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ABSTRACT

Objective(s): Exosomes are promising nanoscale carriers for cell free 1. generative medicine; however,
limited in vivo traceability and inefficient targeting hinder thei= cl. ical ranslation. We investigated the
feasibility of using citrate-coated ultrasmall superparamaznetic iron oxide nanoparticles (USPIONS)
to efficiently label and MRI-track stem cell-derived exs o aes.

Materials and Methods: USPIONs were synt' -izc and cnaracterized using TEM (transmission
electron microscopy) and DLS (dynamic ! vht s atter. o), with complementary physicochemical
characterization techniques. Olfactory ecton. =eichymal stem cells (OE-MSCs) were labeled with
USPIONs (50 pg/ml), and labeling efficiency w. = evaluated using cell viability assay, intracellular
iron quantification, Prussian blue stan 'ng, and Ti.vl. Exosomes were isolated from the USPIONs-
labeled OE-MSCs (USPIONs-OE-MSCs, ~nd characterized. All quantitative measurements were
performed in triplicate, and data are  -esen. 4 as mean+SD.

Results: USPIONs exhibited a mza. cc = size of 3.40+1.43 nm by TEM and a hydrodynamic peak
at 6.53+£1.71 nm by DLS, with excelient colloidal stability, crystallinity, and superparamagnetic-
like properties. The USPION = OE-. *¢7; exhibited an intracellular iron content of 8.65+0.35 pg/cell.
TEM revealed that exosoreas « arived from USPIONs-OE-MSCs (USPIONs-exosomes) had a mean
diameter of 95.69+44.91 nm. wnereas DLS showed a hydrodynamic peak at 121.5+33.89 nm.
ICP-OES confirmed sticcxssfu’ iron labeling (13.50+0.49 ng Fe/pg exosomal protein), and labeled
exosomes produced a 32 6 o signal reduction in in vitro T2-weighted MRI compared with unlabeled
exosomes (P<0.C9C7).

Conclusion: 1'_IONs provide an efficient, biocompatible platform for exosome labeling, enabling
MRI-based t-ackii.- This strategy may facilitate exosome engineering for regenerative nanomedicine
and targetea elivery.

Abroodi Z, Shabani R, Bagher Z, Mirsa. ~i IS, Mehdizadeh M. Citrate-coated ultrasmall superparamagnetic iron oxide nanoparticles for
efficient labeling and MRI trac ‘ing of olfactory ectomesenchymal stem cell-derived exosomes. Iran J Basic Med Sci 2026; 29:

Introduction

Mesenchymal stem cells (MSCs) are adult, multipotent,
mesoderm-derived stromal cells that can self-renew and
differentiate into multiple non-hematopoietic lineages
within connective tissues. MSCs can be isolated from bone
marrow, cord blood, muscle, fat, and other tissues (1).

Recently, OE-MSCs, a new member of the MSC
superfamily, have received special attention as a therapeutic
strategy (2, 3). OE-MSCs have a primitive origin from neural
crest cells and are located in the olfactory lamina propria.
These cells have a strong capacity to proliferate, self-renew,
and differentiate into various cell lineages (4). OE-MSCs
offer easy access and the potential for autologous grafts,
which can address immune rejection and ethical concerns
in clinical trials (2). Nerve regeneration and the production

of various types of neural cells, such as neurons, astrocytes,
and oligodendrocytes, are other functions of OE-MSCs (5).

Literature findings revealed that MSC-based therapy has
several defects, such as costly storage, transportation, and
recovery. In addition, changes in transplanted MSCs due to
complex in vivo environments can cause undesirable effects
in patients (6).

Recently, a new cell-free therapy, MSC-released
extracellular vesicles (EVs), has emerged as a promising
therapeutic approach for numerous diseases (7-9). EVs
are cellular products encapsulated in lipid bilayers. They
comprise various subtypes, including microvesicles,
exosomes, and apoptotic vesicles (10).

Almost all cell types can secrete exosomes. Exosomes are
present in a variety of body fluids (11). Exosomes contain
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specific proteins, nucleic acids, lipids, and glycoconjugates to
perform various activities, including intercellular signaling
and molecular communication (12, 13).

Exosomes influence many facets of human physiology
and pathology, including tissue homeostasis, development,
immunity, cancer, and neurodegenerative diseases (13).
New research shows that, given the physiological and
pathological functions of exosomes, they can serve as
diagnostic biomarkers, therapeutic agents, and molecular
transporters (12).

Applying suitable labeling methods, noninvasive tracing,
and imaging of stem cells and exosomes helps us identify
the exact location where they exert their therapeutic
function. Obtaining high-resolution in vivo images using
nanotechnologies provides us with useful information about
the stem cells’ and exosomes’ mechanisms of action (14, 15).

Among different labeling techniques, nanoparticles are
particularly valuable in clinical studies (16). Recent reviews
havehighlighted the growing potential of metal nanoparticle-
exosome hybrid systems, which combine the biological
properties of exosomes with the unique physicochemical
characteristics of engineered nanomaterials, including the
magnetic properties of iron oxide nanoparticles (17).

Superparamagnetic iron oxide nanoparticles (SPIONs)
are a nanomaterial that has become popular in biomedicine
because of their unique characteristics, including
easy synthesis, superparamagnetism, high saturation
magnetization, biocompatibility, and low toxicity (18). The
core of SPIONs usually comprises magnetite (Fe,O,) and
maghemite (y-Fe,O,). Magnetic nanoparticles are used as
contrast media in MRI (19).

Before SPIONs were introduced as MRI contrast agents
gadolinium chelates were used. Gadolinium chelates are
sensitive for micromolar-level imaging, whereas SPIONs
are detectable in the nanomolar range and can be.-lec:lv
observed using T1, T2, and T2* MRI parameters (0}.

SPIONs cause negligible side effects .(z1)..-"on-
containing nanoparticles are biocompatible/par.'v because
the body is capable of metabolizing iron to . s nati.ral form
of ferritin. Their superparamagnetic pro, »rt. s minimize
the likelihood of nanoparticle-aggre vation and vascular
occlusion. The organic and’ inorganic polymer coating
around the nanoparticle core' : anothey important factor in
biocompatibility (19).

Labeling MSCs without transfection agents is challenging
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due to their limited phagocytic capacity, resulting in low
SPION uptake and reduced MRI sensitivity. Although
transfection agents or high SPION concentrations can
enhance uptake, their potential toxicity limits their
application. Citrate is a type of polymer coating. This anionic
monomer can increase cellular uptake and improve MR
imaging (22). Citrate’s strong negative surface charge attracts
SPIONS to cells. As a result, SPIONs can be incorporated
into cells more efliciently at lower concentrations and
without transfection agents (19).

Exosomes can be labeled with SPIONs via multiple
methods, such as electroporation, natural cellular uptake,
or bioconjugation (23). As exosome research advances,
attention has shifted toward labeling strategies and their
impact on exosomal function. Choosing stable labeling
agents, using proper labeling rrocedures, and optimizing
labeling conditions are impotant for sustaining exosome
detectability and trackability. i\ searchers can incorporate
metal nanoparticles inte-oxoscmes through various
approaches. Although mimbrane labeling is convenient,
excessive modificatiors, «i*c..n~asing large dyes, hierarchical
connections of antiven-atibody complexes, or particle
chelation, can a’*2r eassuomal function. Therefore, small-
molecule mer brai. labeling or intraluminal methods are
preferred 1 - functional studies (16).

Pecent stu ‘ies have further expanded the use of iron
oxide manoparticles to label and track EVs. Helsper et al.
shawed (2t USPIO-labeled human MSC-derived EV's could
Lo vionelized by MRI to assess their biodistribution and
leajance in an experimental ischemic stroke model, and
« —absequent study from the same research group further
‘nvestigated MRI-based assessment of iron oxide-labeled
EVs derived from hypoxia-conditioned hMSCs and their
therapeutic potential (24, 25). More recently, researchers
have explored iron oxide nanoparticle-engineered
exosomes as multifunctional platforms that combine MRI-
based imaging with therapeutic modulation of the disease
microenvironment (26).

Despite the potential of OE-MSC-derived exosomes
as a cell-free therapeutic platform, noninvasive tracking
remains challenging. Our USPION-labeling strategy (Figure
1) enables sensitive MRI tracking of these exosomes and
provides a basis for magnetic guidance and targeted delivery.
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Figure 1. USPIONSs provide an efficient nanoparticle-based approach for labeling OE-MSC-derived exosomes
(a) The synthesis of USPIONs was conducted. (b) Next, OE-MSCs were isolated and cultured. Then, OE-MSCs were incubated with characterized USPIONs (50 pg/ml) diluted
in culture medium for 24 hr. (c) Cells internalized the nanoparticles via endocytosis. These endocytosed USPIONs mostly accumulated within multivesicular bodies (d), which

released their cargo as exosomes after fusing with the plasma membrane.
OM: olfactory mucosa; MVB: multivesicular body; RER: rough endoplasmic reticulum
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Materials and Methods
Synthesis of USPIONs

The first solution was prepared by dissolving 6 mM citric
acid monohydrate (CsHsO,H,O, 99.5%, LR grade, CDH
Fine Chemicals, India) in 50 ml of deionized water using a
magnetic stirrer at room temperature. The second solution
was produced by dissolving 4 mmol of anhydrous iron (III)
chloride (FeCls, 297%, Sigma-Aldrich, St. Louis, MO, USA)
and 2 mmol of iron (II) chloride tetrahydrate (FeCl,-4H,O0,
98%, Sigma-Aldrich, St. Louis, MO, USA) in 50 ml of
deionized water and adding it to the first solution. Then, 3 ml
of 25% ammonia solution (EMPARTA®, Merck, Darmstadt,
Germany) was mixed dropwise. The combination was stirred
gently for an hour at 80 °C. Finally, dialysis was used to purify
the product and remove unreacted ions. The citrate-coated
Fe,O, was collected and stored at 4 °C until use (27).

Characterization of USPIONs

The Fe concentration in the sample was measured using
inductively coupled plasma mass spectrometry (ICP-
MS, Varian - 573 Radial). The sample was then diluted in
deionized water and sonicated for 10 min before assessment.

Transmission electron microscopy (TEM; Carl Zeiss
LEO 906; Jena, Germany) was conducted to evaluate
morphological features and measure the average core
size of nanoparticles. For sample preparation, ultrasmall
superparamagnetic iron oxide nanoparticles (USPIONs)
were diluted in distilled water, then sonicated for 10 min
to prevent particle aggregation. Then, 5 pl of the particle
suspension was placed on a carbon-coated copper grid,
air-dried, and TEM imaging was performed at 100 kV. The
mean size of nanoparticle cores (Fe,O,) was measured from
at least 100 particles.

Dynamic light scattering (DLS) and zeta potential
evaluations were acquired with a Malvern Zetasi °r
apparatus (Malvern Instruments Co., Malvern, UK}t a
backscatter detection angle of 173° (NIBS).

Fourier transform infrared (FTIR) spectra werc sbio"=°d
on a Frontier infrared spectrophotometer (Pe-inE mer).
Low-angle X-ray diffraction (XRD) analysis/ ‘as ca...ed out
using a PW1730-Philips system with KCr: (1.54 A) radiation
to determine the crystalline nature of the 1 noparticles. The
magnetic characteristics of the svnthesizec. nai.oparticles were
assessed using a Vibrating Sariple Ma_netoneter (VSM).

OE-MSCs isolation and cu. ure

OE-MSCs were isolated =i the olfactory mucosa
of 8-week-old male Wistar rats (230-280 g) purchased
from the IUMS animal lab (Tehran, Iran) and maintained
according to IUMS ethical guidelines (IRIUMS.FMD.
REC.1401.433). Animals were deeply anesthetized
by intraperitoneal injection of ketamine (100 mg/kg;
Rotexmedica, Trittau, Germany) and xylazine (20 mg/
kg; Alfasan, the Netherlands). Following confirmation of
deep anesthesia, rats were euthanized by CO, inhalation in
accordance with the approved institutional animal ethics
protocol. Death was confirmed by the absence of respiration
and heartbeat before tissue collection. Olfactory mucosal
tissues were collected from nine rats and pooled for
primary cell isolation. The pooled tissue was subsequently
processed and seeded into three T25 culture flasks. Next,
the cribriform plate was removed, and the turbinates
were delicately discarded. Then, the olfactory mucosa
was extracted from the nasal cavity. The tissue specimens
were washed three times with culture medium containing
penicillin (100 IU/ml)/streptomycin (100 pg/ml) (28). Then,
enzymatic dissociation was performed by submerging the
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biopsies in 0.5 ml serum-free culture medium containing
0.5% collagenase type I enzyme (Gibco, Billings, USA) at
37 °C for 10 min. Mechanical dissociation was performed
at the beginning, middle, and end of the incubation period
using a pipette. The cell pellet was obtained. The cells were
resuspended in the complete culture medium (Dulbecco’s
modified Eagle’s medium (DMEM)/F12 supplemented with
10% fetal bovine serum (FBS, Gibco, Billings, USA) and 1%
penicillin-streptomycin antibiotic (final concentration: 100
IU/ml penicillin and 100 pg/ml streptomycin; Invitrogen,
Waltham, USA) and plated in flasks. After 72 hr, the culture
medium was renewed to discard non-adherent cells. The
medium was then replaced with fresh medium every 2-3
days. When confluence was reached, the adherent cells were
trypsinized using 0.05% trypsin-ethylenediaminetetraacetic
acid at 37 °C for 2 min and expanded for 3 passages.

Characterization and confirmation of OE-MSCs
OE-MSCs differentiation induction

Osteogenic and adipogenic differentiation of OE-MSCs
at passage 3 was induced by <¢eding nearly 5x10* cells/well
in a 24-well culture plate. Ir... OE-MSCs were incubated
in StemPro” osteogenic 1 rcticn medium (Gibco, USA)
and adipocyte differeni‘ationn medium (Cell Applications,
Inc., USA) at 37 °C v.'*h 2% CO,. We replaced the media
every 3 days. Aft>r 21 days, Osteogenic and adipogenic
differenti-tior’ werc cvaluated using alizarin red S and
oil red” O «ye, i spectively, following the manufacturer’s
instruct. =s (29).

Fic v cytomecry analysis

Ti> expression of CD90 and CD105, as MSC positive
n ~rkess, and CD34 and CD45 as negative markers, from
the 1solated OE-MSCs in passage three was determined
.ing Flow cytometry analysis. The cells were incubated
with antibodies against CD90 (APC-conjugated anti-rat
CD90, Cat. No. 202526, Biolegend, USA), CD105 (PE-
conjugated, Cat. No. GTX79979, GeneTex, USA), and the
hematopoietic markers CD34 (PE-conjugated, Cat. No.
551387, BD Biosciences, USA) and CD45 (FITC-conjugated
anti-rat CD45, Cat. No. 202205, Biolegend, USA) at 4 °C
for 30 min according to the manufacturer’s instructions.
Isotype-matched control antibodies were used to determine
non-specific staining. The antibody binding levels were
detected using a BD FACS Calibur (BD Biosciences, San
Jose, CA, USA).

Labeling of OE-MSCs with USPIONs

When OE-MSCs reached 80% confluency, they were
incubated with USPIONs diluted in DMEM/F12 medium
for 24 hr. Based on previous optimization studies and our
preliminary evaluation of nanoparticle labeling efficiency
(14, 30), along with MTT-based cell viability assessment, we
selected 50 pug/ml USPIONSs and a 24 hr incubation period for
OE-MSC labeling. During the first 4 hr, cells were deprived
of FBS (the starvation period). The addition of 10% FBS was
performed during the remaining 20 hr. After incubation,
cells were washed three times with phosphate-buffered saline
(PBS) to remove extracellular nanoparticles (30).

Evaluation of OE-MSCs labeling efficiency
Prussian blue (Perls) staining

Prussian blue (PB; Perl’s acid ferrocyanide) staining was
carried out to detect the internalized USPIONs by OE-
MSCs. Briefly, cells were fixed with 4% paraformaldehyde
(PFA; Merck, Kenilworth, NJ, USA) for 20 min at room
temperature and washed three times with PBS. The cells
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were then incubated with a 1:1 mixture of 2% potassium
ferrocyanide and 1% hydrochloric acid (HCI) (Merck,
Germany) for 20 min. After washing three times with PBS,
the cells were counterstained with nuclear fast red for 15 sec.
USPION internalization was observed using an Olympus
IX71 inverted microscope (Olympus, Japan).

TEM

We performed primary fixation on NP-labeled cells in
2.5% glutaraldehyde buffer (diluted from 25% stock, Cat.
No. 104239, Merck, Germany) in a fridge at 4 °C overnight.
They were postfixed with 1% osmium tetroxide (OsO,;
diluted from 4% stock, Cat. No. 75632, Sigma-Aldrich,
Buchs, Switzerland) for 1 hr, then washed with PBS. The
samples were then dehydrated and placed in graded
concentrations of ethanol. TEM images were obtained using
a PHILIPS EM208S microscope (Netherlands) at 100 kV.

Iron quantification in USPIONs-OE-MSCs

USPIONs-labeled and unlabeled cells were lysed in
0.5 ml concentrated HCl, and the inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis
(ICP-OES 730-ES, Varian) was performed to ascertain the
amount of intracellular iron.

Cytotoxicity assay

The cytotoxicity of the USPIONs was analyzed using
the 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium
bromide (MTT) assay. At the beginning, 100 pul of OE-MSC
suspension per well with a concentration of 5 x 10* cells/ml
was seeded in a 96-well plate and allowed to attach to the
bottom of the wells. After 24 hr, the medium was changed.
and cells were treated with a fresh medium containing the
optimum concentration of nanoparticles (50 pg/ml) f_- 24,
48, and 72 hr as described and confirmed to be a nvato.ic
concentration for MSCs in some previous studie’ (14,30,
31). Afterward, the medium containing the o IC T was
removed, and fresh serum-free medium cortaiuing MTT (5
mg/ml in PBS; Sigma, Missouri, USA) v.*s aau.u to each
well and incubated for 4 hr. Then, the = ediu. » was replaced
with 100 pl of dimethyl sulfoxide (DM M: Sigma, Missouri,
USA) and shaken for 15 min 7o a. soive the formazan
crystals. Finally, the abscrbance * ras rieasured at 570 nm
using an ELISA reader. ('ell viability was calculated relative
to the corresponding un. eated control group at each time
point, which was set as 100

USPIONs-exosomes isolation

OE-MSCs (10° cells) with 80% confluency were incubated
with 50 pug/ml of USPIONS for 24 hr. After three PBS washes,
the cells were incubated again in fresh culture medium
containing 10% EVs-depleted FBS to prevent impurities
from serum vesicles. The differential centrifugation method
was used to isolate exosomes from OE-MSCs conditioned
medium (OE-MSCs-CM) with minor modifications to
a previously described protocol (32). The isolation and
characterization of EVs were performed in accordance
with the MISEV2018 guidelines (33). Ultracentrifugation
was carried out using a Beckman L5-50 ultracentrifuge
(Beckman Instruments, Fullerton, CA, USA) equipped
with a Type 60 Ti fixed-angle rotor, and all centrifugation
conditions are reported as relative centrifugal force (xg).
Briefly, the collected OE-MSCs-CM was sequentially
centrifuged at 300 xg for 10 min to remove dead cells,
at 2000 g for 10 min to eliminate debris, and at 10,000 x
g for 30 min to remove microvesicles. Then, the samples
were filtered through a 0.22-pum syringe filter. Finally, the
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supernatants were centrifuged again at 100,000 xg at 4 °C
for 1 hr. The exosome pellet was resuspended in PBS and
either used immediately or stored at -80 °C.

Characterization of USPIONs-exosomes
USPIONs-Exosomes concentration measurement

The Bradford assay (DNAbioTech, Cat. No. DB0017,
Iran) was used to measure the exosome fraction protein
content according to the manufacturer’s instructions.

Western blotting
Western blotting was used to characterize the proteins
of exosomes following previously established methods,
with some modifications (34, 35). First, exosomes were
lysed with RIPA buffer. Then, centrifuged at 14,000 rpm for
20 min at 4 °C to remove the lysates. Protein concentration
was measured using the Bradford Protein Quantification
kit according to the manufacturer’s instructions. (DB0017,
DNAbioTech, Iran). Th¢ lysates were then blended with
an equal volume of 2X L. “mmli sample buffer. After that,
Equal amounts of protein (-7 ug per lane) were applied to
SDS-PAGE followinga 5-. »int.e boil and were subsequently
transferred to a 0., um ' Immune-Blot™ polyvinylidene
difluoride (PVIJ¥) .~emwrane (Cat No: 162-017777; Bio-
Rad Laboratrrics, Cz, USA). 5% BSA (Cat No: A-7888;
Sigma-*1di. h, MU, USA) in 0.1% Tween 20 was used for
1 b7 to b ock \»e membranes. Then, the membranes were
incub. *=d with Anti-Calnexin (Cat No: ab22595, Abcam),
Anti-CL "3 {Cat No: A01080, Boster Biological Technology,
'SA), and Anti-TSG101 (Cat No: abl25011, Abcam)
for 1 _hr at room temperature. After washing with TBST,
he membranes were incubated with goat anti-rabbit IgG
H&L (HRP) (Cat. No.: ab6721; Abcam) diluted 1:3000 for
1 hr at room temperature to detect the primary antibody.
The membranes were then incubated with enhanced
chemiluminescence (ECL) for 1-2 min. Protein expression
was normalized to B-actin. Densitometry of protein bands
was performed using the Gel Analyzer Version 2010a
software (NIH, USA).

TEM

The morphology of USPIONs-exosomes was assessed
using TEM. Briefly, isolated exosomes were resuspended in
100 pl of sterile-filtered PBS. 10 pL of exosomes were placed
on a Formvar/Carbon coated copper grid, 300 mesh (Agar
Scientific, UK; Cat. No. AGS162-3). Afterward, the grid
was washed three times with sterile-filtered PBS, and the
exosome specimen was fixed with 2% PFA (EMS, EM grade)
for 10 min. The grid was washed again and incubated with
2.5% glutaraldehyde for 10 min at room temperature. Then,
negative staining was conducted using 2% uranyl acetate
(pH 7.4) (EMS, EM grade). TEM images were acquired by
Carl Zeiss LEO 906 (Jena, Germany) at 100 kV.

Size distribution analysis

Exosome sample at 100 pg of protein/ml was diluted
in PBS. The particle size of the exosomes was evaluated
by dynamic light scattering using a Malvern Zetasizer
(Malvern, UK).

Quantification of iron associated with isolated exosomes

The iron content associated with the isolated exosome
fraction was measured by ICP-OES (ICP-OES 730-
ES, Varian) analysis, as described by Hood et al. (36).
Briefly, NP labeled and unlabeled exosome samples were
combined with 0.5 ml Optima-grade nitric acid (HNO3),
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0.2 ml hydrochloric acid (HCI), and 0.1 ml of hydrogen
peroxide (H,0,) and mixed by pipetting. The samples
were microwaved for 2 hr, with the power reaching 1000W
within 20 min. Then, the samples were cooled for 10
min. The digested specimens were diluted to 10 ml in DI
water. This was the counterpart volume to that of the iron
calibration standards. The calibration standards contained
iron concentrations of 0.5, 1, and 2 ppm.

In vitro MRI of USPIONs-exosomes

300 micrograms of characterized USPIONs-exosomes were
fixed homogeneously in a 2% agarose gel matrix in a 1.5
ml microtube. A similar amount of unlabeled exosomes
was dispersed and fixed in the gel matrix as a control. MR
images were then acquired on a 3-Tesla clinical MRI scanner
(Siemens, Magnetom Prisma, Henkestr, Germany) to assess
the in vitro detectability of USPIONs-exosomes. The T2
relaxation mapping was conducted using a multi-echo spin-
echo (MESE) sequence (32 echoes). The imaging parameters
were as follows: Repetition time (TR): 3000 ms; echo time
(TE): 28-58 ms; Field of View (FOV): 130 x 200 mm? and
slice thickness: 3.5 mm. Then, quantitative image analysis
was performed using Fiji (Image] 2.16.0, Java 21.0.7, NIH,
USA) software. For each sample, regions of interest (ROIs)
of identical size were placed on the central portion of each
microtube from three independent slices. The mean gray
value for each ROI was used as the signal intensity. The noise
standard deviation (o noise) was obtained by averaging the
standard deviation values derived from three identically
sized background ROIs selected in regions without sample-
related signals across the corresponding DICOM images.
The Contrast to Noise Ratio (CNR) was calculated tc
investigate MRI detectability using the following formula:

CNR = Stontrol ~SUSPIONs—exasomes
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Figure 2. Characterization of USPIONs
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Signal drop (%) induced by USPIONs-exosomes was
also calculated relative to the control exosomes using the
following equation:

. 5 =5 -
SIQT]“E d?"ﬂp{:nfa) — Cantrol SUCSP.I'G.\': EXOIOIMES % 100
ontrae

Where S and S _represent the mean signal
. ~ . Control USPIONSs-exosomes i

intensities of unlabeled and USPIONs-exosomes, respectively.
o noise defined as the standard deviation of the background

noise measured from a signal-free region of the background.

Statistical analysis

All quantitative experiments were performed in at least
triplicate, and the results are presented as mean+standard
deviation (SD). Statistical analyses were conducted using
GraphPad Prism software. Comparisons between groups
were performed using Student’ t-test or two-way ANOVA,
where appropriate. A P-valte of < 0.05 was considered
statistically significant. Qualit~. ‘ve analyses, such as TEM,
FTIR, and XRD, were evaluated ac-criptively.

Results
Characterization of "JSP1.)Ns

The ICP-MS rhaly.>-snowed an iron concentration of
3000.37+141.. ) pug, mlin the stock nanoparticle suspension.
The morp. logy of JSPIONs was investigated using TEM
impeing (Fig. e 2A). It shows that these nanoparticles are
sphe. cal, relatively uniform in shape and size, with good
dispers: n. The mean size of USPIONs was obtained to be
2.4( -1.43 nm by TEM. DLS measurement indicated that the
tiydiodynamic diameter (d,) of the particles is 6.530+1.71
2 (Figure 2B). The zeta potential, or surface charge,
*vas found to be -25.57+3.18 mV (Figure 2C), confirming
the stability of nanoparticles in aqueous solutions. FTIR
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(A) TEM images showed that USPIONS are uniformly dispersed and spherical. The average core diameter of nanoparticles was 3.40+1.43 nm (n=350). (B) The hydrodynamic
diameter and (C) Zeta potential of the USPIONs measured by DLS were 6.53+1.71nm and -25.57 mV, respectively. (D) FTIR spectrum, (E) XRD pattern, and (F) VSM hysteresis

curve of the USPIONs

USPIONS: ultrasmall superparamagnetic iron oxide nanoparticles; TEM: transmission electron microscopy; DLS: dynamic light scattering; FTIR: fourier- transform infrared

spectroscopy; XRD: X-ray diffraction; VSM: vibrating sample magnetometer
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analysis was carried out to verify the binding of citric acid
to the surface of iron oxide nanoparticles. FTIR spectrum
of USPIONSs (Figure 2D) indicated an absorption peak at
557 cm™ corresponding to the Fe-O stretching vibration.
The peaks at 1611 and 1399 cm™ are attributed to the
asymmetric and symmetric stretching of the carboxyl group,
corroborating the binding of citrate to the USPION surface.
The FTIR results show that two COOH groups from citric
acid are covalently attached to the nanoparticle surface,
leaving one COOH group free. This free acid group can be
utilized for further functionalization of the nanoparticles
(37). The crystalline structure of the sample was investigated
by XRD analysis. The powder XRD pattern (Figure 2E)
demonstrated that all Bragg’s planes can be indexed to cubic
inverse spinel magnetite with the indices (311), (440), (220),
(511), and (400) (37, 38), which are consistent with the
reference (JCPDS card no. 19-0629). VSM analysis indicated
that the synthesized Fe,O, nanoparticles reached 1.78 emu
g! at an applied magnetic field of 10,000 Oe. This magnetic
response is consistent with the ultrasmall magnetic core size
and the contribution of the non-magnetic citrate coating to
the total sample mass. Overall, the nanoparticles exhibited
a superparamagnetic-like magnetic response at room
temperature. (Figure 2F).
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Generation and characterization of OE-MSCs

Extraction and culture of OE-MSCs from the olfactory
mucosa of normal rats were performed successfully (Figure
3A). After three passages, the isolated cells appeared as
a relatively homogeneous population, and most of them
presented a fibroblast-like morphology in vitro (Figure 3B).
According to the multi-lineage differentiation capability of
MSCs, OE-MSCs can also differentiate into adipocytes and
osteocytes after culturing under induction conditions. Figures
3C and 3D revealed lipid droplets and calcium deposits after
Oil Red O and Alizarin Red S staining, respectively.

Quantitative flow cytometry analysis showed that 98.9%
and 96.3% of OE-MSCs stained strongly for the MSC surface
markers CD105 and CD90, respectively (Figures 3F and 3E).
However, OE-MSCs were negative for the hematopoietic
markers CD34 and CD45, at 0.62% and 0.9%, respectively
(Figure 3G and 3H).

Evaluation of OE-MSCs labeling  ficiency

PB staining results indicated tha. USPIONs (50 ug/ml)
were efficiently taken up by/the ME-MSCs. After staining
of the labeled cells, the nano, articles were present as blue
spots inside the cells, and ti.> nuclei appeared red (Figure
4B). These blue sediuies ‘s are formed from the reduction
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Figure 3. OE-MSC characterization
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(A) Morphology of OE-MSCs shortly after isolation, before the first passage. (B) Isolated OE-MSCs in passage three, which show a spindle-like morphology. (C) Adipogenic and
(D) osteogenic differentiation of OE-MSCs. Lipid droplets (arrows in C) and calcium deposits (arrows in D) are seen under adipogenic and osteogenic induction conditions,
respectively. Characterization of OE-MSC surface markers using Flow cytometry analysis indicated that OE-MSCs were positive for mesenchymal markers (E) CD90 and (F)

CD105 and negative for hematopoietic markers (G) CD34 and (H) CD45
OE-MSCs:: olfactory ectomesenchymal stem cells
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Figure 4. USPIONS internalization

PB staining of: (A) unlabeled and (B) USPIONs-OE-MSCs to evaluate intracellular USPIONSs uptake. In (B), red nucla* ~d b..  perinucicar cytoplasmic inclusions confirm the existence
of iron nanoparticles within the cells. (C) TEM images of USPIONs-OE-MSCs. The internalized USPIONS (arrows* are ob. rved . “*hin membrane-bound cytoplasmic vesicles

USPIONS: ultrasmall superparamagnetic iron oxide nanoparticles; PB: prussian blue; TEM: transmission elect: »

of ferric to ferrous iron. Unlabeled control cells were not
positive for PB (Figure 4A)

TEM imaging of USPIONs-OE-MSCs also confirmed
that nanoparticles accumulated in the cytoplasm. In several
images, membrane fragments enclosed aggregates, suggesting
they may have been in endocytic vesicles (Figure 4C).

ICP-OES analysis quantified the amount of iron
internalized by OE-MSCs. The iron content of USPIONSs
labeled cells, at approximately 8.65+0.35 pg/cell’ -was
significantly higher than that of unlabeled cells.

Cytotoxicity assay

The cytotoxicity of citrate-USPIONs at"« ~on. ~ntration
of 50 ug/ml was investigated in CE-MSCs «fter 24, 48,
and 72 hr of incubation using/the MT'1 “csay. A time-
dependent reduction in the v :bility of OE-MSCs was
observed following treatment wit. citrace-USPIONs at 50
ug/ml. While cell viability remained statistically comparable
to the control group after 24 hr of incubation (P=0.3153),
significant reductions were observed after 48 hr (P=0.0098)
and 72 hr (P=0.0013) (Figure 5), indicating a time-
dependent cytotoxic effect with prolonged exposure. Based
on these findings, incubation of OE-MSCs with 50 ug/
ml citrate-USPIONs for 24 hr was considered the optimal
labeling condition, providing efficient nanoparticle uptake
while preserving cell viability.

USPIONs-exosome isolation and characterization

Exosomes were isolated from labeled OE-MSC-CM.
The exosome yield per 10° OE-MSCs was 150-200 pg/ml
of exosome proteins for each isolation, as measured by the
Bradford assay.

TEM imaging was performed to assess exosome
ultrastructure and evaluate USPION association with
isolated exosomes. Electron micrographs illustrated that
exosomes are round, cup-shaped, and double-membraned
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Figure 5. Viability of OE-MSCs treated with 50 pg/ml citrate- USPIONs
over different incubation times (24, 48, and 72 hr)

MTT assay results indicate that incubating cells with USPIONs at the specified
concentration for 24 hr did not result in a statistically significant change in cell
viability between the unlabeled and labeled groups (Mean+SD, n=>5, **P<0.01).
OE-MSCs: olfactory ectomesenchymal stem cells; USPIONs: ultrasmall
superparamagnetic iron oxide nanoparticles; MTT: 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide

structures. They showed a homogeneous size distribution
with an average diameter of 95.69+44.91 nm. TEM images
also revealed electron-dense nanoparticles associated with
the exosomes, consistent with successful USPION labeling
(Figure 6A).

Western blot analysis revealed that the exosomal markers,
CD63, a member of the tetraspanin family, and TSG101, an
endosomal pathway protein, were expressed in the exosome
fraction. The endoplasmic reticulum protein calnexin, as a
negative control marker of exosomes, was not detected in
OE-MSC-derived exosomes (Figure 6C).

DLS-measured hydrodynamic size indicated that the
exosome size-distribution peak was 121.5+33.89 nm (Figure
6D), matching the theoretical size of exosomes.
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(A) TEM images of USPIONs-labeled and (B) unlabeled ex on. -. Electron-dense nanoparticles associated with exosomes and the exosomal membrane are displayed with red
and blue arrows, respectively. (C) Western blot analysis o' -urface | ~iein markers of USPIONs-exosomes: CD63 and TSG101. Calnexin, as a negative control marker, was not
detected in the exosomes. Two independent replications are . own. (D) DLS was used to evaluate the size profile of USPIONs-exosomes. The exosome size distribution peak was

121.5%£33.89 nm.

USPIONS: ultrasmall superparamagnetic fzou exid¢ nanopa ticles; TEM: transmission electron microscopy; DLS: dynamic light scattering

ICP-OES analysis showec hat the'iron content associated
with the isolated exosome fraction derived from USPIONs-
OE-MSCs was 13.50+0.49 ng Fe/ug exosomal protein, which
was markedly higher than that of the unlabeled exosome
fraction, confirming successful iron labeling.

In vitro MRI of USPIONs-exosomes

Three hundred micrograms of USPIONs-exosomes were
immobilized in an agarose gel matrix. A similar amount of
unlabeled exosomes was also loaded into the gel matrix as
a control. T2 mapping (multi-echo spin-echo, 32 echoes)
images showed hypointense signals in the USPIONs-
exosomes (Figure 7A). The MR images demonstrated a
signal reduction in USPIONs-exosomes with a signal drop
of 32.6% compared to unlabeled control exosomes. The
noise standard deviation (o noise) used for CNR calculation
was 63.38. A high Contrast-to-Noise Ratio (CNR=13.4)
confirmed robust MRI detectability of USPIONs-exosomes
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Figure 7. In vitro MRI assessment

(A) Coronal images of USPIONs-exosomes (Exo+Fe,O,) and unlabeled exosomes
(Exo) embedded in gel were acquired using a MESE sequence (32 echoes). (B)
USPIONs-exosomes showed a 32.6% signal drop relative to controls with a CNR of
13.4. Bars represent mean signal intensities+SD (n=3) (****P<0.0001).

USPIONS: ultrasmall superparamagnetic iron oxide nanoparticles; Exo: exosomes;
MESE: multi-echo spin-echo
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(****P<0.0001, Figure 7B).

Discussion

OE-MSCs are easily accessible, maintain lifelong potency,
and serve as a potent source of neural stem cells (39).
Autologous transplantation and non-invasive isolation make
them more desirable for cell therapy in neurodegenerative
disorders (40). OE-MSCs have the potential to differentiate
into different neurons in vitro (28). Several recent studies
show that, despite their similarity to BM-MSCs and W]J-
MSCs, OE-MSCs divide more frequently and express
higher levels of neurogenesis-related genes than BM-MSCs.
Given these characteristics, OE-MSCs are a better choice for
transplantation strategies in neurodegenerative disorders
(3,41).

Exosomes secreted by MSCs play a key role in
mediating their paracrine effects (42). Compared to MSC
transplantation, MSC-derived exosomes offer advantages
such as better tissue targeting due to their small size, higher
stability, and lower side effects owing to their acellular
status, simpler production and storage, non-oncogenicity,
low immunogenicity, and tissue-specific homing, making
them a promising therapeutic strategy (42, 43).

Researchers need suitable labeling methods and
imaging techniques to investigate exosome characteristics
and biological properties (16). Detection and tracking of
exosomes are essential for understanding their biological
mechanisms, including homing, functional capabilities, and
site of action (44). Amonglabeling techniques, nanoparticles
are particularly valuable in clinical studies (16).

SPIONs are metallic nanoparticles with
superparamagnetic properties, enabling targeted delivery
under a magnetic field and facilitating MRI-based imaging
(45). USPIONS are stable, biocompatible, and small enough
in size to be internalized in exosomes (14). This targetea
delivery, combined with low toxicity and high sensitiviry,
results in optimal imaging of the lesion site even at low ¢ >ses
(46). Because of this sensitivity and resolution, nanO>particles
are suitable for studying exosome biodistribution 1. ues
and for in vivo imaging (16). SPIONs are m7Ure »vpropriate
than gadolinium chelates for cell labeling ¢ e to ineir high
signal contrast on T2/T2*-weighted” 1 R i nages, non-
toxicity, and biodegradability (Z2).

In addition to choosing the approvriate labeling agent,
using a suitable labeling p ocedure also helps achieve
diagnostic and therapeutic g '~ Electroporation is a
routine method for loading cargo into cells and exosomes
(15, 47). During electroporation, membrane integrity may
be lost due to exposure to a strong electric field, which can
induce spontaneous pores. Exosomes exert their biological
functions on target cells through interactions between
the exosome and cell membranes, followed by membrane
fusion. Then, exosomes are incorporated and release their
contents into the target cells (48, 49). Therefore, maintaining
exosomal membrane integrity is essential for their proper
function. Incubating cells with culture medium containing
SPIONs enables direct cellular labeling. Subsequently,
nanoparticle-associated EVs can be released from labeled
cells into the surrounding medium. Busato et al. (14) and
Li et al. (31) isolated Fe,O,-labeled exosomes from labeled
MSCs using a similar approach. Likewise, in our study,
USPIONs-exosomes were also isolated from USPIONs-OE-
MSCs. This strategy is advantageous because it avoids direct
manipulation of the exosomal membrane.
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The SPION cell internalization rate is directly related
to the incubation time and the iron concentration, and
the amount of iron associated with EVs correlates with
the level of cellular iron uptake (50). Therefore, selecting
an appropriate nanoparticle and optimizing labeling
conditions to achieve maximal iron loading in donor cells
is essential for optimal outcomes. In the present study, the
selection of 50 pg/ml USPIONSs was based on our previous
optimization study together with published evidence.
Although previous investigations employed different
MSC sources and nanoparticle formulations, including
dextran-coated SPIONs in human umbilical cord-derived
MSCs (30) and USPIONSs in adipose-derived MSCs (14),
they provide a valuable reference for selecting appropriate
labeling concentrations in MSCs. Busato et al. (14)
evaluated USPION concentrations ranging from 25 to 200
pg/ml and demonstrated that 50 pg/ml achieved efficient
cell labeling while preserving cell viability. Although
higher concentrations (100-200 ug/ml) produced a slight
increase in labeling efficienc;, the improvement was less
than 10% despite a two- to fo. rfold increase in nanoparticle
concentration. In the presen. study, MTT analysis at
24, 48, and 72 hr furtherscvor. :d the suitability of this
concentration. While ce'l viasility remained acceptable
after 24 hr, longer /ind baiicn periods reduced viability
further. Therefore, 2 cor centration of 50 pg/ml with a
24 hr incvhaticn per.cd was considered an appropriate
working conc tion ‘or OE-MSCs labeling and was used in
all subsequ ~ut experiments.

Studies he e shown that citrate-coated SPIONs in the
MSC -ulture medium, like the other investigated commercial
nahopa. ticles, were internalized into endosomes through
caa ot uptake (51, 52). The non-specific endocytic
uptake pathway leads to efficient uptake of anionic SPIONs
.20 endosomes. The interaction between highly negatively
charged SPIONs and negative domains of the plasma
membrane leads to local neutralization and non-specific
absorption of SPIONs at the cell membrane. Then, the
cell membrane bends, and the nanoparticles are efficiently
internalized into the endosomes (22). These endocytosed
nanoparticles mostly accumulate within multivesicular
bodies, which may release their cargo as exosomes
after fusion with the plasma membrane (53). Electron
micrographs of USPIONs-OE-MSCs in the present study
showed intracellular localization of nanoparticles within
membrane-bound cytoplasmic vesicles, consistent with
previous reports of endocytic uptake (14, 31, 54).

After confirming nanoparticle presence in cells by
Prussian blue staining and TEM, we measured cellular
iron content using ICP-OES. The results showed that the
iron content of USPIONs-OE-MSCs was approximately
8.65+0.35 pg/cell. Busato et al. (14)showed that the
intracellular concentration of iron in the commercial
magnetite nanoparticle-labeled ASCs was about 6.20 pg/
cell (50 pg/ml, 24 hr). This difference likely reflects the
higher negative charge of citrate-coated USPIONs and,
consequently, their higher absorption rate into cells.

In line with our findings, previous studies also confirm
the superior efficiency of citrate-coated SPIONSs labeling.
Dextran-coated Endorem and carboxydextran-coated
Resovist are clinically approved SPIONs primarily used for
liver and spleen imaging due to efficient uptake by Kupffer
cells. However, MSCs internalize them poorly because of
their low phagocytic activity. In contrast, citrate-coated
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SPIONs exhibit greater cellular uptake at similar iron
concentrations, likely owing to their higher negative charge
(22). Safi et al. suggested that the enhanced uptake of SPIONs
coated with anionic monomers, such as citrate, may be
attributed to their instability in physiological culture media
(55). In cell culture medium, previously well-dispersed
SPIONs may become destabilized, leading to aggregation
and increased accumulation on the cell membrane, thereby
enhancing cellular uptake. To achieve an equal loading rate
in MSCs, commercial SPIONs require approximately 20-
fold higher concentrations than citrate-coated SPIONs(22).
Fleige et al. confirmed that citrate-coated USPIONs are taken
up by macrophages more efficiently than carboxydextran-
coated ones (56). Anionic SPION labeling preserves cellular
functions, including surface markers, proliferation, and
differentiation (22).

Busato et al. isolated USPIONs-exosomes from labeled
adipose-derived stem cells and showed that these exosomes
could be detected by both in vitro and in vivo MRI (14).
Similarly, in the present study, MRI successfully detected
the USPIONs-exosomes, as evidenced by a significant
reduction in mean signal intensity compared with unlabeled
exosomes. Previous studies have also reported that citrate-
coated SPIONs provide strong MRI contrast and enhanced
Prussian Blue staining (56).

Although the saturation magnetization of the synthesized
citrate-coated USPIONs was relatively low, this finding can
be explained by the ultrasmall core size (approximately 3.5
nm) of the Fe;O, nanoparticles. In this size range, the high
surface-to-volume ratio enhances surface-related magp<.'c
effects, including spin disorder and spin canting, redu cing
the overall magnetic moment. Furthermore, the tinorw
magnetization was normalized to the total riaass o.‘he
citrate-coated nanoparticles rather than the Fe;Q, core
alone, which also contributes to the relatively low apparent
Ms value (57). Importantly, MRI ¢unuast: generation
depends not only on saturation masne. ization but also on
several physicochemical character. tics, 1.cluding particle
size, surface coating, aggregatio. tatc -and relaxivity (58).
Accordingly, despite the ielat vely 1>w apparent saturation
magnetization, the /synthesizcZ nanoparticles showed
sufficient magnetic re »onsiver.ess for exosome labeling and
MRI detection, as shov. » b reduced MRI signal intensity
after nanoparticle labeling.

Labeling exosomes with iron oxide nanoparticles enables
targeted delivery across biological barriers, supporting their
potential clinical applications. Moreover, such labeling allows
exosomes to serve as drug carriers for targeted therapeutic
delivery. Several studies have explored this approach;
for instance, Kim et al. indicated that iron-oxide-labeled
exosome-mimetic nanovesicles (NV-IONP) can target
injured spinal cord tissue using an external magnetic field
(54). Li et al. isolated exosomes from Fe;Og4-labeled MSCs
and showed that nanoparticles enabled magnet-guided
accumulation of labeled exosomes at the wound area (31).

Although the proposed labeling strategy demonstrated
efficient association of USPIONs with OE-MSC-derived
exosomes and enabled their MRI detection, several
limitations should be considered. The present work was
restricted to in vitro experiments; therefore, the in vivo
biodistribution, targeting efficiency, and MRI performance
of the labeled exosomes remain to be established.
Furthermore, although the physicochemical characteristics
of the labeled exosomes were comprehensively evaluated,
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the potential influence of nanoparticle labeling on exosomal
biological activity was not investigated. Another important
consideration is the long-term stability of the nanoparticle-
exosome association. Following exosome degradation or
intercellular transfer, magnetic nanoparticles may dissociate
from the vesicles or be redistributed to surrounding cells,
meaning that persistent MRI signal may not necessarily
represent the continued presence of intact labeled exosomes
(59). In addition, nanoparticle labeling may potentially
influence exosome colloidal stability, aggregation behavior,
and size distribution. A previous study has shown that
SPION labeling can be associated with exosome aggregation
under certain experimental conditions, although optimized
processing conditions can substantially minimize these
effects and preserve vesicle size distribution (36).
Collectively, these limitations underscore the need for
future studies to assess'the in vivo stability, biodistribution,
magnetic targeting ei“ciency, biological functionality, and
therapeutic performaricc of USPIONs-exosomes.

Conclusion

In conclusio:.. we demonstrated that USPIONs can
efficientlyla el CE-MSCs without cytotoxicity, and the
res'“ng exosome fraction contained sufficient iron to
¢ rable MR #racking. This approach is also promising for
the. veutic applications such as targeted delivery. Future
studie. should optimize labeling agents and methods to
achieve more stable and stronger MRI signals for exosome
v 7icking and biodistribution studies.
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