>"” confirming the obtention of iron oxide
directly from the green synthesis using Trichoderma harzianum.
After heat treatment (Fe10HT), the analysis for the O 1s orbital
assigns the 530.5 eV, 531.7 eV and 532.8 eV signals to metal
oxide, C=0 and C-O. A considerable energy shift of the signal
of metal oxide suggests that Fe was subject to an oxidation
process in Fe10HT. Additionally, a new peak appears at 537.0
eV attributed to the Auger Na KLL emission.'® Overall, the vari-
ations in signal intensities in O 1s peaks are attributed to the
formation and subsequent loss of superficial functional
groups, e.g. as CO,, contained in the sample. To corroborate Fe
oxidation and valence, the Fe 2p orbital was measured for
both samples, as shown in Fig. 4(d). Here, it is possible to
observe the deconvolution in 708.3 eV, 710.6 eV, 712.5 eV and
718.7 eV for Fe10 and 710.6 eV, 711.4 eV, 712.9 eV, 719.0 eV for
sample Fel0OHT, where a clear shift toward higher binding
energies verify the further oxidation of the iron oxide nano-
materials as response to the annealing process. Detailed infor-
mation regarding the deconvolution for this orbital can be
found in Table S3. Although the Fe 2p is a challenging region
to analyze due to the multiple oxidation numbers of the Fe
element, recent works have pointed out that it is possible to
discriminate between iron oxides species.'® For Fe10 sample,
the presence of the first three signals (708.3-712.5) eV can be
indicative of Fe;0, formation (FeO/Fe,0;) instead of a single
phase The signal in 718.7 eV is associated with the satellite of
Fe. On the other hand, for the Fel0HT sample, the signals
from 710.6 eV-712.9 eV have been associated with o-Fe,Oj,
which verifies the further oxidation of Fe** to Fe**. Therefore,
after heat treatment, the phase hematite becomes predomi-
nant. The detected a-Fe,O; agrees with the XRD phase identifi-
cation for this sample. As well as in Fe10, the typical Fe satel-
lite signal was observed at 719.0 eV. XPS analysis of Fe5 and
Fe5HT shows the presence of both Fe** and Fe®* species, indi-
cating a magnetite-based composition for Fe5 and oxidation
toward hematite in Fe5HT, consistent with the behavior
observed for Fe10 (SI 8, Table S3). The modified Auger para-
meter (), calculated as o' = Eg (Fe 2ps») + Ex (Fe LM2),
increases after thermal treatment. Using Fe 2p;,, binding ener-
gies of 709.9 eV (Fe10) and 710.8 eV (Fe1l0HT), together with a
Fe LM2 kinetic energy of 703.3 eV, o' values of 1413.2 eV and
1414.1 eV were obtained for Fe10 and FelOHT, respectively.
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This shift toward higher o' values is consistent with increased
Fe(ur) character and supports the transformation from a mag-
netite-based composition to hematite.?%*!

To study the optical properties of the Fe-based nano-
materials we carried out UV-Visible spectroscopy measure-
ments. To acquire the diffuse absorbance and transmittance
measurements, the synthesized nanomaterials were dispersed
in ethanol and measured using an integrating sphere module.
The absorbance spectra of the Fel0 and FelOHT samples
(Fig. 5a) show an absorption band around 200 nm, which is
predominantly associated with organic capping agents, includ-
ing proteins and metabolites derived from Trichoderma
harzianum.*>*® Nevertheless, a minor contribution from trace
amounts of hematite may also be present, given reported
absorption features of hematite in this wavelength range.>*

An absorption band centered at approximately 390 nm was
observed in the biosynthesized iron oxide nanomaterials, con-
sistent with previous reports on green-synthesized iron oxide
nanomaterials.>*>° Upon heat treatment, this band exhibits a
red shift, which is primarily attributed to the phase transform-
ation from magnetite to hematite during annealing, as further
supported by XPS analysis.>**°In addition, this spectral shift
may be partially influenced by particle growth induced by
thermal treatment, as larger nanoparticles are known to
exhibit absorption at longer wavelengths (SI 2).

Moreover, changes in the surface chemistry associated with
heat treatment may also contribute to the observed red shift.
Previous studies have suggested that solvent-capping agent
interactions can affect the optical response of green-syn-
thesized nanoparticles.’® In this context, the use of ethanol as
a polar protic solvent, combined with thermal modification of
the capping biomolecules, may further influence the electronic
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Fig. 5 Optical properties of biosynthesized iron oxide nanomaterials.
(a) Absorbance and reflectance spectra of Fel0 and FelOHT. (c) Tauc
plot fitting to determine optical band gap of iron oxide samples. Indirect
transition was assumed in the Kubelka—Munk. (d) FTIR absorbance
spectra of Fel0 and FelOHT showing distinct Fe—O vibration modes.
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environment of the nanoparticles and contribute to the
observed spectral evolution.

Fig. 5(b) presents the diffuse reflectance spectroscopy (DRS)
of samples Fel0 and FelOHT acquired using integrating
sphere module. The spectra present the same characteristic
bands shown by the absorbance spectra. To further clarify
these changes, optical band gap determinations were made
using the Tauc plot method, also applying the Kubelka-Munk
function (F(R)). The results of the band gap interpolation are
shown in Fig. 5(c) assuming an indirect transition. Direct tran-
sition Tauc plot interpolation is presented in SI 9. Both direct
and indirect band gaps decreased as a result of HT process,
and their values can be correlated to those of both Fe,O; and
Fe;0, iron oxides,>° further corroborating the presence of a
mixture of oxides in both Fel0 and FelOHT samples. The
decreases in iron oxide-based materials bandgap in response
to an increase in temperature has been reported previously.*®

To study the functional groups on the surface of the syn-
thesized materials, FTIR measurements were performed for
Fe10 and Fe1OHT. Fig. 5(d) shows the transmittance spectrum
of both samples. From this figure, vibrational bands at
3423 em™', 2960 ecm™, 2339 em™!, 1641 cm™!, 1454 cm™,
1155 ecm™', and 694 cm™" can be observed, which have been
attributed to O-H, C-H, absorbed CO,, C=0, C-H, and Fe-O
vibration modes respectively.

Both Fe10 and Fe10HT samples exhibit a broad band with a
maximum absorbance between 3519 cm™' and 3423 cm™"
which is reported as O-H stretching vibration associated with
the capping agents or with the presence of water molecules in
the material. This broad absorption has also been associated
with N-H stretching mode in Fe caped nanomaterials by some
authors,®” yet in our case as N content determined by both
EDS and XPS is significantly low, it seems unlikely these
adsorptions are strongly associated with nitrogen related
vibrations. The beforementioned broad band presents two
shoulders at 2950-2919 cm™" and 2846 cm™" associated with
aliphatic C-H stretching modes. As for the intense peaks
around 2339 cm™', they are associated with asymmetric
stretching of CO, molecules absorbed in the samples. In
1646 cm™" an intense band appears attributed to C=0 stretch-
ing which is expected to be related to the capping layer of the
nanomaterials. A H-O-H bending band in 1623 cm™ is also
reported which can be involved in the red shifting behavior of
these bands from Fe10 to Fel0HT samples, as capping layer
partially calcinated the dominant vibration transitions from
C=0O0 to O-H in this case. In 1452 cm™~" C-H the bending band
can be associated, while for the broad band from 1182 to
1055 cm ™" can be associated with C-O. In this last case the red
shifted band in Fe1l0 can be correlated to C-O-C band,?®
suggesting thermal degradation produces C mass loss as CO,
gas is generated from the oxidation process. These bands
observed are due to possible presence of metabolites and pro-
teins acting as capping agents, essential for the redox process
and nanoparticles stabilization of iron oxide NPs. In fact,
Gallo et al., characterized, using SDS-PAGE, several metabolites
and proteins contained in Trichoderma harzianum and can be
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responsible for the formation of iron oxide NPs,* e.g. oxido-
reductases. Finally, the broad band appearing below 700 cm™
has been previously associated with Fe-O vibration mode
further confirming the formation of iron oxide nanomaterials
by green synthetic process.

We proceeded to evaluate the biostimulant effect of the bio-
synthesized nanoparticles (both Fe5 and Fel0 without heat
treatment) on Trichoderma harzianum against pathogens
grown. At 100 ppm NPs supplementation of the PDA culture
media, both Fe5 and Fe10 enhanced sporulation and induced
darker pigmentation compared to the control (PDA culture
media without iron oxide NPs), which exhibited the lowest con-
idial formation (Fig. 6(a)). Notably, Fe10 promoted the most
intense conidial formation, suggesting that NPs supplemen-
tation accelerates fungal reproductive processes. These find-
ings indicate that iron oxide nanoparticles act as growth pro-
moters, consistent with previous studies showing that concen-
trations below 500 mg L™ favor fungal growth and sporula-
tion.*® Similar tolerance to iron oxide nanoparticles has been
reported in Trichoderma atroviride and Trichoderma asperellum
at up to 100 ppm, with no adverse impact on growth,* a be-
havior attributed to the ability of T. harzianum to withstand
high metal concentrations.*’

Growth kinetics revealed that Fel0 accelerated mycelial
expansion and sporulation from the early stages of culture,
with marked morphological differences (Fig. 6(b)). After 24 h,
T. harzianum + Fe10 covered 3.97 cm”® compared to 2.5 cm” in
the control, and by day 2 both treatments fully colonized the
Petri dish. However, from day 3 onwards, Fel0 promoted
denser yellow mycelium, while the control displayed patchy
white growth. By day 4, FelO-treated cultures exhibited pro-
nounced pigmentation and abundant sporulation, covering
the dish completely, whereas sporulation in the control
remained limited. At days 6-7, both treatments formed green
conidia, but sporulation was more intense in Fe10, particularly
at the margins. These results demonstrate that iron oxide

a) T. harzianum

Control (PDA) PDA + Fe5

Fig. 6 (a) Photographs of aerial mycelium (AM) and vegetative
mycelium (VM) of Trichoderma harzianum grown on PDA (control), PDA
+ Fe5 (100 ppm), and PDA + FelO (100 ppm) after seven days of incu-
bation. (b) Photographs of aerial mycelium showing Trichoderma harzia-
num growth from PDA and T. harzianum + FelO over seven days of incu-
bation. Growth is presented with single replicates (I, Il) for both
conditions.
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nanoparticles accelerated reproductive development, aligning
with Bilesky-José et al,*' who reported faster growth kinetics
and greater conidial density in nanoparticle-supplemented
T. harzianum.

In dual culture assays, Fe5 and Fe10 consistently improved
T. harzianum antagonism against Fusarium oxysporum,
Fusarium verticillioides, and Phytophthora infestans (Fig. 7). In
all cases, nanoparticle supplementation reduced pathogen
competitiveness, altered pathogen mycelial morphology, and
advanced the onset of antagonism compared with controls. In
confrontation with F. oxysporum, the control was classified as
antagonism level three (no dominance), whereas Fe5 and Fe10
treatments shifted the interaction to level two, with
T. harzianum colonizing two-thirds of the plate and producing
abundant green conidia. The pathogen, in contrast, developed
darker vegetative mycelium and restricted growth. Against
F. verticillioides, the control also recorded level three antagon-
ism, with T. harzianum overgrowth occurring only after day 10.
In Fe5 and Fel0 enriched treatments, however, pathogen dar-
kening occurred as early as day 3, while 7. harzianum devel-
oped dense green mycelium by day 7 and colonized two-thirds
of the dish by day 10, resulting in level two antagonism. With
P. infestans, the pathogen initially dominated, occupying two-
thirds of the dish by day 3. In the control, T. harzianum dis-
played limited yellow mycelium at day 7 and overgrew the
pathogen only by day 10. In contrast, Fe5 and Fe10 accelerated
the antagonistic response, with T. harzianum colonizing over
P. infestans by day 7, achieving level two antagonism. These
findings are consistent with previous studies demonstrating
improved antagonism of T. harzianum in the presence of iron
oxide nanoparticles.”! To isolate nanoparticle-specific effects,
control experiments were performed using ferrous acetate at

Phytophthora infestans
Control Fe5 Fe10

Fusarium oxysporum Fusarium verticillioides
Control Fe5 Fe10 el

Fig. 7 Antagonistic activity of Trichoderma harzianum on PDA medium
(control) and on PDA supplemented with Fe5 or FelO against Fusarium
oxysporum, Fusarium verticillioides, and Phytophthora infestans.
Treatments were evaluated for 10 days (F. oxysporum) and 13 days (F.
verticillioides and P. infestans).
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the same iron concentration in PDA. As shown in Fig. S10, no
significant differences were observed between the PDA control
and PDA supplemented with ferrous acetate, whereas the Fe5
and Fe10 materials induced a pronounced stimulation of the
antagonistic response of T. harzianum.

Overall, the results demonstrate that biosynthesized iron
oxide nanoparticles not only stimulate the growth and sporula-
tion of T harzianum but also potentiate its antagonistic
capacity against key phytopathogens. The dual role of iron
oxide nanoparticles, as metabolic stimulants and biocontrol
enhancers, suggests that their application as promising co-
adjuvants in sustainable agricultural strategies, improving the
efficacy of Trichoderma-based biocontrol while maintaining
compatibility with soil microbiota.?”

Fig. 8 schematically illustrates the proposed mechanism by
which Trichoderma harzianum induces redox reactions that
iron(u) acetate into iron oxide nanoparticles.
According to the mechanism proposed by Begum et al.,”® Fe**
ions originating from the precursor salt are initially reduced to
transient Fe’ species by metabolites and proteins secreted by
Trichoderma harzianum, which act as biological reducing
agents. Under the acidic conditions of the system, these zero-
valent iron species are readily re-oxidized to Fe** and Fe’”,
leading to the formation of mixed-valence iron oxide nano-
structures, as corroborated by XPS analysis. Simultaneously,
fungal metabolites absorb onto the nanoparticle surface,
acting as capping agents that stabilize the nanostructures,
limit long-range crystallographic order prior to thermal treat-
ment and subsequently serve as biostimulants that enhance
T. harzianum growth and its antagonistic activity against agri-
culturally relevant phytopathogens. Table 2 summarizes pre-
vious studies on the biosynthesis of iron oxides mediated by
T. harzianum species. Across all reports, this fungus consist-
ently demonstrates the ability to form iron oxide nanoparticles

convert
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Fig. 8 Schema of biosynthesis of iron oxide NPs using T. harzianum
and their posterior application as both biostimulant agent and phyto-
pathogen control enhancer. Created with BioRender.
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Table 2 Comparison of different biosynthesized iron oxide nano-
particles using Trichoderma sp. fungi

Metallic Biosynthesized
Fungus precursor material Ref.
Trichoderma harzianum  Iron chloride a-Fe,03 41
Trichoderma harzianum  Ferrous sulphate  FeO 4
Trichoderma harzianum  Iron chloride a-Fe,03 42
Trichoderma harzianum  Iron chloride Fe, 03 43
Trichoderma asperellum  Iron chloride Fe,0; 44
Trichoderma harzianum  Ferrous acetate Fe,03/Fe;0, NPS  This
work

regardless of the precursor used, while the resulting nano or
microstructures significantly enhance its growth and antifun-
gal performance. However, at the chemical and structural
level, the precursor type strongly influences particle mor-
phology and size. In the present study, the biosynthetic strat-
egy led to the formation of smaller nanostructures compared
with those previously reported, highlighting the efficiency of
the proposed synthesis route.

4. Conclusions

The biosynthesis of Fe-based nanomaterials using Trichoderma
harzianum enabled the formation of hybrid micro-nano-
structures with controllable morphology and composition.
SEM and AFM analyses revealed a clear correlation between
precursor concentration and particle architecture: while 5 mM
(Fe5) precursors yielded smaller microstructures decorated
with homogeneous quasi-spherical nanoparticles, the 10 mM
(Fe10) condition promoted denser surface coverage, increased
roughness, and agglomeration effects. TEM analysis confirmed
the presence of nanoscale aggregates and highlighted the
amorphous character of the as-synthesized samples, which
transformed into crystalline a-Fe,O; (hematite) after post-syn-
thesis calcination. Structural rearrangement upon thermal
treatment was validated by SAED, XRD, and XPS, evidencing
oxidation from Fe;O, (Fe*/Fe** mixed phases) into Fe,O;
(hematite) Elemental and surface analyses further demon-
strated the gradual removal of biologically derived capping
agents, as volatile species. Finally, optical spectroscopy con-
firms the obtention iron oxide NPs, as reflected by character-
istic band gap features, with thermal treatment inducing red-
shifts and narrowing of the optical band gap. Altogether, these
findings demonstrate the feasibility of Trichoderma harzianum
to synthesize iron oxide nanoparticles using a green approach.

The biological assays demonstrated that biosynthesized
iron oxide nanoparticles (both Fe5 and Fe10) act as effective
biostimulants for Trichoderma harzianum, enhancing mycelial
development, sporulation, and conidial pigmentation without
inhibitory effects. Growth kinetics revealed accelerated coloni-
zation and reproductive structure formation of Trichoderma
harzianum, with superior enhancement using Fel0 sample,
compared with the control. Moreover, dual culture experi-
ments confirmed that Fe5 and Fe10 improved the antagonistic
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capacity of T. harzianum against Fusarium oxysporum, Fusarium
verticillioides, and Phytophthora infestans, restricting pathogen
growth. These results highlight the synergistic effect of the bio-
synthesized iron oxide nanoparticles to increase the activity of
Trichoderma-based as biological control agent, promoting new
strategies for sustainable agriculture.
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