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ABSTRACT: Stroke is a leading cause of death and disability
worldwide. Extracellular vesicles (EVs) derived from human
mesenchymal stem cells (hMSCs) offer a unique and promising
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EV-based therapeutics. In this study, hMSC-EVs were labeled with
ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles
for magnetic resonance imaging (MRI). Two methods of
preparation were evaluated after EVs were sonicated in the
presence of USPIO nanoparticles. The labeled EVs were purified
by (1) ultracentrifugation only or (2) an extension of a harvesting
approach that employs poly(ethylene glycol) (PEG) to enrich EVs. Following in vitro assessment, labeled EVs were applied to an
ischemic stroke model and imaged both immediately and longitudinally using MRI. In vitro assessment showed the EV
characteristics after USPIO nanoparticle labeling. The PEG method exhibited a 3.6-fold enhancement in contrast by using an
equivalent USPIO concentration of 0.5 mg/mL and equivalent acquisition parameters (TE = 3.5 ms, TR = S s) when the dilution
factor is considered. Sufficient USPIO nanoparticle labeling was achieved to visualize the initial biodistribution and assess the initial
therapeutic potential. Taken together, simultaneous USPIO nanoparticle labeling and EV enrichment with PEG enhanced MRI
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contrast and improved outcomes with respect to delivery and ischemic stroke recovery.
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1. INTRODUCTION

Extracellular vesicles (EVs) are phospholipid vesicles derived
from the endosomal membrane of nearly all cell types and play
an important role in intercellular communication and the
transport of cellular derivatives.' > EV size and composition
categorize these bioactive substrates further, namely into
exosomes, microvesicles, and apoptotic bodies, although the
overlap in diameter and lack of specific markers to each
subpopulation make clear separation difficult."*> Recently,
EVs derived from human mesenchymal stem cells (hMSCs)
have been investigated for use in neurodegenerative
applications as alternatives to direct cellular implantation due
to their paracrine effects,’ potential for secretome delivery,”
comparatively low immunogenicity, and ability to cross the
blood—brain barrier.*” Preclinical studies have demonstrated
EVs as potential therapeutics, particularly in cancer applica-

. 10
tions

and more recently in stroke.”''™"* However, knowl-
edge of their initial biodistribution and response to pathology
remains limited, in part due to the sparse application of labeled
EVs to such disease models. Several imaging modalities have

been pursued to overcome this limitation, including computed
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recently, magnetic resonance imaging (MRI

One of the challenges associated with therapeutic imaging is
the integration of the labeling or contrast agent while
minimizing the disruption of therapeutic integrity, particularly
for EVs with fragile coding and noncoding RNA, lipids, and
protein cargo.”'® Several methods have been under inves-
tigation to incorporate labeling agents or other cargo into EVs
ranging from incubation to physical treatments.””” While
incubation has been successful for small cargo loading, i.e.,
drugs, it is not suitable for all applications. Although physical
treatments, including sonication, rely on membrane disturb-
ance and have the possibility to affect EV cargo, sonication has
also been used successfully in EV drug loading™ and is used in
this study to incorporate MRI-compatible contrast agents. MRI
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is already highly accessible in the clinic and routinely used in
assessing neurological disease progression such as ischemic
stroke. Furthermore, MRI is commonly used to track cell
implants with noncytotoxic superparamagnetic iron oxides
(SPIO),**~* and recent progress has been made to extend this
capability to EVs. Although encapsulation of ultrasmall SPIO
(USPIO) nanoparticles in EVs for MRI has been reported
previously,'”***” particularly for delivery to the kidney, liver,
and heart,'® detection, biodistribution, and clearance of
USPIO-labeled EVs in the central nervous system have not
been well investigated and yet are critical for novel therapeutic
applications in neurology.

Substantial losses of subpopulations incurred during the
harvesting step with commercial kits can also compromise the
clinical implementation of EVs. As an alternative, recent
advancements in EV isolation have employed poly(ethelyne
glycol) (PEG), an inexpensive yet highly efficient method to
increase the yield and integrity of EVs while retaining
potentially therapeutic EV populations.””*" Although originally
designed for EV enrichment, the coupling of this technique
following sonication to integrate USPIO allowed simultaneous
enrichment and purification of visible MRI EVs compared to
ultracentrifugation alone.

In this study, MRI was used to evaluate USPIO nano-
particle-labeled hMSC-EVs using ultracentrifugation only and
PEG-based purification methods in phantoms and, subse-
quently, in a cerebral ischemic stroke rat model. USPIO
nanoparticle-labeled EVs in the ischemic hemisphere were
confirmed, and initial EV biodistribution and clearance were
evaluated using 'H MRI Furthermore, recovery of ionic
homeostasis within the brain, measured by sodium chemical
shift imaging (**Na CSI), was used to evaluate the therapeutic
potential of the labeled hMSC-EVs. This robust metric is
sensitive to the influx of sodium that occurs when the Na*/K'-
ATPase pump is disrupted upon ATP depletion following an
ischemic event.* Longitudinal **Na MRI, as used here,
provides key insight into functional recovery in the brain
applied to ischemic stroke.”® This study is the first reported
instance of USPIO nanoparticle-labeled hMSC-EV therapy
targeting neuropathology and demonstrating functional recov-
ery within an ischemic brain lesion.

2. MATERIALS AND METHODS

2.1. hMSC Culture and EV-Containing Media Collection.
hMSCs isolated from bone marrow (Tulane Center for Gene
Therapy, donor information is shown in Supplemental Table S1)
were cultured in complete culture media containing a-MEM with
10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA, USA) and 1% penicillin/streptomycin (Life Technologies,
Carlsbad, CA, USA) with media change every 3 days. hMSCs were
passaged when 80—90% confluency was reached. Cells from passages
4—6 were used for EV collection. The culture medium was replaced
with a medium containing EV-depleted FBS for further culture. EV-
depleted FBS was generated via ultracentrifugation (100,000g, 18 h)
of FBS prior to its use.

To enhance therapeutic significance, hMSCs were cultured under
hypoxia for collecting hypoxia-EVs, as previous studies have shown
improved stem cell efficacy under low oxygen tension.>>** Briefly,
cultures in EV-depleted media were placed into a hypoxic chamber
under 2% O, and 5% CO, (BioSpherix Ltd., Parish, NY, USA) for 1
week. Media containing EVs were collected and replaced by fresh
media every 2 days. The collected media were preserved at 4 °C for
further processing.

2.2. hMSC-EV Isolation. EVs were isolated from culture media
following a sequential spin (500g for S min, 2000g for 10 min, and

10,000g for 30 min) to remove cell debris, apoptotic bodies, large
vesicles, etc. Following this, EVs were enriched using the ExtraPEG
method as previously outlined® by adding 8% (w/v) PEG-6000 to
the final supernatant and storing overnight at 4 °C. After spinning the
medium/PEG mixture at 3000g for 1 h, the pellet was resuspended in
1 mL of phosphate-buffered saline (PBS) and prepared for
ultracentrifugation at 120,000g for 70 min at 4 °C. Following this,
the EV pellet was resuspended in 100 uL of PBS, and the pellet was
disrupted using a benchtop shaker at 1500 rpm for 30 min. The EV
sample then was stored at —80 °C until further use.

2.3. Labeling of EVs with USPIO. USPIO (average size S nm,
Fe;0,, 231.53 g/mol, 5 mg/mL in water; catalog number 725331-
SML, Sigma-Aldrich, St. Louis, MO, USA) was diluted with an
hMSC-EV solution to a final volume of 500 L with concentrations of
0.1-0.5 mg/mL. Incorporation of the USPIO was achieved via
sonication using a point sonicator (Fisher Scientific, Hampton, NH,
USA) in 2 s bursts for 10 s while on ice. This cycle was repeated three
times. At this point, samples were randomly assigned to Method 1 or
2.

Method 1: Ultracentrifugation. Following sonication, samples
underwent a sequential spin series of either (A) 6300g for 30 min
to remove free USPIO followed by 39,200g for 30 min to pellet
labeled EVs or (B) 9800g for 20 min total to remove free USPIO
followed by 27,200g for 20 min to pellet labeled EVs.

Method 2: PEG enrichment. Following sonication, another round of
the ExtraPEG protocol was used for EV isolation. For washing, the EV
pellet was suspended in 1 mL of PBS and underwent 10,000g
centrifugation for 30 min at 4 °C. The pellet was suspended in 50 uL
of PBS for injection or characterization.

2.4. Nanoparticle Tracking Analysis. Nanoparticle tracking
analysis (NTA) was used to quantify the EV size distribution and
concentration. All samples were repeated in triplicate using NanoSight
LM10 (NTA 3.4 Build 3.4.003, Salisbury, UK). First, EVs were
diluted to 10°-10° particles per mL with Millipore water. The
following parameters were used: camera sCMOS at level 13 and
detection threshold set to four. Merged data from the triplicates were
calculated for mean, mode, size thresholds D10, D50, and D90 (10,
50, and 90%, respectively), standard deviation, and concentration.

2.5. Transmission Electron Microscopy (TEM). EV samples
were suspended in filtered PBS for microscopy. Carbon-coated 400
Hex Mesh copper grids (Electron Microscopy Sciences, EMS,
Hatfield, PA, USA) were placed on 10 uL droplets of EVs or
USPIO-labeled EVs for 1 min. Grids were blotted with filter paper to
remove the excess sample and washed twice with filtered distilled
H,O followed by interleaved blot drying. Subsequently, grids were
stained with 2% uranyl acetate (EM grade, EMS) for 1 min, dried, and
then imaged on a Hitachi HT7800 RuliTEM (Hitachi High
Technologies Corp., Tokyo, Japan) at 120 kV. Images were analyzed
using Image] (NIH, Bethesda, MD, USA) to attain EV size
measurements.

2.6. Protein Quantification and Western Blot. hMSCs and
corresponding EVs were lysed using radio-immunoprecipitation assay
buffer (150 mM sodium chloride, 1.0% Trition X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, and Thermo
Scientific Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific,
Inc., Waltham, MA, USA)) for 20 min on ice and spun at 14,000g for
20 min. A Bradford assay was carried out to determine the protein
concentration on the collected supernatant. Protein lysate concen-
tration was normalized to the lowest concentration, structurally
reduced with beta-mercaptoethanol, and boiled at 100 °C in 2X
Laemmli sample buffer for 5 min. Samples were stored at —20 °C
until use. For each sample, 4 ug of protein was loaded into wells of
12.5% Bis-Tris-SDS gels and transferred onto a nitrocellulose
membrane (Biorad, Hercules, CA, USA). Membranes were blocked
for 1 h in 5% skim milk (w/v) in Tris-buffered saline (10 mM Tris-
HCl and 150 mM NaCl) with 0.1% Tween 20 (v/v) (TBST).
Membranes were incubated overnight in the presence of the primary
antibodies in a blocking buffer at 4 °C (1:1000): calnexin (no. 2679)
and CD81 (no. 56039, Cell Signaling Technology, Danvers, MA,
USA); syntenin-1 (sc-100336) and flotillin-2 (sc-25507, Santa Cruz
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Biotechnology, Dallas, TX, USA). Membranes were washed four
times with TBST and then incubated with an infrared secondary
antibody at 1:5000 for 180 min at room temperature. Blots were
washed another four times with TBST and processed by using the LI-
COR Odyssey Imaging System (LI-COR, Lincoln, NE, USA).

2.7. Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). To measure the iron content measurement of USPIO-labeled
EVs, ICP-MS was performed. EVs were labeled with S mg/mL of
USPIO. Concentrations of iron were determined with high-resolution
ICP-MS (Finnigan Mat ELEMENT1, Waltham, MA, USA). EV
samples were dissolved in 1 mL of 7-N nitric oxide (NO) and dried at
140 °C. The samples then were dissolved in 1 mL of 2% NO and 15
L of indium. Solutions were introduced to the ICP-MS instrument
through a 100 uL nebulizer and a PFAS Teflon spray chamber
(Savillex@ Eden Prairie, MN, USA). Plasma power was set at 1200
W. Solutions were measured at intermediate resolution (2500 amu)
mode to resolve the **Fe peak from **’Ar'°0. Under these conditions,
the intensity peaks have flat tops; **Fe was measured at the low-mass
side of the peak, as the high-mass side overlaps with the ArO peak.
Indium was added to the solution at the 1 ppb level, and indium
intensity was used to monitor and correct for plasma drift. For
standardization, 2% nitric solutions of 0.5, 1, and 10 ppb iron were
used. The concentrations versus intensity of the standard were fitted
linearly (* = 0.99).

2.8. miRNA Analysis by Reverse Transcription Polymerase
Chain Reaction (RT-PCR). Total microRNA (miRNA) was isolated
from EVs using the miRNeasy Micro Kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Reverse transcription was
carried out using a commercial qScript miR cDNA synthesis kit
(Quantabio, Beverly, MA, USA). The qPCR primer was designed and
validated to work specifically with PerfeCTa SYBR Green SuperMix
using the miRNA cDNA produced. The levels of miR-21, 22, 44, 124,
127, 181, 325, and 1246 were determined. U6 was examined as a
housekeeping gene for the normalization of miRNA expression levels.
Real-time PCR reactions were performed on a Quantstudio 7 Flex
PCR System (Applied Biosystems, Foster City, CA, USA), using a
SYBR1 Green PCR Master Mix (Applied Biosystems). The
amplification reactions were performed as follows: 10 min at 95 °C
and 40 cycles of 95 °C for 15 s and 60 °C for 30 s and 70 °C for 30 s.
Fold variation in gene expression was quantified by means of the
comparative Ct method: 2~ (ACwma—ACiow) which is based on the
comparison of expression of the target gene (normalized to the
endogenous control) between the compared samples.

2.9. MRI Sample Preparation. To prepare samples for in vitro
MRI, EVs were suspended in a tissue-mimicking phantom composed
of agarose gel as previously described.*® The phantom was made by
mixing an equal-volume EV suspension in PBS with 2% (w/w) low-
temperature agarose (VWR, Suwanee, GA, USA) to produce a
homogeneous gel phase with 1% agarose concentration. Initially, the
concentration of labeled EVs (~6 X 10'°) for these in vitro studies
matched the intended dose to be delivered during in vivo
experiments. However, as in vitro MRI contrast was found to be so
strong as to prohibit accurate measurement of relaxation, the in vitro
concentration of labeled EVs was diluted by a factor of 8 or 16 for
Methods 1 and 2, respectively. Regardless, the EV/gel layers within
each method preparation contain the same number of labeled EVs.
These EV layers were interlaced with pure 1% agarose gel layers in a
10 mm NMR tube. For Method 1, EV layers consisted of initial
exposure to 0.5 mg/mL of USPIO with varying centrifugation
parameters, as outlined previously. EVs embedded in layers for
Method 2 were initially exposed to 0.1, 0.2, or 0.5 mg/mL. As a means
of assessing MRI contrast, relaxation decay and saturation recovery
experiments were performed at 21.1 T to calculate T, T,*, and T
values.

2.10. Rat Model of Ischemic Stroke. All animal procedures
were completed in accordance with the NIH Guide for Care and Use
of Laboratory Animals and the Animal Care and Use Committee at
Florida State University. A transient middle cerebral artery occlusion
(MCAO)* simulating striatal ischemia was induced in Sprague—
Dawley rats (180—225 g) by surgically introducing a rubber-coated

filament in the circle of Willis for 1 h. In brief, rats were anesthetized
with 4—5% isoflurane in 100% O, and maintained at ~3% anesthesia
for the duration of surgery. A rubber-coated filament (Doccol Corp.,
Sharon, MA, USA) was inserted into the external carotid artery and
threaded 1.9 cm into the internal carotid artery to block the Willis
circle, effectively occluding the middle cerebral artery. The filament
was secured, and the midline incision was temporarily sutured while
the rats regained consciousness in a warmed incubator for the
duration of the 1 h occlusion. Following this, rats were reanesthetized,
and the filament was removed over the course of 1 min. A
microsyringe with a 33-g, 12°-bevel needle (Hamilton, Reno, NV,
USA) was used to inject 50 uL of labeled EVs (~6 X 10'° EV) in PBS
purified by PEG enrichment (n = 3) or ultracentrifugation (n = 3)
into the internal carotid artery. All rats received pre- and
postoperative warming, analgesics (bupivacaine and buprenorphine,
respectively), and 10 mL of saline for rehydration over the span of the
surgery and day 0 imaging. All animals underwent MR scanning 1—4
h postinjection for initial EV biodistribution evaluation with
additional imaging on days 1, 3, and 7. Additional postoperative
analgesics and saline were administered following MR on day 1.

2.11. MRI of Labeled EVs In Vitro and In Vivo. All MRI
experiments were performed at the 21.1 T, 900 MHz vertical MRI
scanner at the National High Magnetic Field in Tallahassee, FL,
USA.”” The magnet was equipped with a Bruker Avance III console,
and scans were recorded using ParaVision S.1 (Bruker, Inc., Billerica,
MA, USA). A peak gradient strength of 60 G/cm over a 64 cm
diameter was provided by the imaging gradient system (Resonance
Research Inc., Billerica, MA, USA). For in vitro samples, 10 mm
NMR tubes containing the agarose-EV phantoms were loaded into a
10 mm birdcage 'H coil tuned to 900 MHz. All scans were acquired at
(50 pm)?* in-plane resolution and 0.5 mm slice thickness. High-
resolution gradient recalled echo (GRE) images were acquired using
TE = 4.0 ms and TR = 1 s with 16 averages for a total scan time of 53
min. T, relaxation was assessed using a multislice, multiecho (MSME)
spin—echo pulse sequence with an effective TR = S s and eight TE
times (ranging from 14 to 112 ms in 14 ms increments) with 4
averages for a total scan time of 1.1 h. T,* relaxation was measured
using a multiecho GRE sequence with TR = 5 s and ten TE times (3.5
to 62 ms in 6.5 ms increments) with 4 averages resulting in a 50 min
total scan time. T relaxation was measured using an MSME with a
variable repetition time (TR = 450, 908, 1450, 2111, 2960, 4150,
6150, and 15,000 ms) and an effective TE = 14 ms with two averages
for a total scan time of 3.7 h. The acquisition temperature was
maintained at 28 °C.

For in vivo experiments, rats were imaged 1 to 4 h following
injection of EVs to evaluate the initial EV biodistribution under
varying labeling schemes and compared to the injection of EV-free
USPIO at the same volume. Additional imaging sessions on days 1, 3,
and 7 were completed to assess the clearance of the EV and to
evaluate the therapeutic potential. Rats were loaded into a home-built
linear birdcage double-tuned **Na/'H radio frequency coil tuned to
237 and 900 MHz. All rats were oriented in a supine position within
the cradle and maintained at or below 3% isoflurane during imaging to
ensure a steady respiration rate while in the magnet. Respiration was
monitored (Small Animal Instruments, Inc., Stony Brook, NY, USA)
and used for acquisition triggering during MRI. EV biodistribution
and clearance were confirmed with a 'H 2D GRE sequence acquired
at an in-plane resolution of (50 ym)* using TE = 4.0 ms and TR =15
with one average for a total scan time of 8.5 min. T)-weighted images
were generated by utilizing a 'H 2D fast spin echo (FSE) sequence
with an in-plane resolution of (100 y#m)? and an effective TE = 25 ms
and TR = 6 s with one average for a total scan time of 6.5 min. **Na
MRI utilized a CSI sequence acquired at 1 mm isotropic resolution
with TR = 60 ms and 32 min acquisition time.

2.12. MRI Data Analysis. T,, T,*, and T, values were calculated
from their respective relaxation decays and saturation recovery
measurements. In brief, regions of interest (ROIs) were defined in
ParaVision 5.1 for each EV layer and 1% agarose control. The average
signal intensities for each ROI were normalized to the noise baseline
and subsequently fitted by nonlinear regression in Prism GraphPad
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Figure 1. Schematic illustration of the labeling process and characterization of EVs after USPIO labeling. (A) (i) Experimental schematic
illustration of the labeling process. hMSCs first were expanded under standard culture conditions and then preconditioned under hypoxia. EVs were
harvested from hMSC-conditioned media and underwent enrichment and purification by ExtraPEG. Following sonication with USPIO,
ultracentrifugation only or an additional ExtraPEG method was used to purify the labeled EVs. (ii) Illustration of the EV sonication process. (B)
Size distribution of EVs. EV control (presonication) and postsonication with no label were compared to USPIO-labeled EVs using either ExtraPEG
or ultracentrifugation to separate the free USPIO. Representative images of (C) presonication with no label (control), postsonication with no label,
and USPIO labeling via the PEG method or ultracentrifugation. Scale bars are equal to 70 nm.

9.2.0 (GraphPad Software, San Diego, CA, USA). For T, and T,*
values, an exponential decay function was fitted to the data, and values
were calculated from their respective R, and R,* values according to

1 1
T2=—orT;k=—

R, Ry (1)

T, values were extracted in a similar manner using an exponential
growth function fitted to the saturation recovery data to determine R,.

CSI data reconstructed in MATLAB (MathWorks, Natick, MA,
USA) were zero-filled to 0.5 mm isotropic resolution for volumetric
and signal analysis in Amira 3D Visualization Software (Thermo
Fisher Scientific) as previously described.”” A signal threshold
generated from the contralateral hemisphere was used to define the
ischemic lesion:

Signal = Signal

Threshold Contralateral + Z'SSDCO"U"‘IMEHI (2)

All signal above this threshold, excluding CSF, was assigned to the
ischemic lesion.

2.13. Statistical Analysis. All statistics were performed in Prism
GraphPad 9.2.0 using a mixed-effects model with Tukey’s multiple

comparison posthoc test. Statistical significance was defined by p <
0.0S.

3. RESULTS

3.1. Sonication and Labeling with USPIO Minimally
Altered hMSC-EV Characteristics. EVs were labeled with an
MRI contrast agent via sonication to disrupt the EV membrane
temporarily, allowing USPIO nanoparticles to be integrated.
To minimize the long-term effects of membrane disruption or
loss of therapeutic-specific cargo, an optimized procedure was
developed combining sonication with ExtraPEG enrichment.
This novel method was compared to a more conventional
ultracentrifugation-only approach. The experimental schematic
is illustrated in Figure 1A. To evaluate the influence of
sonication and USPIO labeling or purification steps on the EV
properties, the labeled EV size distribution under varying
conditions was analyzed using NTA. As demonstrated in
Figure 1B, sonication alone slightly altered the EV size
distribution profile, decreasing the mode size by ~6 nm. Then,
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Table 1. Iron Content Measurements for USPIO-Labeled EVs

EV concentration number of EV in 100 yL Ipg FEI/EV average Ipg FE/EVI
unlabeled #1 1.70 x 101 8.33 x 10 6.75 X 107% 5.65 x 1071°
unlabeled #2 6.40 x 10" 3.14 x 10% —1.93 X 107
unlabeled #3 3.50 x 10% 1.72 x 10% —3.13 X 107
labeled 1 7.80 x 10 3.82 x 107 1.14 x 107% 1.03 x 107%
labeled 2 5.38 x 10%° 2.64 x 107 829 x 1077
labeled 3 8.84 x 10" 433 x 10”7 1.12 x 107%

USPIO were introduced during the sonication step, and Cell Pre- Post-  PEG+ UC+

samples were subsequently purified by Method 1: ultra-
centrifugation only or Method 2: ExtraPEG enrichment. As
summarized in Supplemental Table S2, both labeling methods
increased the standard deviation of the mean and mode size
distributions (8—25 nm vs 2—6 nm). However, processing via
the adapted ExtraPEG approach generated EVs with a mode
size that was not statistically different from the pre- and
postsonication samples, while the ultracentrifugation method
resulted in the EVs with a mode size statistically different from
the pre- and postsonication samples.

EV size and morphology were then examined using TEM. As
seen in Figure 1C, both pre- and postsonication samples with
no labeling depicted the typical concave shape of exosomes.
Samples incorporating USPIO by ExtraPEG enrichment also
demonstrated exosome morphology with the addition of
expected contrast due to the MRI-visible nanoparticles, albeit
displayed in an extra-vesicular manner. Size measurements
conducted on the contrast nanoparticles demonstrated a high
correlation to the expected 4—6 nm size of USPIO. EV size
distributions determined by TEM are included in Supplemen-
tal Figure S1. Using the same approach, the dark spheres
within the ultracentrifugation samples also corresponded to the
USPIO size. However, significant USPIO nanoparticles were
evident outside the EVs in addition to aggregated contrast
incorporated into the ultracentrifuged EVs. To confirm that
the EVs were labeled with USPIO, ICP was performed to
examine the iron content of the labeled EVs (by the PEG
method) in comparison to the unlabeled EVs (Table 1).
Before labeling, the iron content of the EVs was 5.65 X 107"
pg Fe per EV. After labeling, the iron content of the EVs was
1.03 X 107¢ pg Fe per EV, showing a 1825-fold increase in iron
content.

Total protein was quantified for the EVs pre- and
postsonication using a Bradford assay (Supplemental Figure
S2). Interestingly, when total protein was normalized to the EV
number measured with NTA, a substantial reduction (~50%)
in protein for EVs having undergone sonication (1.13 ug/10"
EV) compared to the control group (2.24 ug/10'° EVs) was
evident. However, there was no difference between sonication
and the PEG method (1.12 ug/10' EVs) after USPIO were
introduced. Furthermore, the ultracentrifugation method
exhibited only a minor reduction (~12%) in total protein
(1.98 ug/10" EVs). Specific exosomal protein markers were
examined by Western blot for pre- and postsonication samples
as well as after labeling via the PEG or ultracentrifugation
(UC) method (Figure 2a). Calnexin, an endoplasmic
reticulum protein, was used as a negative control to support
the absence of cellular debris. Exosome-specific markers CD81
(a membrane-bound tetraspanin protein),”*® syntenin-1
(exosome biogenesis protein),”® and flotillin-2 (a general EV
population protein) were verified.”® As demonstrated, only the
cell Iysate expressed calnexin, suggesting that the EV samples

Lysate sonication sonication USPIO USPIO
Calnexin g

Flotillin-2 rooom e

o8l | g P

a .
miRNA panel

m Pre-sonication
E Post-sonication
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Figure 2. Protein and miRNA assessments following the labeling
process. (a) Western blot demonstrating expression of exosomal
markers under varying processing conditions and (b) miRNA
expression pre- and postsonication of hMSC-EVs determined by
RT-PCR (n = 3).

6§-‘

were free of cellular debris. Although flotillin-2 expression was
only verified in the control and sonication samples, CD81 and
syntenin-1 were expressed in the control, sonication, PEG and
UC samples. The lower expression in USPIO samples may be
due to the protein impurity, which was also observed in the cell
lysate sample.

As an important functional role, miRNA content in EV cargo
was assessed before and after sonication.”” A panel of miRNA
cargo, including miR-21, 22, 44, 124, 127, 181, 325, and 1246
which range from those associated with cell proliferation,
apoptosis, and neurogenesis to those having specific roles in
ischemia, were analyzed. The expression of these specific
miRNAs in the EVs before and after sonication was
comparable as determined by RT-PCR (Figures 2b and S3).
Notably, elevated levels of brain-specific miR-124 have been
found to be a potential indicator for assessment in ischemic
patients in addition to miR-21—-5p.*>*' Additional ischemia-
related miRNAs could provide insight into the extent of injury
or the potential for recovery.

3.2. T, and T,* Maps Demonstrate High Efficiency of
USPIO Uptake in EVs. Sufficient contrast for MRI visual-
ization was established in vitro following exposure to USPIO
(0.1, 02, or 0.5 mg/mL concentrations) and subsequent
processing utilizing ultracentrifugation only (Method 1) or
PEG enrichment (Method 2). As in vivo studies were to focus
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on neurological applications, labeled EVs were suspended in a
1% agarose gel designed to mimic brain tissue. Apparent T,
and T,* values were calculated from their respective relaxation
decays, and T, values were determined from the saturation
recovery measurements.

Method 1 compared two centrifugation forces following
labeling with 0.5 mg/mL USPIO. Although samples were
comparable in signal intensity (Figure 3), the faster centrifuge
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Figure 3. MRI of hMSC-EVs labeled and purified via Method 1
suspended in 1% agarose gel. (a,c,e) Signal intensity and relaxation
maps for T, T,*, and T,, respectively. (b,df) Data fitted to
exponential decay or saturation curves. (g) Schematic (left) of EV
samples in a 10 mm NMR tube with blank 1% agarose in between
layers and GRE image (right) of the NMR tube depicting contrast for
the bottom two sample layers only, Condition A and Condition B
labeled with 0.5 mg/mL USPIO, and no contrast for unlabeled EVs in
the top layer.

speed (Condition A: 39,200g) demonstrated increased
aggregation most easily distinguishable in the GRE image
(Figure 3). The lower centrifuge force of Condition B
(27,200g) displayed a homogeneous layer of labeled EVs.
These results align with previous studies that demonstrated
increased EV aggregation with higher centrifugation speeds.”**
Furthermore, T,, T,*, and T values were comparable between
the two ultracentrifugation conditions, exhibiting a ~ 61%
reduced T, value and ~86—88% reduced T,* value compared

to gel only. As expected, T, values were less affected by the
introduction of USPIO to the EVs, exhibiting a reduction of
only ~5—9%. USPIO primarily affects the transverse relaxation
of proximal protons in surrounding areas, therefore generating
a strong T, or T,* effect. Condition B, corresponding to the
lower aggregation of EVs and homogeneity of the in vitro
labeling, was deemed to be more suitable for use in subsequent
in vivo studies.

Method 2 demonstrated the highest contrast for a 0.5 mg/
mL USPIO concentration when compared to 0.1 and 0.2 mg/
mL USPIO exposure in 1% agarose gel. Even at a higher
dilution factor, the additional PEG enrichment after USPIO
incorporation enables enhanced contrast at lower labeling
concentrations. An 80% decrease in contrast-to-noise ratio
(CNR) compared to the gel was calculated for T, (Figure 4a)
and 50% for T,* (Figure 4b), as evident in the generated signal
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Figure 4. MRI of hMSC-EVs labeled and purified via Method 2
suspended in 1% agarose gel. (a,c,e) Signal intensity and relaxation
maps for T, T,* and T,, respectively. (b,df) Data fitted to
exponential decay or saturation curves. (g) Schematic of EV samples
in a 10 mm NMR tube (left) with blank 1% agarose in between layers
and GRE image (right) of the NMR tube depicting contrast for
bottom all three sample layers and no contrast for unlabeled EVs.
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Table 2. Percent Contrast-to-Noise Ratio (Normalized to Gel)

method USPIO incorporation
1 (ExtraPEG) 0.5 mg/mL labeled EV
0.2 mg/mL labeled EV
0.1 mg/mL labeled EV
Condition A
Condition B

2 (ultracentrifugation)

T,-weighted T,*-weighted T,-weighted

TE = 14 ms TE = 3.5 ms TE = 14 ms

TR=Ss TR=S5s TR = 443 ms
79.9% 50.0% 84.3%
44.4% 22.8% 43.1%
24.9% 7.67% 27.0%
46.8% 23.3% 51.5%
37.2% 27.8% 37.3%

intensity images, with exposure to 0.5 mg/mL USPIO.
Supernatants of all samples displayed free USPIO and
comparable signal loss indicating that all supernatants were
saturated with labeling. Changes in CNR values for each EV
sample compared to the gel are shown in Table 2.

3.3. In Vivo Visualization of USPIO-Labeled EVs.
hMSC-EVs using both labeling methods were suspended in
PBS and administered to Sprague—Dawley rats immediately
following 1 h MCAO-induced ischemia in the anatomical left
hemisphere and subsequently imaged 1—4 h postinjection.
This timing allowed the first passage imaging of the labeled
EVs in the brain. The two methods were compared with EV-
free USPIO injected under the same conditions.

Contrast levels stemming from USPIO (free and EV-
incorporated) in live ischemic rats are demonstrated in Figure
S. EV-free USPIO resulted in some contrast in the striatal
region at 1.3 h postinjection (Figure Sa). Histogram data fit to
a normal distribution curve and mean signal intensity in both
hemispheres following injection and approximately 24 h later
confirmed a 17.8% decrease in the ipsilateral (ischemic)
hemisphere (Figure Sb). This change stabilized both in mean
intensity and a tighter distribution spread by 24 h. With
Method 1 of EV labeling, in vivo imaging displayed large
contrast areas near the left lateral and fourth ventricles at 3.3 h
after injection, indicating a similar aggregation effect to that
seen in phantoms, which was still prevalent ~24 h later (Figure
Sc, white arrows indicate aggregated EV contrast). When
analysis was restricted to the striatum, a 23.4% decrease in the
mean signal intensity was evident in the ischemic hemisphere
(Figure Sd). Although the mean intensity in the ischemic
hemisphere moved toward the baseline 24 h later, a large shift
was still evident. Alternatively, Method 2 provided visualization
of the labeled EVs in the ischemic region 2 h postinjection
(Figure Se, white circles highlight diffused but strong contrast
in the striatum) with minimal aggregation and a 22.6%
decrease in mean signal intensity, which was cleared by 24 h
(Figure Sf).

Studies have demonstrated that increased EV aggregation
occurs when high centrifugation speeds are used in
processing.44 By incorporating PEG after the sonication step,
the labeled EVs were allowed to be pelleted down at lower
speeds, while free USPIO remained in the solution. In addition
to the aggregation observed in vivo, the total distribution
spread as well as mean signal intensity strongly supported
preference for Method 2 in initial contrast generated
immediately following injection as well as total clearance
~24 h later.

3.4. Labeled hMSC-EV Purification Method Affects
Therapeutic Potential. The therapeutic efficacy of labeled
EVs by both methods was evaluated with additional imaging
sessions 1, 3, and 7 days postsurgery. Here, a hyper-intense
signal in the 'H T,-weighted images acquired on day 1

confirmed the presence of an ischemic lesion in all rats (Figure
6a,b). The potential therapeutic efficacy of labeled EVs was
established with **Na MR], specifically CSI, by measuring the
ischemic lesion volume and **Na signal corresponding to tissue
sodium content (Figure 6¢c,d). Although the average lesion
volume significantly reduced from day 3 to day 7 for Method 1
(Figure 6e), Method 2 maintained a higher level of fractional
change over the entire 7-day time course (Figure 6f). Method
1 also resulted in a significant increase in lesion size compared
to Method 2 according to fractional change analysis on days 1
to 3 (Figure 6f). Sodium signal within the lesion follows similar
trends with Method 1 initially increasing, on average, 7.5% in
sodium content from days 1 to 3 compared to an immediate
3.2% reduction for Method 2 (Figure 6h). Previous work has
demonstrated that this reduction of lesion volume and sodium
signal 72 h after ischemia induction and treatment
administration indicates promising long-term recovery.27’43

4. DISCUSSION

Development of labeling strategies is essential to gain insight
into the initial biodistribution and clearance of novel
therapeutics, such as hMSC-EVs. Here, two methods of EV
purification following labeling with MRI-visible USPIO via
sonication were assessed. EV size distribution as well as protein
and miRNA markers demonstrated that sonication did not
greatly alter the EV bioprofile (i.e., size distribution, protein
markers, and miRNA expression), which supports proper
sonication procedures as a viable means of incorporating a
labeling agent into hMSC-EVs while maintaining therapeutic
potential.

However, the mechanical shear force from the sonicator
probe may compromise the membrane integrity of the EVs
while allowing USPIO into the EVs during membrane
deformation. Alterations in protein cargo after EV sonication
may exist, in particular, in the cytosol proteins. However, this
membrane deformation process does not significantly affect the
membrane-bound proteins. The protein cargo profile before
and after EV sonication was analyzed by proteomics in our
separate study (manuscript submitted), which shows the levels
of protein cargo alteration by sonication. For the miRNA cargo
profile, although the RT-PCR of specific miRNA did show the
expression change after EV sonication, miRNA sequencing
may need to be performed to examine the effect of sonication
on global miRNA localization. Moreover, the lipidomics
analysis can be performed in our future study to evaluate the
effect of sonication on the lipid composition in the EVs. It is
important to note that others have indicated alterations
following EV sonication, particularly in size and morphology,
indicating potential membrane integrity involvement that
should be further evaluated in future studies.”>**

After USPIO integration, PEG enrichment and purification
maintained a comparable EV bioprofile to the postsonication
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Figure S. In vivo images of EV biodistribution and clearance on days 0 and 1. (a,c.e) GRE images of a representative animal on days 0 and 1 from
each group. Boxes indicate the magnified striatal region in the ischemic hemisphere. White arrows indicate aggregated EV contrast and white circles
highlight diffused but strong contrast in the striatum. (b,d,f) Signal intensities obtained from the striatum as indicated by colored circles in GRE
images directly above histograms.
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Figure 6. In vivo MRI of ischemic rats following administration of EVs labeled using Method 1 or 2. (a,b) Representative 'H T,-weighted images
on day 1 with ischemic lesion in the left hemisphere. (c,d) Representative *Na CSI generated on days 1, 3, and 7 with higher sodium signal
indicated in yellow. (e) Lesion size as defined by **Na (*p = 0.0279) and (f) fractional changes in lesion size over time (days 1 to 3, *p = 0.0199;
days 1 to 7, *p = 0.0152). (g) Average sodium signal intensity in the ischemic lesion (days 1 to 7, *p = 0.0143; day 3 to 7, *p = 0.0304) and (h)
fractional changes over time (Method 1, *p = 0.0382; Method 2, *p = 0.0202). Statistical significance calculated using a mixed-effects model with
Tukey’s multiple comparison posthoc test (p < 0.05). All values presented as mean + SD.

samples. PEG was previously shown to enrich and purify EVs
as an alternative to other isolation methods, including
differential centrifugation or costly commercial kits.”" Rider
et al. modified and improved the PEG enrichment method to
preserve morphology, total protein, exosome-specific markers
as well as RNA cargo in a high-recovery, low-specificity
manner.’”* These functional molecules, particularly miRNA,
promote neuroprotective properties including neurogenesis,
neurite remodeling, and survival*® Previous studies have

demonstrated therapeutic applications of selected miRNAs

24168

applied to neurological disorders.”” Specifically, miR-21
reduces neuronal apoptosis and improves neurological function
in intracerebral hemorrhage.** When applied to focal cortical
ischemia, enriched miR-124 delivery enhanced cortical neuro-
genesis."” Thus, the ExtraPEG enrichment that was performed
throughout the isolation and labeling of h(MSC-EVs to remove
excess USPIO and the sonication of EVs to impart MRI
detectability maintained the biological characteristics of
hMSC-EVs that are key to preserving their therapeutic
potential against ischemia.
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Prior to in vivo applications, labeled hMSC-EVs prepared by
using both ultracentrifugation and PEG methods were
evaluated for MRI efficiency in brain-mimicking gels. USPIO
are superparamagnetic iron oxide nanoparticles that shorten
the transverse relaxation time of surrounding tissue, ultimately
resulting in a measurable loss of signal and enhanced signal
contrast.”>%>"! Although both labeling methods achieved
signal contrast, the PEG method greatly increased USPIO
content, which was demonstrated in the T,, T,* values, and
CNR calculations. The significant enhancement in contrast at
comparable USPIO concentrations corresponds to a higher
incorporated USPIO content for the ExtraPEG method. In
fact, compared to Method 1, Method 2 using PEG exhibited a
3.6-fold enhancement in contrast using an equivalent USPIO
concentration at 0.5 mg/mL and equivalent acquisition
parameters (TE = 3.5 ms, TR = S s) when the dilution factor
was considered. A dilution study indicated that as little as 0.1
mg/mL USPIO was necessary to visualize labeled EVs in gel
phantoms using the PEG approach compared to the 0.5 mg/
mL USPIO required using ultracentrifugation only. Further-
more, EV aggregation remained minimal utilizing the PEG
approach with homogeneous layers demonstrated in the gel
phantoms in contrast to the ultracentrifugation approach,
which resulted in severe aggregate formation. It is noted that
the free, unlabeled USPIO were present in the EV samples.
Our study determined that the iron content of the EVs using
USPIO labeling increased as determined by ICP. Potentially,
density gradient ultracentrifugation can be used to better
separate EV subpopulations and remove free USPIO from the
labeled EV samples.””

Successful magnetic labeling allows MRI tracking of hMSC-
EVs following systemic delivery during the first passage in the
brain. Previous studies using alternative imaging modalities
indicate that hMSC-EVs specifically target neurodegenera-
tion."> Here, with direct application to a rat model of cerebral
ischemia, MRI immediately following injection of USPIO-
labeled EVs indicates localization within the affected striatal
region and subsequent clearing of the MRI contrast within 24
h. However, the ultracentrifugation method exhibited EV
aggregation in vivo, which could complicate therapeutic
efficacy, including the potential to cause small blood clots
and subsequent lacunar stroke lesions. Our study did not have
an accurate measurement for the percentage of the injected EV
dose that was found in the brain since this study did not
investigate the biodistribution throughout the body. Specific
experiments need to be designed to determine the in vivo EV
dose in our future study.

Beyond successful labeling agent integration, in vivo
preclinical evaluation of therapeutic efficacy provides the
necessary foundation for further applications. Sodium MRI
(**Na CSI) is a rigorous metric of tissue recovery in cerebral
ischemia.””****? Ischemic stroke occurs when blood flow to a
region of the brain is blocked, resulting in glucose and oxygen
deprivation, which ultimately leads to cell swelling and
sodium—potassium ATP pump dysregulation. As a result, the
substantial increases in tissue sodium content in the affected
region, primarily in the ischemic core and penumbra, is
measurable with »*Na MRI. Studies have demonstrated that
»Na MRI is highly sensitive for assessing response to applied
therapeutics in rat models of ischemic stroke.””*> B
measurement of both ischemic lesion volume and sodium
signal changes over time, a clear distinction between labeling
methods was identified. The significantly improved tissue

recovery exhibited by the PEG labeling method suggests that
this approach is more promising for future applications. This
could be due to less disruption of the EV cargo during the
sample preparation in the PEG method compared to the
ultracentrifugation method. A more thorough omics-based EV
cargo analysis may be required to verify this postulation.
Moreover, PEG enrichment and purification of USPIO-labeled
EVs demonstrate the feasibility of the large batch preparation
of EVs as an alternative to direct cell therapy.

There are a few limitations that future studies should
address. This study utilizes a single bolus intraarterial EV
injection immediately following the transient ischemic
occlusion to facilitate delivery and reduce animal discomfort
during the subsequent recovery period. Although appropriate
for evaluating the initial biodistribution and therapeutic
benefits of labeled EVs, this approach only recapitulates the
best-case scenario for the timing and application of treatments
applied to clinical stroke. While the therapeutic evaluation
performed here in the acute postischemic phase has shown
promising outcomes in this preclinical setting, extended
evaluation of tissue recovery is needed. Furthermore, addi-
tional evaluations of EV dose, the use of EVs from 3D
cultures,”’ ~*** administration frequency, and delivery route
will aid in establishing EVs as an optimal therapy.”> In
addition, the EV biodistribution throughout the body and ICP
analysis of ex vivo organs, in particular the liver and spleen, are
required for potential clinical applications. Moreover, further
validation in a second animal model in addition to the MCAO
model is required to demonstrate the therapeutic benefits of
hMSC-EVs. Nevertheless, to our knowledge, this study is the
first documented case of MR-sensitive, USPIO-labeled EVs
applied to pathology within the central nervous system.

5. CONCLUSIONS

This study reports the development of a method to integrate
USPIO nanoparticles as an MRI-visible contrast agent into
hMSC-EVs. When applied to a preclinical cerebral ischemia
model, the utilization of PEG to enrich and purify labeled EVs
demonstrated superior contrast compared with EVs harvested
by ultracentrifugation. Initial biodistribution and assessment of
tissue recovery further support the therapeutic potential
imparted by USPIO nanoparticle-labeled EVs derived from
hMSCs. Although this study focuses on hMSC-EVs applied to
cerebral ischemia due to stroke, the application of hMSC-EVs
to other neurodegenerative diseases would be feasible as well.
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