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Abstract: The investigation and clarification of the properties of surface-functionalized superparamag-
netic nanoparticles in a biological environment are key challenges prior to their medical applications.
In the present work, electron paramagnetic resonance spectroscopy (EPR) combined with the spin
labeling technique was utilized to better understand the behavior of nitroxides attached to magnetite
nanoparticles dispersed in body fluid. EPR spectra of spin-labeled, silane-coated Fe3O4 nanoparticles
in human serum and whole blood were recorded and analyzed for both room- and low-temperature
values. In all cases, the obtained EPR signal consisted of a broad line from magnetite cores and a char-
acteristic signal from the attached 4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO).
Even for liquid samples, the anisotropic components of magnetic tensors did not fully average
out, which was reflected in the differences in the intensity of three narrow hyperfine lines from
nitroxide. At 230 K the irregular slow-motion signal from the attached radical was also simulated
using the EasySpin toolbox, which allowed to determine the parameters related to magnetic tensors
and the dynamics of the spin label. The study showed that the anisotropy of the motion of the spin
label 4-amino-TEMPO reflects its interactions with the surrounding medium and the manner of the
attachment of the nitroxide to the surface of nanoparticles.
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1. Introduction

Scientists’ interest in studying superparamagnetic iron oxide nanoparticles has not
waned for many years. The reason is the large number of potential biomedical applications
that these particles may have in diagnostics and therapy. One can mention contrast enhance-
ment in magnetic resonance imaging [1], magnetic hyperthermia treatment [2], detoxifica-
tion of biological fluids [3], magnetic separation of cancer cells [4] or alternating magnetic
field-induced thermal strengthening of the shells of microcapsules and liquid marbles [5].

Magnetite nanoparticles have many favorable properties. However, in order to ensure
their stability and biocompatibility, it is necessary to cover them with an appropriate
polymer. One should remember that broadly defined biocompatibility is understood not
only as a lack of toxicity and immunogenicity, but also the ability to perform the planned
role in the biological environment [6]. Therefore, it is important to investigate the behavior
of functionalized nanoparticles in various media, especially in aqueous solutions and body
fluids such as plasma or blood. It is often assumed that nanoparticles could reach their
destination through the bloodstream [7,8].

Electron paramagnetic resonance (EPR) spectroscopy is a recognized technique for
testing samples containing unpaired electrons. When such a specimen is placed in an
external magnetic field, the energy levels are split, which is known as the Zeeman effect.
The energy of individual levels depends on the orientation of the spin and the associated
magnetic moment. When the system is supplied with a quanta of electromagnetic radiation
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of microwave frequency ν and the quantum energy value hν is equal to the energy difference
∆E between the split energy levels, the resonance condition is fulfilled:

∆E = hν = gµBBr

where g is the spectroscopic splitting factor that allows one to distinguish a specific param-
agnetic center, µB is the Bohr magneton, Br is resonance magnetic field induction, and h is
Planck’s constant.

EPR spectroscopy may be useful for studying the properties of magnetic nanoparticles,
especially when determining their actual composition. For example, it is possible to
identify the specific type of iron oxide present in a sample and find out the degree of
maghemitization (oxidation) of a magnetite material [9]. The typical EPR spectrum of
Fe3O4 nanoparticles is dominated by a distinct signal coming from their magnetic core.
This signal differs between samples depending on the properties of the surface as well
as the interaction with the environment. Therefore, the features of the EPR spectra of the
magnetic core were different for iron(II,III) oxide nanoparticles functionalized with silane
and dextran [10], PEG-coated magnetite nanoparticles in whole human blood [11], chitosan
covered magnetite nanoparticles in water and standardized (sodium alginate and calcium
chloride) hydrogel [12], or magnetosomes (nanoparticles isolated from the magnetotactic
bacteria) dispersed in water or HEPES buffer [13].

Attaching a spin label (organic molecule with an unpaired electron) to nanoparticles
expands the possibilities of using EPR spectroscopy for studies of molecular dynamics
in liquids or ordered phases, such as biological membranes. EPR measurements can not
only provide the useful information about the microenvironment of this label, and the
polarity and viscosity of its surroundings, but also supply us with valuable details about
processes occurring at the interface in the case of molecules immobilized on the surface of
a solid material [14]. Spin labels are often based on nitroxide moiety, which constitutes a
stable paramagnetic center with an unpaired electron delocalized over the N-O• group [15].
Among the nitroxides used as spin labels and probes, the TEMPO (2,2,6,6-Tetramethyl-
piperidin-1-yl)oxyl derivatives are the most popular. The magnetic interaction between the
unpaired electron and the spin of the 14N nitrogen nucleus (I = 1) in the nitroxide results in
hyperfine splitting, and thus the recorded EPR spectrum takes the form of three lines. In the
solution, the value of the isotropic hyperfine coupling constant A depends on the structure
of the radical and the properties of the medium, and is determined by the distance between
neighboring components of the EPR spectrum [16]. Although the spin labeling technique
is primarily associated with investigations of proteins and biological membranes, it has
also been used in the study of nanoparticles. One can mention the research concerning
TEMPOL sensors and magnetite nanoparticles in aqueous solutions and dried gelatin
films [16], nitroxide-doped magnetic fluids [17], 4-Amino-TEMPO-labeled Fe3O4 [18] and
gold nanoparticles [19]. Interesting applications include the tracking of the diffusion of
TEMPO-labeled, polymer-coated magnetite nanoparticles within the hydrogel medium
using the L-band (1 GHz) electron paramagnetic resonance imaging (EPRI) technique [12]
and X-band (9.4 GHz) monitoring of the interactions between TEMPO-functionalized
magnetic nanoparticles and yeast cells [20].

The subject of interest of the present article is the application of EPR spectroscopy
to investigate the behavior of the 4-amino-TEMPO spin label attached to silane-coated
magnetite nanoparticles dispersed in human serum and whole blood, and in particular
to determine the influence of this biological microenvironment on the dynamics of the
rotational movement of nitroxide radicals present on the surfaces of the nanoparticles.

2. Materials and Methods
2.1. Experimental Section

The samples were prepared based on commercially available Fe3O4 nanoparticles pur-
chased from Sigma-Aldrich (Saint Louis, MI, USA). According to the product specification,
their average core diameter was 5 ± 1 nm (from TEM measurements) and the magnetization
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was ≥30 emu/g (under 4500 Oe and at ambient temperature). Nanoparticles were coated
with silane and functionalized at the Faculty of Chemistry Adam Mickiewicz University in
Poznań, Poland using the method presented in [21]. The role of the silane was to create a
protective shell and introduce functional groups that enabled the covalent attachment of
the 4-amino-TEMPO spin label. The schematic representation of H2N-TEMPO is depicted
in Figure 1a. The tested nanoparticle samples 1 and 2 differed slightly in the method of
attaching the nitroxide to the nanoparticle core, as shown in Figure 1b.
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Figure 1. (a) Structure of H2N-TEMPO. (b) The method of attaching the nitroxide radical to magnetite
nanoparticles using silanes with various functional groups for samples 1 and 2. (c) The method of
determining the heights of individual lines in the case of the spin label in the fast rotation regime.

Samples of human serum and whole blood (containing both morphological elements
and plasma) were obtained from the Greater Poland Cancer Center in Poznań. The potas-
sium EDTA anticoagulant was used to prevent the blood from clotting and enable storage.

Samples for EPR measurements were prepared by mixing 30 µL of the nanoparticle
colloidal suspension (0.1 mg/mL) with 30 µL of serum or whole human blood for 20 min.
Then, 55 µL of the prepared mixture was taken into a vial or disposable capillary in the
case of measurements at room temperature.

EPR measurements were performed using a Bruker EMX-10 (Bruker Instruments,
Billerica, MA, USA) continuous wave spectrometer, which operates in the X-band (9.4 GHz).
The tested samples were placed in a standard rectangular resonator ER 4102ST (Bruker
BioSpin, Billerica, MA, USA). Measurements at low temperature were made using the ER
4131VT digital temperature control system. The cooling medium was N2 gas obtained by
heating liquid nitrogen. The temperature in the vicinity of the sample was controlled using
a thermocouple and automatically stabilized with an accuracy of 0.1 K. For frozen samples,
the signal from the spin label H2N-TEMPO attached to nanoparticles was recorded using
the following spectrometer settings: sweep range 20 mT centered at 335 mT, modulation
amplitude 0.1 mT (modulation frequency 100 kHz), and time constant of 40.96 ms. Spin-
labeled nanoparticles in serum and whole human blood were also tested in liquid form in
capillaries at room temperature 293 K. In this case, a modulation amplitude of 0.05 mT was
used. Additionally, in all cases, the whole EPR spectrum of magnetite nanoparticles was
recorded in a wide sweep range of 650 mT. The stability of the measurement conditions
was checked using a standard sample in the form of a ruby crystal (g ≈ 4.3).
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2.2. Analysis of Spectra and Simulations

The method of analyzing the spectra of the H2N-TEMPO attached to the nanoparticles
depended on the rotational mobility of this label, which was reflected in the width and
the shape of the signal. In general, fast rotation occurs when the spin label is in a medium
with low density and viscosity (e.g., water) and the sample is in a liquid state. For a spin
label in the fast rotation regime, the rotational correlation time τR was calculated using
the formula:

τR = 6.51 · 10−10∆B0

(√
I0

I+1
+

√
I0

I−1
− 2

)
(1)

where ∆B0 is the peak-to-peak width of the central line (in Gauss unit: 1 Gs = 10−4 T) and I0,
I+1, I−1 are the heights of the central, low-field and high-field lines, respectively [12,19]. The
method of determining the above-mentioned line heights for the spectrum of a spin label
H2N-TEMPO attached to nanoparticles in the fast rotation regime is shown in Figure 1c. The
hyperfine coupling constant was determined as the spacing between neighboring peaks.
Information about the anisotropy of the spin label motion was obtained by analyzing
the relative intensities of the hyperfine components, and expressed by the dimensionless
parameter ε:

ε =

√
I0

I+1
− 1√

I0
I−1

− 1
(2)

At low temperatures (and also in the more viscous media), the spin label remains
in the slow-motion regime. In such a situation, the analysis of EPR spectra was more
difficult due to the fact that the partial averaging of the spectrum by molecular motion and
spin dynamics resulted in more complex and irregular line shapes. Therefore, in order to
interpret them properly, taking into account both parameters related to magnetic tensors
and the dynamics, computer simulations had to be performed.

Simulations of the EPR spectra of the 4-amino-TEMPO spin label attached to the
nanoparticles were performed using EasySpin—the open-source MATLAB toolbox. De-
pending on the time scale of the nitroxide rotation dynamics, different functions can be used
in the simulations: “pepper” for the completely immobilized paramagnetic molecule (rigid
limit), “chili” for the slowly rotating label (slow motion), and “garlic” for the rapid tum-
bling (fast-motion regime) [22]. In the present work, EPR signals of the 4-amino-TEMPO
spin label attached to nanoparticles were simulated for temperature 230 K using the “chili”
function. Additionally, thanks to the use of the “esfit” function and the Nelder/Mead
downhill simplex method, the program was able to dynamically change the values of the
simulation parameters until an optimal match between the simulated and experimental
spectra was achieved. Simulations were performed on the basis of spectra recorded in
the 20 mT sweep range. When the signal from the 4-amino-TEMPO in the experimental
spectrum appeared on the slope of a broad line from the magnetite core of the nanoparticles,
a contribution of this broad line was subtracted. Thanks to this, the nitroxide spectra had a
well-corrected baseline. For the slowly rotating labels, performing the simulation allowed
us to determine such parameters as line width, rotational correlation time τR, and the
values of tensor components: ğ (gx, gy, gz) and Ă (Ax, Ay, Az).

3. Results
3.1. EPR Spectra at Room Temperature

Silane-coated and 4-amino-TEMPO-labeled magnetite nanoparticles (samples 1 and 2)
were first tested in serum and whole blood at room temperature (≈293 K) in the mea-
surement capillaries. The EPR spectrum of such nanoparticles consisted of a broad line
from magnetite cores (peak-to-peak EPR linewidth ∆Bpp ≈ 27 mT) and a triplet from ni-
troxides, as shown in Figure 2a. Three characteristic hyperfine lines originating from the
4-amino-TEMPO attached to nanoparticles dispersed in the above-mentioned media were
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also recorded in the narrower sweep range. These spectra are shown in Figure 2b–e for
both samples.

Magnetism 2024, 4, FOR PEER REVIEW 5 
 

 

3. Results 

3.1. EPR Spectra at Room Temperature 

Silane-coated and 4-amino-TEMPO-labeled magnetite nanoparticles (samples 1 and 
2) were first tested in serum and whole blood at room temperature (≈293 K) in the meas-
urement capillaries. The EPR spectrum of such nanoparticles consisted of a broad line 
from magnetite cores (peak-to-peak EPR linewidth ΔBpp ≈ 27 mT) and a triplet from ni-
troxides, as shown in Figure 2a. Three characteristic hyperfine lines originating from the 
4-amino-TEMPO a�ached to nanoparticles dispersed in the above-mentioned media were 
also recorded in the narrower sweep range. These spectra are shown in Figure 2b–e for 
both samples.  

 

Figure 2. EPR spectra of spin-labeled Fe3O4 nanoparticles at room temperature. (a) Whole spectrum 
in a wide sweep range. Triplets from a�ached nitroxide radical in serum (b) and whole blood (c) for 
sample 1 and analogously for sample 2 (d–e). 

Figure 2. EPR spectra of spin-labeled Fe3O4 nanoparticles at room temperature. (a) Whole spectrum
in a wide sweep range. Triplets from attached nitroxide radical in serum (b) and whole blood (c) for
sample 1 and analogously for sample 2 (d,e).

Table 1 contains the parameters of the spectra of the spin label attached to nanopar-
ticles in the tested media along with the measurement uncertainties. The values
of rotational correlation time τR and anisotropy coefficient ε were calculated using
Equations (1) and (2), respectively.

Table 1. Calculated values of g factor, hyperfine constant Aizo, rotational correlation time τR and
anisotropy coefficient ε for the H2N-TEMPO attached to nanoparticles (samples 1 and 2) in human
serum and whole blood at room temperature.

Sample g Aizo (mT) τR (s) ε

sample 1 in serum 2.0058 (±0.0002) 1.691 (±0.014) 5.2·10−11 (±0.5·10−11) 0.32 (±0.03)
sample 1 in blood 2.0059 (±0.0002) 1.681 (±0.014) 6.3·10−11 (±0.6·10−11) 0.18 (±0.02)
sample 2 in serum 2.0059 (±0.0002) 1.681 (±0.014) 1.13·10−10 (±0.18·10−10) 0.057 (±0.007)
sample 2 in blood 2.0058 (±0.0002) 1.701 (±0.014) 1.35·10−10 (±0.20·10−10) 0.068 (±0.008)
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3.2. EPR Spectra of Frozen Samples

The EPR spectra of both nanoparticle samples in serum and whole human blood
were also recorded at 230 K in sweep ranges of 650 and 20 mT. Also, in this case, the full
spectrum (Figure 3a) consisted of a broad line from the nanoparticle cores (∆Bpp ≈ 42 mT),
accompanied by a signal from the attached nitroxide. The shape of the EPR signal from
the 4-amino-TEMPO in both tested media at 230 K (see Figure 3b–e) indicates that the
movement of the label was significantly hindered.
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For sample 1, EPR spectra were additionally recorded in the temperature range of
245–265 K to show how the dynamics of the nitroxide movement change when the sample
is heated (look at Figure 3f–g). The spectra of the nitroxide radical attached to nanoparticles
were simulated for a temperature of 230 K using the EasySpin software. The results for
both media and nanoparticle samples are presented in Figure 4. The figures include also
the parameters of the EPR spectra obtained as a result of the simulations: the values of the
rotational correlation time τR, the line width, the components of the ĝ tensor (gx, gy and gz)
and the hyperfine tensor Â (Ax, Ay and Az).
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4. Discussion

The broad EPR line, recorded for all samples in a wide sweep range, comes from mag-
netite cores and is characteristic of nanoparticles that constitute single magnetic domains.
The particles used in the experiments had an average core size of 5 nm. It is worth recalling
that according to the literature, iron oxide nanoparticles with a diameter below ≈ 30 nm
act as single-domain magnets with superparamagnetic properties [23]. The EPR lines from
the core of the nanoparticles were narrower at room temperature 293 K than at 230 K. Such
broadening of the EPR lines during sample cooling is characteristic of iron oxide nanoparti-
cles, and was previously observed for magnetite nanoparticles stabilized with chitosan [12]
and poly(ethylene glycol) [11]. If nanoparticles are randomly oriented in a macroscopically
isotropic sample, the angular dependence of their resonance fields results in the broadening
of the spectrum [24]. Such a random distribution of the anisotropy axes with respect to the
magnetic field becomes more pronounced at low temperatures, when the signal widening
effect is particularly visible [25]. A broad EPR signal from the core can be treated as a
superposition of multiple lines that differ in their resonance field due to the presence of
magnetocrystalline anisotropy [26]. In general, depending on the size of the magnetic
particles, four types of anisotropy might be responsible for the occurrence of internal fields;
these include magnetocrystalline anisotropy, shape anisotropy, anisotropy of domain struc-
tures and exchange anisotropy [9]. Internal fields originating from the above-mentioned
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contributions add to the external field of the spectrometer, creating an effective field. The
size dispersion of nanoparticles in the sample can influence the magnetic properties of the
whole specimen. The topic of the influence of temperature and core dimensions on the
magnetic properties of nanoparticles has been recently discussed in several articles, in the
context of both theoretical simulations [27] and experimental research [28,29].

Since the behavior of the main line originating from the cores is relatively well known,
it is worth focusing on the analysis of the signal from the nitroxide radical attached to the
nanoparticles dispersed in serum and whole human blood.

In the case of a spin label 4-amino-TEMPO, an electron with spin S = ½ interacts with
the 14N nitrogen nucleus with spin I = 1. As a result, we observed three lines of hyperfine
structure. For liquid samples, the intensities of the individual triplet lines differed, which
means that the anisotropic components of the ĝ and Â tensors did not fully average out.
Although the line intensity ratios varied depending on the sample and medium, the general
tendency was that the high-field component had the lowest amplitude. It is known from
the literature that the EPR spectra of nitroxides attached to nanoparticles often have a
distorted line at high field due to a hindered rotation and the accompanying increase in
τR [19]. The low field line and the center line were quite similar, but the latter had a slightly
larger amplitude in all cases. Therefore, the value of anisotropy parameter ε was >0. Since
in the current research the ε coefficient did not take negative values, we cannot assume
that the nitroxide rotated most rapidly along the axis perpendicular to the surface of the
nanoparticles, as was the case of TEMPO-labeled, chitosan-coated nanoparticles in toluene,
which were studied in the past [12]. Additionally, the ε values for nitroxide from sample 2
were lower than those from sample 1. This confirms that the dynamics of the spin label
movement for these samples was different due to the distinct way of attaching nitroxide to
the silane on the surface of the nanoparticles. As mentioned earlier, for liquid samples at
room temperature, rotational correlation times were estimated based on the measurements
of the intensity of individual peaks, using Equation (1). In general, it can be summarized
that for a given sample, the value of τR in serum is smaller than the value of τR in blood.
The factor that most significantly influenced the observed values of correlation times was
the viscosity of the medium, because in the more viscous microenvironment, the spin-label
rotated slower. The viscosity of whole blood (3.5–5.5 cP) exceeds the viscosity of plasma
(1.2–1.3 cP), but it should be borne in mind that it is influenced by many factors, e.g.,
hematocrit and the rheological properties of red blood cells [30]. The viscosity of serum
due to the lack of fibrinogen is even lower than the viscosity of plasma. The present EPR
measurements confirm that the microviscosity of the surroundings of nanoparticles in
blood is greater than that of serum.

In the case of frozen samples 1 and 2 in both media, the irregular shapes of the signals
from 4-amino-TEMPO attached to nanoparticles indicate that the movement of nitroxide
was strongly hindered. The spectra recorded at 230 K and presented in Figure 3b–e are
characteristic of the so-called slow-motion regime. These spectra were also simulated
using the EasySpin program (Figure 4), taking into account parameters related to magnetic
tensors as well as those related to dynamics. At 230 K, the rotational correlation time values
determined on the basis of the simulations are in the order of 10-8 s. It is worth recalling
that for the liquid samples in the fast rotation regime (room temperature), the τR values
were much shorter, in the order of 10−10–10−11 s. It is therefore certain that as the sample
is cooled down, the nitroxide motion significantly slows down too. The simulations of
spectra recorded at low temperatures also confirm that τR (in blood) >τR (in serum). This
is evidence that the properties of the medium also influence the dynamics of the spin label
attached to nanoparticles at low temperatures, when the molecular motion is partially
hindered. Differences between samples 1 and 2 may indicate the effect of the mode of
attaching the label to magnetite nanoparticles on its rotation in a given medium. The
line width value ∆B, obtained as a result of the simulation, also varied depending on the
environment. At 230 K, ∆B had a lower value for 4-amino-TEMPO attached to nanoparticles
in whole blood, and there was a slightly higher value when the medium was serum. The
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spectrum of the TEMPO radical at low temperature may broaden, which is caused by
dipolar interactions between the nitroxide molecules. Such behavior is most noticeable for
free TEMPO in the pure water [31]. In the case of the H2N-TEMPO attached to nanoparticles
in blood and serum, a shielding effect of nitroxide microenvironment components can be
assumed. In whole blood, in addition to serum proteins, there are also morphotic elements,
which, on the one hand, may slow down the motion of the nitroxide, but on the other
hand, reduce the widening of the line due to the additional weakening of the interactions
between the label molecules. It is also worth commenting on the spectra presented in
Figure 3f–g. Heating the sample from 230 to 265 K allowed us to show how the EPR signal
from nitroxides attached to nanoparticles changed depending on the temperature. As the
temperature rose, the rotation dynamics of the nitroxide radical gradually increased. This
was reflected in the shape of the EPR spectrum, which steadily narrowed and turned into
a distinct triplet. Also in this case, it turned out that the movement of the spin label at a
given temperature was influenced by the properties of the microenvironment.

5. Conclusions

Functionalized superparamagnetic iron oxide nanoparticles with an attached 4-amino-
TEMPO spin label were characterized by a two-fold EPR spectrum: a broad line from
magnetite cores and a characteristic signal from nitroxides. Even for liquid samples, three
narrow lines of hyperfine structure differed slightly in the intensity, which means that the
anisotropic components of the ĝ and Â tensors did not fully average out. In the case of
frozen specimens, the irregular shape of the signal indicates that the movement of nitroxide
was strongly hindered. Therefore, determining the parameters related to magnetic tensors
and dynamics required performing computer simulations.

The dynamics of the spin label varied depending on the environment in which the
nanoparticles were dispersed. The rotational correlation times for the nitroxide radicals
attached to nanoparticles in the whole human blood had higher values compared to
nanoparticles in serum. The factors that significantly influenced the experimentally de-
termined values of τR were: temperature and the viscosity of the medium. The mode of
bonding the nitroxide radical to the surface of nanoparticles (using silanes with various
functional groups) was also reflected in the anisotropy of its movement, and affected the
interaction of nanoparticles with the environment.
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Poznań) for providing magnetite nanoparticles, and the staff of the Greater Poland Cancer Center
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