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ABSTRACT

The spleen is a meeting point between antigens transported by the blood stream and the immune apparatus
responsible for mounting the host response. However, the interactions between nanomaterials and the spleen,
significantly influenced by the protein corona formed on the surface of nanomaterials, are often overlooked. To
address this issue, Fe304 nanoparticles with two distinct surface coatings, i.e., diphosphonate-polyethylene glycol
(DP-PEG), and diphosphonate-¢-aminocaproic acid (DP-EACA), were selected for a comprehensive investigation
into the impacts of protein corona on the immune response within the spleen, attempting to gain a deeper un-
derstanding on how protein corona disturbs the immune response in the spleen to enrich the knowledge about
the surface chemistry of nanoparticles. Additionally, carboxymethyl dextran (CM-DEX)-modified Fe304 nano-
particles, a generic form of the clinically used nanodrug Ferumoxytol, were chosen as a reference. The protein
adsorption and its impacts on immune cells, gene expression, and metabolites in the spleen were investigated
over a 28-day period. Our findings indicated that the opsonins carried by Fe3sO4 nanoparticles were strongly
correlated with immune response and metabolic disturbances in the spleen. However, DP-PEG coating exhibited
remarkable resistance against protein adsorption and minimized spleen perturbation, highlighting its
outstanding potential for clinical applications. All these findings are believed very valuable for developing
clinically translatable drugs based on nanomaterials.

Introduction

also serves as a significant venue for nanomaterials to interact biological
systems. One of the primary functions of the spleen is to remove foreign

Understanding the interactions between nanomaterials and the bio-
logical systems, as well as the consequent biological responses, is crucial
for the biomedical applications of functional nanoparticles that have
received intensive investigations over the past two decades [1]. Upon
systemic administration, the majority of nanomaterials are typically
taken up by the reticuloendothelial system (RES) and subsequently
retained for prolonged periods mainly in the liver and spleen [2].
Although the interactions of nanomaterials with the liver have been
extensively studied, the interactions with the spleen remain limited,
primarily attributed to the comparatively lower accumulation of nano-
materials in the latter [3]. However, it’s crucial to note that the spleen
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nanomaterials from the blood. Nanomaterials enter the spleen through
the splenic artery, where they are captured by macrophages and other
immune cells [4]. Subsequently, these nanomaterials undergo gradual
degradation. Together with the degradation products, they can be
transported out of the spleen to participate in systemic metabolism [5].
For example, Chen et al. found that MoS,; nanomaterials of 3.3 nm
x 1.9 nm in the spleen were degraded into MoOF which was transported
through the splenic vein to the hepatic portal vein and ultimately
participated in the synthesis process of molybdenum enzymes in hepa-
tocytes [4]. Additionally, the spleen serves as a meeting point between
antigens transported by the bloodstream and the immune system for
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initiating the host response [6]. As the largest secondary lymphoid organ
in the body, the spleen possesses strong immunologic functions. Thus,
the retention of nanomaterials in the spleen may stimulate strong im-
mune responses [6,7]. On the one hand, the activation of the immune
system may lead to adverse immune stimulation and potential associ-
ated side effects, including inflammation, hypersensitivity, and allergic
reactions [8-11]. On the other hand, immune stimulation can also be
potentially utilized in oncological applications, for instance, in con-
structing nanovaccines to stimulate the immune system to produce
effective anti-tumor immune responses [12,13]. Therefore, exploring
the interactions between nanomaterials and the spleen, especially the
subsequent immunological effects, is significant for designing biomed-
ical nanomaterials with reduced immunotoxicity.

Numerous studies have shown that the surface adhesion of proteins
endows the underlying nanomaterials with new biological characteris-
tics, which may significantly influence their interactions with the spleen.
Generally, once nanomaterials enter the bloodstream, abundant protein
molecules quickly bind to their surface, forming a “protein corona” [14,
15]. At the interface that controls the interactions between nano-
materials and biological systems, the protein corona plays a pivotal role
in inducing noteworthy changes in their biological behavior [16,17].
Previous studies have demonstrated that protein corona not only gov-
erns the uptake behavior of nanomaterials by the spleen, but also affects
the immune response induced by nanomaterials within the spleen [4,
18]. For instance, the aforementioned MoS, nanomaterials were found
to mainly locate in the red pulp region of spleen after entry and the
coronal apolipoprotein E (APOE) increased the uptake of these nano-
materials by splenic red pulp macrophages [4]. Similarly, Khang et al.
found that carbon nanotubes could increase reactive oxygen species
(ROS) levels in the spleen and trigger the activation of pro-inflammatory
cytokines, as well as subsequent innate and adaptive immune responses
[18]. The immune stimulation was primarily attributed to the highly
unfolded protein corona structure pre-coated on their surface. In this
aspect, the protein corona emerges as a pivotal factor for understanding
the potential toxicity of nanomaterials through the interactions between
nanomaterials and the spleen.

Among various kinds of nanoparticles, Fe3O4 nanoparticles have
gained significant attention in the biomedical field due to their unique
physical and chemical properties, as well as their excellent biocompat-
ibility [19,20]. Several types of Fe304 nanoparticles synthesized via the
coprecipitation method got approved by the Food and Drug Adminis-
tration (FDA) back to 1996. However, Fe304 nanoparticles for magnetic
resonance imaging (MRI) applications didn’t present good enough
clinical performance as expected [21,22]. Currently, only one type of
Fe304 nanoparticles-based nanodrug, Ferumoxytol, is still in clinical use
as an iron supplement [21]. Notably, the FDA issued a warning in 2015
about the potential life-threatening allergic reactions caused by intra-
venous injections of Ferumoxytol [23]. This phenomenon underscores
the necessity to pay special attention to the immune effects produced by
nanoparticles in the body. With advancements in synthesis and surface
modification technologies, the performance of Fe3O4 nanoparticles has
been greatly improved [24-26]. In particular, ultrasmall Fe;04 nano-
particles, showing excellent T; contrast enhancement effect, is becoming
a potential candidate as the next generation clinical MRI contrast agents
[27,28]. Although the effectiveness of ultrasmall Fe304 nanoparticles is
well-recognized, the lack of comprehensive understanding of their in-
teractions with the immune system poses potential risks to their clinical
translation.

In this study, the biological effects of three types of Fe304 nano-
particles on the spleen, ie., Fe304@PEG, Fe304@EACA, and Fe304@-
DEX, were systematically investigated with a specific focus on the role of
the protein corona, aiming to improve our understanding on the in-
teractions between Fe3O4 nanoparticles and biological systems.
Comprehensive quantitative and qualitative analyses of the protein
corona formed on these nanoparticles were conducted first. Subse-
quently, their effects on immune cells, gene expression, and metabolites
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in the spleen of mice at different time points over 28 d were investigated
to elucidate the local perturbations caused by FesO4 nanoparticles in
vivo. Additionally, a series of safety evaluation experiments were per-
formed to assess the biocompatibility of Fe3O4 nanoparticles. The
exploration of such nanomaterials-spleen interactions is expected to
enrich our knowledge on the in vivo fate and mechanisms for improving
the biosafety of nanomedicine.

Results
Synthesis and characterization of Fe304 nanoparticles

Ultrasmall Fe3O4 nanoparticles with core diameters smaller than
5 nm are expected to become the next generation of MRI contrast agents
due to their superior MRI properties and excellent biocompatibility [27,
29,30]. Therefore, hydrophobic Fe3O4 nanoparticles of 3.8 + 0.7 nm
were synthesized herein using a slightly modified thermal decomposi-
tion method previously reported (Fig. S4) and then transferred into
water to become MR contrast agents [24]. Given that the binding affinity
of diphosphonate (DP) groups with Fe3' is higher than that of the
anchoring group of the initial hydrophobic ligands,
diphosphonate-polyethylene glycol (DP-PEG, Mw = 2000) and diphos-
phonate-e-aminocaproic acid (DP-EACA) were designed, synthesized
and employed to endow Fe3O,4 nanoparticles with water-solubility
through ligand exchange [31,32]. The structures of DP-PEG and
DP-EACA are displayed in Fig. la. PEG, known for its excellent
biocompatibility, is widely used as a surface ligand in biomedical ap-
plications and is renowned for its antifouling properties [33,34].
DP-EACA, a small molecular surface ligand with abundant negative
charges, is expected to adsorb fewer proteins than positively charged
ligand modified nanoparticles. In addition, carboxymethyl dextran
(CM-DEX, Mw = 40k, Fig. 1a) coated Fe3O4 nanoparticles (denoted as
Fes04@DEX) were chosen as a reference, mirroring Ferumoxytol, an
FDA-approved Fe3O4 nanoparticle for treating iron deficiency [35]. As
shown in Fig. 1b, ¢, the representative transmission electron microscope
(TEM) images and the corresponding particle size distribution profiles
indicate that nearly monodispersed Fe3O4 nanoparticles coated with
PEG, denoted as Fe3O4@PEG, and DP-EACA modified Fe3O4 nano-
particles, denoted as Fe304@EACA, are successfully obtained. There is
no significant change in particle size or size distribution profile after the
surface modification with the hydrophilic ligands. In contrast,
Fe3O4@DEX, obtained through the co-precipitation method, exhibits
highly similar morphologies as Ferumoxytol, characterized by irregular
morphologies and inhomogeneous particle sizes, as seen in Fig. 1d.

Dynamic light scattering (DLS) was carried out to further evaluate
the hydrodynamic properties of the as-prepared water-soluble Fe3O4
nanoparticles. The results in Fig. le indicate that Fe3O4@PEG,
Fe3O04@EACA, and Fe304@DEX exhibit single scattering peaks locating
at 14.7 £ 0.5 nm, 6.9 £+ 0.3 nm, and 43.0 + 1.2 nm, respectively. The
significant variation in the hydrodynamic size of these hydrophilic
Fe304 nanoparticles can be attributed to the differences in both molec-
ular weight of surface ligands and particle core size. To evaluate the
colloidal stability, the as-prepared hydrophilic Fe3O4 nanoparticles were
incubated in HEPES buffer for up to 3 d, with their hydrodynamic sizes
monitored using DLS. As depicted in Fig. S5, the variations in hydro-
dynamic size were negligible, indicating excellent colloidal stability of
the obtained Fe3O4 nanoparticles. Zeta potential measurements were
conducted to characterize these three kinds of Fe304 nanoparticles. As
indicated in Fig. 1f, Fe304@PEG exhibits a weak negative surface charge
of —10.4 + 0.6 mV, originating from the spare -P-O” moieties of the DP
anchoring groups after coordination with Fe>* ions [36]. Fe304@EACA
shows a stronger negative surface charge of —21.8 + 3.8 mV, due to
carboxylate groups apart from -P-O” residues. Fe304@DEX displays the
strongest negative surface charge down to —25.6 + 2.1 mV, owing to
the presence of a large number of carboxylate groups in the coating
layer. The negative surface charges of all three types of nanoparticles are



C. Chen et al.

Nano Today 62 (2025) 102676

@ HO~p HO~(')'
/p\\ /Pﬁ O .“‘o+
"o N o Ho N COOH "
N VY R e
HO, \P\o’\}; ~ Ho_ J HO OCH,COOH
Ho-f Ho-f OH
DP-PEG DP-EACA CM-DEX
45/ 38+0.5nm 48/ 3.8+ 0.5nm 30140 +3.8nm
0 € 3 f a7
79 g | ) o
A ] 79 S A
49! < 47 c 995
15l 816l ] 8100 T
5571 K3 " S 999
i [ g5
oL i
2 4 6 2 8 16 24
Size (nm) Size (nm) Size (nm)
= Fes04@PEG ﬁ 15
N & Fe304@EACA <
’ . & Fe;0,@DEX £ 0 Fes04@PEG Fe30,@EACA  Fe;04@DEX
—~ 164 ¥ ©
; I faN 9o .
£ IRV AR Q -15]
S 8. " / \ o 5
9 L SN S [
IFRVL) \\‘ 301 !
0 L S T
1 10 100 1000

Hydrodynamic size (nm)

Fig. 1. Characterization of hydrophilic Fe;04 nanoparticles. (a) Chemical structures of surface ligands of Fe3O4 nanoparticles. TEM images and corresponding
particle size distributions of (b) Fe304@PEG, (c) Fe304@EACA, and (d) Fe304@DEX. (e) Hydrodynamic size distribution and (f) zeta potential of three types of Fe304

nanoparticles.

generally favorable for reducing their interactions with plasma proteins
[14,37].

Analysis of protein corona on FesO4 nanoparticles

According to previous literatures, it has been learnt that the surfaces
of nanomaterials are rapidly coated with a protein corona upon contact
with blood, which significantly redefines the biological properties of the
nanomaterials [14,38,39]. To elucidate the nature of the protein corona,
Fe304@PEG, Fe304@EACA, and Fe304@DEX were incubated in mouse
plasma, respectively, followed by the collection and identification of
corona proteins on the particle surfaces, as illustrated in Fig. 2a. By using
the clinical injection dosage of MRI contrast agents (0.1 mmol Fe/kg
body weight), the in vivo concentration of Fe304 nanoparticles in mice
was estimated to be around 100 ug Fe/mL. To better match the in vivo
conditions, the incubation concentration of Fe3O4 nanoparticles in
mouse plasma in vitro was also set at 100 pg Fe/mL. The total amount of
proteins adsorbed on the surface of nanoparticles was quantified using
the Bicinchoninic Acid (BCA) assay. As shown in Fig. 2b, the protein
adsorption capacity follows an order of FesO4@EACA > Fe304@DEX
> Fe304@PEG.

In addition to protein adsorption capacity, the components of the
protein corona were also analyzed. The corona proteins were separated
using one-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then analyzed through Coomassie
Brilliant Blue staining. As shown in Fig. 2c, the components of the
protein corona differ markedly from those in mouse plasma. The high-
abundance mouse plasma proteins are mainly located around 75, 68,
50, and 25 kDa. In contrast, the corona proteins are primarily located
around 75, 50, and 25 kDa, with albumin (ALB, 68 kDa), the main
component of plasma proteins, being absent.

Since SDS-PAGE cannot provide detailed information on specific
proteins, further liquid chromatography-mass spectrometry/mass spec-
trometry (LC-MS/MS) analysis were carried out, in combination with
peptide fragmentation analysis, to accurately identify the protein com-
ponents of the corona. The Venn diagrams displayed in Fig. 2d show the
number of common and unique proteins in the protein corona of Fe3sO4
nanoparticles. A total number of 631, 717, and 340 types of proteins are
found adsorbed on Fe304@PEG, Fe3O4@EACA, and Fe304@DEX,
respectively. Among them, 176 types of proteins are in common. The
number of common types of adsorbed proteins is insufficient enough to
fully reflect the complexity of the protein corona. To better understand
the effects of surface ligands on the protein corona, the relative protein
abundance of each identified protein was calculated.

As the fingerprints, the protein corona may markedly affect the
recognition of nanoparticles by biological systems including different
type of cells and tissues, because different types of proteins perform
distinct roles in the body. In order to better understand the protein
corona, the protein components were categorized into four types ac-
cording to their physiological functions, such as immunoglobulins,
apolipoproteins, coagulations, and complements. As shown in Fig. 3a,
immunoglobulins constitute the majority of the protein corona, ac-
counting for 59.4 % for Fe3O4@PEG, 37.9 % for Fe3O4@EACA, and
47.1 % for Fe304@DEX. Immunoglobulins are primarily involved in
immune response, responsible for recognizing and binding antigens [40,
41]. According to more detailed data on protein compositions and
respective quantities presented in Fig. 3b, it can be found that immu-
noglobulin heavy constant mu (IGHM) exhibits the highest contents in
all three types of Fe304 nanoparticles, which is consistent with the of
SDS-PAGE results showing prominent protein bands at 50 kDa for all
three samples (Fig. 2¢). Apolipoproteins are the protein components of
plasma lipoproteins that bind and transport blood lipids to various
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Fig. 2. Proteomic study of protein corona on Fe3O,4 nanoparticles. (a) Schematic representation of the separation and analysis process for protein corona on Fe304
nanoparticles. (b) Quantitative analysis of protein corona per unit area of Fe304 nanoparticles using BCA assay. (c) SDS-PAGE images showing proteins detached from
Fe304 nanoparticles after incubation with mouse plasma. (d) Venn diagrams depicting common proteins and unique proteins identified in the protein corona of each

Fe304 nanoparticles type.

tissues in the body for metabolism and utilization [40]. As shown in
Fig. 3b, apolipoprotein A-I (APOA1) dominates the apolipoproteins in
the corona of Fe304@PEG and Fe304@DEX. With respect to
Fe3O4@EACA, APOE content is the highest followed by APOAIL. In
addition, APOE also takes at least the third place with respect to the
adsorption quantity for FesO4@PEG and Fe3O4@DEX. Coagulation
proteins are involved in the blood coagulation process [40]. Platelet
factor 4 (PF4) dominates coagulation proteins in the coronas of FezO4
nanoparticles, except for Fe3O4@EACA. In the latter case,
thrombospondin-1 (THBS1) becomes dominant. Coagulation proteins
are also a part of opsonins and are associated with complement activa-
tion and immune response. Studies have shown that the complex of PF4
and heparin contributes to C9 activation through the lectin pathway
[42]. Complement proteins are present in serum and tissue fluid, and
upon activation, they exhibit enzymatic activity that can mediate im-
mune and inflammatory responses [40]. Complement C1q subcompo-
nent subunit B (C1QB) is abundantly present in all protein coronas
(Fig. 3b). Complement 3 (C3) is another highly abundant protein found
in the protein corona of Fe3O4@EACA and Fe304@DEX. It plays a cen-
tral role in the activation of the complement system.[43] The overall
abundance of immunoglobulins, complements, and coagulations on
FesO4@EACA and Fe3O4@DEX is much higher than that on Fes04@-
PEG, suggesting that these nanoparticles may trigger stronger immune
disturbances in vivo.

Molecular weight and isoelectric point (pI) are two other crucial
characteristics of a given protein. According to the analytic results in
Fig. S6a, proteins with a molecular weight less than 60 kDa accounted
for 73.5-85.0 % of the total proteins, consistent with the observed re-
sults in SDS-PAGE image (Fig. 2¢). According to pI analysis, as shown in
Fig. S6b, most corona proteins displayed a pl less than 7.4, which may be
attributed to the fact that a significant proportion of plasma proteins are
negatively charged under physiological conditions [44].

The top 20 most abundant proteins adsorbed on the surface of Fe3O4
nanoparticles were identified and compared with the top 20 mouse
plasma proteins in Supplementary Table 1. The highest abundance
proteins were significantly different, with IGHM for protein coronas and
ALB for mouse plasma. Only five common proteins were found in
common between those in mouse plasma and the protein corona, ie.,
IGHM, immunoglobulin kappa constant (IGKC), pregnancy zone protein
(PZP), ALB, and immunoglobulin heavy constant gamma 2B (IGHG2B).
This indicates that surface chemistry significantly influences the
composition of protein coronas, remarkably increasing their complexity.
Next, the contents of high-abundance proteins in protein corona with a
relative abundance above 2 % were analyzed and compared with those
in mouse plasma (Fig. S7). Several high-abundance proteins with rela-
tive abundances higher than 5 %, such as IGHM, IGHA, PF4, APOE, and
MBL1, were found present on the surface of at least one type of Fe3O4
nanoparticles, were not highly abundant in mouse plasma (< 1 %).



C. Chen et al. Nano Today 62 (2025) 102676
&8 Fe;04,@PEG Fe;04,@EACA Fe304@DEX
142% N
py >
9.4% \\
147.1%
8.2% /
\ 4
8.8% < . 4
13.5%1.2%

[ Immunoglobulins

) Immunoglobulins
24 _ mm Others
1 IGHV1-42
o = IGKV1-135
£ 9 L — IGHV1-82
8 E 16 E U == IGHG2B
s 2 = | = | mIGKV1-110
B o L) B H = IGHG2C
£ 8 B IGH-1A
o O
3 % 7 m IGKC
< = ‘ ‘ IGHA
0 \ = IGHM
?(OO @P‘GP\ 0@*
on.@ Oh@ ou@
€0 e <©?
Coagulations
12 mm Others
e CPB2
w = KLKB1
£ & 8 SERPINE2
° £ mF5
s g m= SERPIND1
? o . = THBST
-g L 4 = F2
3 % = SERPING1
< = = 1 L SERPINC1
ol mm BN | = PF4
??/(‘9 ?}OP‘ 0(,;#
ol® o® ol®
€9 e <O

-] Apolipoproteins mm Coagulations mmm Complements =) Other components

Apolipoproteins

APON
APOA2

APOC3
= APOB
m APOC1
ma CLU
= APOH
m APOE

APOA4
= APOA1

Adsorbed proteins

mm Others
=3 C4BPA
‘ ‘ C5

CFH
4 H = C3
==

Adsorbed proteins
(x1022 mg/inm?)

i H

oL e BN BN w=.C1QB
& o ek
K2 P
oo.@ Oh@?’ ou@

€O cer P

Fig. 3. Bioinformatic classification of protein corona components. (a) Categories of corona proteins based on their functions in biological processes. (b) Quantitative
analysis of the protein corona components identified on the surface of Fe30,4 nanoparticles.

Although ALB is the most abundant protein in mouse plasma, accounting
for about half of the total plasma protein quantity, its levels in the three
protein coronas were lower than expected (< 5 %). Most high-
abundance proteins in the coronas are not highly abundant in mouse
plasma, suggesting that these low-abundance proteins have a stronger
affinity to Fe3O4 nanoparticles. The formation of the protein corona is
actually a dynamic and competitive process. The high-abundance pro-
teins do enjoy a much higher probability to interact with the nano-
particles once they are introduced into biological fluids. But these high-
abundance proteins are gradually replaced by proteins with higher af-
finity for nanoparticles over time, forming a stable “hard corona” [44].
Therefore, enrichment factors of different FesO4 nanoparticles for
various proteins in mouse plasma were calculated to compare the af-
finity of different corona proteins to Fe304 nanoparticles. As shown in
Fig. S8, IGHM, PF4, and C1QB exhibited significant enrichment effects
in all three types of Fe304 nanoparticles. Additionally, APOE, VTN, and
THBS1 were also highly enriched in Fe304@EACA. On the surface of
Fe304@DEX, MBL1, Ig gamma-2A chain C region secreted form, and
HBB-Blwere also found highly enriched. The highly abundant protein
MBL1, playing an important role in innate immune responses by medi-
ating the activation of the lectin complement pathway [45], is particu-
larly notable. Taken together, the above results indicate a distinct,
surface chemistry-dependent nanomaterials-proteins binding pattern, in
which Fe3O4@EACA and Fe3O04@DEX not only exhibit higher levels of
proteins adsorption than Fe304@PEG, but also show a stronger protein

enrichment ability that is associated with the immune responses.
Biodistribution of Fe3O4 nanoparticles

For gaining comprehensive information on the biological distribu-
tion of three types of Fe3O4 nanoparticles, inductively coupled plasma-
optical emission spectrometer (ICP-OES) was utilized to quantify Fe el-
ements in mouse tissues after a single tail vein injection with a dose of
0.1 mmol Fe/kg body weight. Two time points (short and long; 1 d and
28 d, respectively) were adopted for assessing the possible toxic re-
sponses of all three types of Fe3O4 nanoparticles (Fig. 4a). Due to the
high background level of Fe in tissues, a significant amount of Fe
element was detected in the saline group. In contrast, the Fe304 nano-
particles showed increased Fe levels in the liver and spleen 1 d post-
injection, while Fe levels in other organs, including the heart, lung,
kidney, and brain, weren’t significantly increased, as displayed in
Fig. 9, indicating that the majority of the three types of Fe3O4 nano-
particles are primarily captured and accumulated in the RES-related
organs. Furthermore, the Fe levels of the liver and spleen were notice-
ably decreased 28 d post-injection, approaching the levels of the nega-
tive control, suggesting a reduction of Fe accumulation over time. This
result demonstrates that at the dosage level used in this study, FesO4
nanoparticles do not lead to long-term accumulation in the body, nor do
they significantly alter the overall iron levels.
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cells, and T cells (CD8" and CD4 ")) from the spleen after intravenous injection
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Innate and adaptive immune cell responses

Given the presence of various innate and adaptive immune cells in
the spleen, their interactions with Fe3O4 nanoparticles are unavoidable.
It has been reported that foreign substances may induce immune re-
sponses associated with the proliferation of immune cells [7,18]. To
explore whether Fe304 nanoparticles can affect the proliferation of im-
mune cells in the spleen, the immune cells populations were examined.
One day after the intravenous injection of the particles, significant ef-
fects on innate immune cells were observed. Specifically, as shown in
Fig. 4b, neutrophils in the Fe3O4@EACA and Fe304@DEX groups, as
well as natural killer (NK) cells in the Fe304@PEG and Fe3O4@EACA
groups, show improved proliferation. However, no changes in macro-
phages, dendritic cells (DCs), or adaptive immune cells (B cells, CD4" T
cells, and CD8™ T cells) are observed in any Fe30, nanoparticles groups.
These results demonstrate that one day after injection of Fe304 nano-
particles, the innate immune responses in the spleen are triggered, but
not sufficient to elicit adaptive immune responses. In difference, 28
d after the injection of the nanoparticles, the populations of neutrophils
and NK cells have returned to baseline levels. But the levels of
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macrophages and B cells are significantly increased in all three nano-
particle groups, if compared with those of the saline group. In addition,
the frequency of DCs is also affected by Fe304@EACA and Fe304@DEX.

Alterations of gene expression in mouse spleen

To further investigate the short-term effects following exposure to
FesO4 nanoparticles, differentially expressed genes (DEGs) in the
spleens from three pairwise groups (Fe3sO4@PEG vs. saline,
Fe3O4@EACA vs. saline, Fe304@DEX vs. saline) were identified through
LC-MS/MS (Fig. S10). As shown in Fig. 5a, a total of 41 genes (22 up-
regulated and 19 down-regulated) are identified as DEGs one day after
exposure to FesO4@PEG. Compared with the control, 124 DEGs (80 up-
regulated and 44 down- regulated) are found in Fe304@EACA group.
With respect to FesO4@DEX group, 287 DEGs are detected, with 156
DEGs showing up-regulated expression and 131 DEGs showing down-
regulated expression. Notably, Fe3sO4@PEG exhibits weaker impacts
on gene expression in the spleen than FesO4@EACA and Fe3O4@DEX.

These DEGs were further annotated using Gene Ontology (GO) da-
tabases to reveal their specific functions that were primarily categorized
into cellular components, biological processes, and molecular functions.
The top 20 GO pathways were provided, with an emphasis on those
pathways related to immune responses. GO enrichment results in Fig. 5b
reveal that DEGs in the Fe304@PEG group are primarily enriched in
metabolic processes, i.e., melanin biosynthetic process, one-carbon
metabolic process, and positive regulation of microtubule nucleation,
with a small amount enriched in immune response pathways, such as
defense response to virus, etc. In contrast, significant numbers of DEGs
associated with immune responses are observed in both the
FesO4@EACA group and Fe304@DEX group, which becomes particu-
larly evident in the top 6 GO pathways, i.e., defense response to virus,
response to virus, innate immune response, immune System process,
response to bacterium, regulation of viral entry into host cell, and
negative regulation of viral genome replication, as shown in Fig. 5c, d.
Moreover, there are a large number of DEGs related to innate immune
responses in the Fe304@EACA and Fe304@DEX groups, indicating that
these nanoparticles trigger stronger immune effects. Additionally, a
significant number of DEGs are found related to lipid metabolism in the
FesO4@EACA group, suggesting that lipid metabolism in the spleen can
also be affected.

Enrichment analysis was also performed using Kyoto Encyclopedia of
Genes and Genomes (KEGG) database to assess the biological signifi-
cance of these DEGs. Only the top 20 most abundant KEGG pathways
were displayed in Fig. S11. It was observed that the DEGs in the
Fe304@PEG group were mostly enriched in the metabolism-related
pathways, such as nitrogen metabolism and tyrosine metabolism
(Fig. S11a). Meanwhile, Fig. S11b, ¢ showed that the primarily relevant
pathways of DEGs were influenza A and measles in the Fe304@EACA
group, as well as complement and coagulation cascades, and IL-17
signaling pathways in the FesO4@DEX group, all of which are associ-
ated with immune responses. From the above results, it can easily be
concluded that Fe304@EACA and Fes04@DEX trigger stronger immune
responses in mouse spleens than Fe304@PEG over short-term exposure,
eg,1d.

In addition, to assess the long-term effects on the spleen, DEGs be-
tween the control group and three Fe3O4 nanoparticles groups were also
screened 28 d postinjection (Fig. S12). As shown in Fig. 5e, significant
changes are revealed. Compared with the saline group, the Fe304@PEG
group presents 122 upregulated and 819 downregulated DEGs, the
Fe3O4@EACA group shows 1047 upregulated and 749 downregulated
DEGs, and the Fe304@DEX group displays 183 upregulated and 685
downregulated DEGs. The numbers of DEGs in each group are signifi-
cantly increased, in comparison to those recorded 1 d postinjection,
indicating a significant and exacerbating impacts of Fe304 nanoparticles
on the spleen over long-term, e.g., 28 d. GO enrichment analysis of these
DEGs, as provided in Fig. 5f-h, show that cell-cell interactions (e.g.,
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synapse, cell junction, neuronal cell body, dendrite, and axon) and ion
transport processes (e.g., ion transport and ion channel activity) are
presented in all groups. Moreover, as shown in Fig. S13, these DEGs
were mainly enriched in signal transduction pathways, including nico-
tine addiction, neuroactive ligand-receptor interaction, pancreatic
secretion, synaptic vesicle cycle, retrograde endocannabinoid signaling
pathways, etc.

Changes of metabolites in mouse spleen

Considering the abundant metabolic processes of DEGs observed in
the Fe304 nanoparticles groups, metabolomic analysis was conducted to
explore the alterations in spleen metabolic profiles upon exposure to
Fe304 nanoparticles. Fig. S14 showed the univariate statistical analysis
of significantly differential metabolites (DMs) in the spleen between
Fe304 nanoparticles groups and the control group 1 d postinjection. As
shown in Fig. 6a, only 7 DMs are found down-regulated in the
Fe3O4@PEG group. In contrast, in the FegO4@EACA group, 20 DMs are
upregulated and 8 DMs are downregulated, and in the Fe304@DEX
group, 17 DMs are upregulated and 25 DMs are downregulated. Obvi-
ously, Fe304@PEG induces the smallest changes in the number of DMs,
which is consistent with the results of DEGs. With respect to
FesO4@EACA and Fe304@DEX groups, the qualitative analysis of dif-
ferential metabolite types in Fig. 6b reveals that the majority of changes
occur in lipids and lipids-like molecules, accounting for 21.4 %
(Fe304@EACA) and 35.7 % (Fe304@DEX) of the total DMs.

After screening the significant DMs, KEGG pathway analysis was also
performed to identify the perturbed biological pathways. As there were
too few DMs in the Fe3O4@PEG group for conducting the metabolite
pathway analysis, the hierarchical clustering of DMs was focused on the
Fe304@EACA and Fe3O4@DEX groups. As shown in Fig. 6¢, d, a total of
8 and 12 related pathways are identified for Fe304@EACA group and
Fe304@DEX group, respectively. Importantly, the DMs are mostly
enriched in the cholesterol, fat, lipid, steroid, and choline metabolism
pathways. These results suggest that FesO4@EACA and Fe304@DEX
perturb spleen metabolism mainly through the disruption of lipid
metabolism, while Fe304@PEG appears to have a minimal impact on the
spleen metabolism.

DMs analysis was also performed to disclose the long-term effects on
metabolites, 28 d after the intravenous injection of the nanoparticles
(Fig. S15). As shown in Fig. 6e, a greater number of spleen metabolites
undergo significant changes. In detail, there are 50 DMs upregulated and
9 DMs downregulated for Fe304@PEG group, 23 DMs upregulated and 6
DMs downregulated for FesO4@EACA group, and 49 DMs upregulated
and 34 DMs downregulated for Fe304@DEX group. Moreover, the re-
sults in Fig. S16 indicated that the majority of DMs induced by
Fe3O4@PEG, Fe3O4@EACA, and Fes04@DEX were mainly lipids and
lipids-like molecules over long-term.

The KEGG pathway enrichment analyses in Fig. 6f-h reveal that the
DMs of Fe304@PEG, FesO4@EACA, and Fe3O4@DEX groups are
significantly enriched in different pathways. As shown in Fig. 6f, the
significantly DMs induced by Fe304@PEG are mostly enriched in
apoptosis and necroptosis pathways. Additionally, choline metabolism
in the spleen cells is changed significantly, along with lipids, e.g.,
sphingolipid, ether lipid, sphingolipid, and glycerophospholipid.
Simultaneous changes in glutathione metabolism, ferroptosis, and
chemical carcinogenesis-ROS pathways are observed in the
Fe3O4@EACA group, as shown in Fig. 6g, indicating the upregulated
glutathione metabolism for balancing the enhanced oxidative stress
caused by iron ions released by Fe3gO4@EACA [46]. With respect to
Fe3O4@DEX group, Fig. 6h reveals that DMs are primarily enriched in
signal transduction pathways, including Fc gamma R-mediated phago-
cytosis, apelin signaling, phospholipase D signaling, calcium signaling,
and sphingolipid signaling pathways. Furthermore, DMs related to
amino acids metabolism and lipids metabolism are also observed in the
Fe304@DEX group.

Nano Today 62 (2025) 102676
Biosafety evaluation

In order to assess the biosafety of Fe3O4 nanoparticles, a series of
toxicological evaluations were conducted. The body weights of mice
exposed to three types of Fe3O4 nanoparticles and saline, respectively,
were monitored over a 28-day period. As shown in Fig. S17a, no sig-
nificant differences in the body weights were observed between the
Fe304 nanoparticles groups and saline group. The organ index results in
Fig. S17b showed no significant changes in major organs (i.e., heart,
liver, spleen, lung, kidney, and brain) of the three Fe304 nanoparticles
groups, even in organs like the liver and spleen where Fe3O4 nano-
particles tend to be accumulated. Additionally, negligible liver toxicities
were observed from all groups through the levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), alkaline phospha-
tase (ALP) and gamma glutamyl transferase (GGT), as demonstrated in
Fig. S18a-d. Similarly, there was no significant kidney toxicity in all
groups observed through the analysis on creatinine (CREA) and blood
urea (UREA) levels (Fig. S18e, f). Furthermore, as shown in Fig. S19,
obvious differences in peripheral circulating blood cell counts were not
observed following systemic exposure to the three kinds of Fe3O4
nanoparticles. All alterations in clinical chemistry parameters and he-
matological parameters, including those that exhibit statistically sig-
nificant differences, are not considered indicative of toxicity induced by
the three Fe3O4 nanoparticles, as these changes could be ignored in
magnitude, specifically could be considered within the normal range of
biological variation or without toxicological significance. Finally, his-
topathological examinations of tissues from both saline and Fe3O4
nanoparticles groups were performed. The results of hematoxylin-eosin
(H&E) staining in Fig. S20 showed that none of the three Fe3O4 nano-
particles induced any observable inflammation, pathological abnor-
malities, or histopathological tissue damage in the main organs of mice.

Discussion

Putting all the above results together, we attempt to reveal how
surface chemistry-related protein corona disturbs the immune responses
of Fe304 nanoparticles in the spleen. After intravenous administration,
three types of Fe304 nanoparticles are rapidly covered by various plasma
proteins to form unique opsonins-rich protein coronas, including im-
munoglobulins, coagulations, and complements, e.g., IGHM, PF4,
THBS1, C1QB, C3, and MBL1, which play a key role in the immune re-
sponses of the host. Previous studies have shown that nanomaterials
bound to opsonins can significantly enhance the production and release
of proinflammatory cytokines and upregulate the levels of immune cells
[18,41,47]. In addition, selective adsorption of complement recognition
molecules on nanomaterials can also activate the complement system
[48,49]. As seen before, among the three types of FesO4 nanoparticles,
Fe304@PEG exhibits the smallest level of proteins adsorption due to its
weak negative charge and excellent hydrophilicity, which reduce its
electrostatic and hydrophobic interactions with proteins [40,50,51].
Meanwhile, more abundant opsonins are found on the surface of
Fe304@EACA and Fe304@DEX than FesO4@PEG, which helps us spec-
ulate that these nanoparticles may induce stronger immunological ef-
fects in the spleen.

After entering the spleen, Fe3O4 nanoparticles inevitably interact
with immune cells in the spleen and subsequently trigger a series of
responses. As expected, diverse cells populations, gene expression, and
metabolites in the spleen are particularly sensitive within a short period,
e.g, 1 d.It’s observed that all FesO4 nanoparticles affect proliferation of
different innate immune cells, indicating that they may all trigger innate
immune responses in the spleen. Subsequently, DEGs results show that
the FesO4@PEG group displays the smallest number of DEGs compared
to the Fe3sO4@EACA and Fe304@DEX groups. Meanwhile, in the
Fe3O4@EACA and Fes04@DEX groups, GO enrichment analysis reveals
a large number of DEGs related to immune response pathways, obvi-
ously indicating that they elicit stronger immune responses than the
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Fe3O4@PEG group, which is consistent with the result regarding the
lowest absorption of opsonins by Fes04@PEG. KEGG enrichment anal-
ysis demonstrates that complement and coagulation cascades pathway is
the most relevant pathway of DEGs in Fe3sO4@DEX group, implying that
the complement system may be activated, which may be attribute to the
high enrichment of complement system related proteins, i.e., C3, PF4,
MBL1, and etc.[42,43,52] This result could explain why Fe304@DEX
induces disturbances in the spleen similar to those caused by
Fe304@EACA, despite the former adsorbs fewer proteins than the latter.
With respect to metabolism, the minimum numbers of DMs also occur in
the Fe304@PEG group. Moreover, cholesterol, fat, and lipid metabo-
lisms are rapidly affected in the Fe304@EACA and Fe304@DEX groups,
which may be related to the immune response of these nanoparticles in
the spleen. Chen et al. have reported that the dynamic intracellular
exchange of protein corona on the nanomaterials will disrupt proteo-
stasis and the key cellular metabolism pathway, including glycolysis and
lipid metabolism [53]. Therefore, it seems reasonable to assume that the
opsonins absorbed on Fe304@EACA and Fe3O4@DEX may exchange
with other biomolecules inside and outside immune cells, then greatly
alter the metabolisms in the spleen. Based on the above results, it can be
concluded that such abundant opsonins in the protein corona of Fe3O4
nanoparticles can significantly enhance subsequent immune responses
in the spleen. It can further be concluded that the surface chemistry of
nanoparticles plays a critical role in activating the immune responses of
the host because it is closely related to the protein composition of the
corona.

As time goes on, the Fe3O4 nanoparticles in the spleen gradually
undergo degradation [54,55]. Notably, compared to the results deter-
mined 1 d postinjection, the levels of immune cells, DEGs, and DMs were
enhanced over 28 d postinjection, which is possibly due to the influence
of iron ions released from Fe3O4 nanoparticles. It has been reported that
iron element plays an important role in cell proliferation [56-58].
Therefore, the enhanced levels of macrophages, DCs, and B cells may be
caused by iron ions rather than Fe3O4 nanoparticles themselves. From
further DEGs analysis, no pathways related to immune response is
observed, but the pathways associated with intercellular interactions
and ion transport are evident. The enrichment of DMs on the cell death
and ferroptosis pathways also prove the effect of iron ions on the spleen.
Furthermore, the long-term biosafety assessment demonstrates that
intravenously delivered Fe3O,4 nanoparticles don’t cause obvious
toxicity, indicating that the iron ions slowly released by Fe3O4 nano-
particles do not trigger enough ferroptosis to damage the spleen
obviously.

Conclusion

This study aimed to disclose the biological effects of Fe3O4 nano-
particles on the spleen by focusing on protein corona that was tuned
through well-established surface chemistry, with the objective of
assessing their potential clinical benefits. Our findings reveal that the
diphosphonate-¢-aminocaproic acid- and carboxymethyl dextran-coated
Fe304 nanoparticles induce a higher degree of immune responses in the
spleen compared to PEG-coated Fe3O4 counterparts, owing to the
enriched opsonins on the particle surfaces. These responses are man-
ifested by changes in immune cells proliferation, gene expression, and
metabolites profiles, underscoring the pivotal role of protein corona in
the immune responses elicited by nanomaterials in the spleen. Under the
clinical injection dosage of Fe3O4 nanoparticle for MRI applications,
PEG coating presents an outstanding safety profile, making it potentially
suitable for future clinical use. In contrast, opsonins-rich protein corona
on Fe3O4 nanoparticles coated with diphosphonate-¢-aminocaproic
acid- or carboxymethyl dextran triggers stronger immune responses in
the spleen, which may raise safety concerns. Different from the situa-
tions in the liver, the recognition and response of nanoparticles in the
spleen are more reflected by systemic immune regulation which is
largely taken as a major origin of the safety risks for nanoparticles [6,59,
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60]. In this respect, the current studies focusing on the immune re-
sponses elicited by nanoparticles in the spleen may provide valuable
fundamental information on the immune responses of nanoparticles,
superficially associated with the protein corona, but intrinsically asso-
ciated with the surface chemistry of nanoparticles.
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