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The effects of nanoparticle morphology, especially size and shape, on their interactions with cells are of
great interest in understanding the fate of nanoparticles in biological systems and designing them for bio-
medical applications. While size and shape-dependent cell behavior, endocytosis mechanism, and sub-
cellular distribution of nanoparticles have been investigated extensively with gold and other nanoparticles,
studies on iron oxide nanoparticles (IONP), one of the most promising and well-thought-of nanomaterials
in biomedical applications, were limited. In this study, we synthesized oligosaccharide-coated water-
soluble iron oxide nanorods (IONR) with different core sizes (nm) and different aspect ratios (i.e., length/
width), such as IONR, at 140/6 nm and IONR at 50/7 nm as well as spherical IONP (20 nm). We investi-
gated how their sizes and shapes affect uptake mechanisms, localization, and cell viability in different cell
lines. The results of transmission electron microscopy (TEM) and confocal fluorescence microscopic
imaging confirmed the internalization of these nanoparticles in different types of cells and subsequent
accumulation in the subcellular compartments, such as the endosomes, and into the cytosol. Specifically,
IONR( exhibited the highest cellular uptake compared to IONRs and spherical IONP, 1.36-fold and 1.17-
fold higher than that of spherical IONP in macrophages and pediatric brain tumor medulloblastoma cells,
respectively. To examine the cellular uptake mechanisms preferred by the different IONR and IONP, we
used different endocytosis inhibitors to block specific cellular internalization pathways when cells were
treated with different nanoparticles. The results from these blocking experiments showed that IONR,
enter macrophages and normal kidney cells through clathrin-mediated, dynamin-dependent, and macro-
pinocytosis/phagocytosis pathways, while they are internalized in cancer cells primarily via clathrin/caveo-
lae-mediated and phagocytosis mechanisms. Overall, our findings provide new insights into further devel-
opment of magnetic IONR-based imaging probes and drug delivery systems for biomedical applications.

the nanoscale. As a great number of novel nanomaterials are
developed for biomedical applications," such as probes for

The extensive research and development of engineered nano-
materials for biomedical applications stem from their unique
physical and chemical properties, as well as their functions at
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imaging and carriers for drug delivery, there is an increasing
need to better understand the mechanisms and controlling
factors that regulate the interactions between exogenous nano-
materials and biological systems at the molecular, cellular,
and sub-organelle levels.> Given the complexity of biological
systems under different biological, physiological, and disease
conditions, and their specific applications for targeted and
precision medicine problems, the knowledge of such inter-
actions is critical for the design, preparation, and deployment
of engineered nanomaterials, especially inorganic nano-
materials, for optimal biosafety and efficacy of the intended
applications. Currently, interactions between nanoparticles
and biological systems are considered to be intricately influ-
enced by the physicochemical properties of nanoparticles,
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which encompass size, shape, and surface chemistry, as well
as the types and functions of cells.>* Prior investigations on
the effects of the physical and structural properties of nano-
particles on nanoparticle-cell interactions are largely based on
gold nanoparticles,”” since methods for preparing and con-
trolling the structural and morphological properties of gold
nanoparticles are well established. It is found that size and
shape are critical parameters in the processes and mecha-
nisms of cellular uptake and transport of nanoparticles in the
endocytic compartments,® while surface chemistry can signifi-
cantly influence how nanoparticles interact within biological
systems and their potential toxicity.”™' However, there are
fewer studies on these parameters based on magnetic iron
oxide nanoparticles (IONP), which are one of the most attrac-
tive inorganic nanomaterials for medical applications owing to
their distinctive magnetic properties and biocompatibility. In
situ polymerization of small water-soluble glucose molecules
onto magnetic IONP enhances their stability and solubility
and provides further surface modification for additional
applications.’** The glucose-coated IONP facilitates targeted
interactions with cells expressing glucose transporters (GLUTS)
on their membranes, presenting promising opportunities for
biomedical interventions.*™® Various forms of IONP have
been developed as contrast agents for magnetic resonance
imaging (MRI), carriers for magnetically guided drug delivery,
or mediators for heat-based therapies for hyperthermia, with
some already used in clinical applications.”*° Notably, most
IONP used in biomedical applications in vivo are made in
spherical or isotropic shapes with core sizes of 10-200 nm.
However, anisotropic one-dimensional (1D) nanostructures,
such as nanorods, have always been of great interest due to
their shape-dependent physicochemical or even physiological
properties. For example, studies found that anisotropic nano-
structures exhibit prolonged blood circulation time and
enhanced retention at tumor sites compared to spherical
nanostructures.*’

While most of these early investigations on the shape-
dependent properties and applications of nanomaterials were
conducted on gold nanomaterials, in which shape-controlled
preparation is fairly established, preparations of water-stable
and highly uniform iron oxide nanorods (IONR) have been
reported in recent years.”"*” The obtained IONR exhibited
enhanced magnetic characteristics in contrast to the widely
utilized spherical IONP with equivalent iron content. The aug-
mentation in magnetic properties correlates with the aspect
ratio (i.e., the length-to-width ratio of the core crystal), as evi-
denced by the gradual rise in magnetic saturation with the
elongation of the IONR.>* Importantly, investigations have
revealed that rod-shaped nanostructures do not induce shape-
specific toxicity.>® As most research on applications of IONP
and NP-cell interactions have focused on spherical IONP, the
impact of varied dimensions and aspect ratios of shape-con-
trolled IONR on cellular uptake, subcellular accumulation, and
cytotoxicity™* is very limited.

The current study re-investigated the effects of size- and
shape-dependent cell-nanoparticle interactions and cellular
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uptake in the context of IONR, given the great interest in apply-
ing such a new class of engineered magnetic nanomaterials
developed for MRI applications, including labeling cells for
imaging-based cell tracking, and targeted drug delivery with
imaging-monitoring. For this purpose, we synthesized water-
soluble IONR with two different aspect ratios and spherical
IONP to investigate the size and shape-dependent cellular
uptake and toxicity of these nanoparticles in different cell
lines, including macrophages, normal tissue cells, and cancer
cells, respectively, using fluorescence confocal microscopy,
transmission electron microscopy (TEM), and MTT assay. In
addition, different endocytosis inhibitors were utilized to
facilitate the investigation of the shape-dependent uptake
mechanisms and intracellular distribution of these
nanomaterials.

2. Experimental section
Materials

All chemicals and reagents utilized in the experiments were
sourced from commercial suppliers and used as received
without further purification. Iron(m) chloride hexahydrate
((FeCl3-6H,0), 97%) was ordered from Beantown Chemical
(USA). Sodium oleate (NaOA) was supplied by TCI (USA).
Oleylamine (70%), polyethyleneimine (PEI, 50%, molecular
weight 50-100 kDa), 1-octadecene (purity: 99.8%), b-
(+)-glucose, ammonium hydroxide (ACS grade), iron(ui) nitrate
nonahydrate ((FeN;Oo-9H,0); ACS reagent, >98%), dimethyl
sulfoxide (ACS grade, 99.9%), hexane (reagent grade, >98.5%),
dimethylformamide (ACS grade; >99.8%), and chloroform
(HPLC grade; >99.8%) were brought from Sigma-Aldrich
(Missouri, USA). Ethyl alcohol (200 proof/100%) was obtained
from KOPTEC (USA). Feraheme® (ferumoxytol) was supplied
by AMAG Pharmaceuticals Inc., Waltham, MA USA. SHP-10
(magnetic IONP with the carboxylic group) was obtained from
Ocean Nanotech LLC, San Diego, CA, USA. Bis-benzimide
H-33342 trihydrochloride trihydrate (Hoechst-33342, Cat.no.
J62134; 98%) was ordered from Alfa Aesar (Ward Hill, MA,
USA), LysoTrackerTM red DND-99 (Ref: L7528) was purchased
from Life Technology, USA. Cyanine 7 (Cy7) NHS ester was
brought from Lumiprobe, Life Science Solutions (USA). p-Slide
8-well-high glass bottom (Cat. No. 80807) was purchased from
Ibidi (Madison, USA). Chlorpromazine hydrochloride (98+%,
Cat. no. J63659.09) and cytochalasin D (Ref: PHZ1063) were
obtained from Thermo Fisher Scientific (USA), genistein
(>99%, Cat. no. RG004) was supplied by TSZ Chem. Methyl-
beta-cyclodextrin (Average MW 1310, Code: 377110050) was
ordered from Acros Organics (USA). Dynasore (Dynamin
inhibitor I, SC-202592) and amiloride HCl (SC-3578A) were
purchased from Chem Cruz (USA). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Ref. M6494) was
brought from Invitrogen (Thermo Fisher Scientific, USA).
Polyethersulfone (PES) sterile syringe filter membrane (0.2 pm;
Product no. 431229) was purchased from Corning®, Life
Sciences (New York, USA). Carbon film 300 mesh copper grid
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was supplied by Electron Microscopy Sciences CF300CU50,
USA. Amicon® Ultra - 15 centrifugal filters (30 kDa; Ref:
UFC903024) were purchased from Merck Millipore Ltd (USA).

Murine macrophage (RAW264.7), human embryo kidney
cell line (HEK293), pediatric brain tumor medulloblastoma
cell line (D556), and triple-negative breast cancer cell line
(MDA-MB-453) were purchased from American Type Culture
Collection (ATCC, USA). RPMI 1640 (Rosewell Park Memorial
Institute) medium with r-glutamate (Cat. no. 112-025-101) and
Dulbecco’s phosphate buffered saline, 1x without Ca & Mg
(DPBS, Cat. no. 114-057-101) were purchased from Quality
Biological (USA). Dulbecco’s modified Eagle’s medium with
4.5 g L' glucose & i-glutamine without sodium pyruvate
(DMEM, Ref: 10-017-CV) and Eagle’s minimum essential
medium with 1.5 g L™' sodium bicarbonate, nonessential
amino acids, r-glutamine and sodium pyruvate (EMEM; Ref;
10-009-CV) were ordered from Corning® (USA). Heat-inacti-
vated fetal bovine serum (FBS) was provided by Avantor®
Seradigm (USA). Penicillin/streptomycin (Ref. 15070-063) and
TRypLETMSelect (1x) (Ref. 12563-029) were purchased from
GibcoTM (USA). DMSO (dimethyl sulfoxide, Bio-Max, cell
culture grade, SKU: 40470005-1) was obtained from BioWorld,
BioPLUS Chemicals (USA) for cell storage.

Synthesis of IONR and IONP with different sizes and shapes

In a typical procedure of IONR synthesis, p-FeOOH nanorod
precursors were first prepared by mixing FeCl;-6H,O (3 g) in
20 mL of deionized (DI) water with PEI for hydrolysis at 120 °C
for 4 h using an autoclave. }-FeOOH (akageneite) precursors
were precipitated by centrifugation before removing the super-
natant. The residual precursors were washed with ethanol
twice. The p-FeOOH precursors were then collected and dried
at 55 °C overnight to yield a light brownish solid. p-FeOOH pre-
cursors with different aspect ratios in their core sizes, ie.,
length x width (L/W): 50 x 7 and 145 x 8 (in nm), can be
obtained by varying the volume of PEI (0 and 0.1 mL), respect-
ively. Under an argon atmosphere, B-FEOOH precursor
(100 mg) and oleylamine (10 mL) were mixed at 120 °C for
15 min, before heating to 220 °C for 4 h. After the reaction had
been cooled, the product was washed and centrifuged three
times with ethanol/hexane (v/v = 1:1), and then dispersed in
chloroform as a stock solution.

Spherical IONP were prepared using the thermo-decompo-
sition method published in the literature.">'* In brief, the
iron-oleate complex was first prepared by reacting ferric
nitride nonahydrate (4.04 g) with sodium oleate (9.13 g) in a
mixed solvent consisting of hexane (50 mL), ethanol (10 mL),
and water (40 mL) for 4 h at room temperature. Afterward, the
mixture was kept overnight to allow the separation of the
organic and aqueous phases. The organic phase containing
the iron-oleate complex was then collected to synthesize IONP.
The solution of the iron-oleate complex (5 mL) was mixed with
1-octadecene (5 mL), which was then degassed with argon for
10 min before heating up to 320 °C with the temperature
ramping at 0.6 °C s~'. The reaction was kept at 320 °C for
30 min to synthesize IONP with core sizes of 20 nm. The

21400 | Nanoscale, 2024, 16, 21398-21415

View Article Online

Nanoscale

resulting IONP were cleaned with a hexane/ethanol solvent
mixture (v/v = 1:1) and dispersed in chloroform (1 mg IONP
per mL) before the following surface functionalization.

Preparation of oligosaccharide coated IONR and spherical
IONP

We used an oligosaccharide coating to make IONR and IONP
water-soluble and stable, based on our previously published
method."® Briefly, 3 mL of chloroform solution of IONR (1 mg
mL™") was slowly added into preheated N,N-dimethyl-
formamide (DMF) solution (50 mL) containing 900 mg of
glucose. The mixture was gradually heated to 120 °C at a rate
of 5 °C min~" and maintained for 2.5 h with continuous stir-
ring. The products were washed with pure ethanol three times
to remove DMF and redispersed in DI H,O to yield oligosac-
charide-coated IONR. The IONR solution was adjusted to pH
10 using 0.5 M sodium hydroxide (NaOH) for storage. The
solution of IONR was passed through a 0.2 pm polyethersul-
fone (PES) filter to remove large aggregates. The synthesis of
oligosaccharide coated IONP followed the same procedure as
that described for IONR. Iron concentration was quantified by
the phenanthroline colorimetric method.

Surface functionalization of IONR and spherical IONP

IONR and IONP were partially ammoniated before being labeled
with the Cy7 dye to enable fluorescence imaging during cell
internalization and subcellular distribution study. Briefly, 1 mL
of IONR) with a core length and width of 140 nm x 6 nm,
IONR(s) with a core length and width of 50 nm x 7 nm, and
spherical IONP with a core size of 20 nm were reacted at a con-
centration of 1 mg Fe per mL with 2 mL of ammonium hydrox-
ide at 37 °C overnight. Then, the ammoniated IONR were puri-
fied with Amicon Ultra-4 centrifugal filters (50 kDa) to remove
any ammonia hydroxide residues before being dispersed into a
coupling buffer (PBS, pH = 7.4) at a concentration of 1 mg Fe
per mL. To label nanoparticles for fluorescence-based cell
imaging, the near-infrared dye Cy7-NHS ester (50 pL, 1 mg mL "
in DMSO) was reacted with ammoniated IONR(;), IONRg), and
20 nm spherical IONP (1 mL of 1 mg Fe per mL) in a
1:500 molar ratio [IONP: Cy7] for 3 h at room temperature to
prepare Cy7-labeled TONR(), Cy7-labeled IONRg), and Cy7-
labeled spherical IONP, which were further purified with
Amicon Ultra-4 centrifugal filters (30 kDa) in 1x PBS buffer
(1 mg Fe per mL) for the future cellular uptake studies.

Characterization of IONR and spherical IONP

Malvern Zetasizer Nano ZS (Malvern, Worcs, U.K.) was used to
measure the hydrodynamic size and surface charges of pre-
pared IONR with different aspect ratios (L/W), ie., IONR(,,
IONR(), and spherical IONP with a core size of 20 nm.
Typically, 40 pg of each sample was dissolved in 1 mL of DI
H,O0 and transferred to a 1.5 mL polystyrene cuvette and
measured three times at 25 °C temperature. The core sizes and
morphology of IONR(;), IONR(), and IONP were examined
using TEM. The samples were prepared by dropping the solu-
tion on the carbon film and drying at room temperature before

This journal is © The Royal Society of Chemistry 2024
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being visualized using JEOL JEM1400 transmission electron
microscope (Peabody, MA, USA, accelerating voltage 120 kV).
To measure the size distribution of each type of nanoparticles,
we randomly selected 50 IONR or IONP in the field of view and
measured the size using Image] (NIH, Bethesda, MD, USA).
The coating surface was characterized by Fourier transform
infrared (FTIR) spectroscopy using a Thermo Scientific
(NICOLET iS50 FT-IR) spectrometer. The crystalline structure
of IONR and IONP was examined by powered X-ray diffraction
(XRD) using a Philips X'Pert-Diffractometer with Bragg-
Brentano-geometry (Cu Ka-rays, U = 45 kV; I = 40 mA).

Preparation of cell culture

We selected four different cell lines, ie., normal cell lines of
RAW264.7 (macrophage) and HEK293 (kidney cells), as well as
cancer cell lines of D556 (human medulloblastoma) and
MDA-MB-453 (triple negative breast cancer cells), to investigate
how nanoparticles of different shapes and sizes interact with
different types of cells that have different biological and physio-
logical functions. RAW264.7 cells are murine macrophages that
are known to efficiently phagocytose exogenous substances,
including nanomaterials. Macrophages also play a crucial role
in the immune system, involving in many inflammatory
responses that can be targeted for imaging and therapeutic
interventions via nanomedicine. HEK293 cells, derived from
human kidney tissue and immortalized, are particularly suitable
for studying nanoparticles interactions with normal cells and
tissue as they have often been used in previous studies.>>*° For
comparison with cancer cells, we selected human medulloblas-
toma D556 cells and breast cancer MDA-MB-453 cells to investi-
gate how cancer cells interact with nanoparticles.

RAW264.7 cells were grown as monolayer cultures in
Roswell Park Memorial Institute (RPMI) medium, sup-
plemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) 50
units per ml penicillin and 50 pg ml™" streptomycin. FBS was
sterilized using a 0.22 pm vacuum filtration system (Cat. No.
SCGP00525; EMD Millipore Corp., Burlington, USA) before
mixing in the cell culture medium. D556 and HEK293 were
grown as monolayer cultures in Eagle’s minimal essential
medium (EMEM), supplemented with 10% (v/v) fetal bovine
serum (FBS), 1% (v/v) 50 units per mL penicillin and 50 pg
mL ™" streptomycin. MDA-MB-453 cells were grown as monolayer
cultures in Dulbecco’s modified Eagle’s medium (DMEM), sup-
plemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) 50
units per mL penicillin and 50 pg mL™" streptomycin. Cell cul-
tures were performed in an incubator with 5% CO, plus 95% air
at 37 °C. Depending on each experiment’s requirements, the
cells were seeded in T-75 flasks, 8-well chambered slides, 6-well
chambered slides, and 96-well plates. Sub-confluent cell cul-
tures were used for experimentation.

Visualization of cellular uptake and subcellular distribution of
IONR and IONP

For qualitative analysis of cellular uptake and endosomal
escape, cells were seeded in 8-well chambered glass dishes
(50000 cells per well) and supplied with their respective

This journal is © The Royal Society of Chemistry 2024
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growth medium containing 10% FBS and 1% antibiotics ( peni-
cillin-streptomycin, 10 000 U mL™"). After 24 h, the cells were
incubated with IONR(;), IONR(), and TIONP at a concentration
of 50 pg mL™" for 3 h. The medium was removed, and cells
were rinsed with DPBS three times. Soon after being washed,
the cells were incubated with LysoTracker, a fluorescent dye
commonly used to label acidic organelles, such as lysosomes
and endosomes, for 15-20 min in the serum-free medium
(1:1000 times dilution). LysoTracker works by accumulating
in acidic intracellular compartments and typically emitting
fluorescence upon binding to the acidic environment of lyso-
somes and endosomes. After incubation, the cells were washed
with DPBS three times and fixed with 4% paraformaldehyde
for 15 min, before being washed twice with DPBS, and stained
with Hoechst 33342 (1:400 times dilution in 1x DPBS) for
10 min. The treated cells were gently washed and replaced
with 200 pL DPBS, and then were observed using a Leica
Stellaris-8 confocal laser scanning microscopy. Cy7 and
LysoTracker Red DND-99 showed excitation/emission at 756/
779 nm and 577/590 nm, respectively.

Measurement of iron concentrations for quantification of
cellular uptake

The Fe concentrations of IONR and IONP taken up by cells
were measured by the 1,10-phenanthroline colorimetric assay,
as described in our previous report.””*® Briefly, RAW264.7,
HEK293, and D556, cells were treated with IONR(,), IONR(),
and IONP for 4 h and then rinsed with DPBS to eliminate non-
internalized NP. RAW264.7 cells were collected by scraping,
whereas HEK293 and D556 were collected by TRypLETMSelect
and centrifugation. The cells were resuspended in 1 mL of
DPBS, counted with a hemocytometer, and normalized to
300000 cells. These cells were digested in nitric acid (400 pL)
at 70 °C for 3 h to digest internalized IONR or IONP into Fe
ions. The Fe concentration was quantified in a 96-well plate by
adding sodium citrate solution (25 g L™, 95 pL), followed by
digested nanoparticle solution (5 pL), hydroquinone (20 mg
mL™" in water, 40 pL), 1,10-phenanthroline (1 g L™, 40 pL),
and acetate buffer (pH 3.5, 20 pL). After mixing for 20 min, the
absorbance at 508 nm was measured using a plate reader
(Synergy Biotek, USA) with the Fe concentration determined by
comparing to the standard curve of the absorbance vs. the Fe
(m) concentrations, ranging from 3 to 100 pg mL™".

Visualization of cellular compartmentation of IONR and IONP

We used TEM to investigate the subcellular compartments of
IONR and IONP after being taken up by RAW264.7, HEK293,
and D556 cells. Cells were grown in 6-well plates (8 x 10> cells
per well) for 24 h, then treated with IONR(;), IONR(s), IONP,
SHP-10 or ferumoxytol for 2 and 4 h. Subsequently, the cells
were rinsed with DPBS and immobilized with PFGPA fixative
(2.5% glutaraldehyde, 0.1% glutaraldehyde, 0.03% picric acid,
0.03% Calcium chloride) for 1 h at room temperature. They
were washed with cacodylate buffer and refrigerated at 4 °C
until further processing. Cells were then fixed with 1%
osmium tetroxide/cacodylate for 1 h, rinsed with cacodylate,
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and dehydrated in a graded ethanol series (25, 50, 70, 95, and
100%). They were then immobilized in epoxy resin overnight
and finally polymerized at 60 °C for 48 h. Using a Leica EM
UC6 ultramicrotome, samples were trimmed and sectioned
into 70 nm ultrathin sections. These sections were collected
onto a formvar/carbon grid before observation under the TEM
coupled to a Gatan Camera. In this experiment, post-staining
with heavy metals was avoided to eliminate the possibility of
confusion of nanoparticles with any metal aggregates on the
surface of the trimmed sections.

Inhibition assay for investigation of cellular uptake
mechanisms

We investigated the mechanisms of shape or size-dependent
cellular uptake using a published protocol.**° RAW264.7,
HEK293, and D556 cells were grown in 6-well plates (5 x 10°
cells per well) for 24 h. Cells were pre-incubated with different
endocytic selective inhibitors, ie., chlorpromazine (10 pg
ml™") for clathrin-mediated endocytosis,”" genistein (10 ug
ml™") for caveolae-dependent endocytosis,>> MBCD (5 mg
mL™") for lipid rafts/cholesterol-enriched microdomains,*
amiloride (10 ug ml™") for micropinocytosis,®* dynasore (20 pg
mL™") for dynamin-GTPase inhibition,*> and CytoD (2.5 pg
mL™") for F-actin polymerization®® in a serum-free medium.
The serum-free medium minimizes interference from serum
components and enhances inhibitor uptake, ensuring that
observed effects are due to inhibited endocytosis pathways.
After 1 h, the inhibitors were removed, and cells were co-incu-
bated with nanoparticles (50 pg Fe per mL) and inhibitors for
4 h at 37 °C. Treating cells with inhibitors twice maintains sus-
tained inhibition, minimizing pathway reactivation. Untreated
cells served as the negative control, while cells treated only
with nanoparticles acted as the positive control. Cells were
washed with DPBS and the total amount of internalized iron
was quantified by a 1, 10 phenanthroline calorimetric assay.>”

Evaluation of cytotoxicity of IONR and IONP

We used the MTT assay to evaluate the cell viability and cyto-
toxicity of prepared IONR and IONP in different cells. This colori-
metric assay measures the reduction of MTT into formazan by
mitochondrial succinate dehydrogenase, an enzyme active during
metabolic processes in viable cells. Cells were seeded for 24 h,
then incubated with TONR(), IONR), and IONP at different con-
centrations (12.5, 25, 50, 100, and 200 pg ml™") for 24 h and 48 h
at 37 °C. After washing with DPBS, the cells were incubated in a
medium (90 pL) and 10 pL MTT solution (5 mg mL " in DPBS)
for 2 h. The medium was then replaced with DMSO (100 uL) for
15 min to dissolve the formazan crystals. The absorbance of the
MTT formazan was determined at 540 nm using a plate reader
(Synergy Biotek, USA). Viability was expressed as a percentage of
the absorbance of treated cells to untreated cells.

Estimation of compartmentalization of IONR and IONP in
lysosomes

We used LysoTrackers to visualize the lysosomal structures by
confocal microscopy. The compartmentalization of nano-
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particles in lysosomes can be confirmed when the fluorescence
signals of LysoTrackers and Cy7 labeled nanoparticles are co-
localized. We then estimated the levels of IONR or IONP in
lysosomes by measuring the percentage of co-localized or over-
lapping fluorescence signals of Cy7 and LysoTrackers after
extracting pixels from the confocal images based on their
corresponding colors. Image analysis was conducted using
Python 3.11.4 with OpenCV 4.6.0, NumPy 1.25.2, and Pandas
2.1.4.

Examination of mitochondrial depolarization by the JC-1 assay

D556 and RAW264.7 cells were cultured in p-slide 8 well high
glass bottom dish (50 000 cells per well) for 24 h. The cells
were incubated for 24 h with IONR(,, IONR(s), and IONP at a
dose concentration of 50 pg mL™" in their respective cell
culture medium (200 pL) supplemented with 10% FBS and 1%
antibiotics. In the positive control, the cells were treated with
1 pL of 50 mM CCCP in 200 pL of serum-free medium and
incubated for 5 min. The cells that are not treated serve as a
negative control. The control and treated groups were rinsed
with PBS three times and incubated with 200 pL of 2 pM JC-1
dye (10 pL dye from 200 pM JC-1 stock + 1 mL serum-free
medium) for 20 min. Then, the cells were rinsed thoroughly
with DPBS three times and fixed with 4% paraformaldehyde
for 15 min; after being washed twice with DPBS, the cells were
collected and then examined using confocal microscopy.

Measurement of intracellular reactive oxygen species (ROS)

We measured intracellular ROS levels using the 2',7’-dichloro-
dihydrofluorescein diacetate (DCFH-DA) assay.*’ Cells were
seeded on p-slide 8 well-high glass bottom dish for 24 h. After
exposure to IONR(;), IONR(s), and IONP (50 pg mL™") for 24 h.
In the positive control, the cells were treated with 30% hydro-
gen peroxide (H,0,) in a 1:1000 dilution for 20 min in a com-
plete medium to induce oxidative stress. Cells were washed
with DPBS and incubated with DCFH-DA (10 uM) in serum-
free culture media for 1 h. The control and treated groups were
washed with DPBS thrice, fixed with 4% paraformaldehyde,
and counterstained with Hoechst 33342 for 15 min. The cells
were washed with DPBS and imaged wusing confocal
microscopy.

Statistical analysis

In this study, the quantitative data are presented as mean =
standard deviation (SD). The data from three experiments—the
effects of endocytosis inhibitors on nanoparticle uptake, the
mean fluorescence intensity of cellular uptake and internaliz-
ation of IONR and IONP, and the uptake of IONR and IONP by
different cell lines based on iron concentrations—were ana-
lyzed using one-way ANOVA. After establishing the statistical
significance with ANOVA, Tukey’s HSD test was applied as a
post-hoc analysis to find specific pairwise groups. Significance
levels were denoted as follows: *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001. GraphPad Prism software (version
9.5.1) was utilized for all statistical analyses.
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3. Results and discussion
Characterization of oligosaccharide coated IONR and IONP

The B-FeOOH nanorods which serve as precursors for IONR
were synthesized initially by hydrolyzing a FeCl; solution with
PEI functioning as a capping agent. PEI controlled the dimen-
sions by adsorbing its protonated form onto the lateral plane
(200) of the B-FeOOH nanorods."® The organic phase IONR
was then prepared by reducing the p-FeOOH nanorods in the
presence of oleylamine, which acted as a solvent and capping
agent. Oleylamine as an electron donor, facilitated the
reduction process at an elevated temperature of 220 °C,
leading to the formation of IONR. Interestingly, TEM images
(Fig. S1a and b, ESIt) revealed hollow structures in the pre-
pared IONR, likely due to the collapse of the p-FeOOH
nanorod framework due to the release of water molecules
during reduction. These unique hollow structures offer signifi-
cant potential for drug loading,*® photoacoustic imaging,*
and photocatalysis®® applications. IONP was synthesized
through the thermal decomposition of the iron-oleate
complex. TEM images (Fig. Sic, ESI{) unveiled that the IONP
exhibited high uniformity, with a diameter of 20 nm.
Hydrophobic IONR and IONP were then mixed with glucose in
a DMF solvent and heated to polymerize glucose on their sur-
faces, forming a thin oligosaccharide coating layer and render-
ing them water-soluble. Oligosaccharide-coated IONR(),
IONR(), and spherical IONP were highly stable and monodis-
persed in aqueous solvents with good dispersibility as shown
in the TEM images in Fig. 1a—c. The core sizes of oligosacchar-
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ide coated IONR() and IONR() were measured from the TEM
images by averaging 50 nanoparticles found in the selected
field of view. Obtained average lengths and widths were 141 x
6 nm + 16.4 and 50 x 7 + 9.9 nm for IONR(;) and IONR) with
aspect ratios of 28 and 7.14, respectively. The average core size
of oligosaccharide coated spherical IONP was measured to be
22 + 1.8 nm in diameter (Fig. S1d—f, ESI{). The hydrodynamic
size, zeta potential, and stability of oligosaccharide coated
IONR(;), IONR(s), and spherical IONP were measured using
DLS analysis. Oligosaccharide-coated IONR(), IONRg), and
IONP dispersed in the water had an average hydrodynamic size
of 142 nm, 43.8 nm, and 21 nm, respectively, as shown in
Fig. 1d. Correspondingly, zeta potential measurements
(Fig. 1e) indicate that IONR(;), IONRg), and IONP have a nega-
tive charge of —61, —11, and —44 mV, respectively, due to the
deprotonation of the carboxyl groups (-COOH) in the oligosac-
charide coating, resulting in negatively charged carboxylate
ions (-COO7).*" Additionally, oligosaccharides contain
hydroxyl groups (-OH), which can ionize to a lesser extent,
also contributing to the negative surface charge. Moreover,
during the synthesis or in the dispersion medium, negatively
charged ions from the solution might adsorb onto the surface
of the IONR and IONP, further enhancing their negative zeta
potential. Notably, the negatively charged oligosaccharide
coated IONRg) and IONP are stable in water for several weeks.
While TONR(;, exhibited strong magnetism, a small portion
tended to precipitate within one or two days but could be
resuspended via vortexing. The presence of an oligosaccharide
coating on IONR surfaces was confirmed by FTIR analysis
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Fig. 1 Transmission electron microscopy (TEM) images of oligosaccharide coated (a) IONR(,, (b) IONRs), and (c) IONP and dynamic light scattering
(DLS) measured (d) size distribution and (e) zeta potential of oligosaccharide coated IONR(), IONRs), and IONP. The XRD spectrum of oleylamine
coated IONR, (f) with red lines indicating the XRD reference pattern of magnetite (m).
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(Fig. S2, ESIf). The peak at 670 cm™"' is ascribed to the
vibrational mode of the Fe-O bonds in the crystalline lattice of
Fe;0,4. The small peak at around 963 cm ™" could be attributed
to the in-plane wagging of the trans CH=CH bond.** The
absorbance bands at 1377 and 1456 cm ™" correspond to ~CH;
vibrations, and the two peaks at 2852 and 2919 cm ™" represent
the C-H stretching vibrations from the alkyl chain of oleyla-
mine,” indicating successful capping and rendering the par-
ticles hydrophobic. A broad intense peak in the 3294 cm™
region corresponds to the O-H bond stretching vibration, and
the appearance of a C=C band at 1635 cm™" represents the
presence of aromatic structures from the oligosaccharide
coating on nanoparticle surfaces.'” The formation of these aro-
matic structures can be attributed to intermolecular dehydra-
tion and aldol condensation reactions during the glycosylation
process. These reactions occur even at a lower temperature of
120 °C, facilitated by the specific conditions around the nano-
particle surfaces.'> Additionally, XRD analysis of the oleyla-
mine coated IONR() exhibits good crystallinity, as evidenced
by the intensity of the diffraction peaks. All peaks observed in
the diffractogram can be assigned to the magnetite spinel
structure (JCPDS No. 19-0629).** The peaks at 32° and 56.16°
likely correspond to the crystallographic planes (221) and (510)
of the corundum structure of the a-Fe,O; (hematite) crystalline
phase as previously reported.”” Whereas, strong peaks
observed at 30.29°, 35.65°, 40.12°, 43.26°, 53.79°, 57.02°, and
62.90° are indicative of the seven distinct diffraction planes
(220), (311), (222), (400), (422), (511), and (440) of the crystal-
line structure of Fe;O, with magnetite composition
(Fig. 1f).">*® The calculated mesh parameter for stoichio-
metric magnetite is 8.360 A, which also suggests that syn-
thesized nanoparticles are predominately composed of magne-
tite not maghemite (y-Fe,O3) or hematite. Importantly, both
IONR(r) and IONR) have the same crystal structure and phase
composition.
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Shape specific cellular uptake of IONR and IONP by different
cells

We observed the shape and size dependent cellular uptake of
IONR and spherical IONP in three types of cells, ie.,
RAW264.7, HEK293, and D556, after 4 h incubation with
IONR(y,), IONR(), and spherical IONP at the same Fe concen-
tration of 50 pg mL™". Fig. 2 shows levels of uptake of IONR
with different aspect ratios and IONP by different cells.
Specifically, RAW264.7 murine macrophage cells internalized
the highest amount of IONR(y, (50.1 + 2.2 Fe ug per million
cells) compared to short IONR(s) (44.7 + 1.6 Fe pg per million
cells) and spherical IONP (36.7 + 0.8 Fe pg per million cells),
respectively. Notably, IONR) exhibited a 1.36-fold higher cel-
lular uptake compared to spherical IONP. While cells appeared
to take up more IONR() than IONR), the difference is not
statistically significant. The statistically significant higher
uptake of both types of IONR over IONP indicates the shape
dependent uptake preference by macrophages. In HEK293
embryonic kidney cells, a similar amount of nanoparticle
internalization was observed for IONRy, (i.e., 43.7 + 2.9 Fe pg
per million cells) and IONP (i.e., 43.8 + 3.3 Fe pg per million
cells). However, IONR( exhibited a slightly lower uptake
(34.9 + 3.7 Fe ug mL™"), but the difference is not statistically
significant. Interestingly, the higher internalization of IONP by
HEK293 cells compared to RAW264.7 cells could be attributed
to the inherent differences in cell membrane composition,
endocytic pathways, and metabolic activity between these cell
types. HEK293 cells, being epithelial in origin, might possess a
more efficient endocytic machinery for certain nanoparticle
sizes, whereas RAW264.7 macrophages preferentially uptake
larger and rod-shaped particles due to their phagocytic
role. Different from RAW264.7 and HEK293 cells, an approxi-
mately 1.83-fold higher uptake of IONRy, by the
D556 medulloblastoma cells was observed (i.e., 39.7 + 1.56 Fe
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Fig. 2 Comparison of the levels of cellular uptake of different IONR and IONP by (a) Raw 264.7, (b) HEK293 or (c) D556 cells based on iron concen-
trations measured by the 1,10 phenanthroline calorimetric assay. Cells were treated with IONR(,, IONRs), or IONP at a Fe concentration of 50 pg Fe
per mL for 4 h. Data are presented as mean values (n = 3) with standard deviations. Statistical significance of comparison (one-way ANOVA, Tukey's
HSD test) is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Non-significance is indicated as "ns".
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pg per million cells) than IONRg) (21.5 + 1.37 Fe ug per
million cells) and 1.17-fold higher than spherical IONP (33.8 +
0.5 Fe pg per million cells), respectively. In contrast, ferumoxy-
tol, an IONP formulation with a smaller core size (ranging
from 7-10 nm and overall size 17-31 nm in diameter) commer-
cially available as an iron supplement for treating anemia but
as an off-label used alternative MRI contrast agent in some
clinical studies,”*° exhibited much lower levels of cellular
uptake across all three cell lines compared to the rod-shaped
IONR and IONP with a 20 nm core size prepared in this study.
It is notable that the cellular uptake levels of ferumoxytol are
cell-line dependent, with RAW264.7 showing the highest at 7.5
+ 0.3 Fe pg per million cells compared to HEK293 (2.4 + 0.3 Fe
pg per million cells) and D556 (0.43 + 0.07 Fe pg per million
cells). The differences in the cellular uptake of ferumoxytol
between these cell lines are statistically significant.

Notably the surface charge of nanoparticles can affect the
interactions between the cells and nanoparticles, and even-
tually pathways for internalization and the overall effectiveness
of cellular uptake.”® Generally, cell surfaces are negatively
charged. Thus, nanoparticles with a positive surface charge
can interact with cells non-specifically with the cell membrane
via charge-charge interactions, thereby improving internaliz-
ation efficiency. However, the cell membrane also features
specific binding sites with cationic receptors that facilitate
interaction with anionic nanoparticles through a process
known as “adsorptive endocytosis”. Thus, nanoparticles can
cluster on the cell surface due to repulsive interaction with
anionic charged receptor domains.’*? it is possible that the
adsorptive endocytosis may play a role in the cell internationa-
lization of reported anionic IONR and IONP. Consequently,
IONR(;, with a higher negative charge (—60 mV) can interact
with cells more effectively than IONR) (—11 mV) and IONP
(—44 mvV) with a lower negative charge, leading to a higher
level of cellular uptake of IONR).

Additionally, the observed shape-enhanced cellular uptake
of IONR demonstrated a similar trend reported in other
studies of anisotropic nanoparticles, such as gold®*>® and
silver,”” suggesting that iron oxide-based nanoparticles likely
follow similar cellular uptake mechanisms and inherent
characteristics of cells, wherein nanorods are preferentially
internalized through endocytic pathways. The unique geome-
try of nanorods results in reduced cell membrane bending
energies during their endocytosis, potentially contributing to
their preferential uptake. The increased cellular uptake of
IONR compared to spherical IONP may benefit magnetism-
based theranostic applications in biomedicine. These appli-
cations can exploit the unique magnetic properties of IONR
for the development of targeted MRI probes for precise

839 magnetic field-guided drug delivery systems,>®
22,61

imaging,
cell labeling,’® and magnetic separations.

The results from the MTT assay at both 24 and 48 h showed
that IONP and IONR with different aspect ratios exhibited
robust biocompatibility profiles across diverse cell types tested
in this study. Even at the highest concentration of 200 pug Fe
per mL, the viability of cells treated with IONR(;), IONR(g), and

This journal is © The Royal Society of Chemistry 2024
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IONP were greater than 85%, with no significant change in cell
death, compared to the cells without nanoparticle treatment
(Fig. 3 and S3, ESI}). This is crucial considering that the
increased cellular uptake of IONR and IONP is important for
enhancing cell-targeted applications but does not directly
impact cell viability. However, further studies are warranted to
fully investigate their specific mechanisms of action, pharma-
cokinetics, and long-term side effects to assess their clinical
translatability and potential therapeutic benefits.

Shape specific cellular internalization and subcellular
localization

To investigate cell interactions with different IONR and poss-
ible subcellular localization, we treated cells with Cy7 dye-
labeled TONR(;), IONR), and spherical IONP at 50 pg Fe per
mL, followed by staining the treated cells with organelle-
specific fluorescent markers LysoTracker and Hoechst 33342.
Using confocal microscopy under the same excitation and
acquisition parameters, we observed significantly higher intra-
cellular Cy7 fluorescence signals in all three types of cells with
IONR(;) compared to IONR() and spherical IONP as shown in
Fig. 4. Consistent with the results of intracellular iron quantifi-
cation shown in Fig. 2, RAW264.7 macrophages appear to
exhibit the highest uptake of IONR(,, as evidenced by the
most intense Cy7 signals (Fig. 4a), while D556 and HEK293
cells have much less intracellular uptake. Specifically,
RAW264.7 cells treated with IONR(;) exhibited the highest
mean fluorescence intensity, which was almost 7.5-fold and
4-fold higher than those of HEK293 and D556, respectively
(Fig. 4d). In addition, IONR(, exhibited the highest intracellu-
lar signal intensity vs. IONR( and IONP in RAW264.7 cells.
The differences between these nanoparticles of different
shapes and sizes are statistically significant. These results are
attributed to the endocytosis of exogenous materials as the
major function of macrophages compared to other cells.

In addition to the shape-dependent increase in cellular
uptake, IONR also exhibited improved subcellular localization,
notably efficient distribution within endosomes/lysosomes.
Their elongated shape causes more efficient interactions with
cell membranes. To further interrogate the intracellular
trafficking of the endocytosed IONR and IONP of different
shapes and sizes, we examined the co-localization of Cy7-
labeled NP and Lysotracker that are typically used visualizing
intracellular endosomes and lysosomes using fluorescence
microscopic imaging coupled with software-based image ana-
lysis. We performed a quantitative assessment and comparison
of endo-lysosomal accumulation between different IONR and
IONP based on analyzing the pixels exhibiting signals from
Lysotracker and Cy7-labeled NP, as well as pixels, in which
signals from nanoparticles and lysosomes are overlapped as
depicted in Fig. 4e. In HEK293 and D556 cells, the percentage
of IONR(1), IONR(), and IONP co-localized with endo-lysosome
was >92%. Whereas in the RAW264.7 cell line, the co-localiz-
ation percentage was found to be 64.0, 82.9, and 73.2% for
IONR(y), IONR(), and IONP, respectively. Interestingly, while
RAW264.7 macrophage cells showed the highest cellular
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Fig. 3 Comparison of the cytotoxicity of oligosaccharide coated IONR(), IONRs), and spherical IONP on different cell lines measured by the MTT
assay. (a) RAW264.7 (murine macrophage cells), (b) HEK293 (normal embryonic kidney cells) (c) D556 (medulloblastoma cells), and (d) MDA-MB-453
(triple negative breast cancer cells) were treated with IONR(), IONR(s), and spherical IONP at different concentrations for 24 h. Data are presented as

mean values (n = 3) with the standard deviations.

uptake of IONR(;, compared to other cell lines, its endo-lysoso-
mal accumulation under the reported experimental conditions
is much lower than others. One possible explanation is that
long nanorods may have a greater propensity for escaping the
lysosomal degradation pathway in the macrophage cells. This
could be due to the rod-shape facilitating their escape from
lysosomal compartments into the cytosol. Additionally,
RAW264.7 macrophages, known for their phagocytic activity,
follow the intracellular trafficking pathways favoring the
escape of long nanorods from lysosomes. Conversely, cancer
cells and normal kidney cells may employ different mecha-
nisms when taking up nanoparticles, favoring lysosomal
retention.

Understanding the shape or size related differences in the
accumulation or release of nanoparticles in endosomes and
lysosomes is important for nanoparticle-based drug delivery
and cell labeling. It is preferred that drug-carrying nano-
particles remain stable, and rapidly escape from endosomes/
lysosomes to release the therapeutic cargo into the cytosol,
where it can exert its therapeutic effects.®” When nanoparticles
are trapped within membrane-bound vesicles, like endosomes
and lysosomes, they may not be able to release their cargo into
the cytosol. This can lead to the degradation of the biological

21406 | Nanoscale, 2024, 16, 21398-21415

cargo and possibly cause the cells to expel nanoparticles. In
this case, we did not see statistically significant differences in
lysosomal accumulation of different IONR and IONP in
normal and cancer cells, unlike macrophages.

Lysosomal packing of IONP(;), IONRs), or IONP in three
different cells was further confirmed by TEM examination.
Irrespective of variations in size, shape anisotropy, and cell
types, all nanoparticles were observed to be located within sub-
cellular vesicular compartments as shown in the selected TEM
images in Fig. 5, but not translocated to the nucleus.

Shape dependent endocytic mechanisms of cellular uptake
and cellular internalization

The cellular internalization of foreign substances, such as
engineered nanomaterials, typically occurs through two
primary mechanisms: pinocytosis and phagocytosis.
Pinocytosis, in turn, can be further categorized into macropi-
nocytosis and micropinocytosis. Larger particles and macro-
molecules with diameters exceeding 200 nm are taken up non-
selectively via phagocytosis or macropinocytosis. In compari-
son, smaller nanoparticles undergo internalization through
micropinocytosis pathways, including clathrin-mediated,
caveolae/lipid raft-mediated, and clathrin/caveolae-indepen-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison of internalization and intracellular distributions of oligosaccharide coated IONP(,, IONR(s), and spherical IONP in different cell
lines. Confocal fluorescence images of (a) RAW264.7, (b) HEK293, and (c) D556 were taken from cells treated with Cy7-labeled IONR(,, IONR,, and
IONP at a Fe concentration of 50 ug mL™* for 3 h. Cy7-labeled IONR and IONP - yellow, endosome/lysosome stained with lysotracker — red, and
nucleus stained with Hoechst — blue. The cells without nanoparticle treatment were used as the control group. (d) Mean fluorescence intensity of
cellular uptake and internalization of IONP,, IONR(s), and IONP measured by ImageJd software and (e) percentages of co-localized signals from
LysoTracker and IONP,,, or IONRs, or IONP. The scale bar indicates 1 pm and 40x objective lens. Data are presented as mean values (n = 3) with the
standard deviations. Statistical significance is noted as: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, when compared with values for the
control and other inhibitors (one-way ANOVA, Tukey's HSD test). The values which are not significant are represented as “ns”.

dent mechanisms across all cell types.®® To further elucidate
the underlying cellular uptake mechanisms contributing to
the observed size and shape-dependent variations in cellular
uptake of IONR(), IONR(), and spherical IONP, we treated
D556, RAW264.7, and HEK293 cells with six different inhibi-
tors, ie., chlorpromazine (CPM), genistein, methyl-
B-cyclodextrin (MBCD), amiloride, dynasore hydrate, or cyto-

This journal is © The Royal Society of Chemistry 2024

chalasin D (CytoD) for 1 h in a serum-free medium followed by
4 h incubation with different nanoparticles in the presence of
FBS, antibiotics, and the inhibitor. In this case, CPM disrupts
clathrin-mediated endocytosis by relocating clathrin and its
adapter proteins from the plasma membrane to intracellular
vesicles.’’ Genistein, a tyrosine kinase inhibitor, impedes
caveolae-dependent endocytosis by blocking actin depolymeri-
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Fig. 5 TEM images of selected cells with different oligosaccharide
coated IONP and IONR internalized. (a—c) RAW246.7 cells with IONR,
IONR(), and IONP; (d—f) HEK293 cells with IONR(), IONRs), and IONP;
(g—i) D556 cells with IONR(), IONR), and IONP. The cells were incu-
bated for 4 h with different nanoparticles at a 50 ug mL™* Fe concen-
tration. Scale bar: 0.2 pm.

zation and dynamin 2 recruitment.*> MBCD binds to chole-
sterol within the cell membrane, inhibiting lipid-raft-mediated
mechanisms and enabling assessment of cholesterol impact
on the uptake mechanism.”® Amiloride, inhibits macropinocy-
tosis by reducing the sub-membranous pH and disrupting
actin polymerization through the inhibition of Racl and
Cdc42 signaling.>* Dynasore inhibits dynamin, a key protein
involved in clathrin-mediated endocytosis and other dynamin-
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dependent mechanisms®® by facilitating the scission of the
cell membrane, which is critical for endosome formation.
Lastly, the involvement of the actin cytoskeleton and micro-
tubules was investigated using CytoD, since actin orchestrates
the formation of membrane ruffles in macropinocytosis.*®
Table 1 summarizes the results from the measurement of
the intracellular iron concentrations of different cells after
being treated with IONR), IONR(s), and IONP in the presence
of  different inhibitors, respectively. Specifically,
RAW264.7 macrophage cells (Fig. 6a) exhibited the strongest
inhibition or reduction of IONR(;) uptake when exposed to
CPM (18.0 + 2.2 Fe pg per million cells), amiloride (29.5 + 2.3
Fe pg per million cells), dynasore (34.9 + 2.4 Fe pug per million
cells), and CytoD (35.2 + 2.1 Fe pg per million cells) compared
to cells without inhibitor treatment. However, after being
treated with CPM, amiloride, dynasore, or CytoD, RAW264.7
cells showed a 2.7, 1.65, 0.84, and 0.99-fold inhibition of
IONR) uptake. These results suggest the possible involvement
of clathrin-mediated, macropinocytosis, dynamin-dependent,
and phagocytosis pathways in macrophage internalization of
IONRy). Analyzing the pattern of RAW264.7 cell internalization
of IONR(s) indicates a preference for clathrin-mediated, caveo-
lae-mediated, macropinocytosis, dynamin-dependent, and
phagocytosis pathways based on the intracellular Fe concen-
trations of cells pretreated with CPM (29.9 + 1.7 Fe pg per
million cells), genistein (33.8 + 1.4 Fe pg per million cells),
amiloride (33.8 + 1.6 Fe pg per million cells), dynasore (29.9 +
1.9 Fe pg per million cells) and CytoD (37.0 + 1.3 Fe pg per
million cells) as shown in Fig. 6d. In contrast, the uptake of
spherical IONP by murine macrophage cells predominantly
relied on clathrin-mediated, micropinocytosis, and dynamin-
dependent endocytosis. Intracellular Fe concentrations of
treated RAW264.7 cells were reduced by 1.6, 2.7, and 0.5-fold,
respectively, relative to the inhibitor untreated RAW cells upon
exposure to CPM, amiloride, and dynasore. Notably, inhibitors
such as genistein, MPCD, and CytoD exhibited a negligible

Table 1 Intracellular Fe concentrations in different cells after internalization of IONR(), IONRs), and IONP in the presence of different inhibitors
Inhibitors

Cell lines Nanoparticles Control CPM Genistein MBCD Amiloride Dynasoore CytoD

RAW264.7 IONR() 50.1+2.2 18.0 +2.2 44.4+£2.0 48.7 £0.3 29.5£2.3 349+24 35.2+2.1
IONRg) 44.7 £ 1.6 299 +1.7 33.8+1.4 40.7 1.1 33.8+1.6 299+1.9 37.0+1.3
IONP 36.7+0.8 21.7+09 34.7 £3.7 36.5+1.9 13.4+1.1 25.4+1.0 35.2+1.3

HEK293 IONR(, 43.7+2.9 25.8+£0.7 36.4+1.6 35.5+4.7 31.8+3.1 24.8 +3.8 26.1+2.6
IONRg) 349 +3.7 19.2 £ 0.4 33.4+1.0 20.2+2.4 22.3+2.0 22.8+4.0 32.4+0.3
IONP 43.8 £3.3 26.5+1.2 31.5+£2.2 30.1+1.2 38.1+1.3 39.4+1.9 34.9+3.7

D556 IONR, 39.7+1.5 16.2 + 0.5 16.9+0.7 36.9+0.1 38.6+1.6 37.5+1.6 27.6+0.9
IONRg) 21.5+1.3 9.6 £ 0.3 8.6 £0.2 22.4+0.9 21.5+£0.9 13.1+0.6 21.0+0.9
IONP 33.8+0.5 214 +1.1 33.4+0.5 32.5+0.66 26.4+1.3 26.5+1.5 34.2+0.1

Results are presented as the cellular uptake level of Fe concentration in pg per million cells in the presence of inhibitor treatment, compared to
the uptake in control (inhibitor untreated) cells under the same conditions. Inhibitors: chlorpromazine (CPM) - clathrin-mediated; genistein -
caveolin-mediated; methyl-p-cyclodextrin (MBCD) - lipid rafts/cholesterol depletion; amiloride - macropinocytosis; dynasore - dynamin-
dependent; and CytoD - micropinocytosis/phagocytosis. The values are averaged between three independent replicas of three independent

experiments.
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effect on IONP internalization (Fig. 6g), suggesting that caveo-
lae-mediated, lipid raft, and phagocytosis routes may not sig-
nificantly contribute to the uptake process.

Compared to macrophages, IONR(y, treated
D556 medulloblastoma cells shown in Fig. 6¢ displayed a sig-
nificant reduction in uptake indicated by the lower Fe contents
in the presence of CPM (16.2 + 0.55 Fe pg per million cells),
genistein (16.9 + 0.78 Fe pg per million cells), and CytoD (27.6
+ 0.95 pg per million cells) compared to those without inhibi-
tor treatment (39.7 + 1.56 pg per million cells). However, no
statistically significant change in TONR() uptake was observed
in the presence of MBCD, amiloride, and dynasore. These
results suggest that IONR(,) likely undergoes endocytosis by
the combination of clathrin-mediated, caveolae-mediated, and
macropinocytosis/phagocytosis mechanisms, but not through
cholesterol/lipid-raft and dynamin-mediated endocytosis. For
IONRg), D556 cells pretreated with CPM, genistein, and dyna-
sore yielded intracellular iron concentrations of 9.6 + 0.3, 8.6 +
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Fig. 6 Effects of endocytosis inhibitors on the cellular uptake of oligo-
saccharide coated IONR(), IONR(s), and IONP in different cells. The cells
were exposed to endocytosis inhibitors for 1 h in a serum-free medium,
and then, incubated with fresh medium containing inhibitors and
respective nanoparticles for 4 h. Inhibitors of clathrin (CPM) or caveolin
(genistein) or lipid rafts (MBCD) macropinocytosis (amiloride) or dynamin
(dynasore) or macropinocytosis/phagocytosis (CytoD) were used in the
experiment. The intracellular Fe of nanoparticle treated (a, d, and g) RAW
264.7, (b, e, and h) HEK293 and (c, f, and i) D556 cells were measured.
Data are presented as mean values (n = 3) with standard deviations.
Statistical significance is noted as: *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 when compared with values for the control and
other inhibitors (one-way ANOVA, Tukey's HSD test).
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0.2, and 13.1 + 0.6 (Fe pg per million cells), respectively, exhi-
biting 2.2, 1.1, and 1.6-fold reduction of cellular uptake by
these inhibitors (Fig. 6f). In addition, pretreating D556 cells
with MPCD, amiloride, and CytoD did not affect the uptake of
IONR(). Therefore, the results suggested that clathrin-
mediated, caveolae-mediated, and dynamin-dependent path-
ways mediate ION uptake. In the case of spherical IONP, the
participation of clathrin-mediated, macropinocytosis, and
dynamin-dependent pathways was noticed. Compared to
33.9 + 0.5 Fe ug per million cells in the inhibitor untreated
sample, intracellular Fe concentrations were found to be sig-
nificantly lower in cells treated with CPM (21.4 + 1.05 Fe pg
per million cells), amiloride (26.4 + 1.3 Fe pg per million cells),
and dynasore (26.5 = 1.5 Fe pg per million cells). Conversely,
intracellular Fe concentrations of cells treated with genistein,
MPCD, and CytoD did not show a statistically significant differ-
ence (Fig. 6i), indicating that there is little involvement of
caveolae-mediated, lipid-raft-mediated, and phagocytosis in
D556 medulloblastoma cells internalizing spherical IONP.

For HEK293 cells, the uptake of IONR(, was reduced sig-
nificantly as indicated by the intracellular Fe concentration
due to inhibition of CPM (25.8 + 0.7 Fe pg per million cells),
amiloride (31.8 + 3.1 Fe pg per million cells), dynasore (24.8 +
3.8 Fe pg per million cells), and CytoD (26.1 + 2.6 Fe pg per
million cells). However, there was no statistically significant
difference in cellular uptake of IONR(, when treating cells
with genistein and MBCD, indicating that clathrin-mediated,
dynamin-dependent, and phagocytic mechanisms are involved
in HEK293 cellular uptake of IONR(, (Fig. 6b). For IONR),
treatment with CPM (19.2 + 0.4 Fe pg per million cells), MBCD
(20.2 + 2.4 Fe pg per million cells), amiloride (22.3 + 2.04 Fe pg
per million cells), and dynasore (22.8 + 4.09 Fe pg per million
cells) has substantially reduced cellular internalization by
approximately 1.8-fold, 1.6-fold, 0.9-fold, and 0.97-fold,
respectively, as shown in Fig. 6e. In contrast, genistein and
CytoD did not significantly inhibit the internalization of
IONR(). These results suggest that clathrin-mediated, lipid-
raft, macropinocytosis, and dynamin-dependent endocytosis
mechanisms are key drivers facilitating the potential entry of
IONR() into HEK293 cells. For spherical IONP, inhibitor-pre-
treated cells exhibited significant effects on cellular uptake,
evidenced by the reduction of intracellular Fe concentrations
of cells treated with different inhibitors, ie., CPM (26.5 +
Fe pg per million cells), genistein (31.5 + 2.2 Fe pg per million
cells), MBCD (30.1 + 1.2 Fe pg per million cells) and CytoD
(34.9 £ 3.7 Fe pg per million cells), compared to the control
cells without inhibitor treatment (43.8 + 3.3 Fe pg per million
cells). Thus, IONP potentially enters cells via clathrin-
mediated, caveolae-mediated, lipid raft-mediated, and phago-
cytosis pathways (Fig. 6h).

To further validate and substantiate the internalization
pathways of different IONR and IONP, we used TEM to
examine the cellular structures in correlation with the uptake
of IONR or IONP and their subsequent intracellular distri-
bution. We distinguished four distinct architectural configur-
ations indicative of different endocytosis pathways, i.e.,
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clathrin-coated pits for clathrin-mediated endocytosis, flask-
shaped formations for caveolae-mediated endocytosis,
enlarged macropinocytic vesicles (macropinosomes) for macro-
pinocytosis,®* and cellular pseudopodia formation for phago-
cytosis initiation.®®

In RAW264.7 macrophage cells, the uptake of IONR(,
encompassed the appearance of the clathrin-coated pit, flask-
shaped caveolae on the cytosolic side of the plasma mem-
brane, membrane protrusions forming cup-shaped ruffles, and
the emergence of cytoskeletal filaments forming pseudopodia,
indicating the involvement of clathrin/caveolae-mediated,
macropinocytosis and phagocytosis mechanisms (Fig. 7a and
S4a-c, ESIT). Conversely, the uptake mechanisms of IONR)
and IONP were primarily driven by processes associated with
clathrin-mediated endocytosis, macropinocytosis, and phago-
cytosis (Fig. 7b, ¢, and S4d-f in ESI}). Integration of TEM
observations with intracellular Fe concentration measure-
ments after inhibiting cellular uptake using inhibitors com-
pared to inhibitor untreated cells, we found that the internaliz-
ation of IONR(;,) predominantly occurred through clathrin-
mediated, macropinocytosis, and phagocytosis mechanisms.
In addition to these endocytosis pathways, a small amount of
IONR) was internalized through caveolae-mediated endocyto-
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Fig. 7 Selected TEM images of different oligosaccharide coated IONR
and IONP compartmentalized in different cells at the 2 h time point
after incubation and a nanoparticle concentration of 50 Fe pg mL™%. Top
row: RAW264.7 cells treated with oligosaccharide coated (a) IONR,, (b)
IONR(s), and (c) spherical IONP; center row: HEK293 cells treated with
oligosaccharide coated (d) IONR(, (e) IONR), and (f) spherical IONP;
and bottom row: D556 cells treated with oligosaccharide coated (g)
IONR(), (h) IONR), and (i) IONP. Scale bar indicates 50 nm, 100 nm,
0.1 pm, and 0.2 um. Green arrow — clathrin-mediated (clathrin-coated
pits); brown arrow — caveolae-mediated (flask-shaped structures); blue
arrow — macropinocytosis (macropinosomes); magenta arrow -
phagocytosis.
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sis. Therefore, we are possibly able to observe the flask-shaped
morphological changes in TEM upon contact of IONR(;) with
the macrophage cell surface suggesting that caveolae-mediated
endocytosis also contributed to a lesser extent to their uptake
process. Similarly, although pseudopodia formation indicative
of phagocytosis was observed in TEM, it does not appear to be
a major mechanism for the endocytosis of IONP. The Fe con-
centration measurement for IONR) revealed the involvement
of clathrin-mediated, caveolae-mediated, macropinocytosis,
and phagocytosis pathways. However, TEM examination of the
caveolae-mediated endocytosis was less appealing due to its
laborious nature and limited ability to capture dynamic cellu-
lar processes at the plasma membrane, which requires better
resolution of the TEM instrument or implementation of
additional cell sample preparation methods.

In HEK293 embryonic kidney cells, localization of TONR,
in flask-shaped structures and macropinosomes, indicated
caveolae-mediated endocytosis and macropinocytosis acti-
vation (Fig. 7d and S5a, ESIT). IONR(s) can be seen packed in
clathrin-coated pits, flask-shaped structures, and actin-depen-
dent ruffle formations, suggesting clathrin/caveolae-mediated
endocytosis and micropinocytosis involvement (Fig. 7e and
S5b in ESIT). Additionally, compartmentalization of IONP in
clathrin-coated pits and distinct cytoskeleton membrane inva-
ginations confirmed the involvement of clathrin-mediated and
macropinocytosis pathways (Fig. 7e and S5c, ESIt). Based on
the Fe concentration measurement, we are unable to capture
the cell structure changes in the TEM for clathrin-coated pit
for clathrin-mediated and pseudopodia formation in phagocy-
tosis for IONR(,) uptake. Conversely, the caveolae-mediated
endocytosis pathway did not play a significant role in the
internalization of IONR). For IONP, caveolae-mediated and
phagocytosis morphological changes were not visible due to
TEM limitations.

D556 cell interaction with IONR(,) and spherical IONP
feature compartmentalization in various endocytic structures,
including clathrin-coated pits, flask-shaped structures, and
large-sized membrane ruffles ranging from 200 nm to 5 pm in
diameter®® (Fig. 7g, i and S5d, e, g, h, ESIf). This observation
highlights the prevalence of -clathrin-mediated, caveolae-
mediated, and macropinocytosis pathways. However, in the
case of IONRg,), intracellular locations are within clathrin-
coated pits and distinguishable membrane invaginations on
the cell membrane, suggesting clathrin-mediated and macropi-
nocytosis pathways as the predominant uptake mechanisms
(Fig. 7h and S5f in ESIT). TEM examination of IONR, endocy-
tosis mechanisms, corresponding to Fe concentration
measurement, was consistent. In contrast, caveolae did not sig-
nificantly favor IONP internalization. Conversely, in the case of
IONR(), the presence of flask-shaped structures for caveolae-
mediated endocytosis was less conclusive to capture through
TEM. Additionally, macropinocytosis contributed to a limited
degree in the IONR(g) uptake mechanism.

For comparative analysis, we further elucidated the uptake
mechanisms and cellular interactions by performing
additional control studies using different types of spherical

This journal is © The Royal Society of Chemistry 2024
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nanoparticles with varying sizes including SHP-10 (a commer-
cial spherical nanoparticle with 10 nm in diameter)®” and feru-
moxytol. D556 cells showed a marked preference for clathrin-
coated pits and macropinocytosis pathways similar to IONR),
with SHP-10 demonstrating increased cellular uptake
efficiency (Fig. S6a-c, ESIf). This indicates a potentially
enhanced receptor-mediated endocytosis facilitated by SHP-10
nanoparticles. Phagocytosis of SHP-10 begins with binding to
specialized receptors on phagocyte membranes, triggering
actin polymerization that causes plasma membrane defor-
mation into pseudopodia. These pseudopodia completely
encase the SHP-10 nanoparticles in a phagocytic cup, which
then closes into a phagosome, and then matures through
fusion with endosomal compartments and lysosomes
(Fig. S6a, b, and d in ESIY). In contrast, ferumoxytol predomi-
nantly utilized clathrin-mediated endocytosis and macropino-
cytosis for internalization (Fig. S7a and c, ESIT). After internal-
ization, ferumoxytol nanoparticles are distributed into various
cellular organelles, including endosomes/lysosomes, the
nucleus, mitochondria, and the endoplasmic reticulum,
offering a broad range of interactions within the cell (Fig. S7b,
and c in ESIf). This divergence in uptake mechanisms under-
scores the significance of nanoparticle physicochemical pro-
perties in determining cellular internalization routes.

Our observations reveal that multiple endocytosis pathways
were utilized in the cellular uptake and compartmentalization
of nanoparticles of different shapes and sizes regardless of the
cell type. Long nanorods can undergo quicker invagination
and wrapping during the endocytosis process, due to their
larger initial contact area and rotation with the membrane.
Short nanorods have a lesser extent due to their weaker shape
anisotropy.®® Spherical IONP offers much fewer contact points
for their interaction and adhesion with the cell membrane due
to their curved surface topology, resulting in reduced internal-
ization compared to IONR(;,.>> Zhang et al. demonstrated that
elongated nanoparticles, such as IONR, align with the curva-
ture of the cell membrane more favorably with more contact
compared to spherical particles, promoting faster and more
efficient uptake than spherical particles. This is because the
nanorods with an elongated shape have more surface area in
contact with the cell membrane, providing more points for
endocytic initiation.”® Recent theoretical and computational
studies have investigated the receptor-mediated membrane
wrapping efficiency of nanoparticles during endocytosis based
on different sizes, shapes, and elasticity. These studies high-
light that receptor recruitment speed and free energy barriers
govern the membrane-wrapping efficiency. Specifically, the
wrapping efficiency is determined by the receptor diffusion
flux and the contact edge length between the nanoparticle and
the membrane. Compared to rigid spherical nanoparticles,
soft nanoparticles face higher energy barriers due to their
ability to deform, requiring more receptors for efficient wrap-
ping. This highlights the role played by nanoparticle elasticity
in determining endocytosis efficiency.”* Furthermore, it is
noteworthy that the endocytic process is not solely governed by
the lipid membrane but also involves key protein components
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such as clathrin,”* caveolin,”>”* and the cross-linked F-actin
network.”>’® These proteins play crucial roles in orchestrating
the intricate membrane dynamics and cytoskeleton rearrange-
ments necessary for efficient nanoparticle uptake. Actin fila-
ments support membrane invaginations and provide the
necessary force for membrane deformation and vesicle scis-
sion. Studies have highlighted the involvement of actin in the
dynamic restructuring of the cell membrane during clathrin-
mediated endocytosis,””””® macropinocytosis,®>”® and phagocy-
tosis.®” Fig. S8 in the ESI{ demonstrates that IONR(;, cellular
uptake induces a mechanical response, resulting in increased
cellular rigidity due to cytoskeleton remodeling, which facili-
tates the formation of actin-rich lamellipodia. This is evi-
denced by the increased presence of actin filaments in the cell
cytoplasm and membrane, suggesting that actin filaments act
as a driving force for IONRy, internalization upon contact with
the cell membrane.

Cell membrane tension is crucial for regulating endocytic
pathways, presenting an energy barrier during vesicle for-
mation. Zhang et al. have modulated membrane tension by
varying substrate stiffness and disrupting actin stress fibers to
examine its effect on magnetic force-mediated magnetic IONP
uptake. The results showed that increased substrate stiffness
decreased IONP uptake under magnetic force, indicating that
higher membrane tension inhibits uptake. Conversely, disrupt-
ing stress fibers enhanced nanoparticle uptake, suggesting
that reduced membrane tension promotes nanoparticle intern-
alization.®" A simulation study by Yue et al. shows how orien-
tation and adhesion strength affect the membrane-mediated
interactions between neighboring anisotropic nanoparticles.
For rod-like nanoparticles with weak nanoparticle-membrane
adhesion, orientation-dependent interactions arise from non-
homogeneous membrane curvature, leading to equilibrium
arrangements. Strong adhesion induces asymmetrical wrap-
ping, causing short-range repulsion and intermediate-range
attraction. In multi-rodlike nanoparticle systems, equilibrium
arrangements depend on nanoparticle interaction and
dynamic traps, revealing the complex interplay of geometry,
adhesion, and membrane forces.*> Overall, the shape an-
isotropy and initial orientation significantly influence the
membrane invagination stage, highlighting the advantage of
long rod-like nanoparticles in cellular uptake.

Measurement of intracellular ROS generation

The escalation of ROS beyond the -cellular antioxidant
threshold induces oxidative stress, a condition marked by the
potential for profound cellular injury. This dysregulation risks
oxidative damage to crucial cellular components, including
proteins, lipids, RNA, and DNA, ultimately fostering apoptosis-
driven cell demise.*” In this study, the DCFH-DA probe tech-
nique was utilized to elucidate the correlation of IONR with
different aspect ratios and IONP in triggering ROS production,
subsequently leading to oxidative stress and cellular toxicity in
RAW264.7 and D556 cells. The cells treated with H,O, exhibi-
ted a higher ROS signal in the presence of DCFH-DA because
H,0,, with the aid of cellular peroxidases, efficiently oxidizes
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DCFH to highly fluorescent DCF. The fluorescence intensity of
DCEF serves as a direct indicator of ROS levels. Fig. S9 and S10
in the ESTf illustrate that treatment with IONR), IONRs), and
IONP resulted in a low level of ROS production. Low levels of
ROS are naturally present within cells under non-stress con-
ditions, maintained by the cell’s antioxidant defenses, and are
involved in normal cellular functions such as signaling and
homeostasis.®* Therefore, IONR and IONP ensure enhanced
biocompatibility and reduced cellular toxicity, supporting their
safe and effective use in biomedical applications such as drug
delivery and imaging.

Impact of IONR and IONP on mitochondrial membrane
potential

The mitochondrion is a pivotal organelle crucial for cell energy
metabolism and ATP synthesis. Disruption of the mitochon-
drial membrane potential (Ay;,) may directly trigger the acti-
vation of the mitochondria-mediated intrinsic apoptosis
pathway. The impact of IONR and IONP on mitochondrial
integrity was evaluated in RAW264.7 and D556 cells through
the assessment of mitochondrial membrane potential using a
JC-1 assay kit. The JC-1 probe was employed to gauge the
changes in Ay, where it forms aggregates within healthy
mitochondria, resulting in red J-aggregates.”® Conversely, the
green fluorescence of the JC-1 monomer in the cytosol indi-
cates the loss of Ay, signifying mitochondrial dysfunction.?
In this context, the untreated negative control exhibits red fluo-
rescence, while the CCCP-treated positive control yields green
fluorescence. Compared with the controls, the cells treated
with TONR(;), IONR(), and IONP showed a negligible green
signal and a bright red signal suggesting that there was no
change in the mitochondrial potential (Fig. S11 and S12 in
ESIt). Thus, IONR and IONP did not cause mitochondrial dys-
function under the conditions tested.

4. Conclusions

Numerous experimental and theoretical investigations have
emphasized the impact of size,***> shape,®**” orientation,®®%°
stiffness,”® and surface properties” of nanomaterials on their
cellular uptake. Our re-examination of shape and size depen-
dent cell interactions with nanoparticles revealed that IONR
with different aspect ratios are selectively taken up by different
cells using different endocytosis pathways. IONR., with a
higher aspect ratio exhibited a higher cellular uptake in
RAW264.7 and D556 cells compared to those with low aspect
ratios, such as IONRg), spherical IONP, and ferumoxytol.
Specifically, IONR(;) showed greater uptake in macrophages
than in normal kidney cells and cancer cells, likely due to
their larger initial contact area and rotation with the mem-
brane. Our further investigation with pathway inhibition and
TEM experiments showed that the preferential uptake mecha-
nism of IONR(;) in macrophage cells involved internalization
via clathrin-mediated, macropinocytosis, dynamin-dependent,
and phagocytosis pathways. Conversely, in normal kidney
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cells, uptake occurred predominantly through clathrin-
mediated, dynamin-dependent, and macropinocytosis/phago-
cytosis mechanisms. In cancer cells, internalization primarily
utilized clathrin/caveolae-mediated and phagocytosis mecha-
nisms. Furthermore, we have found that there is no detectable
iron-induced ROS in cells treated with the reported IONR,
which does not appear to affect the mitochondrial membrane
integrity. The shape/size specific uptake by different cell lines
and their cellular responses are informative for further investi-
gation and development of nanoparticles for cell targeted bio-
medical applications including drug delivery,
hyperthermia, and MRI.

in vivo,

Author contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Data availability

The data supporting this article have been included as part of
the ESL.}

TEM images of oleylamine coated and size distribution of
oligosaccharide coated IONR(;), IONR(s), and IONP (Fig. S17).
FTIR spectra of oleylamine coated IONR and oligosaccharide
coated IONR are shown in Fig. S2f. The results of the MTT
assay conducted for 48 h are shown in Fig. S31). TEM images
of 2 h treatment with oligosaccharide coated IONR(), IONR),
and IONP on RAW264.7, HEK293, and D556 cell lines (Fig. S4
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