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Abstract

Nanocarrier and exosome encapsulation has been found to significantly increase the efficacy of targeted drug
delivery while also minimizing unwanted side effects. However, the development of exosome-encapsulated drug
nanocarriers is limited by low drug loading efficiencies and/or complex, time-consuming drug loading processes.
Herein, we have developed an acoustofluidic device that simultaneously performs both drug loading and exosome
encapsulation. By synergistically leveraging the acoustic radiation force, acoustic microstreaming, and shear stresses
in a rotating droplet, the concentration, and fusion of exosomes, drugs, and porous silica nanoparticles is achieved.
The final product consists of drug-loaded silica nanocarriers that are encased within an exosomal membrane. The
drug loading efficiency is significantly improved, with nearly 30% of the free drug (e.g., doxorubicin) molecules

drug delivery research and applications.

loaded into the nanocarriers. Furthermore, this acoustofluidic drug loading system circumvents the need for
complex chemical modification, allowing drug loading and encapsulation to be completed within a matter of
minutes. These exosome-encapsulated nanocarriers exhibit excellent efficiency in intracellular transport and are
capable of significantly inhibiting tumor cell proliferation. By utilizing physical forces to rapidly generate hybrid
nanocarriers, this acoustofluidic drug loading platform wields the potential to significantly impact innovation in both

Introduction

Nanoscale drug delivery systems have gained promi-
nence in the past decade due to the promise of novel
therapeutic applications’”. By loading drug molecules
into nanoscale carriers, controllable release and active
targeting can be achieved®. Compared to small drug
molecules in suspension, nanoparticles demonstrate
enhanced permeability and retention, leading to higher
drug accumulation within the target cells*. Currently,
most existing nanocarriers utilize porous, inert nano-
particles as the carrier; drug molecules are then diffusively
loaded into the porous space®’. The greatest challenge of
inert nanocarriers is their tendency to have low drug
loading efficiencies (<10%)®.
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To increase the drug loading efficiency of inert nano-
carriers, one promising strategy utilizes natural nano-
particles and exosomes. Exosomes are approximately
30-150 nm diameter cell-derived nanovesicles that carry
genetic material, proteins, and other molecules from
their cells of origin’. These vesicles have shown great
potential for improving the drug delivery efficacy of
drugs and nanoparticles'®. With their characteristic
phospholipid bilayer structure, similar to that of lipo-
somes, exosomes can encapsulate both drugs and
nanoparticles while prohibiting the release and degra-
dation of the loaded drugs. Furthermore, compared to
liposomes, exosomes are naturally produced by cells,
have higher biocompatibility, and avoid clearance by the
immune system'’. Another advantage of using exosomes
in drug delivery is their targeted delivery potential.
Because exosomes exhibit intercellular communication
via exocytosis and endocytosis pathways, they are nat-
ural carriers capable of delivering proteins and nucleic
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acids among cells'”. Depending on the type of cell
secretions, exosomes can be absorbed into specific cell
populations and subsequently participate in various
critical biofunctions including cell expansion associated
with neuron degeneration, the proliferation and invasion
of tumor cells, immune system activation, and tissue
regeneration'>'*, Previous studies have demonstrated
that exosome-encapsulated silica nanoparticles have an
advantageous low immune clearance combined with
improved targeted delivery abilities'”. Current exosome-
encapsulated nanoparticle methods include passive
incubation, freeze/thaw cycling, surface conjugation,
extrusion, electroporation, and sonication'®'”. However,
these exosome encapsulation methods often have low
drug loading efficiencies and/or complex, slow drug
loading processes.

Here, we have developed a drug loading method based
on acoustofluidics, i.e., the fusion of acoustics and fluid
mechanics'®*, that can simultaneously concentrate drug
molecules with silica nanoparticles and encapsulate the
particles within exosomes, all within a single-step process.
Acoustofluidics have been demonstrated to have great
potential for biological particle manipulation and enrich-
ment*>~*!, which could be applied to vesicle separation
and cell patterning for diagnostic purposes®* %, Since
acoustofluidics has the ability to manipulate nanoscale
particles that contain both extracellular vesicles and
nanocarriers® !, this technology also has therapeutic
potential including nanoparticle assembly and controllable
drug release™ *’. Surface acoustic wave (SAW)-derived
droplet rotation has shown great potential in particle
enrichment*®*°, One of our recent works demonstrated
the manipulation and enrichment of nanoparticles smaller
than 100 nm within droplets by utilizing SAW-derived
rotation and droplet resonance®. This SAW-derived
rotation and droplet resonance mechanism is the basis
of the drug loading application in this article. Based on
investigations of the potential of acoustofluidics for con-
structing new drug nanocarriers, our device demonstrates
a simple method with high drug loading efficiency and
high speed. The device achieves stable drug loading effi-
ciency using silica nanoparticles with different shapes and
sizes. This versatility suggests that the acoustofluidic
method has significant potential in loading and encapsu-
lating a variety of nanocarriers and drugs into exosomes
due to the lack of restrictions in terms of morphology and
size. Since this acoustofluidic drug loading and exosome
encapsulation method relies on physical forces that load
and encapsulate nanoparticles independent of morphology
and size, this platform exhibits versatility for loading and
encapsulating a variety of nanocarriers and drugs into
exosomes”'. Acoustofluidic drug loading and carrier
encapsulation achieved a loading efficiency of ~30% within
2 min, compared to the 0.08% loading efficiency achieved
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after 22 h of passive incubation'”. The acoustofluidic drug
loading device achieves high-efficiency drug loading
encapsulation and simplifies the two-step process (i.e.,
drug loading and exosome encapsulation) into one step
with significantly decreased processing time (i.e., hours to
minutes). These features exhibit the potential for devel-
oping novel hybrid drug carriers that combine the
advantages of both nanocarriers and exosome drug deliv-
ery platforms.

Results
Working mechanism

The mechanism of the acoustofluidic-derived droplet
rotation and derived microstreaming and shear rate
pattern was established in our previous work®”. As a brief
description, a pair of slanted interdigital transducers
(IDTs) is used to generate surface acoustic waves
(SAWs) to initiate droplet rotation. The inclined angle of
the slanted interdigital transducers (IDTs) varies the
spacing between the electrodes. These varied spaces
allow for various working frequencies to be applied along
the width of the slanted IDTs. The different frequencies
can therefore generate a SAW at different positions on
the piezoelectric substrate, which can correspond better
to the droplet size. The two SAWs propagate along
opposite directions, enter the droplet through two
locations and drive the rotation of the droplet that is
placed in a polydimethylsiloxane (PDMS) ring holder
(Fig. 1a). The restriction from the PDMS ring holder
induces a leveraging droplet resonance that increases the
rotation rate and results in significant droplet deforma-
tion. These two effects induce microstreaming in the
droplet more strongly than the classical oscillation
dynamics of droplets®®®. The detailed mechanism of
acoustofluidic-derived droplet rotation and simulation of
microstreaming in the droplet are described in the
supplementary material.

Synchronous drug loading and exosome encapsulation
are achieved by acoustic radiation force, acoustic micro-
streaming, and shear stresses induced by the acousto-
fluidic drug loading device. The imbalanced body force
acting on the side of the droplet causes rotation along
with the generation of high-flow-rate vortex micro-
streaming within. During this process, acoustic radiation
force and microstreaming-induced drag force compre-
hensively produce a trapping effect on particles in the
middle of the droplet, such as drugs (e.g., doxorubicin),
exosomes, and silica nanoparticles. While these particles
are concentrated toward the center of the droplet, the
frequency of particle—particle contact is significantly
increased, resulting in higher drug loading efficiencies.
Furthermore, the strong acoustic microstreaming in the
droplet causes shear stress on the particles in the fluid
field>*. Since our previous research®® demonstrated that
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Fig. 1 Schematics and mechanism of acoustofluidic drug loading. a In the acoustofluidic device, a pair of slanted interdigital transducers
generate surface acoustic waves and induce droplet rotation as well as vortex streaming, which lead to concentration and fusion of the porous silica
nanoparticles, exosomes, and drug within the droplet. b When the acoustofluidic device is off, silica nanoparticles, exosomes, and drug (e.g.,
doxorubicin) are uniformly distributed within the droplet. When the acoustofluidic device is activated, these particles (i.e, silica nanoparticles,
exosomes, and drugs) are concentrated in the center of the droplet. The high concentration and shear stress simultaneously induce both drug
loading into the silica nanoparticles and encapsulation of the silica particles within the exosomes. ¢ Numerical simulation showing acoustic
microstreaming and induced shear stress distribution when the device is activated. The flow direction is toward the center of the droplet.
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the rotating droplet induces a complex microstreaming
environment that maintains a high-shear rate within the
droplet, the exosome membrane could be disrupted by
microstreaming-induced shear stress. This acoustic
microstreaming-derived lipid membrane disruption cau-
ses an effect similar to a vortex or ultrasonic disruption
and enhances the encapsulation of silica nanoparticles in
the exosome membrane®. Since droplet rotation can
result in both sample enrichment and membrane dis-
ruption effects, the acoustofluidic drug loading platform
achieves drug loading and exosome encapsulation in one
step (Fig. 1b).

To evaluate the concentration effect of the acousto-
fluidic drug loading device, we conducted both compu-
tational and experimental investigations to analyze the
flow pattern and concentration effects. The micro-
streaming pattern in the rotating droplet shown in Fig. 1c
demonstrates a vortex for trapping the particles in the
center area of the droplet. The acoustic microstreaming-
derived shear stress distribution is also shown in Fig. 1c.
Although the high-shear-stress areas are distributed in the
outer ring of the droplet and decrease in the center, the

exosome fluorescence distribution (Fig. 1d) during droplet
rotation indicates that exosomes are not entirely con-
centrated in the center of the droplets and can be exposed
under high-shear stress. Furthermore, the drag and
pressure gradient forces generated by acoustic micro-
streaming increase the drug/silica nanoparticle con-
centration and exosome membrane disruption. The
concentrating effects of 50 nm porous silica nanoparticles
and doxorubicin are also demonstrated in Fig. 1d. Com-
pared with the uniform, low-intensity fluorescent dis-
tribution when the acoustofluidic device is inactivated, all
groups show high-intensity fluorescence in the center of
the droplet when the device is activated. Although the
high-fluorescence areas differ among the 50nm silica
nanoparticles, exosomes, and doxorubicin, the varying
fluorescent areas indicate that the device’s concentrating
capabilities are dependent on the particles’ physical
properties, such as size, shape, and density. The overlap of
the varying concentration areas indicates that the acous-
tofluidic device can increase the effective drug con-
centration, drug loading efficiency, and drug loading rate
and enable exosome encapsulation.
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Acoustofluidic-derived silica nanoparticle encapsulation
To validate whether the acoustofluidic-derived nano-
particle encapsulation device can be applied to nano-
particles with various shapes, we used 50 and 100 nm
spherical and 200 nm rod silica nanoparticles for exosome
encapsulation. To avoid the influence of concentration on
the encapsulation process, the three different nano-
particles were kept at the same concentration of 400 pg/
mL, and the exosome concentration was maintained at
1x 107 particles/mL during the encapsulation process.
The particle size distributions of diffusive encapsulation
groups and acoustofluidics-processed groups were eval-
uated by nanoparticle tracking analysis (NTA). As Fig. 2a
shows, all diffusive control groups demonstrate size dis-
tribution results that contain multiple peaks within a large
size range since these results contain size distribution
curves from both the silica particles and remaining exo-
somes. The polydispersity of the exosome size distribution
within the diffusive control groups widened the size dis-
tribution of the sample. However, the acoustofluidic
encapsulation groups demonstrate clear peaks similar to
the silica nanoparticle size distributions of 50, 100, and
200 nm, as shown in Fig. S1. By comparing the size dis-
tribution curves between the diffusive control groups and
acoustofluidic encapsulation groups, it was found that the
polydispersity of particle sizes significantly decreased in
the acoustofluidic encapsulation groups. Since only exo-
somes and silica nanoparticles were added to each group
and silica nanoparticles could be distinguished by their
known sizes, particles showing polydisperse size distribu-
tions should exhibit free-floating exosomes, and thus,
polydispersity should decrease after acoustofluidic encap-
sulation. Although the size of exosome-encapsulated silica
nanoparticles was not significantly different from that of
pure silica nanoparticles, the exosome envelope could be
smaller than the NTA sensitivity limit. Transmission
electron microscopy imaging (Fig. 2b) was further applied
for morphology analysis of the encapsulated nanoparticles.
Compared to the diffusive encapsulation control groups,
nanoparticles processed by the acoustofluidic device
demonstrated an outer membrane on the surface. This
structure indicates that the exosome membrane success-
fully enveloped the silica nanoparticles. Since exosome
membrane proteins cause endocytosis and can target cells,
immunoblot technology was utilized to evaluate the
existence of exosomal proteins on the nanoparticles. To
confirm the presence of exosomal proteins on the
encapsulated silica nanoparticles, samples from the diffu-
sive controls and the acoustofluidic encapsulation groups
were centrifuged at 10,000 x g in preparation for an
immunoblot assay. The pellet was collected, and the
supernatant was discarded. Since the exosomes could not
be centrifuged at this speed, the centrifugation process
eliminated the proteins from the free exosomes.
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The western blot results (Fig. 2c) show that the
acoustofluidics-processed nanoparticles contained higher
levels of exosome biomarkers CD9 and CD63 than
nanoparticles diffused only in solution with the exosomes.
These results demonstrate that the acoustofluidic
device can encapsulate silica particles with exosomes
and keep exosome-specific proteins intact. Thus, this
acoustofluidic-based encapsulation process is independent
of nanoparticle shape and size.

Acoustofluidic-driven exosome encapsulation enhances
endocytosis

Exosome membrane coating has been proven to pro-
mote the cellular uptake of nanoparticles. To validate
whether acoustofluidic-derived encapsulation can have
similar effects, green fluorescent-tagged silica nano-
particles and red fluorescent-tagged exosomes were pro-
cessed by an acoustofluidic device and used to culture
HeLa cells. Compared with that in the diffusive encap-
sulation samples, the green fluorescence of silica nano-
particles was significantly stronger in the acoustofluidic
encapsulated samples (Fig. 2d). This finding means that
acoustofluidics-processed exosome encapsulation increa-
ses the intracellular intake of silica nanoparticles. Fur-
thermore, in the acoustofluidic encapsulated samples, the
exosome and nanoparticle fluorescence displays high
spatial overlap, showing that exosomes and nanoparticles
are delivered as integrated particles. Acoustofluidic-
derived encapsulation promotes the endocytosis of silica
nanoparticles with different shapes and sizes (Fig. S2),
suggesting tremendous versatility in terms of which
nanoparticles can be utilized.

Acoustofluidic rotation increases the drug loading
efficiency and drug loading rate

Since both the drug loading efficiency and drug loading
rate of the porous silica particles depend on the con-
centration of the drug and nanoparticles, the doxorubicin
and silica particle concentration were both varied, while
the other variables were held constant. The doxorubicin
concentration was analyzed by absorbance of doxorubicin
solution at 480 nm; the loading efficiency was evaluated
by the ratio between the concentration of free doxor-
ubicin before and after acoustofluidic drug loading. The
doxorubicin loading efficiency of 50, 100, and 200 nm
porous silica nanoparticles is demonstrated in Fig. 3. The
acoustofluidics-processed samples show higher loading
efficiencies than the control groups, as presented in
Fig. 3a. The exosome concentration was maintained at
1x 107 particles/mL for all experiments. We also
observed that the loading efficiency decreased after the
doxorubicin concentration reached 400 ug/mL. This
result is due to the saturation of silica and exosome par-
ticles’ drug loading capabilities. The comparison of
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Fig. 2 (See legend on next page)

doxorubicin concentration among the groups shows that
the acoustofluidic drug loading device can achieve a
higher loading efficiency than the control groups (Fig. 3b).

Additionally, when compared with the control groups

processed by 30 min of
2 min of acoustofluidic

diffusive loading, the groups with
drug loading show both a higher
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Fig. 2 Acoustofluidics enhance the encapsulation of exosomes on the nanoparticles. a Size distributions for various mixtures of exosomes and
silica nanoparticles. Compared with the diffusive control that only mixed exosomes and nanoparticles, acoustofluidic encapsulation exhibits narrower
size distribution peaks and more closely resembles the size of the silica nanoparticles, indicating that the exosomes envelop the nanoparticles, error
bar: SE, sample size: 5. b TEM images of silica particles of the diffusive control and after acoustofluidics encapsulation. In the diffusive control groups,
the boundaries of the silica nanoparticles are clear. In contrast, the acoustofluidic encapsulation groups have blurred boundaries and show an
additional layer, indicating exosome envelopment. ¢ Western blot results show higher levels of exosomal surface biomarkers for the acoustofluidic
encapsulation group than the diffusive control group. This observation indicates that acoustic treatment enhances silica nanoparticles with exosome
membrane components. d Hela endocytosis of 50 nm silica nanoparticles is enhanced by acoustofluidic encapsulation. Compared with the diffusive
control group, which shows silica nanoparticles with lower levels of green fluorescence, the acoustofluidic encapsulation group shows higher green
fluorescence levels overlapping with the exosomes’ red fluorescence. This observation indicates that the endocytosis of silica nanoparticles is
enhanced when encapsulated within exosomes. Scale bar: b 100 nm, d 100 um.
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Fig. 3 An acidic fluorescent drug loading device enhances the doxorubicin loading efficiency with porous silica nanoparticles. a The

doxorubicin loading efficiency for 50, 100, and 200 nm silica nanoparticles. The difference between free loading and acoustofluidic loading with a
constant nanoparticle concentration of 200 pg/mL and increasing doxorubicin concentration is shown. b The doxorubicin loading efficiency for 50,
100, and 200 nm silica nanoparticles. The difference between free loading and acoustofluidic loading with a constant doxorubicin concentration of

200 pg/mL and increasing nanoparticle concentration is shown, error bar: SE, replicates: 3.

loading efficiency and faster loading rate. This finding
effectively reemphasizes the idea that acoustofluidics-
derived drug loading has the potential to load a wide
range of nanoparticles of various shapes and sizes more
efficiently and rapidly than current methods.

Drug intake improvement and proliferation inhibition via
the acoustofluidic drug loading device

To evaluate the technology’s potential in drug delivery
to tumor cells, we used the acoustofluidic device to pro-
cess doxorubicin, exosomes, and 50, 100, and 200 nm
porous silica nanoparticles, and the products were used
for culture with HeLa and MCF-7 tumor cells. The sur-
vival rates of cells, which were evaluated by MTT cell
viability assays, were used for treatment efficiency analy-
sis. The control groups were treated with free doxor-
ubicin, and the final doxorubicin concentration in the
culture medium was 2.5 pg/mL for both free doxorubicin
and doxorubicin-loaded by the acoustofluidic device.
During 24 h of culture, fluorescence microscopy images

demonstrated that acoustofluidic-loaded doxorubicin in
50nm porous silica nanoparticles exhibited stronger
intracellular doxorubicin fluorescence and lower cell
density (Fig. 4a and Fig. S3). All doxorubicin-loaded
groups showed lower cell viability than the free doxor-
ubicin groups in both HeLa and MCE-7 cells (Fig. 4b). To
further investigate the exosome-silica-doxorubicin uptake
mechanism, we utilized a GFP-tagged lysosome tracker
prestaining of the cells. Since doxorubicin is a small
molecule belonging to the anthracycline family, the
uptake of doxorubicin by cells can be achieved by diffu-
sion>®. However, multiple cell lines have shown resistance
to doxorubicin by the overexpression of P-glycoprotein,
which is a transporter on the cell membrane that can
actively transport doxorubicin out of cells®”. For the cell
lines in this research, HeLa cells have shown low resis-
tance to doxorubicin because of the low expression of
P-glycoprotein®®, while MCF-7 has been commonly used
as a doxorubicin-resistant cell line in the scientific lit-
erature®”°. Although free doxorubicin can be distributed
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into both cell lines and stains the cell nuclei in an over-
lapping pattern as indicated by the fluorescence results
(Fig. 4c), the doxorubicin fluorescence strength in the
nucleic areas of MCF-7 cells is significantly weaker than
that in the nucleic areas of HeLa cells. This decrease in
fluorescence strength indicates the active pumping of
doxorubicin by P-glycoprotein, thereby causing a lower
abundance and shorter existence period of doxorubicin in
resistant cell lines. Although the acoustofluidics-
constructed drug carriers did not efficiently kill the
MCE-7 cells, the doxorubicin delivered by carriers
achieves twice the death rate of free doxorubicin, indi-
cating the acoustofluidics-constructed carriers’ promotion
of therapeutic efficiency. Furthermore, cells cultured with
exosome-silica-doxorubicin, as presented in Fig. 4c, show
a different doxorubicin distribution pattern. Doxorubicin
fluorescence in these groups was distributed in both the
nucleic areas and lysosome areas, as demonstrated by the
overlapping fluorescence from the lysosome-specific
staining dye. Since the formation of lysosomes involves
the endocytosis pathway, a common exosome intake

process'?, doxorubicin loaded in exosome-silica is trans-
ported by cells through exosome intake mechanisms.
Since the doxorubicin delivered by exosome-silica parti-
cles first exists in the lysosome, drug molecules cannot be
pumped out rapidly by P-glycoprotein and can reside
longer inside the cells and cause higher abundance in
nucleic areas, as demonstrated by the higher doxorubicin
fluorescence in MCEF-7 nucleic areas than in MCF-7 cells
cultured with free doxorubicin. The confocal images in
Fig. 4c also show red fluorescence from doxorubicin in
the nucleic areas of free and carrier doxorubicin-treated
HeLa cells and carrier doxorubicin-treated MCE-7 cells,
indicating that doxorubicin delivered by acoustofluidics-
constructed carriers can still diffuse to functioning areas.
This difference in the intake mechanism can overcome
many limitations of drug-resistant cell lines.

Discussion

In summary, we developed an acoustofluidic device that
simultaneously achieved drug loading and exosome encap-
sulation. Although the streaming within exosomes is not
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considered in this article, as it has been for other unilamellar
vesicles®, it would be of value to consider that analysis for
future works. The acoustofluidic device generates three
effects on particles within a droplet: acoustic radiation force,
associated vortex microstreaming, and microstreaming-
derived shear stress. These effects induce the drug mole-
cules, exosomes, and inert nanocarriers to concentrate at the
droplet center. Once the particles are concentrated within a
smaller volume, the higher interaction probabilities promote
increased drug loading efficiency. The drug loading effi-
ciencies and loading rates associated with this acoustofluidic
device are higher than those measured using vortex-diffusive
loading for any concentration of doxorubicin and silica. A
drug loading efficiency of 30% was achieved, which is sig-
nificantly higher than those of inert material nanocarriers
with exosome encapsulation by passive incubation. Acous-
tofluidic drug loading also shows an 11.68% higher loading
rate than that achieved by sonication, which was used for
exosome drug loading as an active approach®. Although the
low volume of the droplet limits the throughput of the
device, this limitation could potentially be solved by driving
multiple droplet rotations synchronously by a similar pair of
IDTs. Apart from the high loading efficiency due to
increased concentration effects, the induced acoustic
microstreaming within the droplet increased the local shear
stress. This effect disrupts the membrane of the exosomes
and promotes exosome membrane encapsulation of the
silica particles. A membrane-like structure was found, and
exosomal surface protein biomarkers were identified in the
nanoparticles. The biomarkers indicate that the nano-
particles have acquired an exosomal membrane and have
the potential for targeted intracellular transport. In vitro cell
intake experiments confirmed that acoustofluidic-derived
exosome encapsulation significantly promotes the endocy-
tosis of nanoparticles. This acoustofluidic-derived drug
carrier also shows potential for resolving problems with
drug-resistant cell lines. Since the drug delivered by the
exosome-silica nanocarriers is transported via endocytosis
pathways, it will be released from the endocytosis-formed
lysosome and further released into the cell. This intake
mechanism avoids the rapid elimination of the drug by
actively transporting proteins on the cell membrane and
sustains a high concentration of drug inside cells, which can
significantly improve the treatment outcome for cancer
derived from drug-resistant cells. Combined with exosome
encapsulation, silica nanoparticles loaded with doxorubicin
have higher drug intake efficiencies, which subsequently
inhibits tumor cell proliferation.

The many advantages of this acoustofluidic drug load-
ing system malke it feasible to serve as a nanocarrier-based
drug delivery manufacturing system. The mechanisms for
particle enrichment and the enhanced local shear stresses
arising from acoustic microstreaming are both physical
effects and work independently of chemical composition.
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Although the contribution of acoustic radiation force,
acoustic streaming, and microstreaming-derived shear
stress on drug loading and vesicle encapsulation still need
to be further evaluated, the phenomenon that we found
offers an alternative approach for drug loading. Compared
with conventional physical methods such as passive dif-
fusion and sonication, which can take hours to complete,
the acoustofluidic device requires only a few minutes.
Furthermore, this device shows tolerance to differences in
the morphological properties of nanoparticles by enabling
drug loading and exosome encapsulation of nanoparticles
with different shapes and sizes. Acoustofluidic drug
loading technology provides a unique physical process for
improving the drug loading efficiency of inert nano-
carriers. As a result, this technology’s adaptability allows
for applications with a variety of drug types. Furthermore,
acoustofluidic drug loading technology facilitates exo-
some encapsulation during drug loading, enabling the
recruitment of exosomes. Since exosomes are involved in
intercellular communication, the introduction of exosome
encapsulation can potentially improve targeted delivery
and intake. The ability of acoustofluidic drug loading
technology to physically generate hybrid drug carriers
combines the advantages of varying drug delivery plat-
forms, such as programmable release and targeted deliv-
ery from nanoparticle-exosome-based drug carriers>®,
deriving innovative and powerful drug carriers.

Materials and methods
Device fabrication

To fabricate the acoustofluidic drug loading device, one
pair of IDTs was designed by AutoCAD (Autodesk, USA),
and a Y+128° X-propagation lithium niobate (LiNbOs3)
substrate was used for IDT deposition. The deposition
was achieved by photolithography procedures. In parti-
cular, the substrate and the mask were aligned by an MA/
BA6 mask aligner (SUSS MicroTec., Germany), and the
SPR3012 photoresist (MicroChem Corp., USA) was
exposed to UV light. After applying CD26 developing
solution (MicroChem Corp., USA) to remove unwanted
photoresist, an e-beam evaporator (Semicore Corp., USA)
deposited a metal double layer (Cr/Au, 50 A/500 A) on
the substrate. This step was followed by a lift-off process
through a PRS3000 resist stripper (VWR, USA), forming
the electrodes. The height of the IDT electrodes was
50 nm, and the finger spacing of the IDT ranged from 75
to 35 um. A 2.2 mm diameter and 0.55 mm height PDMS
ring was prepared by Curing Agent and Base of Silicone
Elastomer (Dow Corning, USA) and bonded on the sub-
strate to hold the droplet.

Silica nanoparticle synthesis
To synthesize 50 and 100 nm porous silica spherical
particles and 200 nm porous silica rods, 0.11, 0.21, and
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0.36g/mL  cetyltrimethylammonium bromide (CTAB,
Sigma—Aldrich, USA) water suspensions were prepared by
15 min sonication in 35°C incubation, respectively; then,
0.75, 0.9, and 1.2mL of NH3H,O (Sigma—Aldrich, USA)
were added to each CTAB suspension, followed by
10min of vortexing. Tetraethyl orthosilicate (TEOS,
Sigma—Aldrich, USA) was then added dropwise with total
volumes of 045, 0.6, and 0.72 mL. The silica nanoparticles
tagged with green fluorescence were created by adding 45,
60, and 72 pL of fluorescein isothiocyanate-conjugated (3-
aminopropyl)triethoxysilane (APS, Sigma-Aldrich, USA)
solution (1/19, mol/mol). After mixing at room tempera-
ture for 3 h, the synthesized nanoparticles were collected by
centrifugation at 13,000 x g, followed by washing with
ethanol two times. The porous silica nanoparticles were
then collected by centrifugation and washed with sterilized
distilled water three times for further use.

Acoustofluidic encapsulation and drug loading

The acoustofluidic drug loading device was driven
by a function generator (Agilent, USA) and an amplifier
(Amplifier Research, USA). The substrate was attached to
a Peltier cooling system (Hebei IT, China) powered by a
variable DC power supply (Tekpower, USA). Droplet
rotation was monitored with an upright microscope
(Olympus, Japan) combined with a CCD camera (Photo-
metrics, USA). For exosome encapsulation analysis, the
10 uL droplet contained 1 x 10’ particles/mL human
plasma exosomes (BioVision, USA) and 400 pg/mL por-
ous silica nanoparticles. Diffusive encapsulation control
was derived by 10 sec of vortexing for initial mixing and
incubated for 30 min. The products were analyzed by a
nanoparticle tracking analysis (Malvern, England) system
to evaluate the size of the encapsulated nanoparticles.
Drug loading efficiency analysis used 10 pL droplets
containing 400 pg/mL silica nanoparticles and 50, 100,
200, 400, and 600 pg/mL doxorubicin or containing
400 pg/mL doxorubicin and 50, 100, 200, 400, and
600 pg/mL silica nanoparticles. Doxorubicin hydro-
chloride (Sigma—Aldrich, USA) was dissolved in water
and PBS solution as a 1 mg/mL stock solution and further
diluted in water to varying concentrations used in the
experiment. The pH of the water and PBS solution was
measured to be 7.1. The diffusive loading control was
derived by 2min of vortexing and 30 min of diffusive
loading. The doxorubicin concentration was analyzed by
the solution’s absorption at 480 nm by a microplate reader
(BioTek, USA). The synchronous exosome encapsulation
and drug loading experiment used a 10 pL droplet con-
taining 1x 10’ particles/mL human plasma exosomes,
400 pg/mL silica nanoparticles, and 400 pg/mL doxor-
ubicin. All encapsulation and drug loading procedures
were achieved using a 30V input voltage with a 23 MHz
frequency. The entire process lasted 2 min.
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Transmission electron microscopy

Ten microliters of exosome encapsulation product was
covered by a support film of a 300-mesh copper grid
(Electron Microscopy Sciences, USA) for 20min of
absorption. After 3 min of washing with water three times,
uranyl—acetate solution was used to incubate the grids for
10 min. The grids were then washed with water three times
to complete negative staining. Finally, an electron micro-
scope (FEI Company, USA) was used to image the grids.

Immunoblot

To avoid interference from free exosomes not attached
to nanoparticles, 10,000 x g centrifugation was applied to
separate nanoparticles. Isolated nanoparticles were then
resuspended and analyzed by immunoblotting. Mouse
anti-CD9 (ab13492, 1 pg/mL, Abcam, USA) and mouse
anti-CD63 (Santa Cruz, USA) were used as the primary
antibodies. Goat anti-mouse IgG (ab97040, 0.05 pg/mL,
Abcam, USA) was used as a secondary antibody. Protein
abundance was analyzed with a ChemiDoc XRS+ system
(Bio-Rad, USA).

Cell culture and microscopy

HeLa cells (ATCC, USA) and MCF-7 cells (ATCC,
USA) were grown in DMEM (Gibco, Life Technologies,
MA, USA) with culture media containing 10% fetal bovine
serum (Gibco, USA) and penicillin—streptomycin (Gibco,
USA). Cells were cultured in a Nu-4750 incubator
(NuAire, USA) at 37°C with a CO, level of 5%. The
concentrations of silica nanoparticles or exosome-
encapsulated silica nanoparticles for HeLa cell intake
experiments were 10 ug/mL in a culture medium for 6 h.
After changing the culture medium to discard free
nanoparticles, a fluorescent cell imager (Bio-Rad, USA)
was used, capturing the silica distribution within the cell.
For drug delivery experiments, exosome-encapsulated
silica nanoparticles loaded with doxorubicin and free
doxorubicin were added to the culture medium to a final
doxorubicin concentration of 2.5 ug/mL. MTT cell via-
bility assays (Thermo Fisher, USA) and fluorescence
microscopy were used to analyze the viability of HeLa and
MCE-7 cells and intracellular doxorubicin fluorescence 3,
6, 12, and 24 h after culturing. A confocal microscope
(Zeiss, Germany) was used to record the doxorubicin and
silica nanoparticle fluorescence distribution 6h after
culture, including lysosome staining by LysoTracker
Green (Thermo Fisher, USA) during this period.
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