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ABSTRACT: Iron oxide nanoparticles have become increasingly
significant in the biomedical field due to their exceptional magnetic
properties and biocompatibility. However, understanding their in vivo
metabolism and transformation is crucial due to the potential
biological effects they may induce. This study investigates the
metabolic pathways of PEGylated ultrasmall iron oxide nanoparticles
(PUSIONPs) in vivo, particularly under varying iron statuses and
dosages. Employing a comprehensive analytical approach�including
magnetic resonance imaging, elemental analysis, histological assess-
ments, hematological analysis, and Western blot analysis�the
biodistribution and transformation of PUSIONPs were mapped. The findings reveal significant differences in the metabolic
fate of PUSIONPs between iron-sufficient and iron-deficient conditions, underscoring the pivotal role of iron homeostasis in
regulating PUSIONPs biodegradation. In iron-deficient states, degradation and transformation were markedly accelerated,
with the released iron rapidly incorporated into hemoglobin. Additionally, the liver and spleen exhibited different PUSIONPs
metabolism rates due to their distinct physiological roles: the spleen, primarily responsible for iron recycling, facilitated faster
degradation, while the liver, serving as an iron storage organ, showed slower degradation. Under iron deficiency, most
degradation products were directed toward hemoglobin synthesis, whereas under normal conditions, the liver gradually
metabolized the degradation products, and the spleen retained higher iron levels. Moreover, PUSIONPs degradation
demonstrated dose dependency, with higher doses slowing degradation and reducing the utilization rate by the iron-deficient
body. Comprehensive safety evaluations confirmed that PUSIONPs exhibit excellent biocompatibility across all doses, with no
significant safety concerns. Compared to the clinically used intravenous iron supplement iron sucrose, PUSIONPs also
demonstrated superior bioavailability and more effective iron supplementation. These findings provide critical insights into
the interaction between iron oxide nanoparticles and iron metabolism, offering a foundation for future research and the
broader application of PUSIONPs in biomedical contexts.
KEYWORDS: iron oxide nanoparticle, iron homeostasis, biodegradation, iron deficiency anemia, nanoparticle metabolism

1. INTRODUCTION
The rapid advancements in nanotechnology have positioned
iron oxide nanoparticles (IONPs) as one of the most
extensively studied nanomaterials. Renowned for their excep-
tional magnetic properties, IONPs are widely utilized in
various biomedical applications, including magnetic resonance
imaging (MRI),1 drug delivery2 and magnetic hyperthermia.3

Moreover, IONPs have demonstrated significant biocompati-
bility when integrated into iron metabolism as intravenous iron
supplements.4 However, the potential of IONPs to generate
free radicals due to excess iron raises concerns about adverse
biological effects, while also presenting opportunities for use in
antibacterial5 and anticancer therapy.6 The dual potential

highlights the importance for a thorough understanding of the
in vivo metabolism of IONPs to maximize their benefits while
minimizing potential risks, thereby ensuring their safe and
effective use in clinical settings.

Iron, as a transition metal, plays a pivotal role in essential
biological processes, including oxygen transport, DNA syn-
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thesis, nucleic acid repair, mitochondrial cellular respiration,
and cell growth.7,8 Under physiological conditions, iron
fluctuates between different oxidative states. Ferric (III) iron,
although stable, is poorly soluble in water, necessitating the
involvement of proteins such as transferrin to facilitate its
transport. Conversely, ferrous (II) iron is water-soluble and
highly reactive, capable of producing reactive oxygen species
(ROS) through the Fenton reaction, potentially leading to
cellular damage and organ failure, particularly in vital organs
like the liver, heart, pancreas, thyroid, and central nervous
system.9,10 Excessive iron accumulation can also trigger
ferroptosis, a form of iron-dependent cell death characterized
by oxidative stress and lipid peroxidation, ultimately leading to
membrane damage and cell death.11−13 Thus, maintaining
iron’s indispensable functions while minimizing its harmful
potential requires the precise regulation of its uptake,
distribution, and utilization.14 The introduction of exogenous
IONPs into the body raises critical questions regarding their
impact on iron homeostasis.

Over the past decades, numerous studies have focused on
understanding the fate of IONPs in vivo. Radioactive labeling
studies have demonstrated that 59Fe released from IONPs is
incorporated into the hemoglobin within 1 week, confirming
the integration of IONPs into physiological pathways.15,16

Additionally, the degradation of IONPs in the liver and spleen
over several months, along with increased levels of endogenous
ferritin-bound iron, underscores their potential impact on iron
metabolism.17−19 Changes in the expression of genes and
proteins related to iron metabolism have also been observed
following IONP internalization.20−22 However, the specific
mechanisms through which iron metabolism influences the
behavior of IONPs in vivo remain poorly understood.

At the cellular level, iron regulatory proteins (IRPs) monitor
cytosolic iron concentrations and interact with iron-responsive
elements (IRE) to regulate the expression of proteins involved
in iron metabolism, such as ferritin and transferrin receptors
(TFR),23,24 thereby maintaining iron homeostasis. Systemi-
cally, the hepcidin/ferroportin (FPN, also known as iron
transporter 1 or Ferroportin 1) axis plays a central role in
governing iron regulation.25 Hepcidin binds to ferroportin,
inducing its internalization and degradation, which in turn
regulates iron export from cells.26 Disruptions in iron
homeostasis can lead to conditions such as iron deficiency or
overload, which are associated with numerous diseases
affecting over 2 billion people globally.27,28 Despite the critical
importance of iron regulation, the impact of iron homeostasis
on IONPs metabolism remains unclear. Therefore, investigat-
ing IONPs metabolism, particularly under conditions of
deregulated iron levels, is essential.

In general, the dosage of IONPs varies significantly
depending on their diagnostic and therapeutic applications.
Clinical doses of IONPs used as MRI contrast agents typically
range below 5 mg/kg,29−32 while doses for treating iron
deficiency anemia (IDA) can reach approximately 20 mg/kg4.
Previous studies have shown that the blood half-life (t1/2) of
IONPs is highly dose-dependent, with higher doses resulting in
prolonged circulation times and altered biodistribution.33

Additionally, when administered in high dosages, liver and
spleen macrophages can only clear a portion of the IONPs
from the bloodstream, resulting in the excess IONPs
accumulating in other macrophage-rich tissues, such as the
lung and adipose tissue.18 These findings indicate that the
dosage of IONPs significantly influences their circulation time

and biodistribution in the body. However, the long-term
metabolism and transformation of IONPs at varying dosages
have not been systematically studied, which is critical for
ensuring their safe application in vivo.

To address these issues, PEGylated ultrasmall IONPs
(PUSIONPs) with an average size of 3.6 ± 0.4 nm, recognized
as one of the most promising next-generation MRI contrast
agents, were selected for their exceptional MRI performance to
visualize the metabolic process. PUSIONPs were administered
under both normal and iron-deficient conditions to evaluate
their distribution, degradation, transformation, and excretion,
thereby revealing metabolism pattern regulated by iron
homeostasis. Furthermore, considering the extensive applica-
tion of IONPs in diagnostics and therapeutics, the metabolism
of PUSIONPs at varying dosages was also studied to
understand the dose-dependent effects on their metabolic
behavior. Additionally, a comparative study was performed to
evaluate the efficacy of PUSIONPs against conventional iron
supplements, such as iron sucrose, in treating iron deficiency
anemia. This comprehensive study aims to elucidate the
impact of iron homeostasis and dosage on PUSIONPs
metabolism and provide insights for their safe and effective
use in clinical settings.

2. RESULTS AND DISCUSSION
2.1. Characterization of PUSIONPs. The PUSIONPs

used in this study were provided by Suzhou Xinying
Biomedical Technology Co., Ltd. These nanoparticles consists
of an iron oxide core with a magnetite structure,34 coated with
a poly(ethylene glycol) (PEG) ligand bearing diphosphonate
and methoxyl groups on opposite sides (denoted as DP-
PEG).35 Transmission electron microscopy (TEM) image
(Figure S1a) revealed that PUSIONPs possess a semispherical
morphology with an average core diameter of 3.6 ± 0.4 nm
(Figure S1b). Dynamic light scattering (DLS) results (Figure
S1c) further indicate that PUSIONPs have an average
hydrodynamic diameter of 10.9 nm, confirming that the PEG
coating endows the particles with excellent water solubility and
effectively prevents aggregation. Additionally, PUSIONPs
exhibited a slightly negative surface charge.36 To assess the
MRI contrast enhancement capabilities of PUSIONPs,
relaxivity measurements were conducted using a preclinical
3T MRI scanner. The longitudinal relaxivity (r1) and
transverse relaxivity (r2) were determined to be 6.1 and 35.5
mM−1 s−1, respectively (Figure S1d), highlighting their
exceptional potential for T1/T2 dual-modal MRI applications.

Compared to larger iron oxide nanoparticles, PUSIONPs
offer distinct advantages due to their ultrasmall size and
tailored surface properties. The sub-5 nm core size not only
enhances their T1-weighted MRI contrast, making them a
promising alternative to gadolinium-based contrast agents, but
also prolongs their blood circulation time by reducing rapid
clearance via the mononuclear phagocyte system.37 Addition-
ally, the synthesis of PUSIONPs via high-temperature thermal
decomposition ensures high crystallinity, which enhances their
structural stability and minimizes unwanted iron ion leakage,
thereby reducing the risk of hypersensitivity and toxicity.38,39

The PEGylation of PUSIONPs also contributes to their
excellent colloidal stability and antifouling properties, further
improving their biocompatibility.40 These unique physico-
chemical characteristics position PUSIONPs as a promising
next-generation platform for biomedical applications, partic-
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ularly in iron metabolism-related disorders and advanced
imaging techniques.

2.2. Tracking PUSIONPs In Vivo via MRI. To investigate
the effect of iron homeostasis on the metabolism of
PUSIONPs, IDA model was established on Sprague−Dawley
(SD) rats through a combination of a low-iron diet and
induced blood loss.41 Hemoglobin (HGB), mean corpuscular
hemoglobin (MCH), and mean corpuscular volume (MCV)
levels significantly reduced in the IDA group after 21 days
compared to the normal group, confirming the successful
induction of IDA (Figure S2). PUSIONPs were then
intravenously injected at 20 mg/kg body weight into both

IDA and normal rats, and their biodistribution was monitored
using MRI.

It is well established that intravenously administered
nanoparticles are primarily sequestered by the liver and spleen,
key components of the mononuclear phagocytic system.42,43

Furthermore, the kidneys contribute to the clearance of
ultrasmall nanoparticles with hydrodynamic diameters below
approximately 6 nm.44 Therefore, MRI scans were performed
for up to 28 days postadministration to track PUSIONPs
metabolism in the liver, spleen, and kidneys, taking advantage
of their superparamagnetic properties.

Figure 1. Noninvasive measurement of PUSIONPs biodistribution in normal and IDA rats using MRI. (a) Representative T2-weighted and
T1-weighted MR images captured at various time points before and after intravenous administration of PUSIONPs. (b) T2-weighted and (c)
T1-weighted signal intensity ratio (SIR) changes over time in different organs, including the liver, spleen, renal cortex, and renal pelvis. Data
are presented as mean ± SD, n = 4 rats per group.
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Figure 1a shows T2-weighted (T2W) and T1-weighted
(T1W) MR images acquired preinjection and at various
postinjection time points. In T2W MR images, the liver
exhibited low baseline signals due to its high endogenous iron
content. Immediately after injection, the liver signal further
darkened, reflecting rapid uptake of PUSIONPs, and this signal
remained consistently low up to 28 days postinjection. In
contrast, the T1W images exhibited more dynamic signal
variations, with a sharp postinjection decrease reaching its
lowest point at day 1, followed by a gradual recovery,
suggesting PUSIONPs degradation or clearance. Notably,
signal recovery in IDA rats was faster and more pronounced
than in normal rats. A similar trend was observed in the spleen,
where T2W signals initially decreased before gradually
recovering. However, signal recovery in the spleen occurred
more rapidly than in the liver, particularly in IDA rats. In
contrast, kidney signals exhibited only transient decreases in
both T2W and T1W images, with no significant differences
between IDA and normal rats.

To further quantify these observations, a quantitative
analysis of MR signal intensity (SI) was conducted in various
regions of interest (ROIs) (Figure S3). The signals were
normalized against muscle signals from the same imaging plane
to minimize intermachine variability and enhance reproduci-
bility.45 The resulting signal intensity ratios (SIRs) are
presented in Figure 1b,c. In the liver, while T2W images
showed minimal visible changes postinjection, quantitative
analysis revealed a slow recovery trend from day 14 onward,
with signals remaining significantly lower than preinjection
levels at day 28. In the spleen, T2 signals recovered more
quickly, stabilizing by day 7. The faster recovery of MRI signals
in both organs in IDA rats suggests that iron deficiency
accelerates PUSIONPs degradation and clearance. By day 28,
the spleen T2 signal in IDA rats had returned to preinjection
levels, indicating near-complete degradation or clearance of
PUSIONPs from this organ. In contrast, kidney signals in both
the renal cortex and pelvis returned to baseline within 1 day,
suggesting minimal long-term retention of PUSIONPs.

The T2* imaging technique is also widely employed for
tracking the in vivo distribution of magnetic nanoparticles, as it
is highly sensitive to local magnetic field changes and
particularly valuable for assessing iron deposition. Figure S4
presents the T2* times for different ROIs at various time

points postinjection. Due to the high PUSIONPs concen-
tration, T2* imaging failed to accurately detect liver and spleen
signals within the first day postinjection as T2* times were
extremely short. However, as time progressed, the T2* times in
the liver and spleen gradually increased, reflecting the gradual
degradation or clearance of PUSIONPs from these organs. In
the kidneys, T2* times returned to near-normal levels within 1
day, further confirming minimal PUSIONPs retention in this
organ.

In general, traditional large-sized IONPs, due to their larger
magnetic moments, are typically tracked using T2 and T2*
imaging techniques. Negative T2 and T2* contrast is usually
detectable even at low IONPs concentrations.46 However, for
applications requiring higher IONPs concentrations for
imaging or therapy, conventional T2 and T2*-weighted MRI
may not effectively quantify these signals.47,48 In contrast,
PUSIONPs exhibit excellent T1 relaxation properties, making
T1 imaging a superior method for tracking their in vivo
metabolism. T1 imaging provides a broader dynamic response
range, allowing for better monitoring of metabolic processes in
high-uptake organs such as the liver and spleen, even at early
postinjection stages.

2.3. Monitoring PUSIONPs In Vivo via Elemental
Analysis. While MRI enables real-time monitoring of signal
changes across various organs within the same organism,
offering valuable insight into the distribution and metabolism
of PUSIONPs, quantifying these processes through MRI poses
significant challenges. This difficulty arises because MRI
relaxivity is highly sensitive to the local environment and the
physical state of PUSIONPs, both of which can changes as the
nanoparticles degrade and transform within the body.49,50

Additionally, although sustained changes in MR images may
indicate the persistent presence of the superparamagnetic core,
the gradual recovery of these images over time suggests a
decrease in the amount of the core within the targeted regions,
likely due to either the transformation or direct elimination of
PUSIONPs. To distinguish between these possibilities,
inductively coupled plasma optical emission spectroscopy
(ICP-OES) was utilized to measure the total iron content in
extracted organs at various time points following PUSIONPs
injection.

As illustrated in Figure 2a, the liver, as the primary iron
storage organ, exhibited significantly lower iron content in IDA

Figure 2. Quantification of iron content in main organs at different time points following PUSIONPs injection. Iron concentration of (a)
liver, (b) spleen, (c) kidney, (d) heart, (e) lung, and (f) brain is expressed per mass of fresh organ, n = 4 rats per group. Data are presented as
mean ± SD. Significance is indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Blue and red stars indicate significance when
comparing each time point to the control group within the normal and IDA groups, respectively. Black stars indicate significance when
comparing normal and IDA groups at each time point.
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model rats compared to normal rats due to iron deficiency.
Following the injection of PUSIONPs, both groups showed a
significant increase in liver iron content, reflecting the
substantial uptake of PUSIONPs by the liver. Over time, the
iron content gradually decreased, indicating that PUSIONPs
were metabolized within the liver. This metabolism occurred at
a notably faster rate in IDA rats than in normal rats, aligning
with the trends observed in the MRI results. However, the
correlation between liver iron content and MRI signal intensity
across different groups and time points does not consistently
show a positive correlation. For instance, at 28 days
postinjection, the liver iron content in normal rats was
significantly higher than that in IDA rats at 7 days
postinjection. Despite this, MRI results indicated a more
pronounced signal recovery in normal rats at 28 days�
whether assessed through the SIR in T1- or T2-weighted
imaging, or T2* time�compared to IDA rats at 7 days. A
similar pattern was observed when comparing liver analysis
between normal rats at 7 days and IDA rats at 1 day. This
phenomenon suggests that significant degradation of PU-
SIONPs occurred in the liver, with the resulting degradation
products being stored in the liver. Consequently, despite the
higher iron content, the MRI signal recovery was more
pronounced, indicating that the degradation of PUSIONPs
plays a crucial role in the observed imaging outcomes.

Similarly, the spleen of IDA rats had significantly lower iron
content than that of normal rats (Figure 2b). After the
injection of PUSIONPs, the iron content in both groups
significantly increased at 1 day postinjection. However,
subsequent changes in spleen iron content differed under
varying iron homeostasis conditions. In IDA rats, spleen iron
content rapidly decreased over time, reaching preinjection
levels of normal rats by 7 days, indicating rapid metabolism of
PUSIONPs from the spleen, which aligns with the MRI results.
In contrast, in normal rats, spleen iron content decreased

slightly at 7 days compared to 1 day, but then increased further
at 28 days, suggesting that PUSIONPs metabolism in the
spleen is more significantly influenced by iron homeostasis
than in the liver. Combined with the MRI results, which
showed partial recovery of spleen MRI signals in normal rats
within 7 days and stabilization after 14 days, it is inferred that
while PUSIONPs were degraded in the spleen, their clearance
was limited, with additional iron sources possibly contributing
to the increased iron content.

Regarding the kidneys (Figure 2c), the iron content in
normal rats showed a slight increase after PUSIONPs injection,
although this increase was much lower compared to the liver
and spleen. This discrepancy with MRI findings might be
attributed to the sensitivity of MRI or the uneven distribution
of PUSIONPs within the kidneys. By 28 days, the iron content
had decreased compared to levels at 7 days, indicating that iron
in the kidneys continues to be metabolized and excreted to
maintain iron homeostasis. In IDA rats, kidney iron content
gradually increased throughout the study period, eventually
reaching levels similar to those observed in normal rats before
injection, suggesting that iron deficiency in the kidneys was
progressively alleviated following PUSIONPs administration.

For the heart (Figure 2d), iron content increased modestly
after PUSIONPs injection in both normal and IDA rats,
although this increase was less significant than in the kidneys.
After 7 days, iron content gradually decreased, returning to
balanced levels. In the lungs and brain (Figure 2e,f), no
statistically significant changes in iron content were observed
after PUSIONPs administration.

2.4. Prussian Blue Staining Analysis of Different
Organ Sections. To gain a deeper understanding of the
metabolism process of PUSIONPs, Prussian blue staining was
performed on tissue sections from various organs to visualize
the distribution of PUSIONPs at both the tissue and cellular
levels, as illustrated in Figures 3 and S5. On day 1

Figure 3. Representative histological images of liver, spleen, and kidney at various time points after PUSIONPs injection. Iron localization
appears as blue dots due to the Prussian blue staining. Scale bars correspond to 50 μm.
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postadministration, a substantial amount of staining was
observed in the liver, with the intensity gradually decreasing
from the portal areas toward the central veins of the lobules.
Given that blood from both the hepatic artery and portal vein
mixes within the hepatic sinusoids and drains through the
central vein,51,52 this pattern suggests that after entering the
liver, PUSIONPs traveled along the sinusoids, interacting with
various cells along this pathway. Consequently, there was a
higher accumulation of nanoparticles in cells located near the
blood vessel entry points compared to those near the exit
points. Additionally, the staining was predominantly observed
in endothelial cells (red arrows), Kupffer cells (blue arrows),
hepatocytes (black arrows) (Figure S6), which is consistent
with our previous findings.44

By day 7 postadministration, Prussian blue staining in liver
sections had significantly diminished in both IDA and normal
rats. However, ICP analysis revealed that the overall iron levels
in the liver of normal rats had not decreased significantly
compared to day 1. This discrepancy suggests that by this time,
PUSIONPs had undergone substantial degradation within the
liver, with the resulting degradation products, such as ferritin,
being more widely and uniformly dispersed at both the tissue
and cellular levels. After degradation, the local iron
concentration was significantly decreased compared to the
initial stage postinjection, where PUSIONPs were confined
within the endosomes of various liver cells.36 This reduction in
local concentration likely accounts for the diminished Prussian
blue staining, despite the overall iron concentration remaining
comparable. This observation aligns with our previous in vitro
degradation studies, which demonstrated that most PU-
SIONPs degraded within 3 days when exposed to a continuous
flow of lysosomal-simulated fluid.53 By day 28 postinjection,
only a small amount of staining was observed in hepatocytes in
both IDA and normal rats, despite the liver iron concentration
in normal rats remaining relatively high. This indicates that by
this stage, the PUSIONPs had largely degraded and were
stored as ferritin within the liver. Furthermore, a comparison of
staining patterns between normal and IDA rats over time
revealed similar trends, suggesting that the degradation
behavior of PUSIONPs was not significantly influenced by
iron status. However, the faster decline in liver iron levels
observed in IDA rats might be attributed to the more rapid
transport of ferritin-bound degradation products out of the
liver.

In spleen sections, significant Prussian blue staining was
observed on day 1 postadministration in the red pulp and
marginal zones of both normal and IDA rats, indicating that
PUSIONPs were primarily phagocytosed by macrophages in
these regions. By day 7, staining had largely disappeared in

IDA rats, suggesting that PUSIONPs had been substantially
metabolized and cleared from the spleen, consistent with the
MRI and ICP results. However, in normal rats, noticeable
staining persisted in spleen sections even at day 28. Combined
the MRI and ICP analysis results, this finding suggests that
while PUSIONPs in the spleen underwent degradation, they
were not efficiently metabolized or excreted. Unlike in the
liver, where degradation products were widely dispersed and
thus not readily stained, the persistence of staining in the
spleen may be attributed to the distinct cellular distribution of
PUSIONPs. In the spleen, PUSIONPs were concentrated
within a smaller population of macrophages,54 resulting in a
higher local concentration even after degradation. This
concentration remained sufficient for detection by Prussian
blue staining.

In kidney sections, Prussian blue staining was observed in
the glomeruli on day 1 postadministration, likely due to the
retention or filtration of PUSIONPs in the glomerular
capillaries after passing through the afferent arterioles. This
retention led to an increase in iron content within the kidneys
(Figure 2c) and subsequent staining of the glomeruli.
However, the overall MRI signal of the kidneys did not
show significant changes compared to preadministration levels
on day 1, possibly due to the uneven distribution of
PUSIONPs, which were largely confined to the glomeruli�a
structure that represents only a small portion of the total
kidney volume. Over time, the intensity of the staining
gradually decreased, although some residual staining remained
visible even at day 28.

In contrast, no significant staining was observed in the heart,
lungs, or brain sections, consistent with the ICP results, which
showed minimal distribution of PUSIONPs in these organs
(Figure S5).

2.5. Biodistribution and Transformation of PUSIONPs
In Vivo. To further investigate the in vivo metabolic behavior
of PUSIONPs, we analyzed their distribution across different
organs at various time points postadministration, as
summarized in Table 1. On day 1 postinjection, PUSIONPs
predominantly accumulated in the liver and spleen. Although
the iron concentration in the spleen was significantly higher
than in the liver (Figure 2), due to the smaller mass of the
spleen, the liver served as the primary reservoir for PUSIONPs,
followed by the spleen. The distribution patterns observed
across various organs over time corresponded closely with the
changes in iron concentration within these tissues. In IDA rats,
the rate of decline in PUSIONPs levels within the liver and
spleen was faster than in normal rats. Moreover, in normal rats,
the amount of PUSIONPs in the spleen at day 28 was higher
than at day 7. Notably, on day 1 postinjection, up to 95.4% of

Table 1. Distribution of Injected Iron Dose (% ID) across Various Organs in Normal and IDA Rats at Different Time Points
Following PUSIONPs Injectiona

normal + PUSIONPs IDA + PUSIONPs

organ day 1 day 7 day 28 day 1 day 7 day 28

liver 83.3 ± 2.9 73.4 ± 9.4 37.3 ± 5.1 67.4 ± 7.0 30.7 ± 7.1 9.7 ± 2.5
spleen 10.0 ± 1.5 5.2 ± 1.9 9.9 ± 4.0 10.5 ± 1.1 1.7 ± 0.5 1.2 ± 0.7
kidneys 1.5 ± 0.4 1.4 ± 0.3 0.7 ± 0.5 0.4 ± 0.0 0.4 ± 0.1 0.5 ± 0.3
lungs 0.7 ± 0.3 0.9 ± 0.7 0.9 ± 0.6 0.5 ± 0.3 / 0.7 ± 0.6
brain / / / 0.1 ± 0.1 / /
heart 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.2 0.1 ± 0.2 0.2 ± 0.1 0.1 ± 0.1
sum 95.4 ± 3.9 84.7 ± 4.1 49.2 ± 6.6 78.9 ± 7.4 32.9 ± 6.8 12.3 ± 3.1

aData are expressed as mean ± SD for n = 4 rats per group. The symbol “/” indicates that the concentration determined is lower than the control.
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the PUSIONPs were localized within the major organs in
normal rats, whereas this percentage was reduced to 78.9% in
IDA rats. By day 28, nearly half (49.2%) of the injected iron
still remained within these major organs in normal rats,
compared to only 12.3% in IDA rats. These findings indicates
that PUSIONPs were metabolized more rapidly in iron-
deficient conditions.

Typically, iron is metabolized and continuously redistributed
in the body through complex regulatory mechanisms, with
approximately 70% of iron bound to HGB and around 20%
stored in ferritin.55 To further investigate the fate of iron after
its reduction in the organs, we monitored HGB levels in the
rats postadministration, as depicted in Figure 4a. The results
showed no significant difference in HGB levels between the
treated and control groups in normal rats, indicating that the
normal physiological regulation of exogenous iron prevents it
from significantly affecting erythropoiesis. However, in IDA
rats, HGB levels significantly increased after 7 days of
treatment compared to the IDA control group, reaching levels
similar to those in normal rats by day 14. Additionally, MCH
and MCV were significantly higher in the treated IDA group,
indicating a notable improvement in iron deficiency anemia
symptoms. Further calculations revealed that by day 7, a

substantial portion of the PUSIONPs degraded in IDA rats,
with 69.3% of the released iron being utilized for HGB
synthesis. By day 28, this proportion had increased to 79.1%.
Figure 4b summarizes the residual iron levels in various organs
and the iron that had entered the bloodstream in IDA rats. The
data indicate that over 90% of the injected PUSIONPs
remained in the body, with most of the iron being effectively
utilized.

Moreover, on day 1 postinjection, the cumulative iron
content in the organs of IDA rats accounted for only 78.9% of
the administered dose, with no observed change in HGB levels
(Figure S7a). This suggests that approximately 20% of the iron
had already entered the hematopoietic system but had not yet
been incorporated into HGB, as erythropoiesis requires time.
To further investigate this process, reticulocyte hemoglobin
equivalent (RET-He) was evaluated to assess the most recent
status of HGB synthesis.56 Figure S7b shows a rapid increase in
RET-He within 3 days, followed by a decline at 7 days,
indicating that the majority of PUSIONPs were degraded and
utilized within this period. Simultaneously, HGB levels
increased by day 3 and reached a higher level by day 7
postinjection (Figure S7a). Generally, after HGB production in
the bone marrow, reticulocytes are released into peripheral

Figure 4. Transformation of PUSIONPs in vivo. (a) Changes of HGB, MCH, and MCV at various time points after PUSIONPs injection, n =
4 rats. (b) Iron accumulation in HGB and major organs after PUSIONPs injection, n = 4 rats. Expression of (c) FTL, (d) FPN, (e) TFR in
liver and spleen, n = 3 rats. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001. Blue and red stars denote significant
differences compared to the control group within normal and IDA groups, respectively, at each time point. Black stars indicate significant
differences between the normal and IDA groups at each time point.
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blood 2−3 days later and differentiate into mature red blood
cells within 1−2 days.57 Therefore, the observed changes are
consistent with HGB production and further confirm the rapid
degradation of PUSIONPs within 1 day in IDA rats.

Analysis of the data from Table 1 and Figure 4b suggests
that in normal rats, the iron reduced in the organs did not
enter the bloodstream, indicating that the degraded PU-
SIONPs were not utilized by the body but were gradually
excreted. To investigate this further, the iron content in the
feces and urine collected postadministration was measured, as
shown in Figure S8. The results indicated that only a small
fraction (<1%) of PUSIONPs were excreted via urine within 4
h postinjection, while the remainder entered the organs for
subsequent transformation and metabolism. However, due to
the high iron content in the diet of normal rats, iron
measurements in the feces were confounded, preventing the
collection of useful data. Although IDA rats were fed an iron-
deficient diet, only a slight difference in fecal iron content was
observed between the treatment and control groups. Trace
amounts of dietary iron still interfered with the measurements,
making it difficult to draw accurate conclusions. Nonetheless,
by day 7, PUSIONPs in the liver of normal rats had
significantly degraded, as previously mentioned. Therefore, it
is hypothesized that in normal rats, although the possibility
that some PUSIONPs were excreted in their original particle
form via the hepatobiliary route cannot be ruled out, it is more
likely that the majority of PUSIONPs were gradually excreted
after degradation through the body’s normal iron metabolism
pathways.

2.6. Transformation Mechanism of PUSIONPs In Vivo.
Iron metabolism in the body is closely regulated by key iron-
related proteins, primarily ferritin, FPN and TFR. Ferritin, the
primary iron storage protein, is composed of ferritin heavy
chains (FTH) and ferritin light chains (FTL), capable of
storing up to 4500 Fe3+ irons.8,58 FTH subunits exhibit
ferroxidase activity, converting Fe2+ to Fe3+ for safe storage
within the ferritin mineral core, while FTL subunits, although
lacking catalytic activity, facilitate nucleation and mineraliza-
tion of the iron center.59 Under normal physiological
conditions, ferritin synthesis is regulated at the translational
level in response to iron availability. As intracellular ferritin
levels rise, excess Fe2+ is oxidized to Fe3+ and stored within the
protein shell, mitigating the Fenton reaction and reducing ROS
production, thereby protecting cells from oxidative stress. FPN,
primarily expressed on cell surfaces, regulates the export of iron
from cells into the bloodstream, ensuring adequate iron levels
throughout the body. TFR, on the other hand, is essential for
iron uptake into cells. It binds to transferrin, the primary iron
transport protein in blood, facilitating the endocytosis of the
transferrin-iron complex and subsequent release of iron within
the cells. To gain deeper insights into the in vivo trans-
formation of PUSIONPs, the expression levels of ferritin, FPN
and TFR were monitored in the liver and spleen at various
time points postadministration. Ferritin expression was
specifically assessed through the measurement of FTL levels,
as depicted in Figure 4c−e.

In IDA rats, severe iron deficiency leads to the binding of
IRPs to IREs on ferritin mRNA, preventing its translation and
consequently reduces ferritin synthesis. As a result, FTL levels
in the liver and spleen of IDA rats were significantly lower
compared to those in normal rats. Following the admin-
istration of PUSIONPs, the increase in iron levels, due to the
degradation of PUSIONPs, inhibited IRP activity, preventing it

from binding to IREs and thereby promoting ferritin synthesis.
This led to a substantial rise in ferritin levels in the liver and
spleen on day 1 postadministration, as ferritin bound to the
iron ions released from degraded PUSIONPs. Subsequently,
these stored iron ions were transported into the hematopoietic
system for hemoglobin synthesis, causing a decrease in iron
levels in the liver and spleen, which in turn led to a
downregulation of ferritin expression.60,61

Notably, unlike the gradual decrease in FTL levels observed
in the liver, FTL levels in the spleen declined more rapidly,
reaching a plateau by day 7. Concurrently, FPN expression in
the spleen of IDA rats significantly increased on day 1, but
returned to baseline levels by day 7. Given that PUSIONPs
degrade more quickly in the spleen than in the liver, these
findings suggest that under iron-deficient conditions, PU-
SIONPs not only degrade rapidly in the spleen but also release
iron ions that are swiftly bound to ferritin and transported to
the hematopoietic system via FPN. This rapid transport
reduces iron levels in the spleen, leading to a subsequent
decline in both FTL and FPN levels.

Regarding TFR, its expression levels in the liver and spleen
of IDA rats were significantly higher than those in normal rats
prior to administration, reflecting the increased need for iron.
One day after PUSIONPs administration, TFR expression
levels in IDA rats significantly decreased, and by day 7, they
had returned to levels comparable to those in normal rats. This
indicates that iron levels in liver and spleen cells were rapidly
restored, reducing the cells’ demand for iron. These findings
further suggest that PUSIONPs underwent degradation within
1 day, with the released iron actively contributing to the
regulation of the body’s iron balance.

In normal rats, FTL expression in the spleen gradually
increased after 1 day postadministration, while in the liver,
maximum FTL elevation was observed by day 7. This also
confirms that by day 7, PUSIONPs in the liver of normal rats
had significantly degraded, with the resulting iron ions stored
in ferritin and gradually metabolized out of the body, leading
to a decrease in FTL levels by day 28. In the spleen, due to the
lower demand for iron under normal physiological conditions,
most of the iron from degraded PUSIONPs was not
transported to the hematopoietic system for hemoglobin
synthesis. Additionally, during regular physiological processes,
macrophages in the spleen continually phagocytose aging red
blood cells and recycle their iron, leading to a gradual increase
in ferritin and, consequently, FTL levels in the spleen. This is
consistent with earlier ICP results, which showed higher iron
content in the spleen at day 28 compared to days 1 and 7.
Moreover, FPN and TFR levels in normal rats did not show
significant changes compared to FTL, indicating that the
degradation of PUSIONPs in the body is more closely
associated with ferritin. This correlation is reasonable, as
ferritin can be considered a chelating agent that binds to iron
ions. Previous in vitro degradation experiments demonstrated
that the presence of chelating agents significantly accelerated
the degradation of PUSIONPs in lysosomal-simulated fluid.62

Furthermore, immunohistochemical analysis was performed to
visualize the spatial distribution of FTL, FPN, and TFR in the
liver and spleen at different time points postadministration
(Figures S9 and S10). The results were largely consistent with
the Western blot analysis, further supporting the observed
trends.

In summary, the results demonstrate that the in vivo
degradation and transformation of PUSIONPs are closely tied
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to iron homeostasis, as illustrated in Figure 5. Under iron-
deficient conditions, the body regulates the rapid degradation
of PUSIONPs to meet its iron requirements. Furthermore, the
degradation and transformation processes of PUSIONPs differ
between the spleen and liver due to their distinct functions.
The spleen, which plays a crucial role in recycling and utilizing
iron, degrades PUSIONPs more rapidly. When the body is
iron-deficient, the spleen efficiently transports the degradation
products to the hematopoietic system for hemoglobin
synthesis. However, in the absence of iron deficiency, these
degradation products accumulate in the spleen, along with
recycled iron from aging red blood cells, resulting in higher
iron levels within the spleen. In contrast, the liver, as an iron
storage organ, degrades PUSIONPs at a slower pace but is
capable of storing large amounts of ferritin. When iron is
needed, the liver gradually transfers ferritin to the hema-
topoietic system. Conversely, when there is no iron deficiency,
the liver metabolizes the excess ferritin out of the body through
normal iron metabolism pathways. These findings suggest that
compared to the liver, the spleen is more susceptible to the
effects of PUSIONPs following intravenous administration and
could potentially serve as a target organ for PUSIONPs,
warranting further attention in subsequent studies.

2.7. Metabolism of PUSIONPs in Different Doses In
Vivo. To investigate the impact of dosage on the in vivo
metabolism of PUSIONPs, three different doses were selected:
10, 20, and 40 mg Fe/kg body weight. After injecting these
doses into IDA rats, a comprehensive analysis was conducted
to assess the distribution, degradation, and transformation
behavior of PUSIONPs at various time points using MRI, ICP,
and Prussian blue staining. The T1 and T2-weighted MR

images of the liver, spleen, renal cortex, and pelvis are shown in
Figures 6a and S11a, respectively, with corresponding
quantitative analyses of the SIR and T2* times provided in
Figures 6b, S11b, and S12. As expected, in all groups, MRI
signals in the liver and spleen reached their lowest levels at day
1 postinjection. Over time, these signals gradually recovered,
with the spleen showing a faster and more pronounced
recovery compared to the liver. This pattern indicates that
PUSIONPs degrade more rapidly in the spleen than in the
liver, regardless of the dose. However, both signal intensity and
recovery rate exhibited a dose-dependent relationship within
the same organ. Higher doses resulted in lower MRI signals
and slower recovery rates, suggesting that the degradation and
clearance of PUSIONPs are influenced by dosage, with higher
doses potentially saturating the liver and spleen’s degradation
capacity. Additionally, in the kidneys, MRI signals showed a
transient decrease across all doses, returning to baseline levels
within 1 day. However, different initial concentrations of
PUSIONPs in the bloodstream led to varying SIR values at 5
min postinjection, with higher doses corresponding to lower
SIR values due to the higher blood concentrations of
PUSIONPs.

To assess the utilization of degraded PUSIONPs by the
hematopoietic system, the levels of RET-He, HGB, and MCV
were measured at different time points postinjection, as shown
in Figure 6c. Across all doses, RET-He levels peaked on day 3,
and HGB levels significantly improved by day 3, reaching a
plateau by day 7. These findings, in conjunction with the
erythrocyte production cycle, further confirm that PUSIONPs
undergo rapid degradation within 1 day of administration and
subsequently contribute to hemoglobin synthesis. Additionally,

Figure 5. Complete life cycle of PUSIONPs in normal and iron deficiency status.
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the changes in these parameters exhibited a dose-dependent
relationship, indicating that the degradation and trans-
formation of iron are influenced by dosage. Higher doses led
to increased RET-He and MCV levels, reflecting enhanced
initial degradation of PUSIONPs and their subsequent entry
into the hematopoietic system. However, it is important to
note that while increasing the dose from 10 to 20 mg/kg
significantly improved HGB recovery, further increasing the
dose to 40 mg/kg did not yield additional HGB recovery. This
suggests that under iron-deficient conditions, the body
regulates the entry of iron into the hematopoietic system to
meet, but not exceed, the demand for hemoglobin synthesis.

Both the 20 and 40 mg/kg doses were sufficient to restore
HGB levels to normal in IDA rats.

At 28 days postinjection, a quantitative analysis of iron
content in the liver, spleen, kidneys, heart, lungs, and brain was
performed, as shown in Figure S13. The iron levels in these
organs exhibited a dose-dependent trend. In the 10 and 20
mg/kg groups, the iron concentrations in the organs were only
slightly elevated compared to the untreated control group,
suggesting that by day 28, PUSIONPs at these doses had
largely degraded and metabolized. In contrast, the 40 mg/kg
group exhibited significantly higher iron levels, particularly in
the liver and spleen, indicating that some PUSIONPs persisted.
This was further corroborated by Prussian blue staining of

Figure 6. Long-term fate of PUSIONPs at different doses monitored at various time points postinjection. (a) Representative T1-weighted
MR images and (b) SIR changes in the liver, spleen, renal cortex, and renal pelvis. (c) Changes in RET-He, HGB, and MCV. (d) Iron
accumulation in HGB and major organs 28 days postinjection. Data are presented as mean ± SD, n = 4 rats per group.
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organ sections (Figure S14), which showed no significant
staining in the 10 and 20 mg/kg groups, but clear blue staining
in the liver and spleen of the 40 mg/kg group. Along with the
incomplete recovery of MRI signals in this group, these
findings suggest that PUSIONPs accumulated to a certain
extent at higher doses. These results align with the in vitro
model, where a reservoir of intact nanoparticles coexists with
rapidly degrading nanocrystals.63 Considering the differences
in degradation and transformation between normal and IDA
conditions, these findings further elucidate the regulatory
mechanisms governing PUSIONPs degradation in vivo. The
body continuously assesses iron homeostasis, adjusting the
degradation and transformation of PUSIONPs accordingly;
when PUSIONPs exceed the required amount, their
degradation and transportation slows, with the resulting
ferritin stored in the liver and spleen, gradually integrating
into the body’s iron metabolism processes.

Additionally, the distribution of PUSIONPs across various
organs at 28 days postinjection was calculated for each dose, as
presented in Table S1. The results indicated that the total iron
content distributed among the organs increased with the
dosage, primarily due to elevated iron levels in the liver at
higher doses. By summing the remaining iron in the organs
with the iron incorporated into hemoglobin, the data were
compiled into Figure 6d. The figure illustrates that at the 10
mg/kg dose, nearly all the iron introduced via PUSIONPs
remained within the body, with the majority being utilized for

hemoglobin synthesis. However, as the dose increased, the
proportion of iron entering hemoglobin gradually decreased.
Additionally, the total iron retained in the body diminished
with higher doses, suggesting that at elevated dosages, once the
body’s iron requirements are met, the IDA rat gradually
metabolizes and excretes the excess iron through normal iron
metabolism pathways to restore iron homeostasis.

2.8. Biosafety Assessment of PUSIONPs. The preceding
results indicate that following intravenous administration,
PUSIONPs primarily accumulate in the liver and spleen,
where they gradually degrade and integrate into the body’s iron
metabolism. To evaluate whether PUSIONPs might pose any
biosafety concerns during this process, in vitro cytotoxicity was
evaluated using the cell counting kit-8 (CCK-8) assay and an
apoptotic assay in HepG2 cells, a widely recognized model for
toxicity studies due to its retention of key liver functions.64 The
results demonstrated no significant cytotoxicity, as shown in
Figures S15 and S16. Furthermore, a hemolysis assay was
conducted to assess the hemolytic potential of PUSIONPs
(Figure S17). Even at a high concentration of 1000 μg/mL, the
hemolysis rate remained well below the internationally
accepted threshold of 5%, indicating that PUSIONPs exhibited
no apparent hemolytic activity.

To further evaluate biosafety in vivo, several key parameters
were assessed in both normal and IDA rats at different time
points following administration at a dose of 20 mg/kg. Given
the potential toxicity associated with excess iron released from

Figure 7. Evaluation of oxidative stress parameters and biochemical markers in liver and serum at various time points after PUSIONPs
injection. Oxidative stress markers, including malondialdehyde (MDA), glutathione (GSH), and superoxide dismutase (SOD) levels in (a)
liver and (b) serum. (c) Biochemical markers, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), urea (UREA), creatinine (CREA), and γ-glutamyl transpeptidase (GGT), were determined at different time points
postinjection in both normal and IDA rats. Data are presented as mean ± SD, n = 4 rats per group. Significant differences are indicated by
stars, where *P < 0.05; **P < 0.01; ***P < 0.001. Blue and red stars represent statistical comparisons to the control group in the normal and
IDA groups, respectively, while black stars represent comparisons between normal and IDA groups at each time point.
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PUSIONPs, oxidative stress-related parameters were measured
in the liver (Figure 7a) and serum (Figure 7b). The increase in
malondialdehyde (MDA) levels in the liver of both normal and
IDA rats suggested the possibility of lipid peroxidation.
However, the concurrent rise in glutathione (GSH) levels
and the stable levels of superoxide dismutase (SOD) indicated
an activated antioxidant response. Notably, the increases in
MDA and GSH were more pronounced in the livers of normal
rats compared to IDA rats. This difference is likely because, in
IDA rats, the iron released from PUSIONPs is rapidly
transferred to the hematopoietic system for hemoglobin
synthesis, thereby reducing the iron burden on the liver.
Despite these findings, which suggest that PUSIONPs
degradation might induce oxidative stress, the body’s

simultaneous activation of antioxidant defenses appears to
mitigate this effect, ensuring that the process does not pose a
biosafety risk. Moreover, no significant changes in oxidative
stress-related parameters were observed in the serum,
indicating minimal levels of free iron in the bloodstream.

In addition, serum biochemical indicators related to hepatic
and renal toxicity were assessed (Figure 7c). Although some
fluctuations were observed over time, all parameters remained
within normal ranges, with most showing no significant
differences compared to preadministration levels. These results
further suggest that PUSIONPs at this dose do not pose a
safety risk. Histological examinations of major organs revealed
no pronounced inflammatory, dystrophic, or necrotic changes

Figure 8. Comparative study of iron supplementation effects between PUSIONPs and iron sucrose at a dose of 40 mg/kg. (a) T1-weighted
MRI images showing biodistribution of PUSIONPs and iron sucrose at various time points postinjection. (b) SIR changes over time in
different organs, including liver, spleen, renal cortex, and renal pelvis. n = 4 rats per group (c) Trends in hemoglobin (HGB), reticulocyte
hemoglobin equivalent (RET-He), mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV) after injection. (d) Percentage
of injected iron incorporated into hemoglobin, (e) total iron-binding capacity (TIBC), (f) serum iron (SI), and (g) transferrin saturation
(TS) measured 28 days after administration. Data are presented as mean ± SD, n = 4 rats per group.
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in tissues stained with hematoxylin-eosin (Figure S18), further
confirming the safety of PUSIONPs.

Finally, blood biochemical parameters were tested in IDA
rats 28 days after administration at different doses, as shown in
Figure S19. All values remained within normal ranges, with no
apparent dose-dependent effects, indicating no toxicity.
Therefore, the safe profile of PUSIONPs, coupled with their
regulation of iron homeostasis, establishes a strong foundation
for their use in various biomedical applications.

2.9. PUSIONPs for Intravenous Iron Therapy in Iron
Deficiency Anemia. To evaluate the efficacy of PUSIONPs
as an intravenous iron therapy for treating IDA, their
performance was compared with that of iron sucrose, a
commonly used intravenous iron supplement. Both treatments
were administered at a dose of 40 mg Fe/kg body weight.
Figures 8a and S20a present representative T1- and T2-
weighted MR images taken at various time points post-
injection. The corresponding quantitative analyses of the SIR
and T2* values are provided in Figures 8b, S20b, and S21. The
imaging results indicate that iron sucrose exhibited a different
imaging profile compared to PUSIONPs. Although iron
sucrose, like PUSIONPs, was primarily taken up by the liver
and spleen,55 its nonsuperparamagnetic nature resulted in less
pronounced changes in MRI signals compared to PUSIONPs.
However, the quantitative MRI results show that iron sucrose
was metabolized more rapidly in the liver and spleen, with
faster signal recovery observed in these organs.

Despite these differences, the hematological parameters
measured postinjection (Figure 8c) indicate that both
PUSIONPs and iron sucrose effectively increased HGB levels
in IDA rats. Notably, PUSIONPs demonstrated a more
consistent and sustained increase in HGB over time.
Improvements were also observed in the RET-He, MCH,
and MCV, with PUSIONPs yielding higher levels in all these
parameters. This suggests that PUSIONPs facilitate more
efficient erythropoiesis and iron utilization compared to iron
sucrose.

Figure 8d quantifies the percentage of injected iron
incorporated into hemoglobin after 28 days. The results
show that PUSIONPs led to higher iron incorporation into
hemoglobin than iron sucrose, indicating superior bioavail-
ability and utilization of the administered iron. The slower
clearance of PUSIONPs from major organs such as the liver
and spleen likely contributed to the pronounced elevation in
hemoglobin levels, demonstrating the potential of PUSIONPs
as a more effective treatment for IDA. Additionally, as shown
in Figure 8e−g, PUSIONPs exhibited a relatively more
favorable profile in total iron-binding capacity (TIBC),
serum iron (SI), and transferrin saturation (TS), with these
parameters closer to normal levels. This suggests that
PUSIONPs can more effectively restore balanced iron status.

The MRI tracking data, combined with the hematological
and serum iron measurements, suggest that PUSIONPs
provide a more sustained and efficient iron delivery system
compared to iron sucrose. Moreover, the ability of PUSIONPs
to maintain a stable iron profile in serum without causing iron
overload further supports their safety and efficacy in iron
supplementation therapy. These findings pave the way for
future studies to explore the clinical application of PUSIONPs
in treating human iron deficiency and related disorders.

3. CONCLUSIONS
This study provides a comprehensive understanding of the
pivotal role that iron homeostasis plays in the in vivo
degradation and transformation of iron oxide nanoparticles,
specifically PUSIONPs. Our findings demonstrate that under
iron-deficient conditions, PUSIONPs degrade more rapidly,
with the resulting iron swiftly incorporated into hemoglobin,
underscoring the body’s capacity to regulate PUSIONPs
metabolism in response to varying physiological needs.
Moreover, the liver and spleen, owing to their distinct
physiological functions, displayed differential rates and path-
ways of PUSIONP metabolism. The spleen, primarily
responsible for iron recycling and utilization, facilitated a
faster degradation of PUSIONPs compared to the liver, which
functions predominantly as an iron storage organ. In iron-
deficient states, the majority of degradation products from
both the liver and spleen were efficiently channeled into the
hematopoietic system for hemoglobin synthesis, with minimal
excretion from the body. Conversely, under normal iron
balance, the ferritin produced from PUSIONPs degradation in
the liver was stored and gradually metabolized out through
standard iron metabolism pathways, while in the spleen,
ferritin accumulation was more pronounced due to the
additional recycling of iron from aging red blood cells. This
suggests that the spleen may serve as a key target organ for
PUSIONPs.

The degradation behavior of PUSIONPs also demonstrated
a clear dose dependency. At lower doses under iron-deficient
conditions, PUSIONPs were predominantly taken up by the
liver and spleen, rapidly degraded, and utilized for hemoglobin
synthesis. At higher doses, the body modulated the
degradation and metabolism of PUSIONPs based on the
restoration of iron homeostasis, with initial degradation
products supporting hemoglobin synthesis, and excess iron
gradually being metabolized out once balance was achieved.
Furthermore, safety assessments across the studied dose range
confirmed the excellent biocompatibility of PUSIONPs.
Compared to the clinically used intravenous iron supplement,
iron sucrose, PUSIONPs showed superior bioavailability and
more efficient iron supplementation. These findings not only
enhance our understanding of the interaction between iron
oxide nanoparticles and the body’s iron regulatory mechanisms
but also lay the groundwork for future research exploring the
potential of PUSIONPs in various clinical applications.

4. EXPERIMENT SECTION
4.1. Characterization. TEM images were captured using a

Talos F200S G2 transmission electron microscope operating at
an acceleration voltage of 200 kV. The hydrodynamic size and
Zeta potential were measured at 25 °C with a Malvern Zeta
sizer Nano ZS90 equipped with a solid state He−Ne laser (λ =
633 nm). The iron concentration of PUSIONPs was
determined by the 1,10-phenanthroline spectrophotometric
method after the resulting nanoparticles were digested by HCl.
In all experiments, the concentration of PUSIONPs was
defined by the content of iron. The relaxivity measurements
were carried out on a 3 T preclinical MRI instrument
(MRS300, MR Solutions). Ultraviolet−Visible absorption
spectrum was recorded on a Shimadzu UV−vis spectropho-
tometer UV-3600 using quartz cuvettes with an optical path of
1 cm. Representative photomicrographs were taken by an
Olympus FV 1200 laser scanning confocal microscope.
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4.2. Relaxivity Measurement of PUSIONPs. To measure
the relaxivities (r1 and r2) of PUSIONPs, a series of solutions
with varying PUSIONPs concentrations were prepared. For
the determination of the longitudinal relaxation time (T1), an
inversion recovery fast low-angle shot (IR FLASH) sequence
was utilized. T1 values were obtained by analyzing MRI images
acquired with varying repetition times (TR) ranging from 90
to 10,000 ms, while keeping the echo time (TE) constant at 10
ms. To determine the transverse relaxation time (T2), a
multiecho multislice (MEMS) sequence was employed, with
T2 values obtained by varying TE values from 15 to 450 ms,
while maintaining a constant TR of 1400 ms. The relaxivities r1
and r2 were calculated by determining the slope of the curve
for longitudinal relaxation rate (1/T1, R1) and transverse
relaxation rate (1/T2, R2) plotted against the molar iron
concentration.

4.3. Animals. All animal procedures were conducted in
accordance with guidelines approved by the Ethics Committee
of Soochow University (Soochow, China). Specific pathogen-
free (SPF) grade male Sprague−Dawley (SD) rats, weighing
80−100 g, were obtained from Changzhou Cavens Company.
The animals were housed in the SPF animal facility of
Soochow University, maintained at 25 °C with a 12-h light/
dark cycle.

To develop the IDA rat model, three-week-old male SD rats
were fed a low-iron diet containing approximately 5 mg Fe/kg
for 3−4 weeks. Blood samples were collected weekly from the
retro-orbital sinus to monitor hematological parameters using a
hematology analyzer (XY-1000-B1, Sysmex). IDA was
confirmed when hemoglobin levels fell below 100 g/L.
Throughout the study, IDA rats were continuously maintained
on a low-iron diet, while the control rats were provided with a
standard diet containing approximately 200 mg Fe/kg. All rats
were given deionized water during the study.

4.4. In Vivo MR Imaging. Rats were anesthetized with 4−
5% isoflurane in oxygen for induction and maintained at 1−2%
isoflurane during imaging. MR images were acquired using
respiratory gating on a 3 T preclinical MRI system (MRS300,
MR Solutions) with a rat body coil. T1-weighted images were
acquired using an FSE sequence with parameters set at TR/TE
= 1723/11 ms, matrix size = 256 × 256, FOV = 60 × 60 mm2,
and slice thickness = 1.0 mm. Similarly, T2-weighted images
were acquired using an FSE sequence with parameters set at
TR/TE = 4573/68 ms, matrix size = 256 × 256, FOV = 60 ×
60 mm2, and slice thickness = 1.0 mm. Quantitative T2*
images were obtained using a multigradient echo (MGE)
sequence with TR = 600 ms, TE = 3.5−31.4 ms, flip angle =
20°, matrix size = 256 × 256, FOV = 60 × 60 mm2, and slice
thickness = 1.0 mm. Imaging was performed before
PUSIONPs injection and at 5 min, 1 day, 7 days, 14 days,
21 days, and 28 days postinjection.

Signal intensity (SI) in the liver, spleen, renal cortex, renal
pelvis, and paraspinal muscles was measured before and after
PUSIONPs injection. Regions of interest (ROIs) were drawn
in the same areas for consistency. The signal intensity ratio
(SIR) of all T2-weighted and T1-weighted images was
calculated using the following equation: SIR = SI/SIm, where
SI represents the signal intensity in the ROIs of the liver,
spleen, renal cortex, and renal pelvis, and SIm represents the
signal intensity in the ROIs of the paraspinal muscles in the
same slice. T2* values for each ROI were postprocessed in
Preclinical Scan software (MRS300, MR Solutions). At least
three slices per rat were analyzed.

4.5. Iron Content Analysis in Tissues. The animals were
anesthetized with 1−2% isoflurane mixed with oxygen,
followed by transcardial perfusion with cold saline to collect
liver, spleen, kidney, heart, lung, and brain tissues at various
time points after PUSIONPs injection. The collected organs
were weighed and then lyophilized prior to analysis. The iron
concentration in these tissues was determined using
inductively coupled plasma optical emission spectrometry
(ICP-OES, ICAP7200, Thermo) after acid digestion.

4.6. Iron Content Analysis in Urine and Feces. The
animals were housed in metabolic cages designed to separate
urine and feces for collection over a 28-day period. Each cage
was equipped with two inlets (one for water and one for food)
and two outlets (one for urine and one for feces), ensuring
clean and separate sample collection. The feces were dried to a
constant weight, and both urine and feces samples were
digested and analyzed for iron content using ICP-OES
(ICAP7200, Thermo).

4.7. Histology Analysis. For histological analysis, the
animals were anesthetized with 1−2% isoflurane in oxygen,
followed by transcardial perfusion with cold saline to collect
the liver, spleen, kidney, heart, lung, and brain at various time
points post-PUSIONPs injection. Portions of each organ were
isolated and fixed in 4% paraformaldehyde solution. The fixed
tissues were then embedded in paraffin, sectioned into 4 μm
thick slices, and stained with Prussian blue or hematoxylin and
eosin. Specific primary antibodies, including FTL, TFR and
FPN were used for immunohistochemical staining. The stained
sections were examined under an optical microscope (MF52-
N, MSHOT).

4.8. Hematological Analysis. Blood samples were
collected from the retro-orbital sinus for hematological analysis
before the start of the experiment and at 7, 14, 21, and 28 day
postinjection. Prior to each blood collection, the rats were
anesthetized with 4−5% isoflurane in oxygen. Approximately
200 μL of blood was collected at each time point and analyzed
for hematological parameters using a hematology analyzer
(XY-1000-B1, Sysmex).

4.9. Blood Biochemistry Analysis. Blood samples were
collected from the retro-orbital sinus for biochemical analysis
before the experiment and at various time points postinjection.
To obtain serum, the blood samples were incubated at room
temperature for 30 min, followed by centrifugation at 1800 g
for 15 min. The resulting serum was then analyzed for
aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), urea (UREA), creatinine
(CREA), and γ-glutamyl transpeptidase (GGT) levels using
an ADVIA 2120i analyzer (Siemens).

4.10. Western Blot. Liver and spleen tissues were collected
before the experiment and at 1, 7, 28 days postinjection. The
tissues were lysed using RIPA lysis buffer supplemented with a
protease and phosphatase inhibitor cocktail (P1050, Beyo-
time). The extracted proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
sequently transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked for 60 min and
then incubated overnight at 4 °C with primary antibodies,
including GAPDH mouse antibody (1:50,000, Proteintech),
antitransferrin receptor antibody (1:5000, Abcam), anti-
SLC40A1 antibody (1:5000, Abcam) and anti-FTL antibody
(1:5000, Abcam). Following primary antibody incubation, the
membranes were treated with HRP-labeled Goat Anti-Mouse
IgG (H+L) (1:500, Beyotime) and HRP-labeled Goat Anti-
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Rabbit IgG (H+L) (1:500, Beyotime) for 60 min at room
temperature. The protein bands were visualized and imaged
using a FluorChem M imaging system.

4.11. Oxidative Stress Analysis. The malondialdehyde
(MDA) content in liver and serum was quantified using a
thiobarbituric acid assay kit (A003-1-2,Nanjing Jiancheng
Bioengineering Institute). The absorbance at 532 nm was
measured using a spectrophotometer, with 1,1,3,3-tetrame-
thoxypropane serving as an external standard. Superoxide
dismutase (SOD) activity in liver and serum was assessed using
Xanthine Oxidase Assay Kits (A001-3-2, Nanjing Jiancheng
Bioengineering Institute). Glutathione (GSH) levels in liver
and serum were determined by an assay based on the
conjugation of GSH with 5,5′-Dithiobis (2-nitrobenzoic acid)
[DTNB], also sourced from Nanjing Jiancheng Bioengineering
Institute, China.

4.12. Cytotoxicity Assay. Cytotoxicity assays were
performed using HepG2 cells at 37 °C under 5% CO2.
HepG2 cells were seeded in 96-well plates for 12 h. Then,
PUSIONPs at the indicated concentrations (0, 2, 10,20,50,
100, 200, 500 μg/mL), were added to the cell culture medium.
The cells were then incubated with PUSIONPs for an
additional 24 h. To assess toxicity, 100 μL of cell culture
medium containing 10 μL CCK-8 solution (K1018, APExBIO)
was added to each well of the 96-well plate and the plate was
incubated in the CO2 incubator for additional 2 h. Enzyme
dehydrogenase in living cells was oxidized by this kit to orange
carapace. The quality of this product was assessed calorimetri-
cally by using spectrophotometer with measurements based on
absorbance values at 450 nm.

4.13. Cell Apoptotic Analysis. Cell apoptotic analysis was
conducted by Annexin V-FITC/PI Apoptosis Kit (E-CK-A211,
Elabscience) using HepG2 cells at 37 °C under 5% CO2. The
cells were seeded in a 6-well plate and cultured overnight.
Subsequently, the cells were treated with PUSIONPs (100 μg/
mL) for 24 h, The collected cells were dispersed with 100 μL
1× binding buffer, and then, they were incubated with 5 μL
Annexin V-FITC and 5 μL PI staining solution for 15 min at
room temperature in the dark. The stained cells were detected
by a Beckman CytoFLEX Flow Cytometer.

4.14. Hemolysis Assay. Rat RBCs were carefully washed
multiple times with PBS to ensure high quality. PBS were
added to RBCs to obtain a 4% diluted RBC suspension. In a
1.5 mL tube, 500 μL of PUSIONPs with different
concentrations (0, 50, 100, 200, 400 μg/mL) was combined
with 500 μL of the 4% RBC suspension and 4% RBC
supernatant, respectively. The mixture was incubated at 37 °C
for 1 h. Positive and negative controls were conducted using
DI water and PBS only, respectively. Following incubation, the
solutions were centrifugated at 3000 rpm for 15 min.
Subsequently, the supernatant was transferred to a 96-well
plate to measure the absorbance at 540 nm. The hemolysis rate
was calculated using the following formula:

=
×

Hemolysis (%) (OD OD OD )

/(OD OD ) 100%
T TC NC

PC NC

ODT = absorbance value of the samples of interest; ODTC =
absorbance value of the samples control; ODNC = absorbance
value of the negative control; ODPC = absorbance value of the
positive control.

4.15. Statistical Analysis. All data are presented as means
± SD. Statistical differences were analyzed using an unpaired

Student’s t test. Statistical significance is indicated in the figures
as follows: ***P < 0.001, **P < 0.01, *P < 0.05.
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