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Abstract  We have carried out a systematic inves-
tigation on the impact of Fe3O4 nanoparticles (NPs) 
and Rhizobium inoculation on nodulation and growth 
of common bean plants (cv. Red Guama, Phaseolus 
vulgaris). Three distinct treatments were conducted 
on the common bean plants: (i) exposure to Fe3O4 
NPs; (ii) Rhizobium inoculation; and (iii) a combined 
treatment involving Fe3O4 NPs + Rhizobium inocula-
tion, with non-treated plants as controls. Tempera-
ture and magnetic field dependence of magnetization, 
M(T, H), measurements were performed on both the 
soil, and dried organs of the plants including roots, 
nodules, stems, and leaves. M(T, H) analyses indi-
cated a systematic increase in magnetization across 
organs of plants treated with Fe3O4 NPs and com-
bined Fe3O4 NPs + Rhizobium. We have found the 
magnetic contribution, generally related to Fe content 

in the soil and plant organs, significantly increased 
in plants exposed to Fe3O4 NPs, further indicating 
absorption, translocation, and accumulation of Fe3O4 
NPs in the areal parts of the plants. Plants treated 
with Fe3O4 NPs and combined Fe3O4 NPs + Rhizo-
bium exhibited Fe3O4 NPs accumulation in all organs 
with increasing concentrations of 69.7 to 74.1 NNPs/g 
in roots, 5.6 to 7.7 NNPs/g in stems, and 3.1 to 5.5 
NNPs/g in leaves, respectively. The iron concentra-
tion in nodules was found to be close to 65 NNPs/g. 
No appreciable difference in the absorption index 
AI of roots between plants treated with Fe3O4 NPs 
(~ 1.73%) and Fe3O4 NPs + Rhizobium (~ 1.79%) has 
been observed. The translocation index TI increased 
by ~ 46% in plants treated with Fe3O4 NPs + Rhizo-
bium (6.9%) compared to Fe3O4 NPs (4.3%). Treated 
plants showed improved symbiotic performance 
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including nodule leghaemoglobin and iron content, 
number of active nodules per plant, and nodule dry 
weight. The best result was obtained using the com-
bined treatment of Fe3O4 NPs + Rhizobium. This 
study provides evidence that M(T,H) measurements 
constitute a valuable tool in monitoring the uptake, 
translocation, and accumulation of Fe3O4 NPs in 
plant organs of common bean plants.

Keywords  Magnetic measurements · Common 
bean (Phaseolus) · Fe3O4 nanoparticles · Rhizobium 
inoculation

Introduction

The application of nanoparticles (NPs) in agriculture 
is an expanding field of investigation with potential to 
revolutionize methodologies employed in food culti-
vation. Nanoparticles, extremely small particles rang-
ing from 1 to 100 nm (nm), find application in vari-
ous aspects of agriculture. They can enhance nutrient 
delivery, serving as carriers to transport essential 
nutrients directly to plant cells, thereby optimizing 
absorption [72, 74]. Additionally, certain NPs exhibit 
antimicrobial properties, offering a potential avenue 
for pest and pathogen control. For example, silver 
NPs have demonstrated antibacterial and antifungal 
activities [4, 16, 30, 34, 45, 47]. Moreover, NPs may 
contribute to soil quality improvement by enhancing 
structure and water retention, particularly benefi-
cial in regions facing water scarcity [6, 18, 23, 38]. 
Some NPs, particularly at lower doses, accelerate the 
production of secondary metabolites, boost the func-
tions of antioxidant enzymes, improve the efficiency 
of water and fertilizer absorption, and facilitate pho-
tosynthesis. These cumulative effects ultimately 
lead to the promotion of plant growth [32, 37, 60, 
69, 72, 76]. Among all types of NPs, iron oxide NPs 
such as magnetite (Fe3O4), hematite (α-Fe2O3), and 
maghemite (γ-Fe2O3 are promising NPs for practical 
applications due to their great biocompatibility and 
catalytic, magnetic, antioxidant, anti-microbial, and 
optical properties [42, 64, 44] being the basis of inno-
vative technologies in the field of science, engineer-
ing, and technology.

Fe3O4 nanoparticles have attracted increased 
attention relative to other iron oxides owing to their 
unique and desirable general magnetic and electronic 

properties such as their superparamagnetic behavior, 
biological compatibility, and low toxicity [50]. The 
use of Fe3O4 NPs offers a broad spectrum of opportu-
nities in the branches of plant research and agronomy 
[25]. Several investigations have explored the impact 
of iron oxide nanoparticles on seed germination and 
the subsequent growth of plants. For instance, it 
has been observed that daily additions of magnetite 
nanoparticles and exposure of plants to static mag-
netic fields resulted in an increase of the growth of 
Zea mays and leaf chlorophyll content [53]. Increased 
chlorophyll content has also been found in soybean 
seedlings treated with 9  nm diameter Fe3O4 NPs 
applied at a concentration based on the iron quan-
tity needed for plant growth, with no observed tox-
icity despite translocation of NPs into soybean stems 
[22]. Moreover, aqueous suspensions of Fe3O4 NPs 
have been shown to be responsible for the transloca-
tion of the magnetic material throughout pumpkin 
plant tissues and its accumulation in roots and leaves 
[77]. Significant positive effects of Fe3O4 NPs on the 
plant growth characteristics of wheat have also been 
found [31]. A progressive and systematic increase 
in the magnetization signal has been observed in 
roots, stems, and leaves of common bean plants cul-
tivated in soil treated with increasing concentrations 
of Fe3O4 nanoparticles suspensions [24]. The study 
indicated that Fe3O4 NPs being made available in the 
soil can be absorbed by the roots, translocated to the 
aerial parts, and stored in various plant organs. Fur-
thermore, the presence of Fe3O4 NPs demonstrated 
significant positive impact on the chemical charac-
teristics of the soil rhizosphere and the accumulation 
of nutrients in common bean plants cultivated in such 
conditions [14].

The mobility of the magnetic nanoparticles (NPs) 
in the soil, their translocation from soil to plant 
organs, and their distribution within various plant 
tissues are crucial factors influencing the impact of 
magnetic NPs on plant growth [63]. Hence, a com-
prehensive understanding of the displacement of 
magnetic NPs in the soil and their internal dynam-
ics within plant organs is essential for accurately 
predicting the effects of NPs on plant growth [10] 
and the resulting biochemical, morphological, 
molecular, and physiological alterations in crops 
[35]. The mobility of nanoparticles relies on the 
physicochemical characteristics of both the NPs and 
their surrounding environment. Magnetic NPs in the 
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soil surrounding plant roots have the potential to be 
absorbed by the roots and transported to the aerial 
parts of plants, including leaves and other above-
ground structures, thereby directly influencing their 
growth [43, 24, 1, 36]. However, direct evidence of 
NPs transport within plants remains limited [55, 3, 
59, 67, 68, 68]. Consequently, it is imperative to 
investigate the movement and localization of mag-
netic NPs within various plant structures, includ-
ing cellular organelles, using magnetic tracking to 
understand the processes of absorption, transloca-
tion, and accumulation of Fe3O4 NPs. This is due to 
the unique magnetic properties of these NPs, such 
as superparamagnetic or ferrimagnetic behavior 
[50]. A thorough comprehension of the uptake and 
transport dynamics of NPs in plants is essential for 
the optimal design of NPs for agricultural applica-
tions [26].

On the other hand, nitrogen fixation, occurring 
after photosynthesis, is undeniably one of the most 
vital biologically-mediated processes in plants [70]. 
This is because all living organisms require nitrogen 
to create amino acids for protein synthesis. The pre-
dominant origin of biologically-fixed nitrogen stems 
from the symbiotic association between rhizobia 
and legumes, leading to the development of special-
ized organs known as nodules [17, 58]. These nod-
ules, found in roots or occasionally in stems, facili-
tate the conversion of atmospheric nitrogen (N2) into 
other forms (ammonium, nitrates, and ammonia) 
readily assimilated by plants [17,  28,  52]. The effi-
ciency of nitrogen fixation in legumes is contingent 
on the effective formation of nodules by Rhizobium. 
Inoculating legume seeds can ensure the presence 
of efficient Rhizobium in sufficient quantities in the 
root environment, enhancing nitrogen fixation upon 
nodule formation [13, 61]. However, the efficacy of 
Rhizobium inoculation varies based on factors such as 
host genotype, Rhizobium strain efficiency, soil con-
ditions, and climatic factors [51, 41, 49].

The common bean (Phaseolus vulgaris L.), con-
sidered the most important grain legume [33], is 
often deemed a relatively inefficient nitrogen fixer 
[73,  2,  54]. Therefore, exploring the potential ben-
efits of Fe3O4 NPs in enhancing its response to 

Rhizobium inoculation is a subject that has received 
limited attention. Recently, the use of Fe3O4 NPs, 
Rhizobium inoculation, and their combined applica-
tion in common bean grown in soil was reported [15, 
19]. The results indicated a significant increase of 
symbiotic performance and nodulation in plants. The 
treatments led to a remarkable increase in the num-
ber of nodules per plant, active nodules per plant, 
and nodule dry weight. Moreover, they contributed 
to improve the symbiotic nitrogen fixation, a feature 
related to the evident through heightened nitrogenase 
activity, leghemoglobin, and iron contents, as well 
as increased shoot and root nitrogen content and the 
quantity of root-fixed nitrogen. The enhanced nodu-
lation and nitrogen fixation positively impacted the 
overall growth and dry matter production, as indi-
cated by longer roots and shoot lengths, greater leaves 
area per plant, and increased roots, stems, and leaves 
dry weights in treated plants. Our findings provided 
compelling evidence supporting the notion that 
the presence of Fe3O4 NPs in nodules enhances the 
symbiotic performance between Rhizobium (legumi-
nosarum CF1 strain) and common bean plants, posi-
tively impacting nodulation and nitrogen fixation.

In this study, an investigation of the influence of 
Fe3O4 NPs, Rhizobium inoculation, and their combined 
application in common beans grown in soil under con-
trolled growth chamber conditions is presented. The 
main objective was to conduct a systematic study of the 
absorption, translocation, and accumulation process of 
Fe3O4 NPs through magnetization measurements as a 
function of temperature, M(T), and applied magnetic 
field, M(H), by using a Quantum Design SQUID mag-
netometer. A collection of magnetization data, encom-
passing M(T) and M(H) measurements, conducted 
across a wide temperature range from 5 to 300 K and 
under magnetic fields reaching up to ± 70 kOe is dis-
cussed. The recorded magnetic signals in roots, stems, 
and leaves indicated the absorption of magnetite NPs 
by common bean plants from the soil, followed by 
their subsequent accumulation in various plant organs. 
Additionally, we have found that the symbiotic com-
bination of Fe3O4 NPs and Rhizobium inoculation has 
a marked influence on the translocation process from 
roots to the aerial part of the plants.
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Experimental procedure

Seed selection, soil and sowing conditions

Bean seeds certified as genetically similar (Phaseo-
lus vulgaris L. cv. Red Guama) were sourced from 
the Seed Laboratory of the Ministry of Agriculture in 
Granma Province, Cuba. The selected seeds were free 
of visible defects, insect damage or malformation, 
and were carefully stored in desiccators containing 
70% (v/v) glycerin. The moisture content of the seeds 
was 10–12% based on fresh weight before the treat-
ments, and they exhibited a final germination percent-
age of 90%.

The seeds were planted in a soil mixture that was 
placed in open polyethylene bags, identified as B0, 
BH0, BN2, and BH2 (see Table  1), and replicated 
three times. The soil in these bags had a loamy tex-
ture and a pH value of 7.0, classified as brown car-
bonate. Its composition included 3.2% organic matter, 
0.102 gkg−1 assimilable phosphorus, and 0.815 gkg−1 
potassium, with a cation exchange capacity (CEC) 

of 42.2 meq/100 g, and a base exchange capacity of 
31.8 meq/100 g. Furthermore, the soil contained 1.71 
gkg−1 Ca, 1.75 gkg−1 K, and 0.530 gkg−1 Mg, while 
the total nitrogen content was low at 0.75 gkg−1. 
Based on soil analysis, the nutrients were sufficient 
for the growth of common bean plants [29]. All the 
plants were grown in a Conviron growth chamber 
under controlled conditions, as reported elsewhere 
[15].

The treatments were administered through morn-
ing irrigation starting with 20  mL of water in all 
bags, Rhizobium inoculation in BH0, 20 mL of sus-
pended Fe3O4 NPs at a concentration of 2000 mg/L 
in BN2, and a combination of 20  ml of Fe3O4 NPs 
(2000  mg/L) and Rhizobium in BH2. The seeds in 
bags B0, designated as the control, were grown in 
soil free of Fe3O4 NPs and Rhizobium inoculation 
and received a daily irrigation of 40 mL of water (see 
Table 1).

The used Fe3O4 NPs had a log-normal distribution 
with a median diameter of 10 nm and a distribution 
width of 0.36 and were prepared by a coprecipitation 

Table 1   Experimental 
conditions and sample 
labels

* See text for inoculation 
details

Bag labels Experimental conditions Samples labels

B0 Pristine soil
 + 
no Rhizobium
 + 
no Fe3O4 NPs
 + 
(40 mL H2O)/ day

S0
R0
C0
L0

BH0 Pristine soil
 + 
Rhizobium inoculation*

 + 
no Fe3O4 NPs
 + 
(40 mL H2O)/day

SH0
RH0
CH0
LH0
NH0

BN2 Pristine soil
 + 
no Rhizobium inoculation
 + 
(20 mL of H2O of suspended Fe3O4 NPs) / day
 + 
(20 mL de H2O)/day

SN2
RN2
CN2
LN2

BH2 Pristine soil
 + 
Rhizobium inoculation*

 + 
(20 mL of H2O of suspended Fe3O4 NPs) / day
 + 
(20 mL de H2O)/day

SH2
RH2
CH2
LH2
NH2
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method described elsewhere [56]. As mentioned 
above, to study the effect of Fe3O4 NPs, Rhizobium 
inoculation (BHO), and Fe3O4 NPs + Rhizobium 
inoculation (BH2) on symbiotic root nodule forma-
tion, one seed per bag was inoculated with Rhizo-
bium leguminosarum CF1 strain (1  mL of bacterial 
suspension and 108 bacteria mL−1 in mannitol) (LM) 
yeast culture medium, [71] at sowing time and seven 
7 days after sowing to induce root nodule formation. 
Nodules were collected at 28 days post-infection and 
the number of nodules per plant was determined by 
counting all nodules on each of the plants and com-
puting the average. The number of active nodules per 
plant was determined by cutting nodules in each of 
them and observing their internal color, ranging from 
pink to reddish. The dry weight of nodules per plant 
was determined by drying samples at 80 °C for 3 days 
to a constant weight.

Plant growth, sample preparation, and quantitative 
analysis

Plants were allowed to grow for 35 days after sowing 
until the establishment of vegetative growth. Then, 
they were removed from the bags and rinsed well 
with deionized water to remove excess soil from the 
roots, and then cut into short pieces. The plant seg-
ments were dried at room temperature for 15  days. 
After this step, each part of the plants was manually 
ground for about 30 min to form a fine powder for all 
characterizations. From each polyethylene bag, four 
samples were separated: soil (S), roots (R), stems 
(T), and leaves (L). For example, roots extracted from 
bags B0, BH0, BN2, and BH2 were identified and 
labeled as samples R0, RH0, RN2, and RH2, respec-
tively. The corresponding labels were applied to soils 
(S0, SH0, SN2, and SH2), stems (T0, TH0, TN2, and 
TH2), and leaves (L0, LH0, LN2, and LH2). Nodules 
from bags BH0 and BH2 were collected and labeled 
as NH0 and NH2, respectively. A summary of sample 
labels and specific treatment for each samples are pre-
sented in Table 1.

The nodules on each individual root were counted, 
and those fresh and dry (at 70  °C for 48  h) masses 
were used for all the measurements. Nodules 
(500  mg) were homogenized in aliquots of Drab-
kin’s reagent (10  ml), and the leghaemoglobin was 
quantified spectrophotometrically at A540. An anal-
ysis of the iron content in each soil and dried plant 

sample was conducted by using an inductively cou-
pled plasma optical emission spectrometer (ICP-
OES) Spectro Arcos (Spectro) [24].

The data pertaining to active nodules, nodule dry 
weight, leghaemoglobin content, and total Fe content 
in soils, nodules, roots, and leaves were subjected to 
statistical analysis using two-way ANOVA (P < 0.05) 
as reported elsewhere. This analysis aimed to deter-
mine the effects of the applied treatments in com-
parison to the sample control. Mean comparisons 
were performed using the Newman–Keuls test [62]. 
The normality of the data was assessed through the 
Kolmogorov–Smirnov procedure, and homogeneity 
of variances among treatments was tested using the 
Bartlett’s test [75]. All statistical analyses were con-
ducted using the ’Statistica for Windows’ software 
package, version 10 (StatSoft, Tulsa, UK).

Magnetization measurements

Magnetization measurements were performed in a 
commercial Quantum Design SQUID magnetometer 
in powder samples. The magnetization as a function 
of temperature M(T) was performed under both zero-
field cooled (ZFC) and field-cooled (FC) conditions. 
Also, the magnetic field dependence of the magneti-
zation, M(H), was measured in the magnetic field 
range -70 ≤ H ≤ 70 kOe, and for selected temperatures 
of T = 10 and 300 K. The magnetization data, denoted 
as M(T, H), were adjusted to eliminate the inherent 
magnetic response of the plants. For plants irrigated 
with Fe3O4 NPs and Fe3O4 NPs and Rhizobium, the 
reported magnetization data as a function of tempera-
ture and applied magnetic field is expressed as:

where Mmed(T,H) denotes the raw data measured in 
plants from bags BN2 or BH2, and M0(T,H) repre-
sents the raw data measured in the control plant of 
bag B0. In the case of nodules, M0(T,H) is the taken 
as reference for the bag BH0.

Results and discussion

The application of Fe3O4 NPs and the combined 
treatment of Fe3O4 NPs and Rhizobium exhibited a 
similar qualitative behavior in all part of the plants. 

(1)M(T,H) = Mmed(T,H) −M0(T,H),
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The Fe content increases abruptly and remains almost 
constant in the treated plants. Also, its values tend to 
decrease ~ 65% from soil to leaves in plants grown in 
bags BN2 and BH2. However, the observed increase 
in iron content can be used as an indication of the 
absorption, translocation, and accumulation of Fe3O4 
NPs in different part of the plants. As far as this point 
is concerned, Fig. 1(a) shows the iron concentration 
in the soil and different organs of the bean plants. 
Our focus on these parameters is motivated by their 
relevance to detect the presence of Fe3O4 NPs in 
treated plants (bags BN2 and BH2) compared to the 
untreated plants (B0 and BH0).

The treatments significantly increased (P < 0.05) 
the number of active nodules per plant by ~ 30% and 
the nodule dry weight by ~ 20% between NH0 and 
NH2 (Fig.  1(b)). In this regard, a high nodule dry 
weight is generally associated with the increased 
nitrogen fixation in legumes, as reported elsewhere 
[20]. Moreover, after the nodules were collected 
from roots RH0 (NH0) and RH2 (NH2), respectively, 
they exhibited pink to dark red coloration, a feature 
usually attributed to either the presence of leghae-
moglobin and a higher number of active nodules in 
treated plants. Furthermore, as observed in Fig. 1(b), 
the leghaemoglobin and iron content were observed 
to increase by ~ 26 and ~ 71%, respectively, with the 
use of combined treatment of Fe3O4 NPs and Rhizo-
bium. These findings suggest an enhancement in 
the symbiotic performance between Rhizobium and 
common bean plants in the presence of Fe3O4 NPs. 
The increased number of active nodules implies an 
expanded area for bacteroids, which is generally asso-
ciated with the potential for nitrogen fixation [15, 70]. 
The elevated symbiotic performance and nodulation 
observed in treatment NH2 stems from the favora-
ble combination of the efficiency of the introduced 
Rhizobium strain, to compete with indigenous bacte-
ria in the soil, and the action of the Fe3O4 NPs.

It is important to point out that Leghaemoglobin 
is crucial in maintaining optimal oxygen (O2) lev-
els (20–40  nM) for respiration in bacteroid-contain-
ing cells of bean root nodules, thereby preventing 
the inactivation of the nitrogenase enzyme, which 
is essential for nitrogen (N2) fixation into ammonia 
(NH3). This process supports the production of ATP 
and ensures the effective functioning of nitrogenase 
in symbiotic nitrogen fixation [5, 8, 11]. Fe3O4 nano-
particles can be absorbed by bean plant roots due to 

their positive charge and high surface reactivity [40, 
48]. These NPs release iron in the Fe2+ form, which 
binds to leghaemoglobins, facilitating respiration and 
nodulation in bean plants [39]. The iron released by 
Fe3O4 NPs enhances the oxygen transport capacity 
of leghaemoglobin and nitrogenase activity, lead-
ing to increased nitrogen fixation in nodules [9, 12, 
27]. Fe3O4 NPs possess properties such as biocom-
patibility, catalytic efficiency, and superparamagnet-
ism, which help them participate effectively in cellu-
lar processes and improve genetic and physiological 
responses in plants [66].

As mentioned in the introduction, the main focus of 
this study is to trail the absorption, translocation, and 
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Fig. 1   Parameters extracted from different organs of bean 
plants and in nodules from bags BH0 and BH2 (Sample labels 
are listed in Table 1). a Iron concentration in different organs 
of common bean plants. b Nodules number per plant, total dry 
weight of nodules per plant, leghaemoglobin, and Fe content, 
respectively (see Ref. ([15] for more details)
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accumulation processes in common bean plants sub-
jected to both Fe3O4 NPs and their interaction with the 
Rhizobium inoculation treatment. This investigation 
is conducted through magnetization measurements, a 
technique proven to be effective in detecting and quan-
tifying magnetic NPs in different types of plants [24, 
65, 67, 68, 68, 77]. However, for the sake of compar-
ison, it is mandatory to initially assess the magnetic 
response of isolated Fe3O4 NPs. The magnetic proper-
ties of Fe3O4 NPs used in this work were previously 
investigated and reported by [24].The M(T) curves, 
measured under a magnetic field of 500 Oe, exhibit 
a blocking temperature (TB) of approximately 130 K 
and an irreversibility temperature (Tir) of around 
220  K (refer to Fig.  2 in [24]). The saturation mag-
netization, Ms, at 10 and 300 K were found to be 82.8 
and 68.5  emu/g, respectively. At 10 K, the magnetic 
hysteresis is characterized by a remnant magnetiza-
tion Mr ~ 16 emu/g and a coercivity Hc ~ 200 Oe. For 
M(H) data at 300 K, well above TB, a small hysteresis 
was detected with Mr = 0.9 emu/g and Hc ~ 10 Oe. The 
mean diameter of Fe3O4 NPs, d , and its size distribu-
tion width were determined by fitting the M(H) data 
at room temperature to the Langevin function. The 
reported values were d = 6.7 nm and σ = 0.4, respec-
tively, which are closed to that shown in transmission 
electron microscopy image of these Fe3O4 NPs, also 
reported in the same reference. Thus, our next analy-
sis aims to compare the magnetic response of isolate 
Fe3O4 NPs qualitatively and quantitatively with those 
measured in soils and different plant organs.

Figure  2 shows the magnetic characterization for 
the soil taken from bags B0, BH0, BN2, and BH2, 
respectively. The M(T) signal in the untreated sam-
ples S0 and SH0 is almost one order of magnitude 
smaller than that measured in samples SN2 and SH2, 
subjected to treatment with Fe3O4 NPs (see Fig. 2(a)). 
The magnetic behaviors of S0 and SH0 yielded to 
both qualitative and quantitative similarities, that 
is: they exhibit a clear paramagnetic-like response, 
implying the absence of Fe3O4 NPs in these samples. 
In contrast, the M(T) data displayed in Fig.  2a for 
samples SN2 and SH2 resemble the magnetic behav-
ior reported for isolated magnetic Fe3O4 NPs used in 
our experiments [24]. The M(T) curves for SN2 and 
SH2 display a broad maximum in the ZFC branch of 
the curves, at TB ~ 100 K in both samples. It is also 
observed that ZFC curve separates from the FC one 
at Tir ~ 160 and 180 K for SN2 and SH2, respectively.

Figure 2(b) and (c), on the other hand, display the 
M(H) curves for samples S0, SH0, SN2, and SH2, 
measured at 10 and 300  K, respectively. The data 
clearly indicate that M(H) for samples SN2 and SH2, 
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Fig. 2   a Temperature dependence M(T) of magnetization 
curves under ZFC (closed symbols) and FC (opened symbols) 
conditions in soil samples S0, SH0, SN2, and SH2 (Sam-
ple labels are listed in Table  1). b M(H) curves measured at 
T = 10 K. c M(H) curves taken at T = 300 K
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irrigated with Fe3O4 NPs, exhibit higher remanence 
and coercivity at 10 K compared to room temperature. 
At 10  K, the values of Mr and Hc were 0.87  emu/g 
and 150 Oe, while at 300 K, these values were found 
to decrease appreciably to 4∙10–4  emu/g and 20 Oe, 
respectively. A careful examination of Fig.  2(b) and 
(c) confirms the similarity of these results in both 
samples. Consistent with the results of M(T) curves, 
the M(H) data at 10 and 300 K obtained for untreated 
samples S0 and SH0, not subjected to the Fe3O4 NPs 
treatment, exhibited only weak paramagnetic behav-
ior, further indicating the absence of magnetic com-
pounds within the samples and, consequently, Fe3O4 
NPs. This result provides support for the presence of 
Fe3O4 NPs in the soil of plants exposed to Fe3O4 NPs 
and the combined treatment of Fe3O4 NPs and Rhizo-
bium inoculation.

Figures  3, 4, and 5 show the overall M(T, H) 
curves for roots, stems, and leaves samples taken 
from bags B0, BH0, BN2, and BH2, separately. Nota-
bly, the M(T) curves displayed in Figs. 3(a), 4(a), and 
5(a) for samples R0, RH0, C0, CH0, L0, and LH0 
show a paramagnetic-like behavior, a feature like that 
observed for samples S0 and SH0. Such a similarity 
is consistent with the absence of magnetic NPs in any 
organ of the untreated plants. In addition to this, the 
M(H) curves conducted at both 10 K and 300 K fur-
ther support the observed behavior in untreated plants 
(see for instance Figs.  3(b) and (c), 4, and 5(b) and 
(c)), further adding credence to the absence of Fe3O4 
NPs in these untreated plant organs.

In contrast, the magnetic responses of sam-
ples taken from organs of plants grown in bags 
BH2 and BN2, treated with Fe3O4 NPs, exhibit dif-
ferent features. As far as this point is concerned, 
Figs. 3, 4, and 5 show M(T) and M(H) data for roots, 
stems, and leaves extracted from those plants irri-
gated with Fe3O4 NPs and with a combination of 
Fe3O4 NPs + Rhizobium. Some relevant parameters 
extracted from these curves are listed in Table  2. 
Remarkably, all M(T) curves exhibit a qualitatively 
similar response to those observed in the treated 
soils SN2 and SH2 (see Fig. 2(a)). For the organs of 
the plants grown in bags BH2 and BN2, the block-
ing temperature TB was found to be within the range 
of 90 – 105 K. These values of TB are very close to 
those found in samples SN2 and SH2 (TB ~ 100  K) 
and somewhat lower than those reported for pristine 
Fe3O4 NPs (TB ~ 130  K). These results indicate the 

presence of detectable amounts of Fe3O4 NPs in all 
organs of the treated plants. Furthermore, the quanti-
tative analysis of the M(T) data also suggests a signif-
icant and progressive decrease in the content of Fe3O4 
NPs from roots to leaves.
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Fig. 3   a Temperature dependence M(T) of magnetization 
curves under ZFC (closed symbols) and FC (opened symbols) 
conditions in roots samples R0, RH0, RN2, and RH2 (Sam-
ple labels are listed in Table  1). b M(H) curves measured at 
T = 10 K. c M(H) curves taken at T = 300 K
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In addition to the analyses of magnetization data 
discussed above, it is important to explore some of 
the other features in greater detail. The M(H) curves 
for various plant organs, measured at both 10  K 
and 300  K, exhibit consistent magnetic response. 

Specifically, the M(H) curves for each plant organ, 
measured at 10 K, or mora appropriately for T « TB, 
exhibit a clear magnetic hysteresis, indicating the 
blocked state of Fe3O4 NPs. Values of coercivity for 
plant organs are in the range 160 – 260 Oe (Table 2). 
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Fig. 4   a Temperature dependence M(T) of magnetization 
curves under ZFC (closed symbols) and FC (opened symbols) 
conditions in stems samples C0, CH0, CN2 and CH2 (Sam-
ple labels are listed in Table  1). b M(H) curves measured at 
T = 10 K. c M(H) curves taken at T = 300 K
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Fig. 5   a Temperature dependence M(T) of magnetization 
curves under ZFC (closed symbols) and FC (opened symbols) 
conditions in leaves samples L0, LH0, LN2, and LH2 (Sam-
ple labels are listed in Table  1). b M(H) curves measured at 
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In contrast, at 300  K (T > TB), the magnetic hyster-
esis is very small suggesting that Fe3O4 NPs are in 
a superparamagnetic state. The quantitative investiga-
tion of the M(H) curves from the roots to the aerial 
part of the plants (leaves) reveals significant varia-
tions, consistent with the above M(T) findings. For 
instance, the saturation magnetization, Ms, was found 
to decrease from 69.7∙10–3 (74.1∙10–3) emu/g in sam-
ples RN2 (RH2) to 3.1∙10–3 (5.5∙10–3) emu/g in LN2 
(LH2), respectively.

In our previus investigation, Fe3O4 NPs were 
detected in all plant organs of the treated plants. 
To move forward at this point, we have defined the 
number of Fe3O4 NPs per mass of dry plant organs, 
denoted as NNPs = Ms/µFe3O4 NPs, where µFe3O4 NPs is 
the magnetic moment of an individual Fe3O4 NPs. 
The NNPs can be then used as an indicator of the 
number of accumulated NPs in the plant organs [24]. 
Thus, considering the values of Ms listed in Table 2, 
lead one to conclude that the treated plants accu-
mulated Fe3O4 NPs in all organs. In addition, the 
observed reduction in Ms indicates a decreasing 
content of accumulated Fe3O4 NPs from roots to 
leaves. It is noteworthy that the saturation magnetiza-
tion (Ms) is higher when comparing the same plant 
organ exposed to different treatments, specifically, 
Fe3O4 NPs and Fe3O4 NPs + Rhizobium (refer to 
Table  2). For example, upon comparing the amount 

of accumulated NPs between samples LN2 and LH2, 
an increase of ~ 77% is evident in the leaves of the 
plants treated with NPs + Rhizobium. This result indi-
cates that Rhizobium inoculation plays a crucial role 
in enhancing the translocation of iron nutrients from 
the soil to the aerial parts of the plant.

We might recall that the accumulation pro-
cess of magnetic NPs to the areal organs of the 
plants is preceded by those of absorption and 
translocation, respectively. Absorption primar-
ily takes place from soil to roots; for a rough esti-
mation of the absorption index, AI, the relation 
AI(%) =

(

NNPs

root

∕NNPs
soil

)

⋅ ×100 =
(

Ms
root∕Ms

soil
)

⋅ ×100 
is of interest. From the Ms values listed in 
Table  2, no appreciable difference in the AI was 
observed between samples RN2 (~ 1.73%) and 
RH2 (~ 1.79%). On the other hand, the transloca-
tion index TI, calculated following the relation 
TI(%) = NNPs

leaves∕
(

NNPs
root + NNPs

leaves
)

=
(

Ms
leaves∕

(

Ms
root + Ms

leaves
))

× 100 , expresses 
other relevant indicator to the discussion. It is impor-
tant to point out that the translocation process was 
exclusively assessed from roots to leaves (aerial part 
or shoots). The results here revealed values of 4.3% 
and 6.9% in samples LN2 and LH2, respectively. It 
is worth emphasizing that the translocation index 
was found to increase by ~ 46% in plants treated with 
Fe3O4 NPs + Rhizobium in comparison with the con-
trol plants, despite the absence of appreciable differ-
ence in the absorption among the treated plant sam-
ples. Such an increase of TI strongly indicates that 
Rhizobium inoculation significantly contributes to 
the enhanced translocation of iron nutrients from the 
soil to the aerial parts of the plant.To further investi-
gate this point, we will first examine the capability of 
Rhizobium nodules to absorb and accumulate Fe3O4 
NPs. Therefore, Fig. 6 displays the overall magnetic 
characterization of samples NH0 (untreated) and NH2 
(treated with Fe3O4 NPs). For nodules of untreated 
sample, the magnitude of the magnetic signal is very 
low, suggesting, as expected, the absence of Fe3O4 
NPs in the sample. On the contrary, the M(T) and 
M(H) data acquired at 10 and 300 K closely resem-
ble the behavior observed in samples treated with 
Fe3O4 NPs, e.g., the values of TB, Hc, Mr at 10 K, and 
Ms at 300 K were found to exhibit a similar trend as 
observed in the data obtained in roots (see Table 2).

Our findings indicate that various organs of com-
mon bean plants, cultivated in soil with Fe3O4 NPs 

Table 2   Magnetic parameters of the studied samples extracted 
from magnetic measurements: TB is the blocking temperature, 
Ms is the saturation magnetization measured at 300 K

Mr and Hc are the remanent magnetization and coerciv-
ity, respectively, measured at 10  K. Reported values were 
extracted from data measured in soils (S), roots (R), stems (C), 
and nodules (N) of bags irrigated with Fe3O4 NPs and Fe3O4 
NPs + Rhizobium

Samples TB (K) Hc (Oe)
10 K

Mr 
(10–3 emu/g)
10 K

Ms (10–3 emu/g)
300 K

SN2 100 155 861 4016
SH2 95 158 86.0 4142
RN2 90 169 16.8 69.7
RH2 90 161 12.9 74.1
CN2 100 230 1.6 5.6
CH2 105 236 1.9 7.7
LN2 95 172 0.3 3.1
LH2 105 260 0.8 5.5
NH2 95 169 16.3 64.5
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and a combination of Fe3O4 NPs + Rhizobium, can 
accumulate NPs absorbed from the soil. The occur-
rence of Fe3O4 NPs in roots, nodules, stems, and 
leaves has been carefully inferred from the similari-
ties seen in the magnetic characterizations (M(T, H) 

curves) across different plant organs. We emphasize 
that the measured magnetic signals in plant organs 
may not exclusively derive from stoichiometric Fe3O4 
NPs, as has been discussed in our earlier study [24]. 
We might consider that the chemical instability of 
small magnetite NPs, when exposed to air and/or 
water, may experience a partial or even a superficial 
oxidation, leading to the formation of Fe3O4 NPs by 
exhibiting a magnetite (core)–maghemite γ-Fe3O4 
(shell) morphology [21] which, in turn, would modify 
the magnetic volume contribution in a given sam-
ple. We also mention that the blocking temperature 
(TB ∝ d 3) was found to be comprehended in a nar-
row temperature range, roughly from 90 to 105 K (see 
Table  2), suggesting the occurrence of an eventual 
maghemite shell width during the process of absorp-
tion, translocation, and accumulation of Fe3O4 NPs 
by plant organs.

The increase of the iron content in nodules, roots, 
and shoots due to magnetite NPs (Fe3O4 NPs and 
Rhizobium + Fe3O4 NPs treatments) indicates that 
magnetite NPs induce a greater ability of the plant 
to extract iron-based compounds from the soil. This 
could potentially result in an enhancement of both 
iron mobilization in the rhizosphere and the uptake 
rate of iron or Fe3O4 NPs, supplying enough iron to 
nodules, roots, and shoots to increase their iron con-
tent. Notably, nodules had been observed to have 
higher iron concentrations than roots and shoots. 
Moreover, the internal iron concentration required 
for maximal nodule mass is much higher than that 
for host roots, implying that nodule formation may 
require higher internal iron concentration than host 
growth [15]. This need for iron within the symbiosis 
is emphasized by the proportion of iron within the 
nodules compared to other plant organs. Approxi-
mately 24% of the soluble iron within the nodule is 
found in leghemoglobin [46]. Consequently, iron 
assumes a crucial role in sustaining the nodule envi-
ronment for symbiosis. Considering the signifi-
cance of iron symbiosis to sustainable agriculture, 
it becomes imperative to attain a comprehensive 
understanding of the intricate processes underly-
ing iron acquisition, storage, and mobilization. Dur-
ing the developmental stages of nodules, there are 
dynamic variations in the concentration and distri-
bution of iron within the nodule, corresponding the 
evolving role of the symbiotic organ over time. Some 
results of interest on this subject were obtained by 
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Fig. 6   a Temperature dependence M(T) of magnetization 
curves taken under ZFC (closed symbols) and FC (opened 
symbols) conditions in nodules samples NH0 and NH2 (Sam-
ple labels are listed in Table  1). b M(H) curves measured at 
T = 10 K. c M(H) curves taken at T = 300 K
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synchrotron-based X-ray fluorescence to monitor the 
iron distribution in indeterminate M. truncatula nod-
ules. The results, reported by [57], supported the pre-
viously proposed theories concerning the movement 
of iron within the nodule.

It is noteworthy to emphasize that the occurrence 
of iron in nodules is closely related to the use of 
Fe3O4 NPs in treatments comprised of Fe3O4 NPs and 
the combined treatment of Fe3O4 NPs and Rhizobium. 
Consequently, the presence of iron is responsible for 
inducing a greater nodulation and nitrogen fixation 
specifically when Fe3O4 NPs act synergistically with 
the Rhizobium. The net result of such a combined 
action in a synergistic way results in an increase in 
plant growth and dry matter production as well as a 
higher concentration of Fe, Mn, P, Ca, and K in roots, 
stems, and leaves [14]. This phenomenon could be 
attributed, in principle, to the ability of Fe3O4-NPs 
to activate nodule gene expression of Rhizobium and 
thereby enhancing nodule formation and biological 
nitrogen fixation.

Recent advances in genome sequencing, includ-
ing integration of transcriptomics, proteomics, and 
metabolomics, have paved the way for identifying 
transport functions and are also needed for deter-
mining the impact of NPs on plants. In particular, 
the large-scale sequencing of M. truncatula, Lotus 
japonicus, and G. max genomes have substantially 
expanded the catalog of genes encoding membrane 
proteins [7], with a significant number being highly 
expressed in nodules, some of which are presumed to 
be iron transporters. The challenge lies in functionally 
characterizing these transporters and elucidating their 
location and roles within nodules. A very interesting 
aspect, considering the mobility, reactivity, biologi-
cal availability, or potential toxicity of NPs, involves 
a deeper understanding of their interactions, where 
the chemistry of colloids is also a contributing factor. 
Additionally, nanoparticle science methods should 
be combined with quantum physics rather than focus 
entirely on classical physics to explain the mechanics 
of soil and plant physiology improvement.

Conclusions

We successfully investigated the impact of Fe3O4 
nanoparticles and Rhizobium inoculation on the 
nodulation and growth of common bean plants. 

The application of Fe3O4 NPs, alone or combined 
with Rhizobium inoculation, resulted in a signifi-
cant increase in the iron content within plant organs. 
This increase indicates the absorption, translocation, 
and accumulation of Fe3O4 NPs throughout differ-
ent parts of the plants. These treatments also led to 
an enhanced number of nodules per plant, increased 
active nodules, and greater nodule dry weight. This 
enhancement contributed to improved symbiotic 
nitrogen fixation, as evidenced by the increased total 
nitrogen content in both shoots and roots. Further-
more, our temperature and magnetic field depend-
ence of magnetization (M(T, H)) data indicated a 
progressive and systematic decrease in the magneti-
zation signal in roots, nodules, stems, and leaves of 
plants treated with Fe3O4 NPs, alone or combined 
with Rhizobium. By analyzing magnetic parameters 
such as blocking temperature, saturation magnetiza-
tion, coercive field, and remanent magnetization, we 
concluded that Fe3O4 NPs are taken up by the roots, 
transported throughout the plant, and accumulated in 
the aerial organs of common bean plants. Addition-
ally, similarities in magnetic properties extracted from 
different plant parts confirmed that Fe3O4 NPs were 
responsible for the observed magnetic signals across 
a wide range of temperatures and applied magnetic 
fields. Our findings demonstrate that a large number 
of Fe3O4 NPs in the soil can be absorbed by the roots, 
translocated to aerial parts, and accumulated in nod-
ules, stems, and leaves. This accumulation enhances 
the symbiotic performance between Rhizobium legu-
minosarum (CF1 strain) and common bean plants, 
promoting nodulation and nitrogen fixation.
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