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Extracellular protein coronas (exPCs), which have been identified in various biofluids, are recognized for their
pivotal role in mediating the interaction between nanoparticles and the cytomembrane. However, it is still
unclear whether various exPCs can induce different levels of intracellular proteostasis, which is of utmost
importance in preserving cellular function, and eliciting distinct intracellular biological behaviors. To investigate
this, two types of exPC-coated iron oxide nanoparticles (IONPs) are prepared and used to investigate the in-
fluence of exPCs on extracellular and intracellular biological outcomes. The results demonstrate that the for-
mation of exPCs promotes the colloidal stability of IONPs, and the discrepancies in the components of the two
exPCs, including opsonin, dysopsonin, and lipoprotein, are responsible for the disparities in cellular uptake and
endocytic pathways. Moreover, the differential evolution of the two exPCs during cellular internalization leads to
distinct autophagy and glycolysis activities, which can be attributed to the altered depletion of angiopoietin 1
during the formation of intracellular protein coronas, which ultimately impacts the PI3K/AKT-mTOR signaling.
These findings offer valuable insights into the dynamic characteristics of exPCs during cellular internalization,
and their consequential implications for cellular internalization and intracellular metabolism activity, which may
facilitate the comprehension of PCs on biological effects of NPs and expedite the design and application of
biomedical nanoparticles.

1. Introduction environment, especially the proteins in their surroundings [9,10]. As we

know, NPs will experience disparate biofluids, which contain different

Nanoparticles (NPs), which can serve as drug carriers or active
agents for disease theranostics, have exhibited remarkable potential in
biomedical applications [1-4]. However, when NPs come into contact
with biological fluids, proteins in surroundings rapidly bind to their
surface, forming an extracellular protein corona (exPC) and altering the
"chemical identity" of the NPs to a "biological identity", which then
mediates interactions between the NPs and cell membranes, including
ligand recognition, targeting efficiency, and cellular internalization
[5-7]. The potential coating of proteins may attenuate the degradation
process of NPs, mitigate cytotoxic effect, modulate in vivo half-life, alter
their uptake mechanisms, and impact the inflammatory signaling
pathway [8]. Previous studies have shown that the composition of
exPCs, for specific NPs, is mainly determined by the specific biological
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protein environments, before contacting with cells in clinical practice
[11,12], such as in vitro cell culture environment, blood environment,
and intracellular substance, leading to the formation of various exPCs.
Many reports have elucidated the influence of exPCs on NP-cytomem-
brane interactions, which have been demonstrated to be responsible for
differences in the biological effects of cells [13,14]. However, for most
therapeutic NPs, their functions are primarily performed at intracellular
locations [15,16], and the discrepancy in NP-cytomembrane interaction
is not enough to explain the complete differences in intracellular bio-
logical effects, as most reports have focused on the intracellular bio-
logical effect of the NPs themselves but not the PCs.

Once internalized by cells, NP-exPC complexes are transported to
subcellular organelles where they exert their biological effects.
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Nevertheless, the intracellular environment differs dramatically from
the extracellular. As a result, the NP-exPC complexes may undergo ex-
change with native intracellular proteins, leading to the formation of
new intracellular protein corona (iPC)-coated NP-iPC complexes [17,
18]. This exchange process may alter the intracellular protein compo-
sition and content by releasing extracellular proteins or adsorbing
intracellular proteins, resulting in the disruption of intracellular pro-
teostasis, which is crucial for maintaining cell physiological activities
[19]. Primarily, the iPCs have been identified and used for NPs intra-
cellular trafficking by analyzing specific proteins in subcellular organ-
elles [20]. And recently, the iPCs-induced intracellular biological effects
have also been proposed in several NPs. For example, the formation of
iPCs on graphdiyne oxide nanosheet can inhibit the immunosuppressive
phenotype of tumor-associated macrophages by adsorbing signal
transducer and activator of transcription 3 [19]. These results propose
the mechanisms of iPC-induced biological effects depend on the NPs and
cells specifically. However, whether the same NPs coated with different
exPCs, which are often identified during preclinical research and clinical
applications, cause cells to exhibit distinct intracellular biological be-
haviors after internalization is unclear.

To address this issue, two types of exPCs are prepared by co-
incubating iron oxide nanoparticles (IONPs) with two concentrations
of serum-10 % and complete serum. These concentrations are selected
due to their relevance in preclinical studies of NPs, representing the cell
culture environment and the blood environment, respectively. Then the
exPC-mediated cell uptake and cell biological outcomes are investi-
gated. Proteomics analysis is conducted to identify the differences in the
composition of the exPCs and their evolution during internalization by
cells, which provides a possible explanation for the detected disparities
in cell autophagy and glycolysis activity between the two exPCs. Our
findings shed light on the dynamic evolution of PCs during the process of
cell internalization and their implications for cellular internalization
and downstream signaling cascades, particularly in autophagy and
glycolysis. This research may contribute to a better understanding of the
effects of exPCs on intracellular biological behaviors.

2. Methods and materials
2.1. Synthesis and characterization of IONPs

Citrate-capped IONPs were prepared according to our previous work
[21]. Briefly, hydrophobic IONPs were synthesized through the thermal
decomposition of iron pentacarbonyl in the presence of oleic acid, then
the hydrophobic IONPs were transformed into hydrophilic IONPs via
ligand exchange with sodium citrate at an elevated temperature. The
prepared IONPs were characterized by transmission electron micro-
scopy (TEM) (Hitachi HT-7700, Hitachi, Tokyo, Japan), X-ray diffrac-
tion (XRD) (D8 Advance, Brucker, Germany), X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250Xi, Waltham, MA, USA), and Fourier
transform infrared (FTIR) spectroscopy (Alpha II, Bruker, Germany).
The hydrodynamic radius and Zeta-potential were measured using a
Nicomp ZLS Z3000 (PSS, Port Richey, FL, USA), and the Fe content was
quantified using ICP-OES (CPOES7200, Thermo Fisher, USA).

2.2. Mouse serum preparation

Animal experiments were conducted according to the National In-
stitutes of Health guidelines for the ethical use of animals in research
and were approved by the Laboratory Animal Welfare and Ethics
Committee of the Army Medical University. Female mice approximately
8 weeks old were used for serum preparation. Mouse whole blood was
collected via cardiac puncture after anesthetization with 3 % isoflurane.
The blood was left at room temperature for 2 h and centrifuged at 1500 g
for 5 min, after which the resulting supernatant was collected and stored
at —80 °C until use.
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2.3. Preparation of lysosomal and cytoplasmic proteins from J774A.1
cells

Lysosomal proteins were prepared using a lysosomal protein
extraction kit (Solarbio, Beijing, China). Briefly, approximately 1 x 107
cells were collected at 4 °C and then washed twice with phosphate buffer
saline (PBS). Reagent A was added, and the solution was shaken for 10
min on ice, followed by homogenization with a Dounce homogenizer.
The supernatant was then collected after centrifugation at 4000g. Then,
centrifugation at 20,000 g for 20 min was carried out to collect the
sediment, which was then resuspended in 500 pL of Reagent B. The
dispersion liquid was centrifuged at 20,000 g for 20 min; then, the
sediment was collected, and Reagent C (100 pL) was added to resuspend
the sediment. Finally, the total lysosomal proteins were prepared by
collecting the supernatant after centrifugation at 12,000 g for 20 min.
The cytoplasmic proteins were extracted using a cytoplasmic protein
extraction kit (Solarbio). Approximately 1 x 107 cells were washed
twice with cool PBS, and then, lysis (1 mL) solution was added. The cells
were subsequently collected with a cell scraper. After a 30-min lysis, the
cytoplasmic proteins were obtained by collecting the supernatant after
centrifugation at 12,000 g for 20 min.

2.4. IONP-PC complex preparation

Briefly, exPCs formed in the cell culture environment and blood
environment were obtained by co-incubation of IONPs with 10 % and
complete murine serum at 37 °C for 1 h, the mixtures were then
centrifuged at 21,000 g for 25 min at 4 °C to collect the pellets. After
being washed two times with PBS, the final pellets were resuspended in
100 pL of PBS for use (marked as IONP@LS and IONP@HS, respec-
tively). The IONP@LS and IONP@HS were imaged with negative-
stained TEM to confirm the coating of proteins on IONPs. Briefly, 3-5
pL sample solution was deposited onto a copper grid and allowed to sit
for 5 min. Subsequently, the excess solution was removed from the pe-
riphery using filter paper. Subsequently, 5 pL was added for 0.5-1 min
and then removed the excess uranium acetate with filter paper imme-
diately. The sample was then air-dried and imaged with TEM.

To simulate the evolution of exPCs during cellular internalization
[22], the two IONP-exPC complexes were incubated with lysosomal
proteins at 37 °C for 1 h, and the collected pellets were resuspended in
cytoplasmic proteins and further incubated at 37 °C for 1 h to prepare
IONP-iPC complexes. The resulting IONP-iPC complexes were named
IONP@LSC and IONP@HSC, respectively.

2.5. Preparation of gene-edited cell lines

Three different low-density lipoprotein receptor (LDLR)-expressing
AML12 cell lines (normal, medium-low, and low LDLR-expressing cells)
were generated via siRNA-mediated knockdown. Briefly, AML12 cells
were cultured in 96-well plates and transfected with LDLR siRNA at
concentrations of 0, 20, and 100 M to generate normal, medium-low,
and low LDLR-level cells, respectively. After 72 h of transfection, the
LDLR gene expression levels were detected using quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) and immunofluo-
rescence staining. An Angiopoietin 1 (Ang 1)-overexpressed J774A.1 cell
line was generated by transfection of Ang 1-overexpressing plasmid.
Briefly, J774A.1 cells were cultured in 96-well plates and transfected
with the Ang 1 plasmid (200 ng per well) using Lipo8000 to generate Ang
1-overexpressing cells. After 72 h of transfection, the Ang 1 expression
level was detected using immunofluorescence staining, and the Ang 1-
overexpressed cells were used for further experiments.

2.6. Cellular uptake analysis

First, the cytotoxicity of IONPs on J774A.1 cell was assessed using
CCK-8 assay. Then, J774A.1, 4T1, and AML12 cells were used to test the
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effect of exPCs on cellular uptake of IONPs, IONP@LS, and IONP@HS. In
order to trace the internalization of NPs in J774A.1 cells by Laser
Scanning Confocal Microscope (LSCM), the FITC-labeled IONPs,
IONP@LS, and IONP@HS were synthesized through the EDC/NHS or co-
incubation of FITC with IONPs, IONP@LS, and IONP@HS, respectively.
The FITC contents around IONPs, IONP@LS, and IONP@HS were stan-
dardized to the same iron content by adjusting the amount of FITC used.
The influence of FITC-labeling on the physicochemical property of
IONPs, IONP@LS, and IONP@HS was analyzed by detecting the Zeta-
potential before use. Subsequently, approximately 1 x 10* cells were
seeded in 96-well plates and cultured overnight until cell adherence.
Then, the cells were incubated with 100 pL serum-free Dulbecco’s
modified Eagle’s medium (DMEM) containing FITC-labeled IONPs,
IONP@LS, or IONP@HS (Fe = 20 pg mL_l). After 2, 4, and 6 h of in-
cubation, the cells were stained with Hoechst 33342 for 30 min and then
washed with PBS three times to remove the extracellular IONPs. Then
the images were obtained using a LSCM (LSM 880 Airyscan, Carl Zeiss
Microscopy, Germany), and the uptake content was determined via
visualization of the green fluorescence. In addition to visualize the
internalization by LSCM, the TEM was also used to confirm the uptake of
NPs. Briefly, the IONP@LS and IONP@HS treated J774A.1 cells were
collected after 6 h co-incubation and fixed with glutaraldehyde for
preparing TEM samples. Besides, the Prussian Blue staining was also
used to stain the intracellular iron in AML12 cells with a Prussian Blue
staining kit (Solarbio, Beijing, China). For quantitative analysis, the cells
were seeded in 6-well plates and treated via a procedure similar to that
described above. Finally, the cells were harvested, counted, and then
digested with 0.5 mL chloroazotic to measure Fe content using ICP-
OES. To further analyze the endocytosis pathway of NPs in J774A.1
cells, the cells were pre-treated with chlorpromazine, genistein, and
cytochalasin D to specifically inhibit clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and macropinocytosis. Cells without
any pre-treatments were selected as controls. After treatment with FITC-
labeled IONPs, IONPs@LS, or IONPs@HS (Fe = 20 pg mL™1) for 6 h, the
cells were processed using a procedure similar to the workflow as
mentioned above for LSCM and ICP-OES.

2.7. SDS-PAGE analysis

IONP@LS, IONP@HS, IONP@LSC, and IONP@HSC with the same Fe
content were added to the protein loading buffer and then heated in a
water bath at 95 °C for 5 min to fully denature the proteins. Subse-
quently, the samples were added to an SDS-PAGE gel and subjected to
80 V electrophoresis for 20 min and then to 120 V electrophoresis for 1
h. Coomassie blue staining was utilized to stain the gel, which was then
imaged with a gel imaging system (Bio-Rad).

2.8. Label-free liquid chromatography tandem mass spectrometry (LC-
MS/MS) proteomics analysis

LC-MS/MS analysis and bioinformatics analysis were conducted by
PTM Biolab (Hangzhou, China). The PCs were digested into peptides
with trypsin and then analyzed using Q Exactive™ HF-X mass spec-
trometry (Thermo Fisher Scientific). A data-dependent scanning pro-
gram was used for data acquisition, and the resulting LC-MS/MS data
were processed using the MaxQuant search engine (v. 1.6.15.0). The
false discovery rate was set to <1 %.

2.9. RNA-seq analysis

To anatomize the effect of IONP-PCs on cell transcription, approxi-
mately 1 x 10° J774A.1 cells were seeded into 6-well plates overnight at
37 °C. Then, the cells were treated with IONPs, IONPs@LS, or
IONPs@HS for 6 h at suitable concentrations (the same amount of Fe
was taken up), and the untreated cells were used as negative controls.
After treatment, the medium supernatant was removed, and the cells
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were washed 3 times with cold PBS. Then, 1 mL of TRIzol reagent was
added to lyse the cells for further RNA-seq analysis (LC Sciences,
Hangzhou, China) and gene expression verification.

2.10. Transcriptome result verification

Initially, RNAs were obtained from J774A.1 cells treated with IONPs,
IONP@LS, or IONP@HS for 6 h using an RNAsimple Total RNA Kit
(Tiangen, Beijing, China) and reverse-transcribed into ¢cDNA with a
PrimeScript™ 1st Strand ¢cDNA Synthesis Kit (Takara, Dalian, China).
Then, qQRT-PCR was conducted with TB Green™ Premix DimerEraser™
(Takara, Dalian, China) using an ABI 7500 Real-Time PCR system
(Applied Biosystems). The amplification procedure consisted of 95 °C
for 2 min, followed by 40 cycles of 8 s at 95 °C and 35 s at 60 °C. The
primers were synthesized by Sangon Biotech (Shanghai, China), and the
sequences are listed in Table S1.

To verify the cellular uptake capacity, which acquired from Gene Set
Enrichment Analysis (GSEA) analysis, the IONPs-treated cells were co-
incubated with FITC-dextran and then detected with a laser scanning
confocal microscope (Carl Zeiss, Oberkochen, Germany).s.

2.11. Western blot analysis

After IONP@LS and IONP@HS treatment, the cells were washed, and
the total proteins were extracted and quantified by a BCA protein
quantitative kit. Approximately 20 ug of proteins from each sample were
analyzed by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and then transferred to polyvinylidene difluoride membrane. After
blocking with 3 % BSA, the membranes were incubated with primary
antibodies at 4 °C overnight. HRP-conjugated goat anti-rabbit IgG
antibody was used as the secondary antibody, and the bands were
imaged using an Image Quant LAS 4000 (GE Healthcare Life Sciences)
after staining with an Enhanced Chemiluminescent Kit (Beyotime
Biotechnology, Shanghai, China).

2.12. Statistical analysis

All the data were presented as the means+SDs. Differences between
the two groups were analyzed by one-tailed Student’s t-test. Compari-
sons were conducted with GraphPad Prism (San Diego, CA, USA). p <
0.05 was considered to indicate statistical significance.

3. Results and discussion
3.1. IONPs preparation and exPCs formation

Due to their superior magnetic properties, biocompatibility, and
biodegradability, IONPs had shown enormous application potential in
nanotheranostics [23-25], and were selected as model NPs for subse-
quent experiments. IONPs were first prepared by the thermal decom-
position of iron pentacarbonyl, which conferred hydrophilicity via
ligand exchange and characterized comprehensively. As depicted in
Fig. 1A, the prepared NPs displayed a spherical shape with good mon-
odispersity under aqueous conditions, and the diameter was 15.8 + 1.2
nm (Fig. S1). XRD was conducted to analyze the crystal structure of the
synthesized NPs. A similar peak pattern to that of Fe3O4 NPs (PDF
#01-1111) could be observed in Fig. 1B, confirming the successful
synthesis of crystalline IONPs. The elemental composition and metal
oxidation states were clarified using XPS analysis in the region of
200-800 eV (Fig. 1C). The photoelectron lines at binding energies of
712, 532, and 285 eV were identified and correspond to Fe2p, Ols, and
Cls, respectively [26]. Further Dynamic Light Scattering (DLS) analysis
revealed that the mean hydrodynamic diameter of the IONPs was 23.6
+ 1.1 nm in HpO (Fig. 52), which was larger than the diameter deter-
mined via TEM and demonstrated the successful modification of the
hydrophilic groups on the IONP surface.


mailto:IONP@HSJ774A.1

L. Zhang et al.

Materials Today Bio 28 (2024) 101215

(@)

311

Intensity (a.u.)

Fe,0, 01-1111

C1§

G20

Intensity (a.u.)

800 700 600 500 400 300 200
Binding Energy (eV)

-~

=

x

&

D

<9

=

<

£

=

g

w

=

<

S

B |——TONPs
——IONP@LS
——IONP@HS

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

@ 2
3 3

3

N B @
3

Relative intensity
3

>

>

10 100 1000 10000 ) 200 400 600

Hydrodynamic radius (nm)

Hydrodynamic radius (nm)

1000 1200 1400 200 400 600 800 1000 1200 1400

Hydrodynamic radius (nm)

Fig. 1. IONPs characterization and exPCs formation. (A) TEM image of IONPs. (B-C) XRD pattern and XPS spectra of IONPs. (D-E) TEM images of uranyl acetate-
stained IONP@LS (D) and IONP@HS (E). (F) FTIR spectra of IONPs, IONP@LS, and IONP@HS. (G-I) Hydrodynamic light scattering images showing the hydro-
dynamic sizes of IONPs (G), IONP@LS (H), and IONP@HS (I) in PBS at different times.

Previous studies have confirmed that intracellular biological effects
of iPCs depend on the NPs and cell types specifically. However, for the
same NPs with different exPCs, whether the evolution of exPCs after
entering cells results in distinct metabolic regulation of the cells is still
unclear. To explore this, two types of exPC-coated IONPs (denoted as
IONP@LS and IONP@HS) were prepared by co-incubating IONPs with
mouse serum at low and high serum concentrations, respectively. First,
to explore the suitable dose of IONPs and serum used for the formation
of exPCs, different concentrations (Fe = 100, 150, 200, 300, and 400 pg)
of IONPs were co-incubated with 100 pL of mouse serum in a total
volume of 1 mL, and then the surface exPCs were identified by SDS—
PAGE. Similar protein band patterns were observed among these exPC-
coated IONPs (Fig. S3), indicating that there were sufficient serum
proteins (100 pL) for IONPs within the tested Fe concentrations range
(100—400 pg). Hence, we incubated 200 pg of IONPs with 100 pL and
500 pL of serum in a total volume of 1 mL to prepare IONP@LS and
IONP@HS, respectively. Negative-stained TEM images revealed the
presence of protein layers (indicated by black arrows) surrounding the
IONPs in both IONP@LS and IONP@HS groups (Fig. 1D and E), and the
slight aggregation of NPs may be attributed to protein-protein in-
teractions in the corona [27,28]. Due to the special construction of
proteins (amide I), the FTIR spectrum can easily visualize the adsorbed
proteins. As shown in Fig. 1F, the IONPs, IONP@LS, and IONP@HS
presented similar spectrum bands of 750-500 cm™!, which may be

attributed to the presence of IONPs. Nevertheless, IONP@LS and
IONP@HS exhibited specific spectrum bands within the range of
1750-1000 cm™ !, which can be attributed to the amide I vibration band
[29]. To evaluate the effect of exPCs on the colloidal stability of IONPs in
an environment similar to that of a physiological liquid, PBS was used to
resuspend these NPs, then the hydrodynamic size was measured over an
extended period. As depicted in Fig. 1G-I, although the sizes of
IONP@LS and IONP@HS showed similarities in TEM images (Fig. 1D
and E), a significant difference in hydrodynamic size was identified here.
Upon resuspension in PBS for 5 min, the hydrodynamic sizes of
IONP@LS and IONP@HS changed to 74.1 + 0.4 nm and 129.3 + 1.1
nm, respectively. Previous studies indicated that one of the limitations of
TEM analysis was that post-evaporation of the liquid medium, the
dispersion state of the sample deposited on the copper grid surface might
differ from the original state in dispersion solution, especially when an
excessive number of NPs with an aggregation were deposited. In
contrast, the hydrodynamic size determined via DLS was calculated by
measuring the angle and intensity of scattered light within the suspen-
sion. It could measure the size of NPs accurately while accounting for
potential aggregation. Consequently, it was believed that the protein
coronas around NPs, combined with the different degrees of aggregation
led to the increased and different DLS results between IONP@LS and
IONP@HS. On the other hand, although the hydrodynamic sizes of
IONP@LS and IONP@HS increased after exPCs formation, they
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remained stable in PBS for up to 3 days, whereas the IONPs increased
from 28.0 + 0.5 nm to 1502.4 + 173.8 nm within 30 min. Moreover,
variations in the hydrodynamic size between IONP@LS and IONP@HS
indicated a potential difference in the composition of exPCs. Taken
together, these results demonstrated that the formation of exPCs on
IONPs substantially promoted their stability in PBS, resulting in better
compatibility with the physiological environment in blood.

3.2. Uptake of IONP-exPCs by macrophages

As one of the paramount biological mechanisms, the elimination
induced by the mononuclear phagocyte system (MPS) presents the
initial hurdle for biomedical NPs upon their introduction into the
bloodstream [30]. Adsorption of serum proteins can modulate the blood
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circulation time of NPs by either accelerating or inhibiting MPS elimi-
nation [31,32]. In this regard, we first tested the effect of exPCs on the
internalization of IONPs by macrophages. To explore this, we used
J774A.1 cell, a mouse macrophage line, to measure the kinetics of
IONP@LS and IONP@HS internalization in vitro using LSCM and ICP-
OES. Before conducting this, we confirmed that IONPs at a concentra-
tion of 20 pg mL~! Fe exhibited negligible cytotoxicity to J774A.1 cells
(Fig. S4); therefore, we chose this concentration of IONPs for subsequent
experiments.

Initially, the Zeta potential was assessed to evaluate the potential
impact of FITC labeling on the physicochemical property of NPs. The
findings demonstrated that FITC labeling showed no significantly in-
fluence on the physicochemical property of the NPs (Fig. S5). Subse-
quently, the FITC-labeled NPs were employed for LSCM to investigate
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Fig. 2. Effect of exPCs on cellular uptake. (A-B) The LSCM images and Fe content in J774A.1 cells after treatment with IONPs, IONP@LS, or IONP@HS for different
durations (2, 4, and 6 h). Green, FITC-labeled NPs; Blue, cell nucleus. (C-D) The LSCM images and Fe content in endocytosis inhibitor pre-treated J774A.1 cells after
co-incubation with IONPs, IONP@LS, and IONP@HS for 6 h. I, Genistein pretreatment; II, Chlorpromazine hydrochloride pretreatment; III, Cytochalasin D pre-
treatment. (E-F) TEM images of J774A.1 cells after IONP@LS (E) and IONP@HS (F) treatment for 6 h, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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cellular uptake. As shown in Fig. 2A, the J774A.1 cells treated with
IONPs, IONP@LS, and IONP@HS, showed continuous internalization of
NPs within 6 h in a time-dependent increasing manner. The most and
least uptake at 6 h were observed in IONPs and IONP@HS, respectively.
For more accurate quantitative internalization, the Fe contents in cells
were measured by ICP-OES (Fig. 2B). IONPs were found to have the
highest internalization level (27.2 + 2.4 pg/cell at 6 h), followed by
IONP@LS (18.0 + 1.4 pg/cell at 6 h), whereas IONP@HS showed the
least uptake by J774A.1 cells (8.0 &+ 0.8 pg/cell at 6 h). These differ-
ential endocytosis profiles confirmed the influence of exPCs on the up-
take of IONPs by J774A.1 cells. Furthermore, to verify the
internalization of IONPs@LS and IONP@HS, the cells were imaged with
TEM and a large number of IONPs were observed inside the cells (Fig. 2E
and F).

Besides impacting the internalized contents through exPCs-macro-
phage interaction, the internalization pathways, which may lead to
different intracellular fates of NPs [33,34], can also be influenced by
exPCs. Macrophages can internalize allogenic NPs through various
ways, such as caveolae-mediated, clathrin-mediated endocytosis, and
macropinocytosis. To investigate the effect of exPCs on specific endo-
cytic pathways, three endocytosis inhibitors including genistein, chlor-
promazine hydrochloride, and cytochalasin D were utilized to suppress
caveolae-mediated endocytosis, clathrin-dependent endocytosis, and
macropinocytosis, respectively. As Fig. 2C and D showed, pre-treatment
with genistein and chlorpromazine hydrochloride had a negligible effect
on the internalization of IONPs (<10 %), as determined by LSCM and
ICP-OES. In contrast, there was a significant decrease (ca. 41.5 %) in
cytochalasin D-pretreated J774A.1 cells, thus revealing macro-
pinocytosis as the primary internalization pathway for IONPs.
Regarding IONP@LS, a conspicuous decrease in green fluorescence
could be observed in cells treated with all three inhibitors, with genis-
tein, chlorpromazine hydrochloride, and cytochalasin D causing 36.0 %,
16.6 %, and 35.3 % decreases in endocytosis, respectively. This indi-
cated the involvement of multiple endocytosis pathways for IONP@LS,
primarily caveolae-mediated endocytosis and macropinocytosis.
IONP@HS showed the least green fluorescence compared with IONPs
and IONP@LS, and displayed much stronger inhibition rates than
IONP@LS by corresponding inhibitors. Taken together, these results
highlighted the differences in the internalization content and internali-
zation pathway between IONP@LS and IONP@HS by macrophages,
indicating exPCs have significant influences on NPs-cytomembranes
interactions.

3.3. Identification of exPCs

Previous studies have indicated the crucial role of protein component
of exPCs in mediating cell-NP interactions; therefore, identification of
the protein composition of exPCs may contribute to understanding the
mechanism of internalization differences. Here, the protein contents
around the IONP-exPCs were first analyzed quantitatively, and
approximately 0.67 + 0.12 pg and 1.06 + 0.26 pg of protein per pg of Fe
were detected in the IONP@LS and IONP@HS, respectively. Then, SDS-
PAGE was employed to analyze the protein composition of exPCs sur-
rounding the IONPs by loading the same amount of the IONP-exPCs
complexes with the same amount of Fe. As shown in Fig. 3A, IONP@LS
and IONP@HS showed distinct distribution patterns of proteins
depending on molecular weight, suggesting differences in protein spe-
cies and contents between the two corona formations.

Subsequently, LC-MS/MS was used to investigate the protein com-
positions of the two aforementioned exPCs. Principal component anal-
ysis (PCA) revealed two distinct clusters, indicating a significant
difference in protein composition between IONP@LS and IONP@HS and
indicating reliable biological repeatability in each group (Fig. 3B). Then,
the different expressed proteins identified in IONP@LS and IONP@HS
were visualized using a heat-map (Fig. 3C) and volcano plot (Fig. 3D),
from which 131 proteins with higher abundance and 91 proteins with
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lower abundance were identified in IONP@HS than in IONP@LS. The
top 20 varied proteins (11 with higher abundance, 9 with lower abun-
dance) were identified and listed in Table S2. From which, we noticed
that many of these differential proteins were associated with comple-
ment or immune response, such as complement factor B (cfb) and
immunoglobulin kappa chain variable 7-33 (Igkv7-33), which belong to
opsonin-related proteins and could be recognized by macrophages to
accelerate the internalization of NPs [18], the differences in opsonin and
dysopsonin proteins between these two exPCs were then analyzed
comprehensively (Fig. 3E). We found opsonin-dominated and
dysopsonin-lacking protein components in IONP@LS, which explained
the higher internalization of IONP@LS than IONP@HS by macrophages.
Besides the difference in opsonin proteins, a greater abundance of al-
bumin (Alb, which can bind to gp60, a receptor involved in
caveolae-mediated endocytosis) was identified in IONP@HS (Fig. 3C),
which may be in charge of the higher caveolae-mediated endocytosis
inhibition for IONP@HS (Fig. 2C and D). Meanwhile, the lipoproteins
Apob, Apoa2, Apoa3, Apoa4, Apoa5, and Apocl also existed significant
differences in content between IONP@HS and IONP@LS (Fig. 3D),
which could lead to distinct internalization efficiencies by LDLR-rich
hepatocytes (This was confirmed in the following testing).

In addition to influencing the uptake by cells, variations in exPCs
could also engender additional biological consequences. To discern
these potential biological impacts, an enrichment analysis of gene
ontology (GO) was executed utilizing the differential proteins to gain a
deeper understanding of the multifaceted characteristics of genes and
their respective biological effects. As shown in Fig. 3F and G, the GO
enrichment analysis revealed that the exPCs formed at these two
different protein concentrations result in differential biological pro-
cesses such as the morphogenesis of branching epithelia, acute inflam-
matory responses, and membrane lipid metabolism, and in molecular
functions such as icosanoid binding, fatty acid derivative binding, and
CXCR chemokine receptor binding. Among these different items, we
noted that CXCR chemokine receptor binding, a receptor over-expressed
in tumor cells that recognized Cxcl5 [35], showed greater enrichment in
IONP@HS than in IONP@LS, indicating IONP@HS may have a better
tumor cell targeting capacity than IONP@LS and that this was confirmed
by an internalization experiment in 4T1 cells (Fig. S6).

Overall, these findings confirmed that the different components of
exPCs contributed to the differences in MPS-related internalization and
tumor cell targeting capacity. The reduced tumor cell targeting capacity
and increased MPS clearance of IONP@LS could lead to an incorrect in
vitro evaluation of the accumulation of IONPs in tumors.

3.4. LDLR-mediated hepatocyte uptake of IONP-exPCs

Based on the proteomic analysis presented in Fig. 3D, a notable
dissimilarity in lipoprotein content was found between the two IONP-
exPCs complexes. Previous studies have indicated that hepatocytes
play a central role in the clearance of exogenous NPs, especially
lipidosome-associated or lipoprotein-coated NPs [36]. Lipoproteins,
consisting of lipid and protein components, were found in plasma and
frequently adsorbed by NPs to compose exPCs. For instance, as shown in
Fig. 3D, the lipoproteins Apob, Apoa2, Apoa4, and Apocl were identi-
fied with a lower abundance in IONP@HS than in IONP@LS. LDLR, a
receptor that could recognize and mediate the endocytosis of lipopro-
teins, particularly Apob, into hepatocytes, thereby decreasing the life-
time of systemic circulation through the acceleration of hepatic
clearance. To elucidate the influence of exPCs on hepatocyte uptake and
underlying mechanism, AML12 mouse hepatocyte cell line was
employed. After co-incubation with AML12 cells in serum-free condi-
tions, IONP@HS-treated cells showed significantly less blue pigment
than IONP@LS-treated cells (Fig. 4C, the control group). To identify the
reason for this difference in endocytosis efficiency, two different con-
centrations of LDLR-siRNA were used to knock down LDLR expression to
generate two genetically edited AML12 cells with medium or low LDLR
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levels, which were confirmed by immunofluorescence staining and
qRT-PCR analysis (Fig. 4A and B). After treatment with IONP@LS or
IONP@HS for 6 h, normal AML12 cells exhibited the most blue pigment
(the control group), whereas AML12 cells with medium or low LDLR
levels demonstrated decreased uptake of IONP@LS and IONP@HS
(Fig. 4C). Furthermore, the Fe contents in different AML12 cells were
analyzed by ICP-OES (Fig. 4D). Compared with those of control cells,
significantly reduced internalization contents of IONP@LS and
IONP@HS were observed in siRNA-treated cells, but no significant dif-
ference was detected between IONP@LS and IONP@HS in
LDLR-knockdown cells (p > 0.05), which further underscored the role of
LDLR in mediating the uptake of IONP@LS and IONP@HS. These find-
ings confirmed that the difference in the lipoprotein content of exPCs
was responsible for the difference in hepatocyte clearance between
IONP@LS and IONP@HS.

Collectively, these discoveries suggested that exPCs, formed in
different biofluids, may instigate differential internalization rates of
IONPs by macrophages or hepatocytes via specific protein species such
as Fnl, C4b, Alb, and Apob.

3.5. Transcriptome analysis of intracellular biological effects

While previous studies have emphasized the potential of exPCs to
mediate nano-cytomembrane interface reactions, there has been limited
research on their impacts on intracellular biological outcomes. To
determine the impact of initial exPCs on intracellular physiological be-
haviors, whole-transcriptome sequencing (RNA-seq), an effective
methodology for delineating genome-wide changes in gene expression,
was used to analyze mRNA expression patterns. As the main components
of the MPS, macrophages were well-known target cells in NPs-based
inflammatory therapy and cancer treatment, among others. Hence,
J774A.1 cells were also used as model cells to explore the potential

differences in the intracellular biological effects of IONP@LS and
IONP@HS.

The Pearson’s correlation coefficient for each group was found more
than 0.99 (Fig. S7), indicating a high level of repeatability. Then, a
differential gene clustering heat-map was constructed to visualize the
gene expression profiles of the cells exposed to IONPs, IONP@LS, and
IONP@HS and control cells (Fig. 5A). IONPs-treated cells exhibited an
expression pattern that was more similar to that of blank control cells,
whereas the expression patterns of IONP@LS and IONP@HS were more
similar. The numbers of differentially expressed genes in different
comparisons were determined and shown in Fig. 5B. Compared with
IONPs, the formation of exPCs significantly increased the number of
differentially expressed genes. The largest difference was observed be-
tween the IONP@HS and control cells, indicating that the formation of
exPCs around IONPs in a high-protein environment may have a greater
influence on the intracellular biological effect. Although only 58
differentially expressed genes were identified between the IONP@LS
and IONP@HS treatments (Fig. 3C), this finding indicated that exPCs
with different compositions can induce distinct intracellular biological
effects.

To elucidate the regulatory effects of the two exPCs on functional
gene sets, gene set enrichment analysis (GSEA) was performed to
investigate alterations in enriched signaling pathways between
IONP@LS and IONP@HS treatment. As shown in Figs. S8A and B,
complement activation and immune response signaling pathways,
which played critical roles in the regulation of physiological and path-
ological reactions such as bacteriolytic and cytotoxic effects, were down-
regulated in IONP@HS-treated J774A.1 cells compared with IONP@LS-
treated cells. The mRNA levels of complement component 1 (C1S1) and
aconitate decarboxylase 1 (ACOD1) in IONP@HS- and IONP@LS-treated
J774A.1 cells were analyzed and displayed in Fig. S9. C1S1 encoded a
serine protease, which was a major component in complement
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subcomponent C1, and we identified a down-regulation in IONP@HS-
treated cells compared with IONP@LS-treated cells, which was consis-
tent with the GSEA results (Fig. S8A). The ACOD1 protein acted as a
negative regulator of the Toll-like receptor-mediated inflammatory
response. We identified a significant increase in ACODI mRNA in
IONP@HS-treated cells (p < 0.01), which was also shown in Fig. 5C,
combined with the decreased CISI mRNA, indicating the down-
regulation of the immune response in IONP@HS-treated cells, which
was also consistent with the GSEA results (Fig. S8B). In addition, the
cells subjected to IONP@HS treatment also exhibited a down-regulated
expression pattern in relation to caveolae and phagocytosis (Figs. S8C
and D), suggesting that IONP@HS-treated J774A.1 cells exhibited
weaker internalization than IONP@LS-treated cells, which was verified
by an uptake assay (Fig. S10).

In addition to the above-mentioned common impacts, some specific
biological processes were also enriched in the present study. As shown in
Fig. 5D, the PI3K/AKT and mTOR signaling pathways showed decreased
expression levels in IONP@HS-treated J774A.1 cells compared with
IONP@LS-treated cells. The PI3K/AKT and mTOR signaling pathways
played key roles in numerous physiological activities in cells, and ac-
cording to GSEA, glycolysis and autophagy were involved. To verify
these changes in biological behaviors, western blotting analysis was
used to test the expression levels of p-mTOR, p-PI3K, and p-AKT. As
shown in Fig. 5E, all the tested proteins in cells treated with IONP@LS
and IONP@HS were decreased compared with those in control cells, and
IONP@HS treatment induced the lowest protein levels, which confirmed
the GSEA results. To further evaluate glycolysis and autophagy activity
in IONP@LS- and IONP@HS-treated cells, hexokinase 1 (HK1)-based
immunofluorescence staining and MDC-based autophagy staining were
conducted, and the results were shown in Fig. 5F and G. As expected, the
cells treated with IONP@HS displayed weaker fluorescence intensity
than IONP@LS-treated cells, and the strongest fluorescence intensity
was detected in the control cells. Therefore, we concluded that
IONP@LS and IONP@HS treatment resulted in differences in glycolysis
and autophagy, mainly through changes in the PI3K/AKT-mTOR
signaling pathway. Previous studies have shown that mTOR often in-
hibits autophagy through the classical autophagy-related 13 pathway,
but both mTOR and autophagy decreased in IONP@HS, indicating that a
non-classical pathway may be involved, such as p70S6-mediated auto-
phagy with a feedback model [37], which was confirmed in Fig. 5E. A
schematic of the exPCs-induced glycolysis and autophagy through the
PI3K/AKT-mTOR signaling pathway was shown in Fig. 5SH. However,
the mechanism of exPCs-induced differences in glycolysis and auto-
phagy needed further exploration.

3.6. The evolution of exPCs after internalization contributes to metabolic
behaviors

For most biomedical NPs, they work mainly at subcellular locations.
As the intracellular environment differs dramatically from the extra-
cellular environment, and once internalized, NPs may be subject to ex-
change with native intracellular proteins, leading to the evolution of
exPCs and interference with intracellular proteostasis, thus contributing
to the different metabolisms in cells.

Predominantly, NPs underwent the endosome-lysosome route of
intracellular trafficking, where they eventually permeated into the
cytoplasm or subcellular organelle to exert their pharmacological
functions or be transported outside via secretory vesicles. Therefore, as
an initial step, we analyzed the evolution of exPCs during the biological
process of intracellular transport. While the extraction of IONPs-iPCs
complexes from intracellular environments post-NPs treatment might
yield more precise results, the separation procedures could introduce a
range of chemicals, including cell lysate, potentially resulting in the
modification of PCs. Hence, we simulated the intracellular transport
process of NPs in vitro, which was a universally recognized method
under current technical conditions. Fig. S11 illustrated the incubation
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workflow of the two exPCs-coated IONPs (IONP@LS and IONP@HS)
with sequential lysosomal and cytoplasmic proteins to simulate intra-
cellular transport, resulting in the formation of new protein-coated
IONPs (denoted as IONP@LSC and IONP@HSC, respectively).

The proteins in IONP@LSC and IONP@HSC were initially charac-
terized using SDS—-PAGE analysis. IONP@LSC and IONP@HSC showed
partial differences in brightness for specific protein bands, suggesting
differences in the abundance for these proteins (Fig. 6A). Subsequently,
label-free LC-MS/MS was used to quantitatively analyze these differ-
ences. As presented in Fig. S12, the IONP@LSC and IONP@HSC groups
showed two discernible clusters with obvious differences in the PCA
scatter plot. Then, the up-regulated and down-regulated proteins in the
different comparison groups were analyzed (Fig. 6B). Specifically, 76
and 82 proteins were found to be up- and down-regulated in IONP@LSC
compared with those in IONP@LS (Group I), suggesting the exchange of
proteins in IONP@LS during incubation with lysosomal and cytoplasmic
proteins. Interestingly, many more differences were identified between
IONP@HSC and IONP@HS (Group II), suggesting more pronounced
intracellular protein exchange in IONP@HS than in IONP@LS. For the
comparison of IONP@HSC and IONP@LSC (Group III), we discerned a
total of 184 different proteins and generated a heat-map (Fig. 6B and C).
The number of these differential proteins was notably less than that
observed in exPCs (which comprised 222 proteins). This suggests that
the uniform intracellular environment during the internalization of NPs
mitigates the disparities in the composition of exPCs that originate from
varying extracellular environments.

To gain further insight into the impact of differential proteins on
specific functional pathways, particularly the observed differences in the
PI3K/AKT-mTOR signaling pathway, glycolysis, and autophagy, a
comprehensive analysis of these differentially-enriched proteins was
undertaken. From which, the angiopoietin 1 (Ang 1) was identified and
showed a significant difference between IONP@HSC and IONP@LSC,
which may potentially contribute to the observed variations in PI3K/
AKT-mTOR, and glycolysis and autophagy [38,39]. To verify the dif-
ference in Ang 1 content between IONP@HSC and IONP@LSC, the two
complexes were analyzed by western blotting and the results were
showed in Fig. 6E. Significantly more Ang 1 protein was found in
IONP@HSC. To further confirm the more depletion of Ang 1 after
IONP@HS treatment, the PCs formed in lysosomes were also analyzed,
and the relative variation in Ang 1 content from lysosomes to cytoplasm
was showed in Fig. S13. Elevated level of Ang 1 was detected in
IONP@HSC, suggesting a greater depletion of intracellular Ang 1
following IONP@HS treatment. This finding was corroborated by quartz
crystal micro-balance analysis, which demonstrated that Ang 1 exhibi-
ted a greater binding affinity to IONP@HS than to IONP@LS (Fig. S14).
The precise mechanisms underlying this enhanced affinity between Ang
1 and IONP@HS, potentially involving protein—protein interactions,
electrostatic interactions, and hydrogen bonding, among other factors,
remain unclear. Although previous studies have shown that Ang 1 plays
an important regulatory role in the PI3K/AKT-mTOR signaling
pathway, the PI3K/AKT-mTOR signaling pathway may be regulated by
other stimulations, like starvation. Hence, to test the effect of Ang 1
depletion on the PI3K/AKT-mTOR signaling pathway, the Ang 1-over--
expressing J774A.1 (J774A.14"8 1) cells were established through the
transfection of Ang 1 over-expressing plasmids (Fig. 6F). Subsequently,
these J774A.147 1 cells were treated with IONP@LS and IONP@HS,
followed by an analysis of the PI3K/AKT-mTOR signaling pathway. As
shown in Fig. 6G and H, there were no significant differences in any of
the tested proteins between the IONP@LS and IONP@HS groups, which
proved the difference in the depletion of Ang 1 contributed to the varied
PI3K/AKT-mTOR signalings. Furthermore, the autophagy and glycol-
ysis also showed no significant difference between the IONP@LS and
IONP@HS treated J774A.14"8 1+ cells (Fig. 61 and J). These results
confirmed that greater depletion of Ang 1 by IONP@HS contributed to
the decreased PISK/AKT-mTOR signaling, ultimately resulting in
different autophagy and glycolysis activities.
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Fig. 6. Evolution of the extracellular protein corona during internalization and the mechanism of metabolic differences. (A) SDS-PAGE analysis of IONP@LSC and
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cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

To summarize, proteomic analysis of iPCs formed during the simu-
lated endocytosis process of IONPs confirmed the dynamic exchange of
proteins between the original exPCs and intracellular proteins.
Furthermore, the difference in protein exchange of IONP@LS and
IONP@HS led to varied autophagy and glycolysis activities through
PI3K/AKT-mTOR signaling by the depletion of intracellular Ang 1.

4. Conclusions

In this study, two exPCs-coated IONPs were synthesized and their
biological impacts on both extracellular and intracellular were evalu-
ated comprehensively. The proteomic analysis of the two exPCs revealed
that the proteins presented in exPCs significantly impact the interactions

between IONPs and cytomembranes, a finding that aligned with the
results of numerous previous studies. Significantly, our research
revealed that distinct exPCs can stimulate diverse glycolysis and auto-
phagy activities following their uptake by J774A.1 cells. Futher prote-
omic analysis of iPCs indicated that the increased Ang 1 content in
IONP@HSC was responsible for the differences in autophagy and
glycolysis activities due to different depletion of intracellular Ang 1. In
summary, this study offers a potential explanation for the varying bio-
logical effects of NPs in different biological environments and guides the
design of NPs and reasonable analysis of results in various biological
environments, ultimately accelerating the clinical application of
biomedical NPs.
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