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Abstract: A contrast agent with specific characteristics is essential for high-quality magnetic resonance
imaging (MRI). It plays a crucial role in enhancing the visibility of certain tissues and structures,
making it imperative for diagnostic procedures. Superparamagnetic iron oxide nanoparticles (SPIONs)
have emerged as a promising alternative to traditional contrast agents for MRI due to their non-
toxicity and superior magnetic properties. However, a suitable surface coating strategy is needed
to produce polymer-coated SPIONs with controllable sizes in order to enhance their stability and
biocompatibility. This study presents a novel one-pot synthesis method for the production of highly
stable polyvinylpyrrolidone (PVP)-coated SPIONs. By systematically manipulating the physicochem-
ical properties of SPIONs, the effect of different molecular weights of PVP was studied. The results
showed that SPIONs coated with PVP with molecular wight 40,000 g/mol (40 K) exhibited a high
magnetization (Ms = 48.4 emu/g), an average size distribution (11.61 nm), and excellent stability. The
relaxivity of coated and uncoated SPIONs was investigated using MRI images. The results revealed
that the (r2/r1) ratio of PVP40K-SPIONs was 72.55, compared to 55.72 for the bare SPIONs, making
them a highly promising T2-contrast agent for future development of MRI applications. This study
opens new avenues for the development of biocompatible and stable SPIONs for improved medical
diagnostic and imaging.

Keywords: PVP; superparamagnetism; iron oxide nanoparticles; polyvinylpyrrolidone; molecular
weight; MRI

1. Introduction

Contrast-enhanced magnetic resonance imaging (MRI) is a widely recognized and
highly effective non-invasive clinical technique for the evaluation of anatomy and tissue
function. MRI contrast agents are substances injected into the body to enhance the visibility
of internal structures and differentiate between normal and abnormal tissues. These
agents serve to improve the visibility of certain body tissues, organs, and structures,
resulting in a more accurate diagnosis and an improved treatment plan. The selection
of the appropriate contrast agent is imperative to the continued development of MRI
technology. The commonly used contrast agents in MRI, such as Gd-DTPA, exhibit rapid
clearance via renal excretion, as well as a short residence time within organs, such as the
liver [1,2]. Furthermore, there have been recent concerns raised regarding the potential
harmful effects of Gd-DTPA on kidney functions. In light of these limitations, there is a
significant need to identify and develop biocompatible MRI contrast agents with prolonged
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imaging time-windows and gradual excretion mechanisms. To address these challenges,
MRI images can be further improved by the incorporation of contrast agents that alter the
transverse relaxation time (T2), making it an even more valuable diagnostic tool. In this
context, superparamagnetic iron oxide nanoparticles (SPIONs) have attracted significant
attention from researchers for their exceptional characteristics, such as high relaxivity,
superior magnetic properties, non-toxicity, and the ability to target specific cells or tissues.
Compared to Gd-based contrast agents, SPIONs have proved to be promising nanomaterials
for a wide range of biomedical applications [3–6].

SPIONs nanoparticles can be functionalized with various molecules, making them useful
in applications, such as hyperthermia, catalysis, drug delivery, and as interesting alternative
contrast agent in magnetic resonance imaging (MRI) [7]. In MRI applications, SPIONs should
have a suitable particle size, chemical stability under physiological conditions, and specific
magnetic characteristics [8]. To overcome this limitation, SPIONs need to be stabilized
with biocompatible materials on their surface, such as chatoyant, citric acid, starch, and
polyvinylpyrrolidone (PVP) [9]. Polyvinylpyrrolidone (PVP) is an amphiphilic, non-toxic, and
biocompatible polymer that comprises C=O, C-N, and CH2 functional groups [10]. These
functional groups make PVP an ideal choice for stabilizing and functionalizing SPIONs.
Furthermore, PVP can increase the stability of SPIONs by reducing particle aggregation and
improving their dispersibility in biological fluids. As a result, the different functional groups
of the PVP molecule interact differently with SPION surfaces. For example, C=O and C-N
groups form strong bonds with the SPIONs, while the CH2 groups provide stability and
flexibility by allowing the PVP molecules to move around the surface. In this way, the PVP
molecules can protect the SPIONs from aggregation and help to keep them stable [11,12].
Therefore, the PVP molecule plays important roles in the stabilizing of SPIONs, as well as in
providing a biocompatibility shell. This can be attributed to the fact that the polar head groups
of PVP can be absorbed into the surface of SPIONs, whereas the chain groups can adjust the
distance between the adsorbed head groups [13,14]. Previous studies have focused only on
the effect of PVP concentration on the size of SPIONs. For instance, Zhang et al. investigated
the effect of PVP concentration on the synthesis of ultra-small SPIONs via the coprecipitation
method at 75 ◦C [15,16]. Lee et al. studied the effect of the molar ratio of PVP/Fe (CO)5 on
the particle size of magnetic nanoparticles using the one-step method [17]. Yet, regardless of
the achievements mentioned above, there has been almost no report on the influence of PVP
molecular weight on the SPIONs’ size and stability. There is, however, a lack of research on
the effect of PVP molecular weight on the size and stability of these nanoparticles.

This study aims to bridge this gap by investigating the effect of PVP molecular weight
on the particle size and stability of SPIONs as a contrast agent for T2-weighted magnetic
resonance imaging (MRI). A better understanding of the relationship between PVP molec-
ular weight and SPIONs will enable us to optimize their performance as MRI contrast
agents. Moreover, this study will reveal an effective coating strategy for adding iron
precursors and PVP solution to the reactor, thereby improving the efficiency of SPION
synthesis. The outcomes of this study hold great potential for improving the use of SPIONs
in MRI technology by developing stable and efficient nanoparticles. As a result, a thorough
understanding of PVP-coated SPIONs and their physical properties could provide insights
into the intricate mechanisms of MRI imaging, thus enabling the development of more
effective nanoparticles for MRI applications. This would lead to more accurate diagnostic
results for patients, which in turn could lead to more targeted and effective treatment plans,
as well as better outcomes for patients.

2. Materials and Methods
2.1. Materials

All chemical materials utilized in this study were procured from Sigma Aldrich
(14508 Saint Louis, MO 63178, United States), including iron (III) chloride hexahydrate
(FeCl3·6H2O, >99% purity), iron (II) chloride tetrahydrate (FeCl2·4H2O > 99% purity),
sodium hydroxide (NaOH > 98% purity), and polyvinylpyrrolidone (PVP) with average
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molecular weights of 10,000, 25,000, and 40,000. These materials were employed as received,
without any further purification, in order to ensure consistency and reproducibility of
experimental results. To guarantee the highest level of purity and quality, Milli-Q water
with resistivity of 18.2 MΩ.cm−1 was utilized throughout the synthesis and preparation of
magnetic nanoparticles.

2.2. One-Pot Synthesis of PVP-Coated SPIONs Nanoparticles

A novel one-pot method was used to synthesize PVP-coated superparamagnetic iron oxide
nanoparticles (PVP-SPIONs). The one-pot method combined all the necessary components in a
single reactor vessel while simultaneously adding a surfactant and a base. This helps to ensure
that the molecules form the desired nanoparticles with a narrow size distribution and high
homogeneity. The different molecular weights of PVP also help to control the rate of reaction
and the size of the nanoparticles formed. Following is a brief description of the procedure.
A total of 0.5 g of polyvinylpyrrolidone (PVP) with different molecular weights (MWs) were
dispersed in distilled water for 15 min at 80 ◦C with different stirring speeds. The PVP was
dissolved in distilled water in order to create a homogenous solution.

A mixture of 2.0 millimoles of Fe2+ and 1.0 millimoles of Fe3+ was dissolved in
25 milliliters of distilled water at room temperature in two glass beakers. The Fe2+ and
Fe3+ were dissolved in a separate solution in order to create a mixture, which was then
added to the PVP solution. The beakers were then carefully mixed, and the reaction
was allowed to proceed for 1 h, after which the reaction was stopped by cooling the
beakers to room temperature. The reactant solutions were then added to the reactor under
nitrogen protection and a stirring speed of 600 rpm using peristaltic pumps at a flow rate
of 0.1 L/min, as shown in Figure 1. The pH value of the reaction was controlled at 10 using
1.0 M NaOH solution through titration with a 842 Titrando Metrohm pH meter (Metrohm,
Herisau, Switzerland). After 1 h of stirring, the solution was cooled to room temperature
by removing the heat source. The black precipitate was collected with a strong magnet
and washed several times with distilled water. As a result of completing the fabrication
process, PVP-coated SPIONs were dried to obtain samples A, B, C, and D. Sample A is
bare-SPION synthesized at 80 ◦C with 0.5 g PVP, Sample B is PVP-10k-SPION synthesized
at 80 ◦C with 0.5 g PVP-10000, Sample C is PVP-25k-SPION synthesized at 80 ◦C with 0.5 g
PVP-25000, and Sample D is PVP-40k-SPION synthesized at 80 ◦C with 0.5 g PVP-40000.
The effect of PVP molecular weight on the properties of PVP-SPIONs can be further studied
by characterizing these samples using various techniques, such as transmission electron
microscopy (TEM), X-ray diffraction (XRD), and vibrating sample magnetometry (VSM).
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2.3. Characterization and Instrumentation

The core size and shape of SPIONs were identified using transmission electron mi-
croscopy (TEM, Libra 120-Carl Zeiss, Munich, Germany). The phase and crystal structure of
magnetic nanoparticles were analyzed by X-ray diffraction (XRD) using PANalyticalXpert
PRO MRD PW 3040 diffractometers equipped with CuKα radiation source (λ = 1.5418 Å).
Synthesized samples were then tested for static magnetic properties using a vibrating sam-
ple magnetometer (VSM) 8810 (10NRM). The stability and surface charge measurements
of SPIONs were measured using the Malvern instrument (Nano ZS model, ZEN 3600,
Worcestershire WR14 1XZ, United Kingdom).

2.4. MRI Measurements

The goal of this study was to determine the relaxivity of nanoparticle samples using
a 1.5 T MRI scanner, as well as to investigate how this property varies with the size of
the samples. To achieve this, five phantoms were created by mixing PVP40K-SPIONs at
different concentrations (0.0625, 0.125, 0.25, 0.5, and 1 mM) into a 1% agar gel solution.
Relaxometry measurements were then performed on these phantoms using both an inver-
sion recovery sequence to measure the longitudinal relaxometry T1 values and a spin-echo
sequence to measure the transverse relaxation time T2.

In the T1 measurements, the echo time (TE) was fixed at 10 ms, while the repetition
time (TR) values were varied (100, 150, 200, 300, 600, 1200, 2400, 4800, and 8000 ms). This
allowed for the measurement of the MRI signals at different time points. Similarly, in the
T2 measurements, the repetition time (TR) was fixed at 1000 ms, and the echo time (TE)
values were varied (10, 15, 20, 30, 60,120, and 200 ms).

The relaxivity values of the samples were then calculated by measuring the slope of
the linear plots of reciprocal relaxation time versus Fe concentration. This data suggests
that the relaxivity of the nanoparticle samples increases with increasing Fe concentration,
indicating that the nanoparticles have a higher proton relaxation rate. The reason for this
is that the increased Fe concentration generates a larger magnetic field, causing proton
spins to relax more quickly, which generates a stronger signal. The higher relaxation rate of
nanoparticles allows for more efficient imaging and diagnostics.

3. Results and Discussion
3.1. XRD Analysis

The X-ray diffraction (XRD) patterns of bare and coated superparamagnetic iron
oxide nanoparticles (SPIONs) were studied, and the results are presented in Figure 2. The
diffraction peaks of the samples were found at 2θ values of 30.14◦ (220), 35.44◦ (311), 43.24◦

(400), 53.58◦ (422), 57.18◦ (511), and 62.73◦ (440), respectively. The positions of XRD peaks
reflected the magnetite (Fe3O4) phase with cubic inverse spinel structure by comparison
with standard data of magnetite (JCPDS card No. 01-075-0449) [18]. A comparison of
XRD patterns of coated and bare magnetite nanoparticles indicates that the peaks are
similar. This suggests that the coating does not significantly alter the crystalline structure
of the particles. As a result, magnetite nanoparticles were coated successfully, and their
structure was preserved. The crystal structure of magnetite nanoparticles is essential for
their superior magnetic properties. In this context, any alteration to its structure might
lead to a reduction in its effectiveness as an MRI contrast agent. Therefore, maintaining
the crystal structure of contrast agents is highly recommended when using them in MRI
applications. The average crystallite size of the samples was estimated using the Scherrer
equation (Equation (1)) [19], which allowed us to calculate the average crystallite size of
the as-synthesized samples.

DP =
Kλ

βcosθ
(1)

where Dp is the mean crystallite size of the as-prepared samples, K is a constant related to
the geometrical shape factor(0.9), λ is the X-ray wavelength (1.5406◦ A), β is the diffraction
width at half of the maximum intensity (FWHM) in radians, and θ is the Bragg’s angle at
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the highest XRD peak. The average crystallite sizes of SPIONs synthesized at different con-
centrations of PVP were determined using X-ray diffraction analysis. The results showed
that the crystallite sizes were 10.52, 10.12, 10.36, and 11.28 nm for SPIONs synthesized at 0,
10K-PVP, 25K-PVP, and 40K-PVP, respectively. Notably, the crystallite size did not change
significantly with increasing PVP molecular weight, suggesting that the molecular weight
of PVP does not play a significant role in the nucleation and crystal growth mechanisms
of SPIONs [20]. XRD analysis of the SPIONs sample synthesized at 40K PVP, however,
revealed higher crystallinity, as evidenced by the sharpness and narrowness of the main
peaks compared to other samples [21]. This increase in crystallinity can be attributed to
the larger crystallite size, which is inversely proportional to the width of the main peak
(FWHM), as per the Scherrer formula [22]. Overall, the XRD results provide an insight into
the structural characteristics of the SPIONs and suggest that PVP coating does not alter
the magnetic properties of the nanoparticles while allowing us to improve their stability
and biocompatibility.
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3.2. TEM Results and Analysis

The morphological characteristics of superparamagnetic iron oxide nanoparticles
(SPIONs) synthesized with and without polyvinylpyrrolidone (PVP) were examined using
transmission electron microscopy (TEM) analysis. The TEM images and corresponding
histograms of the SPIONs are presented in Figure 3. For each sample, an extensive analysis
was performed on a sample of at least 200 randomly chosen nanoparticles utilizing the
Image J software to determine their size distribution [23]. The results obtained from
this analysis provided a comprehensive understanding of the size distribution of the
nanoparticles under investigation, allowing for a deeper insight into their properties
and behavior.

The TEM analysis revealed that the average particle size of bare SPIONs was found to
be 10.98 nm, and they were observed to have a quasi-spherical shape. However, the TEM
images of bare SPIONs also showed large agglomerates, indicating a broad size distribution.
In contrast, the average particle size of SPIONs coated with PVP10K, PVP25K, and PVP40K
were 9.36, 10.03, and 11.61 nm, respectively. The results from TEM measurements showed
slightly larger particle diameters compared to the crystal sizes observed from XRD analysis,
due to the presence of nanocrystalline surface layers. Nevertheless, both methods provided
consistent results. Among the coated samples, PVP40-SPIONs exhibited more homogenous
nanoparticles with a narrower size distribution and spherical shape, which is likely due to
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the higher molecular weight of PVP. Furthermore, the shape of PVP40-SPIONs will appear
spherical due to the lower energy effect [24]. This result reveals that the higher molecular
weight of PVP plays a significant role in changing the NPs’ shape, as well as limiting their
agglomeration in a solvent [25].
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Figure 3. TEM images and size histograms analysis of bare and PVP-coated SPIONs synthesized via
one-pot co-precipitation method, showing the morphological properties and size distribution of the
nanoparticles. TEM images are presented in the first row (a–d): (a) bare SPIONs, (b) PVP10K-SPIONs,
(c) PVP25K-SPIONs, and (d) PVP40K-SPIONs. Particle size distributions, measured in nanometers,
are shown in the second row (e–h): (e) bare SPIONs, (f) PVP10K-SPIONs, (g) PVP25K-SPIONs, and
(h) PVP40K-SPIONs.

The TEM result and analysis highlights the key role played by the molecular weight
of PVP in shaping the nanoparticles and limiting their agglomeration in a solvent. The PVP
coating effectively reduced the aggregation of nanoparticles and improved the monodisper-
sity of the particles. Additionally, the spherical shape of PVP40-SPIONs can be beneficial
for certain applications, such as biomedical imaging, as it improves the stability of the
nanoparticles and allows for a more uniform distribution in biological systems. Overall,
the results of this study demonstrate the potential of using PVP as a coating material to
control the morphological properties of SPIONs and improve their potential applications.

3.3. Zeta Potential Measurements

The zeta potential (ζ) measurements of SPIONs samples are illustrated graphically in
Figure 4. Zeta potential is a measure of the surface charge of nanoparticles, and it plays
a crucial role in determining the colloidal stability of nanoparticles in solution. It is the
electrostatic potential at the shear plane, which is the interface between the particle surface
and the surrounding medium. Generally, nanoparticles with zeta potential values between
(±40 to ±60) have excellent colloidal stability in solution, whereas NPs with zeta values
between −30 mV and +30 mV will experience rapid agglomeration and precipitation of
suspension [26]. Due to their higher zeta potential values, particles with a higher repulsive
force between them are able to disperse more readily in solution. This prevents them from
clumping together and agglomerating. Thus, particles with zeta potential values between
±40 to ±60 mV will have enough repulsive forces to keep them stabilized and suspended
in a solution. However, if the zeta potential is too low, the particles will aggregate and
precipitate out of solution. A bare SPION has a lower zeta potential (+9.2 ev) and is unstable
due to its large surface area and high energy [27]. To ensure stability, it is essential to modify
the surface of SPIONs to increase their zeta potential and reduce the tendency to form
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agglomerates. By increasing the zeta potential of SPIONs, the surface energy is reduced,
and particle stability is improved. Furthermore, the positive charge of the zeta potential
value indicates the presence of Fe ions on the surface of SPIONs [28].
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The ζ values of PVP10k-SPIONs, PVP25k-SPIONs, and PVP40k-SPIONs are −10.2 ev,
−18.4 ev, and −42.5 ev, respectively, confirming successfully binding PVP onto the surface
of SPIONs, as depicted in Figure 4. The difference in ζ values of coated SPIONs can be traced
to the difference in chain length of functional groups. As a consequence, more carbonyl
and amino groups adsorb onto the surface of SPIONs, which contribute to the increase in
steric repulsion [29]. The results show that PVP-40K-SPIONs are very stable [30]. A higher
molecular weight of PVP can adsorb more ions from SPION’s surface, corresponding to an
increase in zeta potential. This indicates the strong electrostatic interaction between PVP
and SPIONs, resulting in increased stability of the PVP-40K-SPIONs. Consequently, there is
a higher electrostatic repulsion between the PVP-40K molecules, resulting in greater steric
stability of the PVP-40K-SPIONs.

3.4. VSM Results and Analysis

The magnetic properties of all SPIONs samples were examined using vibrating sample
magnetometry (VSM) at room temperature. The hysteresis loop, as illustrated in Figure 5,
displayed a small degree of hysteresis that is considered negligible and can be safely
disregarded for all samples, confirming the superparamagnetic behavior of the nanoparti-
cles [31]. The saturation magnetization value (Ms) of bare SPIONs is 36.3 emu/g, indicating
that the sample has excellent magnetic properties. According to previous studies, bare SPI-
ONs can easily change from magnetite to maghemite during washing and preparation [32],
thereby altering their magnetic properties. In Figure 5, the Ms value indicates that the
coated nanoparticles have a high magnetic saturation, which implies that their magnetic
properties have been preserved. As a result, coating NPs with PVP-polymer during syn-
thesis improves saturation magnetization and allows for particle size control [33]. SPIONs
coated with 10 kPVP, 25 kPVP, and 40 kPVP have Ms values of 22.2 emu/g, 24.2 emu/g,
and 48.4 emu/g, respectively, which increase with the increase in the particle size of sam-
ples [34,35]. The weight measurements include the weight of the entire particles, including
any PVP coating, so the magnetization values have not been adjusted for the PVP weight.

However, the higher magnetization for PVP40k-SPIONs can be attributed to decreas-
ing the influence of the outer shell of NPs. The increased saturation magnetization can
be attributed to the stabilizing effect of the polymer coating on the NPs. On the other
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hand, the lower magnetization of the other coated SPIONs is due to the existence of a
non-collinear magnetic outermost shell of thickness that rises comparatively with reducing
particle size [36,37]. These findings reveal that PVP40k-SPIONs display excellent magnetic
behavior and can be used for MRI contrast agents.
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3.5. Cytotoxicity Assay of Bare and PVP40K-SPIONs in T-Cells

The cytotoxicity of both bare and PVP40K-SPIONs was assessed using MTT assay
on T-cells with five varying concentrations (0.25, 0.5, 1.0, 1.25, and 1.5 mg/mL) as final
concentrations, as presented in Figure 6. Previous studies have shown that the cytotoxicity
of SPIONs was observed to be higher than 1 mg/mL in vitro, depending on their surface
modification, particle size, cell type, and charge [38].
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Figure 6 depicts a blue line that indicates the half maximal inhibitory concentration
(IC50), or the concentration at which 50% cell viability is inhibited. The IC50 of PVP40K-
SPIONs was found to be 1.44 mg/mL, while that of bare SPIONs was 1.38 mg/mL. At
concentrations below 1.0 mg/mL, PVP40K-SPIONs did not display any cytotoxic effects on
T-cells, and the cells remained over 75% viable compared to the control. The reduced cyto-
toxicity of PVP40K-SPIONs can be attributed to the improved biocompatibility imparted
by the PVP40K coating. Our findings suggest that surface modification of SPIONs plays
a critical role in determining their cytotoxicity. Based on the in vitro cytotoxicity results,
it can be inferred that PVP40K-SPIONs can be used as a contrast agent for biomedical
applications in MRI at concentrations below 1.0 mg/mL, with the concentration being
determined as conservatively as possible.

3.6. Relaxometry Measurements of SPIONs

The use of the bare SPIONs and PVP40K-SPIONs as contrast agents in MRI was
studied using 1.5 T MRI scanner. As shown in Figure 7, the longitudinal and transverse
relaxivities (r1 and r2) of the samples were measured from the slope of the linear fit of 1/T1
and 1/T2, respectively, against Fe concentration. Values for r1, r2, and (r2/r1) ratio have
been measured to determine the efficiency of the sample as a MRI contrast agent [39,40].
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SPIONs and PVP40K-SPIONs with different concentrations of iron measured at 1.5 T.

The longitudinal relaxivity (r1) of bare SPIONs and PVP40-SPIONs were found to
be 0.96 and 1.63 mM−1s−1, respectively. The longitudinal relaxation time (T1) contrast
shown by our samples was not observable compared to that of the transverse relaxation
time (T2) shown on T2 -weighted MRI image. Thus, only the T2 contrast property of the
sample was highlighted in this study. However, the transverse relaxivity (r2) of 53.49 and
118.26 mM−1s−1 are observed respectively for bare SPIONs and PVP40K-SPIONs. The
obtained results can be attributed to the higher saturation magnetization and larger particle
size of PVP40-SPIONs compared to bare SPIONs [41,42]. The relaxivity ratio (r2/r1) is 55.72
and 72.55 for bare SPIONS and PVP40-SPIONs, respectively. This result indicates that the
PVP40-SPIONs can be used as an efficient T2-MRI contrast agent [43,44].

4. Conclusions

In summary, the effect of PVP molecular weight on the physicochemical properties
of SPIONs prepared by a novel one-pot coprecipitation method was studied. Our in-
vestigations and analysis concluded that PVP-40K was the optimal choice to synthesize
SPIONs with an excellent particle size distribution, as confirmed by TEM analysis. SPI-
ONs coated with PVP-40K exhibited excellent crystallinity and enhanced magnetization,
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as demonstrated by XRD and VSM analyses. Therefore, PVP-40K was selected for the
synthesis of SPIONs with the narrowest particle size distribution and excellent stability.
The effectiveness of the synthesized samples as contrast agents for T2-weighted MRI was
investigated. The high ratio for (r2/r1) PVP40K-SPIONs indicates its potential to be used
as a promising contrast agent for T2-weighted MRI. The results of our study reveal that
PVP-40K coated SPIONs are a highly attractive option as contrast agents in MRI due to
their exceptional biocompatibility and stability. This makes them the perfect choice for a
wide range of diagnostic and MRI imaging applications.
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