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Nanotechnology has been evolving in the past decades as an alternative to conventional fertilizers. 
Ferrihydrite nanoparticles that model the available Fe pool of soils are proposed to be used to recover 
Fe deficiency of plants. Nevertheless, ferrihydrite aqueous suspensions are known to undergo slow 
transformation to a mixture of goethite and hematite, which may influence its biological availability. 
Several nanocolloid suspensions differing in the surfactant type were prepared for plant treatment and 
fully characterized by transmission electron microscopy and 57Fe Mössbauer spectroscopy supported by 
magnetic measurements. The rate of transformation and the final mineral composition were revealed for 
all the applied surfactants. Nanomaterials at different stages of transformations were the subject of plant 
physiological experiments aiming at comparing the behavior and plant accessibility of the manufactured 
suspensions of nanoscale iron(III) oxide and oxide–hydroxide particles.

Introduction
The production and industrial application of nanomaterials 
increase rapidly every year drawing more and more attention to 
the possible effects associated with the release of nanoparticles 
to the environment [1–3]. Nanoparticles, being one of the basic 
building blocks of nanotechnology, can be found nowadays to 
play a role in various fields from magnetic devices to sunscreen 
products [4, 5]. It is inevitable that a considerable fraction of 
the produced nanoparticles will finally find its way to differ-
ent environmental compartments such as air, water, and soil 
[6]. Despite growing concerns regarding the potential harmful 

effects and biological toxicity, little is known about their trans-
port, possible transformations, and final fate in the ecosystems 
[7]. Although release of nanoparticles to the environment can 
be usually expected to be unfavorable to living beings, in some 
cases, deliberate exposure of plants to specific nanoparticles may 
be beneficial especially in the micronutrient homeostasis.

Iron is known to be an essential micronutrient for plants 
because it plays a vital role in cells construction and metabolic 
processes such as DNA synthesis, respiration, and photosyn-
thesis. Therefore, disturbed iron uptake is one of the limiting 
factors of plant biomass production. Nanoparticle-based iron 
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fertilizers are suggested to have a great potential in agriculture 
because of their low cost and low toxicity [8] and can serve as a 
biologically available Fe pool for plants retained in soil. Recent 
studies have used various Fe nanoparticles to investigate their 
beneficial effect on plant growth and metabolism [9, 10]. Fer-
rihydrite, a poorly crystalline form of iron-oxyhydroxide with 
a variable stoichiometry depending on its level of hydration, 
occurs in many soils in the form of nanoparticles attached to 
the surface of other soil components like clay minerals [11, 12]. 
For agricultural applications, ferrihydrite is believed to be one 
of the most promising candidates among nanoscale Fe-oxides/
hydroxides because of its relatively high solubility [13].

Ferrihydrite aqueous suspensions are known to undergo 
slow transformation to goethite, hematite, lepidocrocite, mag-
netite, and green rusts or mixture of these compounds depend-
ing on the experimental conditions such as temperature, pH, 
particle size, and the presence of other ions and ligands [14–16]. 
Such transformations play an essential role in Fe mineralogy 
in various natural environments, including soils. Both hema-
tite and goethite are thermodynamically more stable than 
ferrihydrite and their formation occurs through competing 
mechanisms, while hematite is crystallized via dehydration 
and internal atomic rearrangements within particles aggrega-
tion, goethite is formed from dissolved  Fe3+ via the formation 
of Fe–OH–Fe and Fe–O–Fe bridges and condensation. These 
structural changes can also affect the biological availability of 
Fe, thus they could significantly influence the effectiveness of 
these nano-Fe-oxides as iron fertilizers in soils.

The present work describes a long-term experiment on 
studying properties, transformation, and plant accessibility 
of synthetically prepared suspensions of nano-Fe-oxide parti-
cles. Several nanocolloid suspensions of ferrihydrite differing 
in the applied surfactant [S0 (Priowax 200), S1(PEG-1500), 
S2(Emulsion 104D), S3(SOLUTOL HS 15), see Methods and 
Materials section for the details] were prepared and fully char-
acterized by transmission electron microscopy, 57Fe Mössbauer 
spectroscopy, and magnetization measurements before the plant 
treatment. To investigate the time dependent aging of the nano-
materials, spectra were recorded after various time periods after 
the preparation. The effect of surfactants on the transformation 
rate and final mineral composition was revealed.

The utilization of Fe from the nanoparticles was subse-
quently studied by applying the suspension as the source of Fe 
for cucumber (Cucumis sativus) model. Cucumber operates an 
effective, reduction-based Fe uptake mechanism (also known 
as Strategy I) but sensitive enough for Fe deficiency that makes 
it an appropriate model to address plant nutrition and agricul-
tural experiments [17]. Iron deficiency triggers Fe deficiency 
responses in Strategy I plants such as upregulated expression of 
Ferric Reductase Oxidase (FRO) genes and enhanced root fer-
ric chelate reductase (FCR) activity [18]. In turn, Fe resupply 

leads to the suppression of these deficiency responses, which 
protect the roots against Fe overaccumulation. In the suppres-
sion of iron deficiency responses, hemerythrin domain Fe sen-
sors of the plant cells have crucial role, their activation results 
in the elimination of the FRO transcripts [19]. The turnover 
of FRO proteins in the plasma membrane finally restore the 
original FCR activity of the roots [20]. Since the restoration of 
iron deficiency responses are highly dependent on Fe sensing 
mechanisms, decrease in both the FRO transcript amount and 
in the FCR activity indicate the availability of Fe for the model 
plant. Therefore, to test the agronomical potential in the benefi-
cial effect of Fe nanoparticles, the recovery of iron deficiency in 
plants was followed by measurements of the enzymatic activity 
of the FCR enzyme and by the upregulated expression of FRO 
genes.

Results
Transformation of the materials S0 and S0(57Fe)

The nanocolloid suspension S0 was already successfully applied 
in plant nutrition, the corresponding results are summarized in 
Singh et al. [21]. TEM images taken on the as-prepared sample 
accompanied with X-ray diffraction studies performed on an 
analogous dried nanoparticle powder [22] showed the presence 
of only ferrihydrite particles. However, later analysis revealed 
a slow transformation of the material despite the presence of 
surfactant. TEM results on the same sample measured 1500 days 
later showed that significant part of the sample was transformed 
to nanohematite (Fig. 1). The pH was found to slightly decrease 
with time (Suppl. Table 1). The 57Fe Mössbauer spectrum of the 
frozen suspension measured 150 days after preparation exhib-
ited the relative spectral area fraction of 20(4)% associated with 
magnetic component [22] that can be identified as hematite 
based on the subsequent TEM results. With respect to the 5 nm 
diameter of the ferrihydrite nanoparticles in the as-prepared 
suspension, the larger size (up to ∼20 nm) of the detected hema-
tite nanoparticles corroborates that the formation of hematite 
proceeds via an aggregation step of ferrihydrite nanoparticles.

In order to clarify the transformation process, the sample 
S0(57Fe) enriched with 57Fe was prepared with the same sur-
factant as S0. The pH of the S0(57Fe) nanocolloid suspension 
did not change significantly during the period of investigation 
(Suppl. Table 1). According to the TEM images taken shortly 
after its preparation [Fig. 2(a)], the suspension S0(57Fe) includes 
nanoparticles (diameter of 2–7 nm) with typically low crystallin-
ity. Their lattice parameters correspond to ferrihydrite structure. 
Larger, typically round-shaped particles with various sizes below 
10 nm [Fig. 2(a–c)] appear to be formed via aggregation and 
may represent an intermediate stage towards the formation of 
well-crystallized particles of goethite or hematite.
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Figure 1:  (a) Bright-field image and (b) SAED pattern of the S0 colloid suspension 1500 days after preparation. Indices of hematite are given on the 
background subtracted integrated intensity profile. Sticks below the intensity profile indicate diffraction peaks of 6-line ferrihydrite [23]. Elevated 
background indicated by asterisk is from amorphous carbon (residue of surfactant).

Figure 2:  Characteristics of the S0(57Fe) colloid suspension shortly after its preparation (a–c) and 1000 days after preparation (d–f ): (a) bright-field 
image of typical isometric particles with various sizes around and below 10 nm, with arrows indicating larger, round-shaped particles, (b) high-
resolution image of the particle framed on the left image and (c) its Fourier transform showing polycrystalline structure and increased crystallinity with 
respect to that of the smallest particles, which implies the formation via aggregation of individual smaller domains, (d) bright-field image of typical 
needle-shape particles, (e) high-resolution image of the particles from the image (d), (f ) SAED pattern of the S0(57Fe) colloid suspension 1000 days 
after preparation. Diagnostic reflections for goethite and hematite at 4.2 Å and 3.7 Å are indicated by white and black arrowheads, respectively. Further 
intense peaks of hematite are indexed on the background subtracted integrated intensity profile. Sticks below the intensity profile indicate diffraction 
peaks of 6-line ferrihydrite [23].
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To investigate the aging process of the material in details, 
several Mössbauer spectra were measured after different time 
periods: 10, 250, 500, 800, and 1000 days after the suspension 
preparation (Fig. 3, spectrum of the sample after 250 days after 
preparation is shown in [21]). Mössbauer spectrum of the frozen 
S0(57Fe) colloid suspension recorded on the 10th day after prep-
aration (Fig. 3) can be fitted with a model consisting of a quad-
rupole doublet, two magnetic sextets, and a broad component 
referring to magnetic relaxation effects (Suppl. Table 2). The 
doublet is characterized with an 57Fe isomer shift of δ = 0.45(1) 
mm/s and a quadrupole splitting of Δ = 0.69(1) mm/s. These 
parameters are indicative of the high-spin Fe(III) state. By taking 
into account also the TEM results [Fig. 2(a)], the doublet com-
ponent may be associated with ferrihydrite nanoparticles. The 
doublet component accounts for 69% of the total spectral area, 
indicating that in the S0(57Fe) colloid suspension ca. 69% of iron 
is situated in ferrihydrite nanoparticles, the latter representing 
the majority of the colloids at this moment of time.

Isomer shifts of the sextets (δ1  =  0.49 ± 0.01  mm/s, 
δ2  =  0.48 ± 0.01  mm/s) and that of the broad component 
(δr = 0.51 ± 0.04 mm/s) suggest the presence of only ferric iron 

in the sample at the moment of measurement. The precise 
identification of these iron phases is hindered by the rather low 
intensities of the sextets with respect to the statistical noise of 
the spectrum, and by the fact that different ferric oxyhydroxides 
and hydrous oxides have close-lying isomer shifts [24]. How-
ever, comparison with the TEM images allows to assume that 
the broad component and the sextets correspond to the hematite 
and goethite particles on the intermediate and the final stages of 
formation, respectively.

Mössbauer spectra of the frozen S0(57Fe) colloid suspension 
recorded later were evaluated simultaneously with a model con-
sisting of two quadrupole doublets, two magnetic sextets, and 
a broad component associated with magnetic relaxation effects 
(Suppl. Table 3). As described earlier, the main iron(III) doublet 
corresponds to ferrihydrite nanoparticles, while the component 
reflecting magnetic relaxation effects can be associated with the 
aggregated ferric particles undergoing the transformation from 
ferrihydrite to hematite/goethite. The magnetic components 
(δ1 = δ2 = 0.47(1) mm/s, 2ε1 = − 0.17(3) mm/s, 2ε2 =  − 0.30(4) 
mm/s, Bhf1 = 52.0(1) T, Bhf2 = 48.0(2) T) can be associated with 
larger particles of hematite and goethite, respectively. The 

Figure 3:  Mössbauer spectra of the frozen S0(57Fe) colloid suspension sample (T = 80 K) measured at different time points.
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relative content of a newly appeared iron(II) doublet (δ = 1.26(1) 
mm/s, Δ = 2.68(3) mm/s) is 10% after 250 days passed after prep-
aration and it slowly decreases with time (Fig. 4). This com-
ponent may correspond to iron(II) in a structure of a mixed-
valence mineral formed during the transformation.

In contrast to the slow rate of degradation of the iron(II) 
component, the relative spectral area of the Fe(III) doublet 
decreases dramatically (from 87 to 15%) during the investi-
gation period, while the relative spectral area of the magnetic 
components increases with time, showing a slow transformation 
of ferrihydrite into a mixture of hematite and goethite with the 
prevalence of the latter.

TEM images taken 1000 days after preparation [Fig. 2(d–f)] 
also exhibit the presence of goethite and hematite. Goethite crys-
tals are generally needle like in morphology and vary in size. The 
majority is in the range of 5–10 nm wide and 50–100 nm long.

Comparison of different surfactants

To compare the influence of the surfactant on the rate of the 
transformation the suspensions S1, S2, and S3 were studied by 
means of Mössbauer spectroscopy and TEM at two different 
time points: shortly after preparation and 6 years later. In addi-
tion, in order to monitor the possible intermediate formation of 
dissolved paramagnetic iron species during the transformation 
process, FC/ZFC magnetization measurements were performed 
on the samples ca. 20 months after the first TEM measurements. 
The pH values of the suspensions were close to each other after 
the preparation, and did not change significantly during the 

whole investigation period (Suppl. Table 1). Mössbauer spectra 
of suspensions were fitted using a model consisted of two quad-
rupole doublets and a sextet. Obtained Mössbauer parameters 
are shown in Suppl. Tables 2 and 3.

TEM-SAED images of the S1 suspension shortly after prepa-
ration (Fig. 5) showed that the sample consists of homogeneous 
6-line ferrihydrite particles with size in the range of 4–7 nm. 
Mössbauer analysis confirmed this observation exhibiting only 
one ferric component with parameters typical for Fe nuclei in 
the structure of ferrihydrite. As in the case of S0(57Fe), the pres-
ence of a small amount of iron(II) was detected in the sample. 
The spectrum of the aged suspension also showed no magnetic 
components. The only observed change was the disappearance 
of the iron(II) doublet, referring to the oxidation of the corre-
sponding iron species. TEM investigations exhibited the aggre-
gation of particles that were earlier arranged homogeneously 
(Fig. 5), though no increase of individual particle size occurred. 
Broad diffuse rings indicate that ferrihydrite is still present in 
the suspension as the dominant phase. Sticks below the inten-
sity profile indicate diffraction peaks of 6-line ferrihydrite [23]. 
Nevertheless, faint spotty reflections along diffraction rings indi-
cated by arrowheads in Fig. 5 definitely prove the appearance of 
minor amount of hematite.

In contrast to the previous case, Mössbauer spectrum 
and TEM images of suspension S2 measured shortly after the 
preparation (Fig. 6) already showed the presence of appreci-
able amount of hematite. The corresponding Mössbauer spec-
trum (Fig. 6, left) is consistent with above 20% of iron being 
incorporated into the structure of hematite nanoparticles. The 

Figure 4:  Diagram charts showing the relative areas of spectral components identified in the Mössbauer spectra of S0(57Fe) frozen colloid suspension as 
being associated with the different phases indicated on the legend.
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particles observed on the bright-field images have a diameter in 
the range of 12–25 nm and possess irregular hexagonal shape 
typical for hematite. The presence of a small amount of iron(II) 

was found in this sample as well. The investigation of the aged 
sample clearly showed the progress of the transformation. With 
the passing of time the relative area of the sextet component 

Figure 5:  Mössbauer spectra, bright-field images and SAED patterns of S1 suspension shortly after preparation (left) and 6 years later (right). Indices of 
most intense peaks are given on the background subtracted integrated intensity profile.

Figure 6:  Mössbauer spectra, bright-field images and SAED patterns of S2 suspension shortly after preparation (left) and 6 years later (right). Indices of 
most intense peaks are given on the background subtracted integrated intensity profile.
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(δ = 0.45(2) mm/s, 2ε = − 0.08(3) mm/s, Bhf = 51.9(3) T) has 
increased substantially to 71%. On the TEM micrographs one 
can observe the agglomerates of hematite particles connected 
with, presumably, the surfactant substance. SAED indicates the 
sample to consist of pure nanocrystalline hematite.

Mössbauer spectrum of the suspension S3 shortly after 
preparation (Fig. 7) was fitted using the same model as in the 
case of S2, suggesting that beside ferrihydrite, iron(II) and 
hematite are present in the sample. TEM study proved the 
suspension to consist mainly of nanoparticles of 6-line ferri-
hydrite (4–8 nm), mixed with minor amounts of larger particle 
size hematite. As the time passed, the sample was still found to 
consist of a mixture of ferrihydrite and hematite. The 104 dif-
fraction peak of hematite is well separated in the aged sample, 
while it is missing in the as-prepared sample. This observa-
tion indicates increasing hematite content during aging but 
most of the particles were found to be polycrystalline. It is also 
remarkable that despite the similarity of parameters of Möss-
bauer spectra of aged samples S2 and S3, the size of hematite 
particles is much smaller in the case of S3 than in S2 at this 
stage of aging. Additionally, SAED pattern of the S3 sample 
after transformation indicates the presence of another minor 
phase with lattice distance of approximately 3 Å (marked with 
black arrowhead), which is presumably maghemite. Since the 
average size of the particles of this phase is below 10 nm, it 
should appear as a superparamagnetic doublet in the Möss-
bauer spectrum [13, 24] with parameters very close to the 

ones of ferrihydrite, therefore, it cannot be distinguished in 
the present spectra.

The FC/ZFC measurements of the samples, carried out at 
an intermediate time point, resulted in the close-lying curves 
shown in Suppl. Fig. 1. The curve associated with sample S1 is 
shown in Fig. 8 in comparison with the FC/ZFC curves obtained 
for the sample S0(57Fe)intermediate. The latter reflects mainly a par-
amagnetic contribution originating from the precursor 57FeCl3 
solution, as in the corresponding stage of preparation the forma-
tion of nanoparticles was far from complete yet. The latter is also 
corroborated by the associated 57Fe Mössbauer spectrum, shown 
in the inset of Fig. 8, whose profile resembles that (see, e.g., 
Suppl. Fig. 2) of an 57FeCl3 solution at the same temperature.

In comparison with the paramagnetic behavior of 
S0(57Fe)intermediate, the FC/ZFC magnetization curves of samples 
S1, S2, and S3 display reduced magnetic moments with a cusp 
representing magnetic blocking appearing in the ZFC curve at 
around Tb = 16 K (for S1 and S2) and Tb = 22 K (for S3), above 
which the samples display superparamagnetic behavior. The Tirr 
irreversibility temperature, where FC and ZFC curves start to 
deviate from each other on temperature decrease (see Suppl. 
Fig. 1), is close to the Tb blocking temperature for sample S3, 
but lies at higher temperatures for the samples S1 (Tirr ≈ 36 K) 
and S2 (Tirr ≈ 26 K). The reduction in magnetization with 
respect to paramagnetic behavior as well as the appearance of 
magnetic blocking and irreversibility at lower temperatures are 
consistent with the majority of  Fe3+ ions being included either 

Figure 7:  Mössbauer spectra, bright-field images, and SAED patterns of suspension S3 shortly after preparation (left) and 6 years after (right). 
White arrows indicate faint diagnostic reflections for minor component hematite. Diffraction peak at ca. 3 Å (black arrowhead) can be identified as 
maghemite.
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in antiferromagnetic or weakly ferromagnetic hematite or in 
speromagnetic ferrihydrite nanoparticles in these nanocolloid 
suspensions. By comparing the obtained FC/ZFC magnetization 
curves with those of dried 2-lines and 6-lines ferrihydrite nano-
particle powders [12], in the latter case we find similar magnetic 
blocking and irreversibility behavior, though the respective tem-
peratures are higher than in our case (e.g., Tb = 49 K and 46 K 
for 2-lines and 6-lines ferrihydrite, respectively [12]). The lower 
blocking and irreversibility temperatures in our case could be 
due to the fact that our samples were applied in the form of 
a solution to the blotting paper that could be let dry without 
promoting close contact among the individual nanoparticles, 
in contrast with cases where a precipitate is dried in the form 
of a powder of interacting nanoparticles. Magnetic interparti-
cle interactions are therefore expected to play a smaller role in 
influencing the magnetic response of our samples. The latter is 
indeed confirmed by the increasing tendency of FC magnetiza-
tion with decreasing temperature even at temperatures below Tb. 
At the same time, the obtained magnetization curves are simi-
lar to those obtained for weakly- or non-interacting hematite 
nanoparticles [25, 26], even by considering the blocking tem-
perature. By taking into account also the similarity of FC/ZFC 
curves obtained for the S1, S2, and S3 samples (Suppl. Fig. 1), 
this may indicate that the nanoparticles applied to the blotting 
paper transformed to hematite during the course of drying. 
Nevertheless, comparison of the ZFC curves of S1, S2, and S3 
with that of S0(57Fe)intermediate (Fig. 8) makes it obvious that the 
transformation of nanoparticles undergoing in the suspensions 

according to Figs. 5, 6, and 7 proceeds without the formation 
of appreciable amounts of paramagnetic iron species. Iron in 
the studied nanoparticles can therefore be regarded as having 
negligible solubility in their respective suspensions.

Biological utilization of the nanoparticles in the plant 
model

The utilization of the different nanomaterial compounds was 
tested by the suppression of Fe deficiency responses in the plant 
model. Results indicate that under biological conditions the 
suspensions are suitable to be used as an effective source of Fe 
in restoring plant Fe deficiency. The responses were studied in 
a more detailed manner for suspension S0 right after prepara-
tion (containing only nanoparticles of ferrihydrite and referred 
to as NFH) and S0 at a late stage of transformation (contain-
ing only nanoparticles of hematite and referred to as NH). The 
expression of CsFRO1 was chosen as indicator of Fe deficiency 
responses, as it is the most sensitive root ferric chelate reductase 
for Fe resupply. Total activity of root ferric chelate reductases 
was measured as root FCR activity. In the expression of CsFRO1 
[Fig. 9(a)], both the treatment with NFH and NH induced a 
sharp decrease. In 24 h of treatment, the relative transcript 
amount decreased significantly comparing to the untreated 
Fe-deficient plants, but the difference between NFH- and NH-
induced changes remained not significant. In the FCR activity in 
24 h no differences were detected among Fe-deficient plants and 
treated plants (not shown). However, 48 h of treatment induced 

Figure 8:  Comparison of FC/ZFC magnetization curves of the samples S1 and S0(57Fe)intermediate, measured ca. 20 months after the first TEM and 57Fe 
Mössbauer measurements were carried out on sample S1 (Fig. 5 left). Analogous measurements on the samples S2 and S3 resulted in magnetization 
curves (Suppl. Fig. 1) lying close to those of S1, and are therefore omitted here for clarity. The inset shows the 57Fe Mössbauer spectrum of 
S0(57Fe)intermediate measured at 80 K.
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a considerable decrease in the root FCR activity too, in com-
parison to untreated Fe-deficient plants [Fig. 9(b)]. In contrast 
to expression data, a remarkable difference was found in the 
FCR activity among NFH- and NH-treated plants where the 
NH treatment resulted in a stronger suppression of the activity.

Discussion
While the formation of hematite proceeds via aggregation 
and dehydration of ferrihydrite nanoparticles, that of goethite 
requires dissolution of ferrihydrite and subsequent nucleation 
and crystallization processes utilizing the iron(III) ions dissolved 
in the solution. With decreasing pH levels, a gradual inhibition 
of the latter process sets in below pH ≈ 4, and consequently 
the formation of hematite becomes increasingly favored upon 
further reduction of pH [13]. At the pH level of our sample, the 
formation of goethite is expected to outweigh that of hematite. 
However, the result observed suggests the opposite. In the case 
of S0, S1, S2, and S3 prepared using the same protocol but dif-
ferent surfactants the result of the transformation was found to 
be only hematite. Magnetic measurements also confirmed that 

no dissolution preceding goethite formation takes place in these 
samples. On the other hand, in S0(57Fe) which was prepared 
with the same surfactant as S0, the final material was a mixture 
of hematite and goethite with the prevalence of goethite. The 
ratio of hematite to goethite in S0(57Fe) is in close agreement 
with the values reported in [14] for suspensions of pH 2.5 after 
441 day after preparation. Not only the ratio of minerals varied 
in different suspensions but also the size of the formed hematite 
particles was found to be different at the final stage of transfor-
mation, while in the case of S2 the particles are over 20 nm, in 
samples S0, S1, and S3, the particles are much smaller (mostly 
less than 10 nm). Moreover, among the samples only S3 dis-
played the presence of a minor amount of maghemite.

The appearance of a minor iron(II) component may be due 
to the reducing effect of the surfactant, applied in relatively 
low concentration, given that polyethylene glycols may act as 
a reducing agent [27]. A reductant may induce interfacial elec-
tron transfer to structural iron(III) and accelerate the transfor-
mation of ferrihydrite to a mixed-valence compound [28, 29], 
which dissolves more readily and facilitates the formation of 
goethite and feroxyhyte (δ-FeOOH), an apparently rare iron(III) 
oxide with a local structure that has been described as a highly 
disordered variant of hematite [15]. Based on the obtained 
Mössbauer parameters and applied protocol of preparation the 
formed mixed-valence compound may be identified as chlorin-
ated green rust [30, 31]. Earlier this mineral was suggested to 
form during the transformation of ferrihydrite as an intermedi-
ate product [13].

The results obtained allow one to estimate the conversion 
half-life of ferrihydrite for different nanocolloid materials. The 
time dependence of percentage of ferrihydrite remained was fit-
ted by suggesting first-order rate kinetics. Calculated time of 
half transformation for S0(57Fe) is 480 ± 40 days. Good agree-
ment between the experimental data and fit indicates that in this 
case, the transformation of ferrihydrite can be described by a 
first-order rate kinetics. It is remarkable that for S0, Mössbauer 
and TEM results are consistent with a ca. 1 year of half conver-
sion time of ferrihydrite, which is comparable with the time 
calculated for S0(57Fe). Previous studies [14] showed that the 
time for half conversion of ferrihydrite increases with decreas-
ing pH levels and for a ferrihydrite suspension prepared at 
pH ≈ 2 without surfactant also reaches nearly 1 year. Samples, 
S1 and S3 prepared using the same protocol as S0 but other 
surfactants, exhibited slower transformation, while sample S2 
showed the presence of significant amount of hematite already 
shortly after preparation. It is worth to point out explicitly that 
despite both S0 and S1 were prepared by adding polyethylene 
glycol polymer with a mean molecular mass of 200 and 1500 g/
mol, respectively, the transformation rate varies significantly: S0 
was almost fully transformed to hematite after 5 years, while S1 
shows only a minor transformation in the same time interval. 

Figure 9:  Normalized relative quantity (NRQ) of CsFRO1 transcript 
amount (a) and ferric chelate reductase (FCR) activity (b) in the roots of 
Fe-deficient (dFe), nanoferrihydrite (NFH)-treated, and nanohematite 
(NH)-treated plants. Error bars represent SD values. To compare the 
differences, one-way ANOVA was performed with Tukey–Kramer post 
hoc tests on the treatments (P < 0.01). Statistical groups are indicated 
with letters.
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This observation suggests that the type and, remarkably, the 
molar weight of surfactant play much more important roles for 
the transformation rate than the initial state of iron.

Based on these results one can estimate the ferrihydrite 
concentration of a suspension at any point of time with suf-
ficient accuracy. This moderate rate of transformation presents 
an opportunity to perform biological experiments with nano-
colloid suspensions having different ferrihydrite/goethite/hema-
tite compositions by applying the same suspension at different 
points of time after its preparation as was done using suspen-
sion S0. Since the application of nanohematite (S0 after trans-
formation) resulted in a stronger decline in these responses than 
nanoferrihydrite (S0 as-prepared), the data obtained suggest a 
slightly better availability of Fe from the suspension in the form 
of nanohematite. This observation may be connected not only 
to the changes in the structure and crystallinity of the particles 
but also to the change in the degree of coating of the particles 
with surfactants that is proposed to affect the interaction of 
nanocolloid particles and plasma membrane enzymes/secreted 
compounds responsible for the FCR action of plant roots. After 
transformation to hematite, which occurs via aggregation, the 
particles formed are not fully covered by the surfactant, which 
may lead to a more efficient Fe utilization by the roots. SAED 
patterns and bright-field images of the samples showed the pres-
ence of the residue of surfactants mostly not coating but just 
connecting particles with each other.

Conclusions
Comparison of several nanoscale ferrihydrite suspensions 
allowed to reveal the dependence of their transformation 
time and their final mineral composition on the type of the 
applied surfactant. The results obtained allow us to conclude 
the following:

• The type of the applied surfactant can influence the transfor-
mation attributes. Polyethylene glycol polymer with a mean 
molecular mass of 1500 g/mol was shown to be the best from 
the applied surfactants to preserve the initial structure and 
size of the particles;

• The transformation preserves the stability of the colloid sus-
pensions (i.e., no precipitates) over several year-long time 
periods;

• Iron(II)-containing intermediate compounds were found to 
form in the case of all applied surfactants and may play a role 
in the transformation process;

• The end product hematite appears to be more effective in 
restoring plant Fe deficiency than ferrihydrite, thus, the 
aging of the nanocolloid system significantly affects the uti-
lization of the Fe. This points out that beside the particle 
size and structure also the covering of these Fe nanoparticles 

with surfactants plays an important role in their biological 
applicability, which should be taken into account in planning 
any long-term field applications.

Methods and materials
Preparation

The colloid suspension sample S0 was prepared via forced 
hydrolysis process [32] as follows. A solution of 0.5  M 
 FeCl3 ×  6H2O was prepared with a volume of 50 ml, along with a 
separate 30 ml solution of surfactant Priowax 200 (polyethylene 
glycol polymer with a mean molecular mass of 200 g/mol, Lam-
berti Chemicals, Gallarate, Italy). The latter solution was added 
to 600 ml deionized water at 80 °C, with subsequent 10-min 
stirring. The  FeCl3 solution was then added to the obtained sur-
factant solution at a rate of 2 ml/min, with an additional 2-h 
stirring at 80 °C.

In order to compare the effect of different surfactants three 
samples S1, S2, S3 were prepared using the same protocol but 
various surfactant solutions:

• S1 was prepared using PEG-1500 (polyethylene glycol poly-
mer with a mean molecular mass of 1500 g/mol, Lamberti 
Chemicals, Gallarate, Italy);

• S2 was prepared using Emulsion 104D (polyoxyethylene–
polyoxypropylene copolymer, Lamberti Chemicals, Gal-
larate, Italy);

• S3 was prepared using SOLUTOL HS 15 (polyoxyethylene 
ester of 12-hydroxystearic acid, BASF Pharma).

To achieve better statistics of Mössbauer spectra, the 
S0(57Fe) colloid suspension sample was prepared by using an 
 FeCl3 solution prepared from iron enriched in 57Fe and sur-
factant Priowax 200. The first step of preparation was identi-
cal to that given above for S0. Following characterization of the 
resulted sample (denoted further on with S0(57Fe)intermediate) by 
TEM, magnetization measurement, and 57Fe Mössbauer spec-
troscopy, a recrystallization step was performed in order to com-
plete the formation of nanoparticles from the 57FeCl3 solution. 
In this second step, the solution, at room temperature, was first 
diluted with distilled water to twice of its volume. The pH of 
the solution was then set to 7 with ammonia solution leading to 
the formation of precipitates. The pH of the solution was then 
adjusted to 1.75 with the addition of 10% (V/V) HCl solution, 
leading to partial dissolution of the precipitates. The resultant 
suspension was then boiled for 15 min, which led to the dis-
solution of all the precipitates and thereby to the formation of 
the colloid suspension used subsequently in the experiments.

The iron concentration of the colloid suspensions was 
measured by inductively coupled plasma optical emission 
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spectrometry. Iron concentrations and pH values measured after 
preparation are shown in Suppl. Table 1. During the investiga-
tion, the suspensions were stored in darkness in order to prevent 
any possible photoinduced transformation [33, 34].

Mössbauer spectroscopy

To reveal the composition of nanoparticles and the state of iron 
in the associated iron microenvironments in these nanocolloi-
dal systems, 57Fe Mössbauer spectroscopy measurements were 
performed on the frozen nanocolloid suspensions at T = 80 K 
using conventional Mössbauer spectrometers (WissEl, Starn-
berg, Germany and KFKI, Budapest, Hungary) operating in the 
constant acceleration mode. 57Co source in Rh matrix, kept at 
ambient temperature, provided the γ-rays for the measurements. 
The samples were kept at low temperature either by using a bath-
type cryostat (SVT-400-MOSS, Janis, Woburn, MA, USA) filled 
with liquid nitrogen, or by using a custom-made flow-through 
type, liquid nitrogen-cooled cryostat.

The Mössbauer spectra were evaluated by standard com-
puter-based statistical analysis methods that included fitting the 
experimental data by a sum of Lorentzians using a least-squares 
minimization procedure with the help of the MossWinn 4.0i 
program [35]. The isomer shifts are given relative to that of α-Fe 
at room temperature.

Transmission electron microscopy

Transmission electron microscopy (TEM) and selected area 
electron diffraction (SAED) measurements of the as-prepared 
suspension samples were performed using a Philips CM20 
TEM  (LaB6 cathode) operating at 200 keV [Figs. 5(a), 6(a), and 
7(a)] and a JEOL 3010 UHR TEM equipped with a Gatan GIF 
Tridiem (LaB6 filament, 0.17-nm point resolution) operating 
at 300 keV [Fig. 2(a–c)]. TEM study of the aged samples was 
done by the means of a FEI‐Themis 200 G3 transmission elec-
tron microscope with a  Cs corrected objective lens (FEG electron 
source, point resolution 0.07 nm in HRTEM mode) operating at 
200 keV. Suspension samples for the TEM analysis were prepared 
using ethanol. A drop of the resulting suspension was deposited 
onto ultrathin carbon-coated copper TEM grid (Ted Pella). The 
HRTEM images were analyzed using Velox (FEI) software.

SAED patterns were taken using 200-μm-sized aperture, 
resulting in diffraction area of ca. 3 μm diameter. This setup 
ensures that enough large number of nanocrystals are included 
into the diffraction measurements, which is necessary for good 
statistics.

Integrated intensity profiles were obtained using Process 
Diffraction software [36]. Background subtraction was per-
formed using Origin software. For hematite and ferrihydrite, 

crystallographic data of Blake et al. [37] and Jansen et al. [23] 
were used, respectively.

Magnetic measurements

FC/ZFC magnetization measurements of samples S1, S2, S3, and 
S0(57Fe)intermediate were carried out in the temperature range of 
5…300 K by using a MPMS-5S Quantum Design superconduct-
ing interference device. In each case 100 µL suspension was 
dropped on a piece of blotting paper having the same size and 
shape (an oblong rectangle) for all the samples. After the blotting 
papers dried, they were coiled up to form cylindrical columns 
of ca. 1 cm height, and were then subsequently measured in this 
form. In order to be able to separate the magnetic response of 
the magnetic species in the suspensions from that of the blotting 
paper, a blotting paper column was also prepared and measured 
without the addition of any suspension. The samples were cooled 
from 300 to 5 K either in zero external magnetic field (ZFC) or 
in the measuring field of H = 10 Oe (FC). The magnetization 
was then measured as a function of temperature by applying 
the H = 10 Oe measuring field upon heating. In the final results, 
the magnetization level of the suspension-free blotting paper 
column was subtracted from the magnetization levels obtained 
for the samples under investigation.

Plant material

Strategy I model cucumber (Cucumis sativus L. cv. Joker F1) 
was applied. Germination was performed in darkness at 26 °C 
for 2 days. Seedlings were transferred to 0.5 mM  CaSO4 for 
24 h in darkness. Cultivation of plant material was performed 
on ¼ Hoagland solution (1.25 mM  KNO3; 1.25 mM Ca(NO3)2; 
0.5 mM  MgSO4; 0.25 mM  KH2PO4; 11.6 μM  H3BO3; 4.5 μM 
 MnCl2; 0.19 μM  ZnSO4; 0.12 μM  Na2MoO4; 0.08 μM  CuSO4) 
where the medium was free of any Fe sources. Nutrient solu-
tion in the 400 ml pots was replaced 3 times per week. Envi-
ronmental parameters in the growth chamber were 14-h light 
(120 μmol  m−2  s−1 photosynthetic photon flux density)/10-h 
darkness, relative humidity of 75/70%, temperature of 24/22 °C. 
Light periods started at 6 am. Nanomaterial colloidal suspen-
sions were applied in 20 µM nominal concentration of iron on 
3-week-old plants. Recovery treatments started exactly at 9:00 
am in each repetition.

Ferric chelate reductase assay

Ferric chelate reductase (FCR) assay was applied as in Kovács 
et  al. [17]. The absorbance of the [Fe(II)-bathophenanth-
roline  disulfonate3]4− complexes (extinction coefficient of 
22.14  mM−1  cm−1; [38]) was measured at 535 nm (UV-2100, 
Shimadzu, Kyoto, Japan).
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Quantitative RT‑PCR

Polyadenylated RNA (considered as mRNA) fraction was 
isolated using the GenoVision mRNA isolation kit (Qiagen) 
according to the manufacturer’s instructions from root sam-
ples. After recovery, mRNA samples were separated in 25 µl 
diethyl pyrocarbonate-treated deionized water. RNA content 
was measured by NanoDrop1000 (Thermo-Fisher Scientific). 
To eliminate residual genomic DNA contamination, RNase-
free DNase I (Thermo-Fisher Scientific) digestion was applied. 
Reverse transcription was performed by RevertAid Reverse 
Transcriptase (Thermo-Fisher Scientific) with oligo-dT primers 
at 42 °C for 45 min and 70 °C for 10 min. CsACT , CsEF1A and 
CsFRO1 sequences were accessed in C. sativus database [39] and 
in CuGenDB [40]. Primer sequences, listed in Suppl. Table 4, 
were designed using NCBI tool. Quantitative RT-PCR were per-
formed in StepOnePlus Real-Time PCR system (Applied Bio-
systems) operating with StepOne™ v.2.2.3 software as in Müller 
et al. [41]. Analysis was performed according to Pfaffl [42].

Statistical analysis

Measurements were repeated in 3 independent biological repeti-
tions where all samples were mixed of 6 plant individuals of iden-
tical phenological stage. For qRT-PCR, 4 parallel RNA technical 
replicates were isolated in 3 independent experiments (biological 
replicates). One-way ANOVA tests with Tukey–Kramer post hoc 
tests were performed on data using InStat v. 3.00 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). The term ‘significantly different’ 
means that the similarity of samples is P < 0.01.
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