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1. Introduction
Nanomaterials are increasingly being employed for biomedical applications,

necessitating a comprehensive understanding of their degradation behavior
and potential toxicity in the biological environment. This study utilizes a

Nanomaterials have shown great poten-
tial in biomedical applications, including
diagnosis and therapeutic applications,!!

continuous flow system to simulate the biologically relevant degradation However, their successful utilization in
conditions and investigate the effects of pH, protein, redox species, and these fields requires a comprehensive un-
chelation ligand on the degradation of iron oxide nanoparticles. The derstanding of their in vivo biological

effects.?l When nanomaterials interact
with biological components and undergo
degradation in the body, safety concerns
may arise if they surpass the body’s reg-

morphology, aggregation state, and relaxivity of iron oxide nanoparticles after
degradation are systematically characterized. The results reveal that the iron
oxide nanoparticles degrade at a significantly higher rate under the acidic

environment. Moreover, incubation with bovine serum albumin enhances the ulatory mechanisms, leading to potential
stability and decreases the dissolution rate of iron oxide nanoparticles. In risks such as oxidative stress, cellular im-
contrast, glutathione accelerates the degradation of iron oxide nanopatrticles, mune responses, and carcinogenicity.”!

To address these concerns, the concepts
of bioaccessibility and biodurability have
been proposed to assess the release of

while the presence of sodium citrate leads to the fastest degradation. This
study reveals that iron oxide nanoparticles undergo degradation through

various mechanisms in different biological microenvironments. Furthermore, soluble components from nanomateri-
the dissolution and aggregation of iron oxide nanoparticles during als and their resistance to physical or
degradation significantly impact their relaxivity, which has implications for chemical erosion, respectively.[l The sol-

ubility and dissolution rate of nanoma-
terials play crucial roles in determining
their bioaccessibility and biodurability.!
International organizations such as the
nanoparticles. Organization for Economic Cooperation

and Development, the European Chem-

icals Agency, and the Environmental
Protection Agency emphasize the importance of solubility and
dissolution rate in determining the fate of nanomaterials and
their impacts on organisms.[®l In this scenario, it is imperative
Z.Yang, S. Wu, Y. Gao, D. Kou, K. Lu, C. Chen, Y. Zhou, D. Zhou, L. Chen, {0 explore the in vivo degradation of nanomaterials and obtain
J. Ge, C. Li, ). Zeng, M. Gao quantitative information on bioaccessibility and biodurability.
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oxide in lysosomes. Remarkably, 30 days post-injection the di-
ameters of gold cores decreased to 2-3 nm compared to their
initial diameter.'% Despite these insightful observations, biologi-
cal experiments fail to provide quantitative information for track-
ing biotransformation products (e.g., released ions/aggregation
products), apart from the cumbersome procedures and sacrifice
of a great number of animals, which contradicts the “3R” (Re-
duce, Refine, and Replace) principle.'') More importantly, the
complexity of the bioenvironment poses great challenges to un-
derstanding the critical factors, especially those involved in the
in vivo degradation process of nanomaterials. Therefore, abiotic
solubility experiments have been developed to reduce the reliance
on biological experiments, providing valuable information for in-
depth exploration of the in vivo degradation of nanomaterials.

Abiotic dissolution experiments of nanomaterials are catego-
rized into static dissolution experiments and dynamic dissolu-
tion experiments. The former is widely used to determine the
solubility of nanomaterials by exposing a known mass of solid
materials to a fixed volume of simulated physiological medium.
Upon dissolving for a period of time, the remaining solid part
and the dissolved part are separated for further analysis.[>312]
Of note, this static approach may offer inaccurate estimations of
solubility because during the actual degradation process, the re-
leased ions tend to be continuously removed from the deposited
compartments,[3] and once they reach solubility saturation, the
dissolution kinetics are greatly altered. Taking advantage of us-
ing a more realistic media composition (nonequilibrium), the
continuous flow dissolution test can, instead, accurately reflect
the true dissolution behavior of nanoparticles exposed in vivo.[**!
Continuous flow dissolution testing involves incubating nano-
materials in a stationary chamber for hours to days while sub-
jecting them to a constant flow of simulated medium./'5] During
this process, dissolved ions are carried away with the simulated
medium, while any remaining undissolved solid particles are iso-
lated within the fixed chamber. Both the fluid phase and solid
phase products are then analyzed to obtain quantitative infor-
mation on bioaccessibility and biodurability. In 2018, Wohlleben
et al. proposed a standard operating procedure for a continuous
flow dissolution test system (CFS),[1®) which has been applied in
the dissolution rate assessment of various nanomaterials, such as
CuO, BaSO,, and TiO,.['”] However, it is important to acknowl-
edge that despite the current system’s feasibility, there is room for
optimization and enhancement, particularly concerning system
stability and operational simplicity.

Although abiotic dissolution experiments have been exten-
sively utilized to examine the in vivo degradation behavior of
nanomaterials, it is worth noting that existing studies primar-
ily focus on unveiling the impact of specific factors, for in-
stance, to investigate the effect of a specific medium or path-
way (e.g., oral pathway)>!®l and to explore the differences in
dissolution rate among nanomaterials with diverse coatings or
cores.””l However, nanomaterials undergo a range of interac-
tions and transformations within the in vivo environment, such
as protein adsorption,?%! reduction triggered by substances like
ascorbic acid or glutathione (GSH),?!! chelation by compounds
like citrate or metal mobilizing proteins,!**! as well as degrada-
tion induced by H* ions or hydrolytic enzymes during their tran-
sition from the extracellular matrix (pH 7-7.5) to mature lyso-
somes (pH 4.5-4.8).122] These complex interactions make it chal-
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lenging to systematically investigate the in vivo degradation of
nanomaterials and obtain quantitative information on bioaccessi-
bility and biodurability. Additionally, the lack of uniform method-
ologies across various studies further complicates result compa-
rability. Currently, there is an insufficient comprehensive discus-
sion on the factors influencing the in vivo degradation behavior
of nanomaterials, highlighting the urgent need for quantitative
data on bioaccessibility and biodurability. The continuous flow
dissolution test system offers a distinct advantage in studying the
dissolution kinetics of nanomaterials and conducting a compre-
hensive evaluation of their biotransformation products in a con-
trolled and efficient manner.

Iron oxide nanoparticles have emerged as a prominent
nanomaterial for molecular imaging and targeted therapy
due to their superior magnetic properties and biocompatible
characteristics.[?] Although considerable research has been con-
ducted to validate their efficacy in the field of biomedicine, it
is crucial to shed light on the in vivo degradation behavior and
characteristics of degraded products associated with iron ox-
ide nanoparticles. In this study, we propose an optimized con-
tinuous flow dissolution test system based on Wohlleben’s ap-
proach. Based on this system, we systematically investigate the
dissolution behavior of iron oxide nanoparticles by utilizing the
lysosomal environment of macrophages as a model to quantita-
tively elucidate the degradation kinetics of iron oxide nanopar-
ticles under various degradation mechanisms, including proton
solubilization, protein adsorption, redox reactions, and chela-
tion. Moreover, we also monitored the changes in physiochem-
ical properties of iron oxide nanoparticles following degrada-
tion, aiming to obtain quantitative data on their bioaccessibil-
ity and biodurability. This study represents a pioneering effort
toward establishing a more standardized approach for investi-
gating nanomaterial degradation, setting the stage for precise
and comparable results in subsequent research. Additionally, by
shedding light on the in vivo degradation behavior and compre-
hensively characterizing the degraded products, the current work
contributes to enhancing the overall biosafety assessment and
guiding the responsible and effective use of iron oxide nanopar-
ticles.

2. Results and Discussion

2.1. Continuous Flow Systems (CFS) Design

The CFS used in this study comprises an air compressor, a reset-
voir, a flow cell, a tempered water bath, a peristaltic pump, and
an automatic collector (Figure 1). To simplify experimental oper-
ations, we replaced the 0.5 m liquid level pressure above the flow
cell with an air compressor, as suggested in the CFS proposed
by Wohlleben et al.'8! This adjustment helps overcome the re-
sistance caused by the 5 kDa film in the flow cell. Furthermore,
we implemented a single pressure source with multiple indepen-
dent pressure outputs, allowing it to work in conjunction with
the flow control system. This setup ensures a consistent flow rate
for multiple parallel test groups. Additionally, we designed a new
flow cell specifically for incubating nanoparticles (Figure S1, Sup-
porting Information). In this system, dissolved ions were taken
away through the membrane on which the remaining solid par-
ticles were collected. The detailed parameters of the system can
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Figure 1. Abiotic continuous flow system (CFS) for nanomaterials. The system consists of an air compressor, a reservoir, a flow cell, a tempered water

bath, a peristaltic pump and an automatic collector.

be found in the supporting information. All experiments were
performed using 1 mg iron oxide nanoparticles (based on iron
content) and a 5 kDa ultrafiltration membrane. The pressure of
the air compressor is 45-55 kPa. The flow rate was maintained
at 2 mL h™! (Figure S2, Supporting Information). The tempera-
ture of the cell was set at 37 °C, and the samples were collected at
intervals of 5 h. To evaluate the degradation of iron oxide nanopar-
ticles, the phagolysosomal simulant fluid (PSF)!* was used and
the composition of the PSF is provided in Table S1 (Supporting
Information).

2.2. Degradation of Iron Oxide Nanoparticles
2.2.1. Proton-Promoted Dissolution

After being intravenously administered, nanoparticles initially
circulate in the bloodstream at a pH level of ~7.4.241 Subse-
quently, they are gradually taken up by various cells. Typically,
nanoparticles enter the cell through various endocytic pathways,
such as clathrin-mediated endocytosis, caveolae-mediated endo-
cytosis, or macropinocytosis.?’! Once inside the cell, the endo-
somes that carry the nanoparticles undergo a maturation pro-
cess. This maturation is accompanied by an increasing acidity
within the endosomal compartments, which is facilitated by pro-
ton pumps. The pH gradually decreases from a neutral level in
early endosomes to ~6 in late endosomes, and further drops to
4 — 5 in lysosomes.[??] Based on these considerations, we first
investigated the degradation of iron oxide nanoparticles in PSF
medium at different pH levels of 7.4, 5.5, and 4.5.

PEGylated Fe, O, nanoparticles were synthesized using a ther-
mal decomposition method followed by a ligand exchange pro-
cess as described in a previous report.[2° The average size of the
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Fe,0, nanoparticles was determined to be 3.4 + 0.6 nm through
transmission electron microscopy (TEM), as shown in Figure 2a.
Upon treating the nanoparticles with PSF at different pH values,
we observed a gradual erosion of the pristine particles. The aver-
age size of the nanoparticles decreased to 3.3 + 0.8 nm at pH 7.4,
3.2+0.5nmatpH>5.5,and 2.9 + 0.5 nm at pH 4.5, indicating the
enhanced dissolution of iron oxide nanoparticles in media with
lower pH (Figure 2a—d).

The dissolution kinetics and cumulative rate k of iron oxide
nanoparticles over a 10-day period showed that the degradation
rate of nanoparticles is influenced by the pH of the media, with
a higher rate observed at pH 4.5 compared to pH 5.5. However,
in a neutral solution, the dissolution of nanoparticles is not obvi-
ous (Figure 2e,f). The proton-promoted dissolution mechanism
likely explains the increased release of nanoparticles at lower pH
levels.I?”] For metal oxide materials, the reaction involves a neu-
tralization process between an acid and a weak base (metal oxide),
resulting in the production of metal ions and water.[“?8] The ini-
tial step of the protonation process is the adsorption of hydrogen
protons on the surface of iron oxide nanoparticles, which weak-
ens the iron-oxygen bond and makes the surface hydroxyl group
the active site for dissolution.”! This mechanism selectively re-
moves the active sites on the iron oxide nanoparticle surface,
and their number increases as the pH decreases.?!l As depicted
in Figure 2g, significant deposition of nanoparticles occurred
on the ultrafiltration membrane during dissolution in a neu-
tral medium, whereas no deposition was observed after degra-
dation in acidic media. In the neutral solution, the aggregation
of nanoparticles led to a rapid reduction in surface area, result-
ing in a sharp decrease in active sites, which is another impor-
tant reason contributing to the limited dissolution. The residual
samples collected from solutions with pH 5.5 and 4.5, as shown
in Figure 2h, exhibited high stability with a relatively narrow
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Figure 2. Characterization of Fe;O,@DP-PEG nanoparticles after degradation in different pH media for 10 days. The TEM image and size distribution
of pristine nanoparticles a) and nanoparticles after degradation in media with pH 7.4 b), 5.5, ¢) and 4.5 d) for 10 days. The average sizes of iron oxide
nanoparticles were obtained by measuring at least 200 nanoparticles. e) Dissolution kinetics of nanoparticles dissolved in media at pH 7.4, pH 5.5, and
pH 4.5 for 10 days. f) Cumulative rate k of nanoparticles dissolved in different media. g) Optical images of the nanoparticles dissolved in medium with
different pH values. It shows the state of solution in the dissolution chamber (upper frame) and the state of deposition of particles on the ultrafiltration
membrane (lower frame). h) Hydrodynamic size distribution of pristine nanoparticles and nanoparticles dissolved in different media.

hydrodynamic size distribution peaking at 11.5 and 11.8 nm, re-
spectively, while the nanoparticles experienced aggregation in the
neutral solution (826.6 nm). Generally, as the incubation time
prolongs, the surface ligands of iron oxide nanoparticles grad-
ually detach and are carried away by the flowing PSF. This de-
tachment of surface ligands reduces the steric hindrance effect,
which initially stabilizes the nanoparticles and prevents their ag-
gregation. Consequently, the stability of the nanoparticles will be
predominantly governed by electrostatic repulsion. According to
the DLVO (Deryaguin, Landau, Verwey, and Overbeek) theory,
higher ion concentration or a pH close to the isoelectric point
of the particles tends to accelerate particle aggregation.**l This
phenomenon aligns with the study conducted by Baalousha et al.,,
which explored the effect of pH on the aggregation of nanoscale
hematite particles and revealed that the aggregation was more
significant at pH 6-11, close to the isoelectric point (pH 7.8).3!]

2.2.2. Degration of Nanoparticles Affected by Bovine Serum
Albumin (BSA), Glutamine (GSH), and Sodium Citrate (SC)

In addition to pH value, nanoparticles encounter various com-

plex chemical environments after entering the body. Upon inter-
action with plasma proteins in the circulatory system, nanoparti-
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cles form a protein corona.l*?] For instance, Grazyna et al. demon-
strated that the protein corona of PEGylated iron oxide nanopar-
ticles was enriched in albumin.[**] Furthermore, GSH is known
to have higher concentrations in tumor cells compared to nor-
mal cells, and numerous nanomaterials have been found to un-
dergo accelerated degradation in the presence of redox (GSH)
environments.** In addition, SC is naturally present in biolog-
ical systems at concentrations ranging from 0.1 to 0.3 mM and
has been used to simulate the chelation effect of iron-binding
proteins during iron mobilization.*] Therefore, the degradation
of iron oxide nanoparticles in PSF media containing BSA, GSH,
and SC was investigated. The TEM images of the nanoparticles
after degradation for 10 days are shown in Figure 3a—c, revealing
a decrease in particles size to 3.2 + 0.6, 2.5 + 0.4 and 1.4 + 0.4 nm
when incubated with BSA, GSH, and SC, respectively.

The dissolution curves and cumulative rate k are shown in
Figure 3d,e. The degradation of nanoparticles incubated with
BSA exhibited a slower rate compared to degradation in a BSA-
free medium with the same pH of 4.5 (0.253 mg h g=! vs
0.274 mg h g™'), indicating that BSA binding contributes to the
stability of nanoparticles. This finding is consistent with previ-
ous reports by Maccuspie et al.,[**] who observed increased sta-
bility when silver nanoparticles were incubated with BSA. The
formation of a protein corona on the nanoparticles leads to steric

© 2023 Wiley-VCH GmbH
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Figure 3. Characterization of Fe;O,@DP-PEG nanoparticles after degradation in media containing BSA, GSH, and SC for 10 days. TEM image and size
distribution of Fe; O, nanoparticles after 10 days of degradation in medium with BSA a), GSH b), and SC c). All the pH values of the media were adjusted
to 4.5. The average sizes of iron oxide nanoparticles were obtained by measuring at least 200 nanoparticles. d) Dissolution kinetics of nanoparticles
dissolved in medium with BSA, GSH, and SC for 10 days. The sampling interval was set to 5 h. e) Cumulative rate k of nanoparticles dissolved in different
media. f) Hydrodynamic size distribution of nanoparticles dissolved in different media.

hindrance,?%! inhibiting the reaction of solutes in solution (dis-

solved oxygen and/or acidic conditions) with the reactive sites on
the surfaces of the nanoparticles.

The percentage of nanoparticle dissolution in the medium
containing GSH after 10 days was determined to be 17.3%, with
a cumulative dissolution rate of 0.524 mg h g~!, higher than
that observed at GSH-free medium with the same pH of 4.5
(0.274 mgh g7'). Both the dissolution curves and cumulative dis-
solution rate indicate that GSH can accelerate the dissolution of
iron oxide nanoparticles, primarily due to its reducing properties.
In general, reductive dissolution generally involves an induction
period followed by an autocatalytic dissolution period. As a transi-
tion metal, iron exists in two oxidation states. Lattice Fe' is more
readily transferred to solution than lattice Fe'! due to the greater
lability (kinetic instability) of the Fe!'—O bond. Once Fe!l" is re-
duced to Fe'" by GSH, it undergoes transformation into Fe?* and
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gets released. When a sufficient amount of Fe?* accumulates in
the solution, autocatalytic dissolution is initiated, thereby accel-
erating the overall dissolution process.[2%]

In contrast to the effects of BSA and GSH, the presence of SC
as a chelating agent in the medium leads to a significant acceler-
ation in the dissolution of iron oxide nanoparticles. After 10 days
of incubation, the dissolution percentage reached 89.5%, indicat-
ing that only a small portion of the nanoparticles remained undis-
solved. The cumulative dissolution rate in the presence of SC was
9.10 times higher than that of iron oxide nanoparticles incubated
with BSA and 3.88 times higher than that of GSH. The enhanced
dissolution might be attributed to the strong chelation between
SC and ferric ions, which can remove iron ion complexes ad-
sorbed on the nanoparticle surface, exposing more surfaces for
dissolution.l’”} Although the three factor has distinct influences
on the degradation behavior of iron oxide nanoparticles, it is

© 2023 Wiley-VCH GmbH
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noteworthy that there was no deposition of nanoparticles ob-
served after degradation in media containing BSA, GSH, or SC,
as depicted in Figure S3 (Supporting Information). The DLS
shown in Figure 3g indicated that residual nanoparticles incu-
bated with BSA had a hydrodynamic size of 7.6 nm, probably due
to the presence of BSA in the solution. Nanoparticles in the GSH
medium exhibit small aggregates, possibly resulting from the lig-
and shedding of nanoparticles. Furthermore, the DLS analysis
of nanoparticles in SC solution showed a hydrodynamic size of
822 nm, indicating that the nanoparticles were almost dissolved,
with some remaining aggregates.

Although different factors have varying influences on the
degradation behavior of iron oxide nanoparticles, it is interest-
ing to note that the degradation processes consistently exhibit
two distinct phases: an initial linear phase followed by a plateau
that continues until the end of the experiments. This behavior
deviates from the typical first-order kinetics commonly observed
in nanomaterials.[*®! In our test, the simulated medium continu-
ously washes away the dissolved iron ion, preventing the attain-
ment of dissolution equilibrium. The dissolution effect of iron
oxide nanocubes has been reported by Lartigue et al., who ob-
served that the most soluble particles are the first to be degraded,
possibly due to defects or the low density of the adsorbed shell.
As the shell degrades, the number of defects increases, ampli-
fying the degradation process.*®! We believe that a significant
factor contributing to the occurrence of dissolution plateaus in
nanomaterials is the change in their internal structure. In mag-
netic materials, the alteration of the magnetic order on the par-
ticle surface and the highly frustrated magnetic coupling in the
surface region can lead to the depletion of ferromagnetism. This
surface layer is often referred to as the magnetic dead layer.*")
Previous studies by Leyva et al. have demonstrated the presence
of a crystalline-ordered core with atomic planes and a surface
layer lacking long-range crystalline order in nanoparticles such as
Lay ;510 33MnO; and La, ;Ca, ;;MnO; [ The more structurally
stable crystalline-ordered core exhibits higher resistance to dis-
solution compared to the disordered surface layer, which may
contribute to the slowing down of the dissolution rate. Further-
more, as shown in Figure 3c,d, even the most powerful degrading
agent, SC, struggles to completely degrade iron oxide nanoparti-
cles. This difficulty may be attributed to the stability of the resid-
ual nanoparticles formed during the degradation process. It is
reported that the nucleation and growth of nanoparticles involve
a wide range of intermediate structures between molecules and
solids, including nanoclusters consisting of aggregations of tens
to hundreds of atoms. Many of these clusters possess a sym-
metrically ordered structure that satisfies the all-electron layer
structure, and nanoclusters with a specific number of aggregated
atoms exhibit special stability.[*?! As iron oxide nanoparticles un-
dergo degradation, they have the potential to form highly sta-
ble nanoclusters with similar structures. This could explain why
nanoparticles in the SC medium cannot be completely degraded.

2.2.3. Relaxivity Evolution of Iron Oxide Nanoparticles under
Degradation
Iron oxide nanoparticles are commonly used as magnetic res-

onance contrast agents in various applications.[?6*3] To assess
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the effect of degradation on the imaging effectiveness of these
nanoparticles, we conducted relaxivity measurements on the de-
graded samples. As illustrated in Figure 4a,b, the original iron
oxide nanoparticles exhibited a longitudinal relaxivity (r;) of
2.9 mM~! s7! and a transverse relaxivity (r,) of 13.8 mM~' s7'. In-
terestingly, the r, values of the nanoparticles incubated in acidic
media with pH 5.5 and 4.5 were found to be the same, measuring
3.0 mM~! 571, while the r, values were 14.8 and 16.9 mM~! 571,
respectively. However, measuring the relaxivity of nanoparticles
incubated at pH 7.4 was not feasible due to a significant amount
of nanoparticle deposition. Nevertheless, the results suggest that
the relaxivities of the iron oxide nanoparticles undergo only
slightly change following degradation in acidic media. Further-
more, the T1- and T2-weighted MR images shown in Figure 4c,d
suggested that dissolution in acidic media had an insignificant
impact on the signals in the region of interest.

In contrast with the negligible effect of acidic erosion, the in-
cubation of nanoparticles with BSA resulted in a significant de-
crease in r;, measuring 2.5 mM~! s71, and a slightly increase in
r,, measuring 14.9 mM~! s71. Conversely, when the nanoparticles
were dissolved with GSH, r; decreased to 2.6 mM~! s7!, while r,
exhibited a dramatic increase to 48.2 mM~! s~!. Generally, the
relaxation rate of iron oxide contrast agents is influenced by var-
ious factors such as the degree of surface metal ion exposure of
nanoparticles, water diffusion coefficient, particle radius, satu-
ration magnetization, and aggregation state.[?>#!] In the case of
nanoparticles incubated with BSA, the limited dissolution within
the BSA-containing media results in minimal changes in parti-
cle radius and saturation magnetization. The observed decrease
in r; can be attributed to the formation of a “protein corona”,
which reduces the exposure of metal ions on the particle surfaces.
Additionally, the slight increase in r, can be explained by the ad-
sorption of proteins, which slows the diffusion of water protons
around nanoparticles.**] On the other hand, the decrease in r;
and increase in r, of nanoparticles in the GSH solution can be
attributed to the aggregation of particles,[*] as supported by the
DLS results shown in Figure 3f. The aggregation of nanoparticles
induces changes in the local magnetic field, leading to altered re-
laxation properties and subsequently affecting the measured re-
laxivities and T1- and T2-weighted images (Figure 4c,d).

With respect to the impact of SC chelation on the relaxivity
of iron oxide nanoparticles, it was challenging to obtain valu-
able information due to the aggregation of the residual samples
(Figure 3f). Therefore, we conducted further investigations to ex-
plore the effects of SC on the particle size and aggregation state of
the nanoparticles during incubation. The residual nanoparticles
were collected and subjected to characterization after being incu-
bated in SC medium for various durations. The TEM images, as
shown in Figure S5 (Supporting Information), revealed that the
nanoparticles dissolved quickly within the first 20 h. The diame-
ter of the nanoparticles decreased from an initial size of 3.4 + 0.6
t0 2.8 +£ 0.5 nm at 10 h and further to 2.2 + 0.5 nm at 20 h. In ad-
dition, the hydrodynamic size exhibited a reduction from 11.8 to
10.1 nm at 10 h, and to 7.5 nm at 20 h. Remarkably, despite un-
dergoing degradation, the nanoparticles remained stable in the
solution and exhibited a relatively narrow distribution of hydro-
dynamic sizes, providing a solid foundation for investigating the
effect of SC chelation on the relaxivity of the iron oxide nanopar-
ticles. The results from the magnetic resonance imaging (MRI)
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Figure 4. Relaxivity and T;- and T,-weighted MR images. Relaxivity of pristine nanoparticles and nanoparticles after degradation in medium with pH 5.5
and 4.5 or medium containing BSA and GSH. The longitudinal relaxivity a) and transverse relaxivity b) extracted from the linear regression fitting of the
experimental data. T, _ weighted MR images c) and T,—weighted MR images d) of the pristine nanoparticles and nanoparticles after degradation in the

medium with pH 7.4, 5.5, and 4.5 or the medium containing BSA and GSH.

measurements of nanoparticles dissolved in SCat 10 and 20 h are
shown Figure S6 (Supporting Information). It is observed that
the r, initially increases to 4.3 mM~! s7! and then decreases to
2.9 mM~! 571, which is equivalent to the r, value of the nanopar-
ticles before dissolution. On the other hand, the r, gradually de-
creases during the degradation process, with values decreasing
from 13.8 to 9.0 mM~! s7! and further to 5.6 mM~! s~. The in-
crease in r; of nanoparticles in the SC medium at 10 h can be at-
tributed to the increased exposure of metal ions with the particle
size decrease. However, as the degradation progresses, the iron
oxide core of the nanoparticles degrades, leading to a decrease in
their saturated magnetization and, consequently, a decrease in
r; at 20 h. Meanwhile, r, continues to decrease throughout the
degradation process.

2.2.4. Degradation of the Size Effect

Iron oxide nanoparticles of different sizes have different appli-
cations. To investigate the effect of particle size on the degrada-
tion behavior of iron oxide nanoparticles, PEGylated iron oxide
nanoparticles with a size of 12.1 nm were synthesized (Figure S7,
Supporting Information). After being incubated in different me-
dia, the TEM images showed a gradual erosion of the pris-
tine particles. The average size of the nanoparticles decreased
to 11.9 + 0.8 nm at pH 7.4, 11.6 + 0.8 nm at pH 5.5, and
11.6 + 1.1 nm at pH 4.5 (Figure S7b-d, Supporting Informa-
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tion). Furthermore, when exposed to BSA, GSH, and SC, the par-
ticle sizes decreased to 11.7 + 0.7, 10.3 + 0.9, and 1.9 + 0.4 nm,
respectively (Figure S8a—c, Supporting Information). Interest-
ingly, although the larger nanoparticles also undergo degrada-
tion, their dissolution rate is slower compared to 3.4 nm-sized
nanoparticles, as depicted in Figure 5. The reduced dissolution
rates can be attributed to a decrease in reactive surface site and a
decrease in surface Gibbs free energy.*’) In other words, larger
particles dissolve more slowly than smaller particles, or the for-
mer do not dissolve while the latter does.[*®] Furthermore, the
propensity of larger counterparts to aggregate within the degra-
dation process can also contribute to the reduced dissolution rate.
As shown in Figures S9 and S10 (Supporting Information), the
larger nanoparticles exhibited a more pronounced tendency to
deposit in media with pH 7.4 and 5.5, as well as in acidic me-
dia containing BSA and GSH. This accelerated deposition might
be attributed to the influence of gravity, which promotes the
settling of larger particles. Due to the deposition of nanoparti-
cles, it is infeasible to determine the relaxometric properties of
the degraded samples. However, in the case of nanoparticles in-
cubated in acidic media with pH 4.5, where no significant de-
position was observed but slight aggregation was revealed by
DLS analysis (Figure S11, Supporting Information), the r, value
was decreased from 3.5 to 2.1 mM~! s7! while the r, value in-
creased from 44.6 to 63.3 mM ™' s™! (Figure S12, Supporting In-
formation). The results are consistence with the previous publi-
cations, which have reported that the aggregation of iron oxide
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Figure 5. Degradation kinetics a) and dissolution rate k b) of 12.1 + 0.8 nm iron oxide nanoparticles dissolved in different media for 10 days.

nanoparticles tends to lead to a decrease in r; and an increase in
7,4

It is worth noting that in previous studies, researchers often
used the intensity of MRI signals to evaluate the accumulation of
iron oxide nanoparticles at the site of lesions.!®>° However, our
findings indicate that upon entering the body, iron oxide nanopar-
ticles experience alterations in their relaxometric properties due
to degradation and aggregation in the complex physiological en-
vironment. These changes have the potential to impact the accu-
racy of result assessments. Therefore, accurate evaluation of re-
sults based on MRI signal intensity analysis requires careful con-
sideration, particularly when dealing with larger-sized iron oxide
nanoparticles, as they are more prone to aggregation, ultimately
affecting their relaxometric properties.

3. Conclusion

In summary, we explored the impacts of pH, BSA, GSH, and
SC on the degradation of different-sized iron oxide nanoparti-
cles, considering factors such as dissolution kinetics, morpho-
logical changes, aggregation states, and relaxivity. The results
showed that the degradation of nanoparticles was found to be
pH-dependent, with lower pH resulting in faster degradation.
Notably, iron oxide nanoparticles incubated with BSA exhibited
excellent stability and lower dissolution rates. In contrast, GSH
demonstrated the ability to rapidly degrade the nanoparticles,
while SC showed the fastest degradation rate. The aggregation
of iron oxide nanoparticles in neutral solutions and GSH solu-
tion significantly affected the relaxivity of contrast agents, and
the surface proteins adsorption led to an obvious decrease in ;.
These findings emphasize the importance of considering aggre-
gation effects and protein adsorption when assessing the relaxiv-
ity of iron oxide nanoparticles in different environments. Addi-
tionally, it is found that the internal structure alteration during
degradation impacted the dissolution behavior of nanomaterials.
The proposed experimental conditions offer a predictive model
for understanding in vivo degradation and are valuable for fu-
ture studies. Overall, this study contributes to a comprehensive
understanding of the degradation behavior of iron oxide nanopar-
ticles under different conditions and provides important insights
for the design and evaluation of nanomaterial-based applications.
Nonetheless, it is crucial to acknowledge that the true complexity
of the biological milieu far exceeds the experimental representa-
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tion. More intricate factors, such as the potential influence of en-
zymes on nanoparticle degradation kinetics, are valuable aspects
that warrant comprehensive investigation in future studies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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