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Exosomes are naturally secreted extracellular bilayer vesicles (diameter 40–130 nm), which have recently

been found to play a critical role in cell-to-cell communication and biomolecule delivery. Their unique

characteristics—stability, permeability, biocompatibility and low immunogenicity—have made them

a prime candidate for use in delivering cancer therapeutics and other natural products. Here we present

the first ever report of echogenic exosomes, which combine the benefits of the acoustic responsiveness

of traditional microbubbles with the non-immunogenic and small-size morphology of exosomes.

Microbubbles, although effective as ultrasound contrast agents, are restricted to intravascular usage due

to their large size. In the current study, we have rendered bovine milk-derived exosomes echogenic by

freeze drying them in the presence of mannitol. Ultrasound imaging and direct measurement of linear

and nonlinear scattered responses were used to investigate the echogenicity and stability of the

prepared exosomes. A commercial scanner registered enhancement (28.9% at 40 MHz) in the brightness

of ultrasound images in presence of echogenic exosomes at 5 mg mL�1. The exosomes also showed

significant linear and nonlinear scattered responses—11 dB enhancement in fundamental, 8.5 dB in

subharmonic and 3.5 dB in second harmonic all at 40 mg mL�1 concentration. Echogenic exosomes

injected into the tail vein of mice and the synovial fluid of rats resulted in significantly higher brightness—

as much as 300%—of the ultrasound images, showing their promise in a variety of in vivo applications.

The echogenic exosomes, with their large-scale extractability from bovine milk, lack of toxicity and

minimal immunogenic response, successfully served as ultrasound contrast agents in this study and offer

an exciting possibility to act as an effective ultrasound responsive drug delivery system.
1. Introduction

The role of exosomes as a tool in research and clinical appli-
cations continues to grow. An increasing number of new
research articles are being published using exosomes in various
unique facets of biomedical research, including drug delivery
and diagnostics. Exosomes are ubiquitous, secreted,
membrane-derived vesicles that play a critical role in cellular
communication through the transportation of biological
macromolecules, such as RNA and proteins.1 Ranging from 40
to 130 nm in diameter, exosomes have the same lipid bilayer
composition as the excreting cell, including the extracellular
proteins and polysaccharides.1,2 Internal contents of exosomes
also vary depending on secreting host cell signals.
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Unfortunately, much remains unknown about the cellular
mechanisms prompting and determining the exosome's
encapsulation contents. Recently, exosomes have gained
attention not only for their small size and natural, cell-like
morphology but also for being universally present in bodily
uids regardless of species.1 Although it is tempting to equate
exosomes with nanoparticles due to their small size and ability
to transport contents, the ability of exosomes to interact with
cell membranes without eliciting an immune response is
a distinct advantage.1 The innate ability of exosomes to
circumvent many of the natural immune system clearance
pathways, due to their cell-like properties, may overcome one of
the greatest barriers to the clinical translation of nanoparticles.

Due to their unique physical features, exosomes are
becoming prevalent as a drug delivery tool in preclinical
research and clinical trials for both cancer and arthritis. The
ability for exosomes to transport hydrophobic, hydrophilic and
large biomolecules allows a broad spectrum of treatment (e.g.,
genetic materials, proteins or small molecules) to quickly reach
a desired tissue.3 While most previous efforts have focused on
the utility of exosomes in drug delivery, they also hold great
potential for diagnostics as well.3 The ability to treat complex
pathologies is rapidly expanding and revealing not only the
Nanoscale Adv., 2020, 2, 3411–3422 | 3411
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importance of early disease diagnosis but also a gap in the
available tools to do so. Exosomes may ll that gap, having the
ability to detect either through molecular and/or visual recog-
nition. While patient derived exosomes are no longer thought to
be a viable delivery strategy due to incomplete characterization
of their transported cargo, which may potentially confer
pathology, bovine and healthy cell culture derived exosomes are
becoming more popular. The same reasons that argue against
using patient derived exosomes for drug delivery, make them
excellent for diagnostics. Exosome cargo can be analyzed to
examine specic markers for disease states leading to faster and
earlier diagnosis.4–6 Identication of disease state biomarkers
combined with the exosomes ability to carry a dened cargo,
may bridge the gap between delivery and diagnostics.

Despite intense efforts in nanoparticle enabled biomedical
research,7,8 clinical translation of nanoparticles has lagged
behind, leaving their promise largely unfullled.9 Nevertheless,
many lessons can be learned from both their successes and
failures. Nanoparticles – particles with diameters less than
200 nm – have gained attention for their ability to enhance the
delivery of drugs with active or passive targeting mecha-
nisms.1,10 The nanoparticles' ability to target tissues and effec-
tively deliver drugs has been successful in preclinical trials,
specically those in cancer therapy.3,11–14 While surprisingly few
of these nanoparticle drug delivery studies have transitioned to
broad clinical adoptions, nanoparticles have been more
successful as a diagnostic/visualization tool, with their preva-
lence continuing to increase.15,16 Previously, we have performed
detailed acoustic characterizations of echogenic nanoparticles
(i.e., liposomes and polymersomes) by varying their properties
and shell chemistry.17–21 Tracing diagnostic nanoparticles has
revealed rapid nanoparticle clearance rates and adverse
immune responses as the point of failure for many clinical
trials.22 However, unlike synthetic nanoparticles, many exo-
somes do not face these same issues potentially making them
a more viable option for clinical drug delivery and diagnos-
tics.3,23 Combining the advantages of naturally derived exo-
somes to make the particle echogenic is a particularly exciting
approach to demonstrate the utility of exosomes in biomedical
research.17,18,24–27

Ultrasound is known as a safe, inexpensive, and real-time
imaging modality. However, it suffers from low contrast.28,29

The low contrast is alleviated with the addition of intravenously
injectable microbubble-based ultrasound contrast agents
(UCA).30 The Food and Drug Administration (FDA) approved
their use in echocardiography as a diagnostic tool for myocar-
dial microperfusion in 2001 and in liver imaging in 2016.31–33

The UCAs range between 1–5 mm in diameter and have a lipid,
polymer, or protein shell with a peruorocarbon gas core for
enhanced stability.34–36 Due to the compressible nature of the
gas core, UCAs oscillate under ultrasound excitation generating
linear and nonlinear (sub- and higher harmonic) responses that
can improve the enhancement of ultrasound image
contrast.37–41 UCA oscillations also cause acoustic micro-
streaming ows surrounding the microbubble leading to
enhanced mixing and shear stress experienced by nearby cell
membranes.31,42 The shear stress is believed to increase
3412 | Nanoscale Adv., 2020, 2, 3411–3422
membrane permeability or excite mechanosensitive ion chan-
nels, potentially allowing for therapeutic drug delivery to the
cells.43,44 However, UCAs are restricted to the vascular system as
they are too large to permeate outside of the blood vessels. For
extravascular imaging and ultrasound medicated therapeutic
applications, researchers have sought smaller, nanosized
echogenic particles.45,46 Here, we report a rst ever study of
exosomes, made echogenic, for imaging applications.

To quantify and understand the acoustic behaviors of the
engineered, echogenic exosomes, their echogenicity was inves-
tigated by directly measuring their linear and nonlinear scatter
responses in a customized in vitro setup and by imaging with
a commercial scanner in vivo. Overall, the ability to make exo-
somes ultrasound responsive shows excellent promise for
contrast enhanced ultrasound imaging and concurrent drug
delivery. In the current study, bovine milk derived exosomes,
which offer the added advantages of large-scale production
along with strong biocompatibility and minimal immunogenic
response, were made echogenic. Our development of echogenic
exosomes has potentials as a diagnostic and drug delivery
separately and in combination.47,48

2. Experimental methods
2.1 Exosome isolation

Raw bovine milk was collected from the North Dakota State
University Dairy Farm in 1 L quantities. If the raw bovine milk
was not used the same day of pickup, it was stored at 4 �C for up
to 4 days. Due to the fat content of the milk, serial centrifuga-
tion was used to isolate exosomes. Raw bovine milk was placed
in six 50 mL centrifuge tubes with 45 mL in each and spun for
20 min a 3500g in a VWR Clinical 200 Centrifuge. Following the
initial 20 minute spin, white fat deposits formed on the wall of
the centrifuge tubes and the milk was passed through
a cheesecloth to remove fat. A Beckman Coulter Optima LE-80K
Ultracentrifuge was used with a 28 W rotor for the remainder of
centrifugation steps. Aer being passed through the cheese-
cloth, the milk was collected and placed with equal weight into
six 38.5 mL thin wall, Ultra-Clear tubes (Beckman Coulter, CA,
USA.). Tubes were spun at 12 950g at 4 �C for 30 minutes. The
milk was removed from the tubes and was ltered through
cheesecloth to remove more fat. Once the milk was ltered, it
was placed in 4 new ultracentrifuge tubes and spun at 98 500g
for 70 minutes at 4 �C. Three layers then formed in each tube
and the middle layer was collected. The middle layer was then
placed in two fresh ultracentrifuge tubes and spun at 135 030g
for 1 hour and 45 min at 4 �C. Subsequently, the liquid was
removed from the ultracentrifuge tubes, taking care not to
disturb the pellet. The pellet was then resuspended in 400 mL of
phosphate buffer solution (1� Dulbecco's PBS, VWR). Both
tubes of PBS suspended exosomes were combined leaving
a clear lm at the bottom of the tube. A 0.45 mm lter was pre-
wet using PBS. Then the exosomes were passed through the
lter into an Eppendorf tube. The rst three drops of PBS in the
syringe lter were discarded aer the exosomes were ltered
through using a 1 mL syringe using two separate lters. To
ensure all exosomes were retrieved from the lter, more PBS was
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The experimental setup for measuring the linear and nonlinear
scattering response of the echogenic exosomes.
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passed through the lter until the rst three drops come out
and the remainder was discarded. Dynamic light scattering was
performed to hydrodynamic diameters of the exosomes. Paraf-
ilm was placed around the outside of the Eppendorf tube and
was kept at �80 �C until used.

2.2 Echogenic exosomes preparation

Exosomes were thawed at room temperature.49 Once the exo-
somes reached room temperature, 210 mL of exosomes were
added dropwise to 1.5 mL of 320 mM mannitol–HEPES buffer
(pH 7.4) while stirring. Aer 10 minutes of stirring, pressurized
ltered ambient air was bubbled in for 45 minutes. Following
evaporation, the solution was sonicated for 60 minutes
ensuring that the temperature does not exceed 30 �C. Sonica-
tion (Symphony Sonicator, 117 V, 60 Hz, VWR, USA) is a variable
that was tested to determine its necessity in the protocol. Next,
the sample was frozen in �80 �C for 1 day aer which the
sample was thawed in a 65 �C water bath. Three freeze–thaw
cycles occurred each separated by 1 day. Following the freeze-
thaw cycles, the sample was lyophilized for four days to
prepare a powder.

2.3 Ultrasound imaging and processing

Echogenic exosomes were reconstituted in BSA–HEPES solu-
tion. The BSA–HEPES solution was made using 2.5 g of BSA in
500 mL of 10 mM HEPES buffer at pH 7.4. In vitro studies used
a concentration of 5 mg mL�1 echogenic exosomes in BSA–
HEPES. In vivo studies used 58 mg mL�1 and 150 mg mL�1 of
echogenic exosomes. Vevo 3100 Imaging System (Fujilm
Visual Sonics, Toronto, ON, Canada) was used. Transducer
heads with frequencies of 40 and 21 MHz were utilized for in
vitro, and only 40 MHz was utilized for in vivo imaging. For
frequencies 4–15 MHz, the ultrasound scan properties were set
at high (H) frequency, level 51 2D Gain, level 60 Dynamic Range
(DR), 3 cm scan depth, and 22 Hz frame rate using a 15L4
transducer head.

2.4 Atomic force microscopy (AFM)

The samples of echogenic exosomes were prepared by incu-
bating 10 mL of each solution on silicon substrates (University
Wafer) for 10 minutes in a sealed compartment to prevent
evaporation at room temperature. The samples were then
washed with de-ionized water (Millipore) and dried under
puried nitrogen ow. The imaging measurements were per-
formed using a commercial atomic force microscope (NT-MDT
NTEGRA AFM). The samples were imaged under ambient
conditions in semi-contact mode using an AFM tip with a reso-
nant frequency of 190 kHz (Budget sensors).

2.5 Size and concentration

The dry powder of echogenic exosomes was reconstituted as
1 mg mL�1 for size distribution and concentration determina-
tion. All measurements were performed using qNano Gold with
nanopore size NP150 (Izon Science™, Medford, MA). The
sample size and concentration were calibrated during each
This journal is © The Royal Society of Chemistry 2020
measurement using the manufacturer's calibrations particles of
carboxylated polystyrene beads (CPC100, average diameter:
110 nm, concentration: 1.1 � 1013 particles per mL). The
samples were repeated at least 3 times on 3 different batches.
Dynamic light scattering (DLS) was also performed on exo-
somes. The exosomes were isolated freshly for DLS. The
samples were repeated at least 3 times on 3 different batches.

2.6 Western blot of exosomes

Exosomes were freshly isolated with storage at �80 �C for three
days prior to lysing for analysis of exosomal membrane protein
markers. These markers were assessed using ExoAb Antibody's
CD63 and CD9 with their respective secondary antibodies (SBI
System Biosciences, Palo Alto, CA) according to the manufac-
turer's protocol. Immuno-positive bands were detected using an
ECL Plus kit (Invitrogen).

2.7 Linear and nonlinear acoustic characterization

A setup similar to what was used previously17,24,50 was employed
to characterize the acoustic scattering behavior of the echogenic
exosomes (Fig. 1). Briey, two spherically focused transducers
positioned perpendicular to each other were confocally aligned
in a 125 mL polycarbonate tank. The transmitting transducer
had a center frequency of 5 MHz (Olympus, Waltham, MA, �6
dB bandwidth: 2.95–6.77 MHz, focal distance 1.2 in) with
a pressure amplitude of 500 kPa, and receiving frequency of
either 2.25 MHz (Olympus, Waltham, MA, �6 dB bandwidth
1.48–2.90 MHz, focal distance 1.2 in), 5 MHz (Olympus, Wal-
tham, MA, �6 dB bandwidth: 2.95–6.77 MHz, focal distance 1.2
in), or 10MHz (Olympus, Waltham, MA,�6 dB bandwidth 6.96–
13.16 MHz, focal distance 1.2 in). All transducers were cali-
brated with a needle hydrophone (PZT-Z44-0400, Onda Corpo-
ration, CA, USA). A smaller, triangular 3D printed chamber of
acrylonitrile butadiene styrene (ABS) with acoustically trans-
parent windows was placed in the chamber, so the focus of the
two transducers overlaps at the center of the chamber. The dry
powder of the echogenic exosomes at a concentration of 40 mg
mL�1 was reconstituted into either 10 mMHEPES buffer with or
without 0.5% (w/v) BSA or only 0.5% (w/v) BSA. Then, 8 mL of
Nanoscale Adv., 2020, 2, 3411–3422 | 3413
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Fig. 2 Ultrasound images of echogenic exosomes in a black 96 well
plate, with 250 mL of 5 mg mL�1 echogenic exosomes placed in the
plate and read with different transducer heads. Images with 4–15 MHz
transducer (100% power, 22 fps, 51 dB gain, 60 dB dynamic range) at
a depth of 3 cm: (A) BSA–HEPES control and (B) echogenic exosomes.
Images with 40 MHz transducers (100% power, 65 fps frame rate, 24
dB gain, depth 10 mm and width 12 mm, 70 dB dynamic range): (C)
BSA–HEPES control and (D) echogenic exosomes. Images with 21
MHz transducers (100% power, 34 fps frame rate, 21 dB gain, depth
22 mm and width 21 mm, 60 dB dynamic range for both images): (E)
BSA–HEPES control and (F) echogenic exosomes. Brightness and
contrast for all images were at 50.
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the reconstituted exosomes in respective solutions were placed
inside the triangular chamber, and the surrounding volume was
lled with deionized water. A function generator (Model AFG
3251, Tektronix, Beaverton, OR, USA) amplied by a 55 dB
power amplier (Model A-300; ENI, Rochester, NY, USA) excited
the transmitting transducer to produce a 32-cycle sinusoidal
pulse at 500 kPa amplitude, 5 MHz frequency and pulse repe-
tition frequency of 100 Hz. The scattered response was obtained
by a pulsar/receiver (Panametrics 5800, Waltham, MA, 6qUSA)
with 20 dB gain through a receiving transducer. Signals were
averaged over 64 sequences to improve the signal to noise ratio.

The data was acquired for 50 replicates using a custom MAT-
LAB program (Mathworks, Natick, MA). A Fast Fourier Transform
(FFT) was performed on the signals aer the acquisition. The
signal intensity was evaluated as an enhancement over control
(signal without exosomes) to eliminate the effect of the scattering
from the chamber. The linear scattering of the exosomes was
assessed at fundamental (5 MHz) component. For nonlinear
behavior, the subharmonic (2.25 MHz) and second harmonic (10
MHz) signal enhancements were investigated. The acoustic
response of the exosomes was evaluated across four batches of
exosomes for ensuring repeatability across batches. To assess the
stability of the exosomes under constant ultrasound exposure, the
enhancement wasmonitored for 180 seconds. The experiment was
run and compared in sequence with polymersomes of the same
concentration for comparison.

2.8 Mannitol concentration variation in preparation
protocol

To investigate the role of mannitol51 in the echogenicity, exosomes
were prepared following the same protocol but with varying
amounts of mannitol in the HEPES buffer—50, 100, 150, 200, 250,
300, 320, 350 and 400 mM. Evaporation, sonication, and freeze–
thaw cycles and freeze-drying were performed as before.

2.9 Injection into the synovial uid in Sprague Dawley rats

Echogenic exosomes were injected into the synovial uid of
euthanized Sprague Dawley rats. The exosomes were resus-
pended from powder in BSA–HEPES buffer for a concentration
of 58 mg mL�1. Then 100 mL of the solutions was injected into
the synovial space. The injections were completed on 4 different
knees in 2 different rats. The Vevo 3100 imaging system was
used with 40 MHz frequency transducer head. Since the syno-
vial space in rats is small, the area of interested was easy to
locate in before and aer injection of the exosomes.

2.10 Tail vein injection into NOD Scid Gamma mouse (NSG)
mice

Echogenic exosomes were injected into the tail vein of an NSG
mouse (IACUC Protocol Number #A18037). The exosomes were
resuspended from powder in BSA–HEPES buffer for a concen-
tration of 150 mgmL�1. A 100 mL bolus was injected into the tail
vein 3 different times. The Vevo 3100 imaging system was used
with a 40 MHz iPixel quantication. The transducer head was
xed throughout the protocol to insure the area being imaged
remained constant.
3414 | Nanoscale Adv., 2020, 2, 3411–3422
In an ultrasound image obtained by the scanner, areas of
interest were selected, maintaining approximately the same
area throughout the images. Histograms were created of the
pixel counts in the images. Counts were compared to control
images and normalized by the area. Analysis of ultrasound
images was done using the Fuji image processing package.52
3. Results
3.1 Echogenicity

In this article, we assessed the echogenicity of the specially
prepared exosomes using three different imaging techniques.
Using the Vevo 3100 Imaging System, we imaged the echogenic
exosomes in a BSA–HEPES buffer and compared it to the control
image of only the BSA–HEPES buffer (Fig. 2). The average
brightness of the image was used to evaluate the echogenicity of
the particles. In the 4–15 MHz image, the average brightness
was 23.1% brighter with exosomes (Fig. 2B) compared to the
control (Fig. 2A). The corresponding increase at 21 MHz (Fig. 2C
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) The size distribution of the echogenic exosomes as measured by the qNano (with and without sonication). Atomic force microscopy
images (B–D) of echogenic exosomes. These exosomes range between 60 to 90 nm in diameter after they undergo the protocol to make them
echogenic.

Table 1 The average size of exosomes with and without sonication as measured by DLS, AFM, and qNano. PDI is polydispersity index of
exosomes

DLS PDI of DLS AFM qNano

With sonication 101 � 14 nm 0.43 � 0.143 60 � 20 nm 95 � 26 nm
Without sonication 126 � 14 nm 0.50 � 0.13 55 � 15 nm 107 � 17 nm
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and D) and 40 MHz (Fig. 2E and F) were more than 800% and
28.9% respectively.
3.2 Size morphology and concentration

The size distribution was measured by qNano using a tunable
resistive pulse sensing principle (Fig. 3A). AFM images of the
echogenic exosomes can be seen in Fig. 3(B) to (D) indicating as
expected an approximately spherical morphology. A summary
of the average sizes measured by different methods can be seen
in Table 1. The average size of the exosomes was found to be 101
� 14 nm (DLS) and 96 � 26 nm (qNano) when the solution was
sonicated during the preparation. In absence of sonication, the
exosomes were slightly larger, with an average diameter of 126
� 14 nm (DLS) and 107 � 17 nm (qNano). The concentration of
the dry powder was measured to be 4.1 � 1.8 � 109 particles
per mg when reconstituted at a concentration of 1 mg mL�1.
Fig. 4 Western blot analysis of CD63 and CD9.
3.3 Western blot of exosomes

Western blot analysis of exosomes indicated positive for
markers for CD63 and CD9 (Fig. 4) ascertaining that the nano-
vesicles isolated from bovine milk are indeed exosomes.
This journal is © The Royal Society of Chemistry 2020
3.4 Preparation and reconstitution protocol optimization

The echogenicity of specially prepared echogenic exosomes
reconstituted in four different media—PBS, HEPES, BSA, and
HEPES–BSA—and with and without sonication during preparation
was investigated. In the presence of BSA, we found noticeable
effects of echogenic exosomes. We investigated effects of different
media and sonication during preparation on exosome echoge-
nicity by directly measuring scattered response in a customized in
Nanoscale Adv., 2020, 2, 3411–3422 | 3415
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Fig. 5 Scattered enhancements of the echogenic exosome (prepared with and without sonication) solutions for 3 different reconstitution
solutions (HEPES + BSA, HEPES, BSA) when exposed to 5 MHz excitation frequencies. Enhancements when compared to control (DI Water) in (A)
fundamental, (B) subharmonic and (C) second harmonic. (**p < 0.001) (500 kPa pressure amplitude, PRF 100 Hz, 32 cycles).
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vitro setup. Both linear and nonlinear scattered signals were
recorded when exosomes were exposed to a 5 MHz ultrasound
excitation. The enhancement of the scattered fundamental
response was highest when the exosomes were reconstituted in
10 mM HEPES + 0.5% BSA—11.4 � 6.3 dB with sonication during
preparation and 11.04 � 6.6 dB without sonication (Fig. 5A). The
signals were signicantly higher than when the powder was
reconstituted in either 10 mM HEPES or 0.5% BSA by themselves
(p < 0.0001). When the powder was reconstituted in only 0.5% BSA,
the enhancement was also statistically higher than in 10 mM
HEPES alone (p < 0.001) reaching 8.6� 4.4 dB with sonication and
6.8 � 4.1 dB without sonication. For all solutions, and as we will
see below for both linear and nonlinear scattering, there was no
Fig. 6 (A) 40 MHz ultrasound images of echogenic exosomes varying
(control), (b) 50 mM, (c) 100 mM, (d) 150 mM, (e) 200 mM, (f) 250 mM
Ultrasound setting is the same for all images taken with Vevo 3100 Imag
fps, 24 bD, 14mmdepth, 12.08mmwidth, 65 dB dynamic range, brightne
echogenic exosomes prepared with varying concentration of mannitol
pressure amplitude, PRF 100 Hz, 32 cycles).

3416 | Nanoscale Adv., 2020, 2, 3411–3422
signicant difference in enhancement with and without sonica-
tion during preparation.

Similar to the fundamental response, the enhancement in
subharmonic response shown in Fig. 5B was also the highest
when the exosomes were reconstituted with 10 mM HEPES +
0.5% BSA (p < 0.001). The subharmonic enhancement reached
8.6 � 6.6 dB with sonication and 8.3 � 5.8 dB without sonica-
tion when reconstituted with 10 mM HEPES + 0.5% BSA. There
was no statistical difference between the scattered subharmonic
responses when the powder was reconstituted in 10 mMHEPES
or 0.5% BSA by themselves.

The second harmonic signal enhancement is shown in
Fig. 5C. The scattered signal was similar (p ¼ 0.9959) when the
concentrations of mannitol during preparation. (a) Only BSA–HEPES
, (g) 300 mM, (h) 320 mM, (i) 350 mM, and (j) 400 mM of mannitol.
ing System (transmitter frequency 40 MHz, power 100%, frame rate 68
ss 50 and contrast 50). (B) Enhancement in fundamental response from
during freeze-dry cycles when exposed to 5 MHz excitation (500 kPa

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The fundamental enhancement of the echogenic exosomes
(with and without sonication) reconstituted with 10 mM HEPES with
0.5% BSA as compared to echogenic polymersomes of the same
concentration over 3 minutes of ultrasound exposure (excitation
frequency 5 MHz, 500 kPa pressure amplitude, PRF 100 Hz, 32 cycles).

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 8
:0

9:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
powder was reconstituted in 10 mM HEPES + 0.5% BSA and
0.5% BSA when the exosomes were reconstituted with 10 mM
HEPES + 0.5% BSA, the enhancement of the second harmonic
scattered signal was 3.4 � 2.9 dB with sonication and 3.7 � 3.0
dB without sonication. The second harmonic scattered signal
was 3.3 � 2.1 dB with sonication and 3.9 � 2.6 dB without
sonication when reconstituted with 0.5% BSA. However, the
signal enhancement reduced in the absence of BSA (p < 0.001).
3.5 Varying concentration of mannitol

To understand the role that the presence of mannitol during
preparation plays in the echogenicity of the exosomes, mannitol
concentration was varied. Different batches prepared with
different concentrations of mannitol were imaged with the Vevo
3100 Imaging System at 40 MHz (Fig. 6A). There is signicant
echo when the mannitol concentration rose above 300 mM. We
also measure the scattered fundamental response from these
batches at 5 MHz (Fig. 6B) using our customized scattering
setup. Here also the scattered signal increased as the mannitol
concentration increased. Strong backscattered signal was seen
only above 150 mM of mannitol.
3.6 Stability under ultrasound

The fundamental signal enhancement due to the echogenic
exosomes prepared with or without sonication as well as
Fig. 8 Ultrasound images (A) before and (B) after injection of echogenic e
taken with a Vevo 3100 Imaging System and 40 MHz transducer head (at
14.08 mm, 70 dB dynamic range, brightness 50 and contrast 50 for both
(blue) and after (orange) injection into synovial space. Pixel count was n

This journal is © The Royal Society of Chemistry 2020
polymersomes are investigated as a function of time while being
exposed to ultrasound excitation (Fig. 7). The enhancement
decreased with time. However, the enhancement remains
signicant even aer 3 minutes of exposure similar to what was
observed for polymersomes by Xia et al.17 Presence of sonication
during preparation didn't change the dynamics.

3.7 In vivo imaging of echogenic exosomes

Echogenic exosomes were injected into the synovial space of
a Sprague Dawley rat (Fig. 8). Injecting echogenic exosomes
(Fig. 8B) results in a brighter image when compared to control
(Fig. 8A). It is further validated by the quantication of pixel
brightness (Fig. 8C) showing a 37.2% increase in brightness of
the images upon the injection of the exosomes. The exosomes
were also injected into the tail vein of an NSG mouse (Fig. 9).
The images of the mouse kidney were found to be enhanced by
the addition of exosomes (Fig. 9B) when compared to before the
exosomes were injected (Fig. 9A) as also shown by pixel histo-
gram (Fig. 9C). There was more than 3-fold increase in bright-
ness when the echogenic exosomes were injected into the vein.

4. Discussion

Exosomes are naturally secreted bilayer vesicles known to play
critical roles in inter-cellular communications and transport.
Utilizing bovine milk exosomes provides unique advantages
and has been shown to be effective and non-toxic within in vitro
and in vivo environments. Here they have been isolated from
bovine milk and then made to undergo a specialized protocol of
repeated freeze-thaw cycles followed by a freeze-drying process
in the presence of mannitol that made them echogenic. The
procedure was motivated by our as well as others' studies that
indicated that mannitol plays a crucial role during the prepa-
ration of echogenic liposomes and polymersomes encapsu-
lating gaseous cores that render such vesicles echogenic.24,51,53

The echogenicity of the specially prepared exosomes were
investigated using commercial ultrasound scanner both in vitro
and in vivo. We also measure their scattered responses in
a customized setup. This is the rst ever report of echogenicity
of exosomes offering potentials for their concurrent ultrasound
imaging and drug delivery capabilities.

There was a noticeable difference in brightness between the
ultrasound scanner images of echogenic exosomes and the
xosomes into the synovial space of a Sprague Dawley rat. Images were
100% power, 76 fps frame rate, 25 dB gain, depth 11.00 mm and width
images). (C) Pixel counts from (A) and (B) echogenic exosomes before
ormalized by the area for all graphs.

Nanoscale Adv., 2020, 2, 3411–3422 | 3417
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Fig. 9 Ultrasound images of mouse kidney (A) before and (B) after injection of echogenic exosomes (100 ml of 58 mg mL�1) into the tail vein of
NSGmouse using Vevo 3100 Imaging System and 40MHz transducer head (at 100% power, 70 fps frame rate, 25 dB gain, depth 10mmandwidth
18 mm, 70 dB dynamic range, brightness 50 and contrast 50 for both images). (C) Pixel count differences of light intensity between echogenic
exosomes before (blue) and after (red) tail vein injection. Pixel count was normalized by the area for the graph.
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control images at three different frequencies (Fig. 2). The
average brightness in all three imaging environments demon-
strate that the exosomes became responsive to ultrasound aer
undergoing the specialized protocol of repeated freeze–thaw
and freeze-drying in presence of mannitol.

Aer the exosomes underwent the preparation protocol, the
size and the concentration of exosomes in the resulting powder
were quantied using DLS, AFM, and qNano. The measured
sizes lie within the expected range of 40–130 nm. The exosomes
did not appear to be destroyed through the freeze-drying
procedure, and 4.1 � 1.8 � 109 particles per mg were present
in the freeze-dried powder. When the particles were measured
by AFM, the shapes appeared to have remained roughly spher-
ical with a slightly smaller diameter of roughly 60 nm (Fig. 3).
The smaller diameter in AFM observation could have resulted
from drying of the sample for AFM imaging. Fig. 3A indicates
that with sonication, the size distribution shis to the le
resulting is slightly reduced average size in Table 1. But the
similarity in average size with and without sonication indicates
very little destruction of exosomes due to sonication. Echogenic
exosomes are slightly smaller than echogenic liposomes (125–
185 nm)24 and much smaller than echogenic polymersomes
(400–450 nm).17 The smaller size and natural morphology make
echogenic exosomes an ideal candidate for drug delivery
without immune responses but with added capabilities due to
its responsiveness to ultrasound.1

Ultrasound contrast agents are known to generate both
linear and nonlinear response to ultrasound excita-
tion.17,24,37,38,45,54 We investigated the ability of the echogenic
exosomes reconstituted in three different media—HEPS, BSA,
HEPS + BSA—to generate the linear and nonlinear responses
(Fig. 5). Echogenic exosomes show strong sub- and second-
harmonic scattered responses. The strong nonlinear
responses offer possibilities for their applications in nonlinear
imaging modalities with better signal-to-tissue ratios.55,56 For all
reconstitution parameters and at all receiving frequencies,
there was no statistical difference between the signal
enhancement of exosomes prepared with and without sonica-
tion. This could be due to the similarity in size between these
echogenic exosomes.

Echogenicity of the exosomes varied with variation in
reconstitution media. The linear and nonlinear signal
enhancements were statistically higher in cases where BSA was
3418 | Nanoscale Adv., 2020, 2, 3411–3422
added to the solution compared to being reconstituted in
HEPES alone (Fig. 5). This was also borne out by ultrasound
scanner images (40 MHz transducer) of exosomes prepared in
these three different media (data not shown). The addition of
BSA appears to be critical to the scattering behavior of the
exosomes. Kumar et al. while exploring the role of freeze-dried
mannitol on the echogenicity of liposomes and polymersomes
also found strong echogenicity of freeze-dried mannitol powder
by itself in DI water, which is further enhanced by addition of
BSA.57 It was hypothesized that BSA acts like a surfactant to the
microbubbles stabilizing them and allowing them to remain in
the solution longer. The present study seems to indicate
a similar stabilizing role of BSA for the air pockets created in
association with exosomes.

As noted before, mannitol has been assumed to play a crit-
ical role in ensuring echogenicity in specially prepared lipo-
somes and polymersomes.24,53,58–61 We investigated the
echogenicity of specially modied exosomes varying amount of
mannitol during the freeze-dry process, ranging from 50 to
400 mM. Previously, we have demonstrated that the crystalline
nature of mannitol facilitates bubble generation during disso-
lution,57 and we believe that mannitol is the key to the echo-
genicity of the echogenic liposomes, polymersomes, and
exosomes. Similar to the ndings of Paul et al.24 for echogenic
liposomes, ultrasound images of echogenic exosomes freeze
dried in the presence of different concentrations of mannitol
(Fig. 6A) and their enhancement (Fig. 6B) showed echogenicity
when freeze-drying was performed with mannitol at a concen-
tration above 150 mM.

We chose freeze drying in the presence of 320 mM of
mannitol and reconstitution in BSA–HEPES with sonication as
our preparation protocol of choice. Exosomes thus prepared
were investigated for their stability and in vivo imaging potential
(Fig. 7). The stability of the echogenic exosomes appears to be
similar to echogenic polymersomes53—echogenic even aer 3
minutes of constant ultrasound exposure at a 5 MHz excitation
frequency.

To explore their in vivo imaging potential, echogenic exo-
somes were injected in the synovial uid of Sprague Dawley rats
and into the tail vein of NSG mice and imaged at 40 MHz. In
both cases, the image pixel brightness clearly showed
enhancements aer echogenic exosome injection (Fig. 8 and 9).
This journal is © The Royal Society of Chemistry 2020
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The enhancements were 37.2% in case of the synovial uid of
the rats and 300% for mice.

Exosomes—specially modied here by a freeze-drying
process in presence of mannitol—have demonstrated signi-
cant echogenicity in ultrasound scanner as well as in custom-
ized in vitro scattering setup. Liposomes and polymersomes
have previously been shown to be echogenic when prepared by
freeze-drying in presence of mannitol. Small air-pockets were
hypothesized to be situated in the bilayer, outside or inside
such echogenic vesicles.24,53,58 Recently, Shekhar et al. evaluated
the nature of the echogenic behaviors of liposomes using
differential interference contrast microcopy (DIC).62 Their DIC
images showed micrometer sized bubbles encapsulated inside
liposome, but the typical size of the observable liposomes in the
DIC images were far larger; the number weighted and volume-
weighted diameters of these vesicles were 1.35 mm and 8.23
mm respectively.62 The exosomes studied here, unlike previously
studied echogenic liposomes and the polymersomes, are pre-
formed vesicles, but they underwent the same freeze-drying
procedure in presence of mannitol that was also part of the
preparation protocol for echogenic liposomes and polymer-
somes.18,24,28,53,58,63–65 However, unlike echogenic liposomes
carrying encapsulated microbubble inside studied by Shekhar
et al.62 the echogenic exosomes are much smaller in size—50–
150 nm. The smaller nanometer size of the exosomes indicates
similarity to nanocups and other such nanoparticles investi-
gated by Kwan et al.66 which spontaneously grow surface trap-
ped bubbles upon ultrasound excitation due to their geometry
and surface properties. However, further investigation is
needed for elucidating the origin of the echogenicity of these
nanoparticles.

While the exact location of the bubble remains uncertain for
the application of the exosomes, the results here also imply that
the presence of mannitol during the freeze-drying process and
reconstituting the freeze-dried powder in solutions containing
BSA are critical for creating and maintaining echogenic
behavior or the exosomes.62,66 These results indicate that echo-
genic exosomes, when prepared following the specialized
protocol described here, hold promising potential for use in
contrast ultrasound imaging as well as drug delivery application
when loaded with appropriate drugs.

5. Conclusion

Exosomes are naturally secreted nanoparticles—diameters 40–
130 nm—that inherit the morphology and contain the biolog-
ical information of the parent cell. Their structure and size
make them ideal for potential drug delivery applications. Here
for the rst time, we proposed and demonstrated a procedure
for rendering bovine milk-derived exosomes echogenic. The
exosomes, that underwent the specialized protocol, were shown
to be echogenic through an array of in vitro and in vivo inves-
tigation using a commercial ultrasound scanner as well as
a customized setup. The acoustic behavior was found to be
similar to that of echogenic liposomes or polymersomes.
Previously, exosomes have shown success in being able to be
functionalized and loaded with a variety of drugs.2 The ability to
This journal is © The Royal Society of Chemistry 2020
make them echogenic, along with the large scale extractability
from bovine milk, opens the possibility for their applications as
ultrasound contrast agents or as ultrasound responsive drug
delivery vehicles.
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