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Drug Delivery

Designer Exosomes for Active Targeted Chemo-
Photothermal Synergistic Tumor Therapy
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1. Introduction

Exosomes, naturally derived nanovesicles secreted from various cell types,

can serve as an effective platform for the delivery of various cargoes, because
of their intrinsic ability such as long blood circulation and immune escap-
inge. However, unlike conventional synthetic nanoparticles, drug release
from exosomes at defined targets is not controllable. Moreover, endowing
exosomes with satisfactory cancer-targeting ability is highly challenging.
Here, for the first time, a biological and synthetic hybrid designer exosome is
described with photoresponsive functionalities based on a donor cell-assisted
membrane modification strategy. Practically, the designer exosome effectively
accumulates at target tumor sites via dual ligand-mediated endocytosis. Then
the localized hyperthermia induced by the conjunct gold nanorods under
near-infrared irradiation impacts the permeability of exosome membrane

to enhance drug release from exosomes, thus inhibiting tumor relapse in a
programmable manner. The designer exosome combines the merits of both
synthetic materials and the natural nanovesicles. It not only preserves the
intrinsic functionalities of native exosome, but also gains multiple abilities
for efficient tumor targeting, controlled release, and thermal therapy like
synthetic nanocarriers. The versatile designer exosome can provide functional
platforms by engineering with more multifarious functionalities from syn-
thetic materials to achieve individualized precise cancer therapy in the future.
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Cancer is the world’s most devastating dis-
ease, and for the purpose to cure it, one of
the cancer treatment methods being used
most widely is chemotherapy. A branch of
artificial nanoparticles modified with sev-
eral targeting moieties for hyperthermal
therapy provides the possibility of selec-
tive delivering chemotherapeutic drugs to
tumor cells with high drug penetration
efficiency and therapeutic efficacy.l! How-
ever, significant obstacles still remain.
These nonself materials are not stable
enough in bloodstream.?! They may also
cause adverse effects, such as activating
oxidative stress pathways.’l In recent
years, synthetic thermosensitive liposomes
conjugated gold nanorods for targeted
chemo-photothermal = synergistic tumor
therapy with fewer side effects have been
developed.! However, the preparation of
synthetic thermosensitive liposomes is
complex and time-consuming. The cost
is also high. Exosomes are nanosized
membrane vesicles (50-150 nm in diam-
eter) released by cells and easily available by isolating these
from bodily fluids and cell culture supernatants.’! The con-
siderable attention that these vesicles have recently attracted is
due to their intercellular communication role, which involves
transporting molecules, for instance, proteins, lipids, as well
as RNAs among cells.”] Exosomes are an outstanding drug
platform for delivery for the reason that they have excellent bio-
compatibility, near nonimmunogenicity, and long blood circula-
tion ability, all of which result from their endogenous origin.[®*!
Moreover, exosomes also can traverse the blood-brain bar-
rier,'%1 penetrate dense structural tissue.l'¥ Exosomes have
special surface composition and their origin is endogenous,
so their life circulation is greater than those of liposomes./’]
However, endowing exosomes with satisfactory cancer-targeting
ability is highly challenging and thus has rarely been reported.
Moreover, developing a method for the controlled release of
drugs encapsulated in exosomes is a problem that has not yet
been addressed.

One interesting biological strategy to equip exosomes with
targeting properties involves incorporating targeting peptides
or proteins into exosomes by inducing their expression in
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exosome donor cells through strict and complicated genetic
manipulation.B1%4 In addition to ligand-mediated targeting,
magnetic drug targeting provides an alternative method, which
is noninvasive, to improve the level of therapeutic efficacy.”
However, to accurately target the deep tissues of the human
body is difficult, besides, the target efficacy is dependent not
only on the properties of the magnetic iron oxide nanopar-
ticles but also on the shell choice, drug linkage type, and
blood flow rate.l'®! For all the methods mentioned above, the
targeting efficiency of a single ligand is not often very good
because of a phenomenon named as receptor saturation.l'”l To
overcome these limitations, dual ligand based active targeting
strategies can be utilized to further improve the efficiency of
targeting through the individual ligands’ cooperative effect.
Moreover, stimuli responsiveness can be explored to enable
exosomes to spatiotemporally release therapeutic agents at a
target tumor site on demand. The active targeting and stimuli-
responsive characteristics of the engineered exosomes can not
only facilitate their specific accumulation at tumor sites but
also improve the drug release at the target tumor site, which
can enhance therapeutic efficacy and alleviate side effects.!'l
Therefore, developing a new exosome-based delivery platform
capable of simultaneous targeted delivery and controlled drug
release is highly desirable. To date, various gold nanomaterials,
including gold nanoshells, gold nanorods (AuNRs), and gold
nanocages, have been shown to absorb light in the NIR region
(700-900 nm) and kill cancer cells locally without harming the
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healthy tissues via transforming optical energy into heat.!"]
These nanomaterials show promise for biomedical applica-
tions, especially tumor therapy. Among them, AuNRs exhibit a
narrow size distribution and can penetrate tumors more rapidly
than nanospheres because they can readily torque and tumble.
In this work, we designed the first strategy based on combining
AuNRs with exosomes for tumor-targeted chemo-photothermal
therapy. Previous studies have reported that the amphiphilic
molecule 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
poly(ethylene glycol) (DSPE-PEG) could assemble itself into
the phospholipid layer of cells.?] In this strategy (Scheme 1),
we generated exosomes by culturing donor cells in medium
containing arginyl—glycyl-aspartic acid (RGD)-functionalized
DSPE-PEG (DSPE-PEG-RGD) and sulfhydryl-functionalized
DSPE-PEG (DSPE-PEG-SH) as our previous studies.?!) Thus,
the membrane of the donor cells was modified with RGD and
sulfhydryl groups. Exosomes could also be modified with RGD
and sulthydryl groups (RGD-Exos-SH). Then, AuNRs could be
easily combined with exosomes through the formation of Au—S
bonds. Furthermore, to improve the tumor cellular uptake effi-
ciency, the surface of AUNR@RGD-Exos was functionalized
with another tumor-specific targeting ligand (folic acid, FA)
through covalent bonds. Despite the fact that the FA and RGD’s
synergistic effect on the targeted tumor nanoparticles have
previously been reported,??! their applications to the tumor
targeting of exosomes have not been systematically studied.
We further compared the synergistic effect of the dual ligand
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Scheme 1. A) Schematic illustration of the design of FA-AUNR@RGD-DOX-Exos and their antitumor effect under NIR irradiation. The therapeutic
efficiency of FA-AuNR@RGD-DOX-Exos was evaluated in a tumor-bearing mouse model. B) Schematic illustration of FA-AuNR@RGD-DOX-Exos as a
robust nanoplatform for targeted delivery and chemo-photothermal synergistic tumor therapy.
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targeting of exosomes with a single ligand strategy. Because of
the synergistic effect of the dual ligands, a high local exosome
concentration could accumulate at the tumor site, generating
better therapeutic outcomes. It is well known that the localized
hyperthermia induced by AuNRs under near-infrared irradiation
can impact the permeability of cell membrane by enhancing the
mobility of lipid molecules and creating rigid hydrophilic pores
because integral glycoproteins on the membrane can undergo
thermal denaturation under the local heat.?3l Exosomes will
acquire this thermosensitivity. Previous studies have reported
that high temperatures (T = 40 °C) can disrupt the exosome
membrane and promote fusion.?*! Thus, we speculated that
laser-induced hyperthermia could result in exosome membrane
instability and thus encapsulated drug release would be pro-
moted. This drug release behavior, which is NIR-enhanced, could
be rapidly, selectively, and locally activated by remote stimuli.*’!
Meanwhile, NIR-induced hyperthermia dramatically improves
the cancer cell uptake of the released drug by promoting the gel-
to-liquid crystalline phase transition of cell membrane.?®l Fur-
thermore, because tumor cells have a lower heat tolerance than
normal cells, localized hyperthermia would selectively eliminate
the tumor cells without affecting surrounding normal tissues.’]

To demonstrate the potential of this strategy, the efficiency
of targeted drug delivery and the exosomes’ effect in terms
of photothermal chemotherapeutic, which are administered
through intravenous injection in tail vein, were being evalu-
ated in nude mice bearing tumor cell xenografts. This strategy
opens a new avenue for engineering exosomes with promising
drug delivery functions for precise chemo-photothermal tumor
therapy; it also aims at improving the therapeutic efficacy as
well as reducing side effects.

2. Results and Discussion

2.1. Preparation and Characterization of FA-AuNR@RGD-Exos

We demonstrated a reproducible and bio-friendly strategy
to combine AuNRs with engineered exosomes via a donor
cell-assisted membrane modification strategy. Herein, we
proposed using sulfhydrylated exosomes as a platform for effi-
ciently conjugating natural exosomes with AuNRs by forming
Au—S bonds. Through the same strategy, the exosomes can
be equipped with targeting biomolecules. RGD, the specific
ligand recognition site of integrins, has a certain affinity for
combining with integrins overexpressed on the tumor neovas-
culature and tumor cells.?®l Thus, we proposed that RGD modi-
fication could endow the exosomes with more precise tumor
targeting properties. Functionalized donor cells must be devel-
oped to obtain the modified exosomes. Several studies have
demonstrated that cancer cells could secret exosomes into the
tumor microenvironment and breast tumor-derived exosomes
can stimulate metastasis and contribute to forming a niche to
promote tumor growth.?l It illustrated that exosomes were
cell-to-cell transferable. They could deliver bioactive molecules
within cells and could cross physiological barriers and extrav-
asate from tumor vessels as well as following-up diffuse into
tumor tissues. Therefore, exosomes can be exploited as natural
drug delivery carrier. However, cancer cells-derived exosomes
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commonly do not possess tumor targeting capability to relevant
tumors and may influence their therapy efficacy during compli-
cated therapy procedures to some extent. In this work, we used
THP-1 macrophages cell as our donor cell (normal cell) for pro-
ducing exosomes. Macrophages have been reported that can
be recruited by the cytokines released from tumor tissues®
and macrophage derived exosomes have been demonstrated
that could inherent this intrinsic tumor targeting property
by maintaining the topology of plasma membrane proteins
and avoid entrapment in mononuclear phagocytes in several
studies.?!! The macrophages were incubated with DSPE-PEG-
SH (0-50 ug mL™!) and/or DSPE-PEG-RGD (0-5 pug mL™}, 1/10
of DSPE-PEG-SH) for 2 d to obtain SH-functionalized and/
or RGD-functionalized donor cells. As shown in Figure S1
(Supporting Information), the nuclear magnetic resonance
(NMR) result showed that SH and RGD had been modified
on donor cells. Then, the functionalized cells were stressed
by culturing them in medium containing 10% exosome-free
fetal bovine serum (FBS) to enhance the release of exosomes.
Next, by using a previously reported differential centrifuga-
tion protocol, the exosomes can be separated from the condi-
tioned medium. The Western blot result showed that there was
almost no change in the GAPDH protein number of exosomes
before and after modification (Figure S2, Supporting Informa-
tion). It suggested that our modification process would not
damage the original properties of exosomes. We incubated
the engineered exosomes with AuNRs for 20 h (on a shaking
incubator) and assembled them with FA which was used as
the targeting moiety at room temperature. FA tends to bind to
the FR (folate receptor) selectively which is overexpressed in
cancer cells.??l The characterization of the exosomes is shown
in Figure S3 (Supporting Information). Two typical exosome
marker proteins (CD81 and CDG63) were observed using flow
cytometry and the negative exosome marker protein (Calnexin)
was tested by Western blot (Figure S4, Supporting Informa-
tion), indicating that the vesicles were macrophage-derived
exosomes. The standard exosomes amount was 4.2 x 107
particles mL™! and the total protein concentration of our
standard exosomes was 1.337 mg mL™! (Figure S5, Supporting
Information). We diluted it ten times for electron microscope
and dynamic light scattering analyses. Comparing the mor-
phologies and the hydrodynamic diameters of the purified
exosomes, the engineered exosomes (RGD-Exos-SH) and the
AuNR-functionalized exosomes conjugated with FA and RGD
(FA-AuNR@RGD-Exos) are shown in Figure 1A. It revealed the
feasibility of combining AuNRs and the engineered exosomes.
Transmission electron microscopy (TEM) image of AuNR was
shown in Figure S6 (Supporting Information). Compared
with the unmodified exosomes, the hydrodynamic diameter
of RGD-Exos-SH was nearly unchanged, indicating that exo-
some membrane modification did not influence the size of the
exosomes and that this donor cell-assisted modification strategy
was biocompatible. Moreover, the mean size of FA-AuUNR@
RGD-Exos was 150-300 nm, thus enabling these exosomes
to accumulate at solid tumors, via the enhanced permeability
and retention (EPR) effect, which is caused in poor lymphatic
drainage of cancer sites and by the leaky vasculature. The TEM
images showed that the AuNRs were attached to the engineered
exosomes, corroborating the strong interaction between the
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Figure 1. Characterization of FA-AAUNR@RGD-DOX-Exos. A) Hydrodynamic diameter and TEM images of the unmodified exosomes, RGD-Exos-SH and
FA-AUNR@RGD-Exos. B) The FA and RGD on the unmodified exosomes, FA-AUNR@ Exos, AuUNR@RGD-Exos, and FA-AuNR@RGD-DOX-Exos, were
determined by flow cytometry. C) UV-vis spectra of the unmodified exosomes, AuNR-, RGD-, and sulfhydryl-functionalized exosomes (RGD-Exos-SH),
NH,-AuNR@RGD-Exos and FA-AUNR@RGD-Exos. The inset shows the magnified UV-vis spectra from 400 to 900 nm. D) Fourier-transform infrared
spectroscopy (FTIR) analysis of the unmodified exosomes, RGD- and sulfhydryl-functionalized exosomes (RGD-Exos-SH) and FA-AuNR@RGD-Exos.

AuNR and the exosomes. As shown in Figure S7 (Supporting
Information), we could confirm that there was no aggrega-
tion of our engineered exosomes. We determined the amount
of AuNRs binded per exosome according to previous reported
study.33 According to column fractions and UV-vis characteri-
zation from the eluted fractions, it can be determined that at
least 70% of the AuNRs were associated with exosome hybrids.

This result was consistent with TEM images of AuNR@
Exos. The elemental composition of the AuNR@Exos was
determined by performing energy dispersive X-ray spec-
troscopy measurements on the TEM data, as shown in
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Figure S8 (Supporting Information). The changes in sur-
face zeta potential of the FA-AUNR@RGD-Exos further
confirmed that the exosomes were modified with FA and
AuNRs (Figure S9, Supporting Information). About the com-
plex surface, of which the zeta potential varied from nega-
tive to positive, followed AuNR functionalization, and then
changed to negative after FA functionalization. Negatively
charged nanocarriers have been demonstrated to have better
tumor penetration.’” We diluted FA to different concen-
trations to obtain its standard concentration curve by UV-
vis. Then we calculated the amount of FA binded to AuNR
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by testing our engineered exosome complex’s absorbance
at 280 nm. There was nearly 1.2 x 10° M FA that could bind
to AuNR in this work. The FA modification efficiency could
reach to nearly 80%. To further assess the efficiency of dual
ligand modification, the FA-AuNR@RGD-Exos was incubated
with RGD and FA antibodies for 30 min. After removing the
excess free antibodies via sucrose gradient centrifugation, the
FA-AuNR@RGD-Exos were analyzed via flow cytometry. As
shown in Figure 1B, RGD and FA were efficiently and con-
currently attached to the nanocarriers, yielding 99.10% double
positive nanocarriers (denoted as FA-AuNR@RGD-Exos).

As shown in Figure 1C, the purified exosomes and RGD-Exos-
SH did not exhibit an absorption band in the NIR region,
whereas AuNR, NHS-AuNR@RGD-Exos, and FA-AuNR@
RGD-Exos showed a broad absorption band in the NIR region.
As the transverse and longitudinal resonance wavelengths
of the AuNR-exosome complex were different from those of
unmodified AuNRs, the interaction between the AuNRs and
the exosomes was confirmed. Moreover, the UV-vis spectrum
of the FA-AuNR@RGD-Exos showed a characteristic absorption
peak of FA at 280 nm, whereas the NH,-AuNR@RGD-Exos
exhibited no obvious peak, indicating that FA had been incorpo-
rated on the AUNR@RGD-Exos through a covalent bond. The
spectrum of Fourier transform infrared spectroscopy illustrates
the pure exosomes and FA-AUNR@RGD-Exos was obtained
to investigate the interactions between the exosomes, AuNRs,
sulfhydryl groups, and dual ligands. The complex absorption
bands of 1346.81 cm™ from the RGD-Exos-SH (shearing the
vibration of —CH—), 2491.98 cm™! (stretching vibration of SH),
2889.24 cm™! (stretching vibration of —CH,—), and 3438.13
cm™! (stretching vibration of O—H) shown in Figure 1D sup-
ported the successful modification of the exosomes with DSPE-
PEG-RGD and DSPE-PEG-SH. The disappearance of the SH
stretching vibrations in the FA-AuNR@RGD-Exos spectrum
verified Au—S bond formation and thus clearly proved that
the AuNRs were attached to the surface of the engineered
exosomes. Moreover, the absorption band which was observed
at 1652.29 cm™' supported the evidence of the existence of FA
on the surface of the AUNR@RGD-Exos.

2.2. Synergistic Photothermal and Chemotherapy Efficiency
of AuNR@DOX-Exos

Next, we investigated the photothermal activity of AUNR@
Exos by monitoring the laser-induced change in regional tem-
perature (Figure 2A). After 10 min of laser irradiation (808 nm,
1.0 W cm™2), the solution of AuNR@ Exos, whose temperature
dramatically increased within 6 min and reached 47.1 °C at
10 min (Figure 2B). Exosomes that bud from a cell mem-
brane are known to inherit the cell membrane thermosensi-
tivity. Thus, we proposed that the AuNR-conjugated exosomes
could convert NIR light energy to heat energy, which in turn
could destabilize the exosome membrane and increase drug
release (Figure 2C). Next, we loaded doxorubicin (DOX) into
the AuNR@Exos by electroporation. The electroporation effi-
ciency under different initial DOX concentration was shown
in Figure S10 (Supporting Information). The result showed
that the packaging efficiency grew slowly with the initial

Adv. Funct. Mater. 2018, 28, 1707360

1707360 (5 of 14)

concentration of DOX increased and finally reached at a pla-
teau of 79%. The TEM images of engineered exosomes after
electroporation showed that the structure of exosomes was still
intact and electroporation did not affect the ability of exosomes
conjugated with AuNRs (Figure S11, Supporting Information).
We measured the stability of our engineered exosomes (Figure
S12, Supporting Information) and we further confirmed that
DSPE-PEGs still maintain to bind on exosomal membrane
after 24 h by NMR analysis (Figure S13, Supporting Informa-
tion). We further verified the thermosensitivity and potential
permeability of the engineered exosome membrane by testing
the phase transition temperatures of the engineered exosomes
(Figure S14, Supporting Information). The change in mem-
brane permeability of the exosomes could enhance the release
of entrapped drug. These data were in coincidence with our
assumptions that exosomes membrane can be permeable by
AuNR-induced hyperthermia under irradiation.

As shown in Figure 2D, we tested the concentration of
released DOX using a standard curve. The drug release rate of
AuNR@DOX-Exos with different NIR irradiation conditions is
shown in Figure S15 (Supporting Information). Moreover, we
studied the effects of pH and NIR light irradiation on DOX
release using the dynamic dialysis method (Figure 2E). It
showed that under the acidic condition of pH 5.5, the rate of
drug release increased significantly compared with the condi-
tion of pH 7.4. It released a small amount of drug at pH 7.4
and exhibited relatively rapid and burst release at pH 5.5. How-
ever, the released rate of AUNR@Exos was slower than exo-
some under different pH conditions; this was probably because
the AuNRs attached on exosome membrane helped to delay
the drug release from the exosomes. The drug release rates of
AuNR@DOX-Exos were significantly increased under acidic
conditions because lowering the pH resulted in DOX proto-
nation and accelerated DOX release. After 12 h, the samples
in the NIR-treated groups were experimented to be irradiated
with an 808 nm laser (1.0 W cm™2, 6 min). NIR light activa-
tion showed little impact on the release efficiency of exosomes.
By contrast, the DOX release rates of AuNR@DOX-Exos were
significantly increased at both pH 5.5 and pH 7.4 upon NIR
light activation. After 24 h, =50% of the drug had been released
in the NIR group, whereas only 35% had been released in the
non-NIR group. At pH 7.4, 35% and 20% of the drug had been
released in the NIR and non-NIR groups, respectively. This
result was attributed to the ability of the AuNR@DOX-Exos to
absorb NIR light and transform the energy into heat to destabi-
lize exosome membranes, so as to provide on-demand release
of the encapsulated drug.

Figure 2F shows the cytotoxic effects of the AuNRs and
AuNR@DOX-Exos with NIR laser irradiation on Hela cells.
The efficiency of cell-killing in terms of the AuNR@DOX-
Exos, which was combined with NIR laser irradiation (808 nm,
1.0 W cm™, 5 min), was significantly higher than that of the
AuNRs alone. According to the results above, the improved
cytotoxicity of the AuNR@DOX-Exos plus NIR irradiation was
supposed to be attributed to the synergistic effects of the pho-
tothermal ablation from the AuNRs and chemotherapeutic
activity in terms of the DOX that released.

Additionally, we examined whether the heat produced by the
NIR laser-irradiated AuNRs attached to the exosome surface
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Figure 2. Effect of photothermal conversion by AUNR@Exos. A) IR thermal imaging of an aqueous dispersion of AUNR@Exos (1.0 mg mL™")
with NIR laser irradiation (808 nm, 1.0 W cm~2); the unmodified exosomes were used as a control. B) Photothermal heating curves of AuUNR@
Exos (1.0 mg mL™") with NIR laser irradiation (808 nm, 1.0 W cm~2); the unmodified exosomes were used as a control. C) Schematic illustration
of drug release from the AUNR@Exos under NIR irradiation. D) UV-vis spectra of DOX at different concentrations. DOX concentrations were
calculated according to the standard curve. Data were collected from three independent experiments. E) Drug release profiles of AuUNR@Exos
and exosomes in vitro at different pH values with or without NIR. All values are expressed as the mean £ SD (n = 3). F) Antitumor effects of
the AuNR@DOX-Exos and AuNRs with the NIR laser (808 nm, 1.0 W cm™2, 5 min). Bars correspond to the mean = SD (n = 3). G) Fluorescence
images of Hela cancer cells treated by incubation with AUNR@DOX-Exos for 4 h with NIR laser irradiation (808 nm, 1.0 W cm2, 6 min). H)
Antitumor effects of the AuUNR@ DOX-Exos with and without NIR laser irradiation. All values are expressed as the mean = SD (n=3). *P < 0.05,

**P < 0.01.

could induce the instability of the exosome membrane for effec-
tive drug release. The fluorescent images shown in Figure 2G
reveal that compared with the nonirradiated cells, the cells irra-
diated with the laser for 6 min displayed significantly stronger
DOX fluorescence signals. In addition, we determined cell via-
bility using the CCK8 assay to directly investigate the in vitro
cytotoxicity of the chemo-photothermal therapeutic efficiency
of the AUNR@DOX-Exos. It is indicated in Figure 2H that
the effect of a concentration-dependent cell-killing could be
observed. Furthermore, the antitumor effects were significantly
higher with NIR irradiation than without irradiation, with the
time of NIR irradiation increased, the viability of cell decreased.
Thus, we concluded that the release of DOX from AuNR@
DOX-Exos could be boosted by NIR irradiation. Besides, the
NIR irradiation can significantly increase cytotoxicity against
tumor cells. Importantly, the increased temperature at the
irradiated tumor region can easily be adjusted by the spot size
and laser power density, enabling controlled drug release on
demand.
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2.3. Cancer Cell Targeting of FA-AUNR@RGD-Exos In Vitro

To provide further insight into FA-AuNR@RGD-Exos-based
targeted therapeutic delivery, we tested the targeting ability of
DOX-containing and fluorescein isothiocyanate (FITC) (a green
fluorescence emitting dye)-labeled FA-AuNR@RGD-Exos on
owf3-negative, FR-negative MCF-7 (owf3 and FR") cells, and
owf3-positive, FR-positive HeLa (awf3* and FRY) cells. After 4 h
of incubation with the FA-AUNR@RGD-DOX-Exos at 37 °C, the
Hela cells showed extensive green fluorescence and red fluores-
cence, whereas both fluorescent signals were much weaker in
the MCF-7 cells, as shown in Figure 3A. In addition, green fluo-
rescence in the cytosol of the HeLa cells was evident, as observed
from the overlain confocal green fluorescence and bright field
images. These results suggested that the FA-AuNR@RGD-Exos
selectively accumulated on the cytosol of high owf3-expressing
and high FR-expressing cancer cells through receptor-mediated
endocytosis and delivered drugs into the cell with high effi-
ciency. The cellular uptake of the FA-AuNR@RGD-Exos was
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Figure 3. Cancer cell targeting of FA-AUNR@RGD-DOX-Exos in vitro. A) Confocal microscopy images of the cellular uptake of fluorescently labeled
FA-AUNR@RGD-DOX-Exos. MCF-7 (awf3™ and FR") cells and Hela (owfB3" and FR*) cells were treated with fluorescently labeled FA-AUNR@RGD-
DOX-Exos for 4 h. Blue color: DAPI-stained cell nuclei. Red color: DOX. Green color: FITC-labeled R-F/P/Au-DOX-Exos. B) Flow cytometric analysis of
cancer cell uptake of FA-AUNR@RGD-DOX-Exos after 4 h of incubation. All values are expressed as the mean £ SD (n = 3). C) Flow cytometric analysis
of MCF-7 and Hela cell apoptosis after incubation with different concentrations of FA-AuNR@RGD-DOX-Exos using Annexin V-FITC/PI staining. D)
Viability of MCF-7 and Hela cells after incubation with different concentrations of DOX encapsulated in FA-AUNR@RGD-DOX-Exos. Error bars indicate
the SD (n=3). %P < 0.05, **P < 0.01. E) The amount of Au in the cells treated with different concentrations of FA-AAUNR@RGD-DOX-Exos (5 g mL™)
was measured by ICP-MS. Error bars indicate the SD (n = 3). *P < 0.05, **P < 0.01.

analyzed by flow cytometry. HeLa cell (owf3* and FR*) uptake of
the FA-AuUNR@RGD-Exos was nearly 4-fold higher than MCF-7
cell (awP3 and FR") uptake (Figure 3B). Next, we compared the
uptake efficiency of different ligand-modified AuNR-functional-
ized exosomes in Hela cells. The nuclei of the cells would stain
with 4’,6-diamidino-2-phenylindole (DAPI) after treating them
with FITC-labeled, single or dual ligand modified AuUNR@ Exos
for 12 h (Figure S16, Supporting Information). Compared with
the FA-AuNR@Exos-treated and AuNR@RGD-Exos-treated
cells, the cytoplasm of the FA-AuNR@RGD-Exos-treated cells
exhibited enhanced green fluorescence intensity, showing the
synergistic effect of dual ligand functionalization. The results
obtained by flow cytometry correlated well with the data col-
lected from confocal images, indicating the fact that the cellular
uptake of dual ligand functionalized FA-AuNR@RGD-Exos
was nearly 2.5-fold and 7-fold higher than the uptake of single-
ligand functionalized FA-AuNR@Exos and AuNR@RGD-Exos,
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respectively. Furthermore, we tested the viability of different
tumor cells after treatment with different doses of DOX-encap-
sulated FA-AuNR@RGD-Exos (Figure 3C). The flow cytometry
results in Figure 3D show significantly higher apoptosis rates
of the HeLa cells than of the MCF-7 cells with different doses
of the DOX-encapsulated FA-AuNR@RGD-Exos because of
the differential expression of the integrin owf33 and FR recep-
tors. Next, we evaluated the cancer cell targeting ability of the
FA-AuNR@RGD-Exos in vitro by measuring cellular uptake of
the gold nanoparticles (Figure 3E). Consistent with the fluores-
cence microscopy and flow cytometry data, the inductively cou-
pled inductively plasma-mass spectrometry (ICP-MS) results
demonstrated that the nanocarriers preferably accumulated in
the avB3" and FR* cells with different volumes. To assess the
target pharmacological effect, we investigated the specificity
of FA-AUNR@RGD-Exos for targeting cancer cells (HeLa)
over normal cells (NIH-3T3, 293T, and MCF-10A), as shown
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in Figure S17 (Supporting Information). The results demon-
strated that among the cells tested, the HeLa group exhibited
the highest DOX fluorescent intensity, confirming the specific
binding of the FA-AUNR@RGD-Exos to cancer cells. In sum-
mary, all these data demonstrated that dual ligand functionaliza-
tion contributed to the highly efficient cancer cell targeting of
the exosomes.

2.4. Tumor Targeting of FA-AuNR@ RGD-DOX-Exos In Vivo

We used tumor-bearing mouse to characterize the performance
of the FA-AuNR@RGD-DOX-Exos in vivo. Cy5.5-labeled,
ligand-functionalized FA-AuNR@RGD-DOX-Exos (5 mg mL™)
were then injected intravenously into the tumor-bearing mice
and were monitored using a noninvasive near-infrared optical
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imaging technique by setting the excitation and emission wave-
lengths at 675 and 720 nm, respectively.

In the absence of a targeting ligand, only a slight fluores-
cence signal was observed in the cancer cells (Figure 4A). By
contrast, for the target ligand-functionalized exosomes, a strong
fluorescence signal was detected at the cancer site for 24 h,
indicating that the AUNR@Exos decorated with a combination
of RGD and FA had a remarkable cancer targeting ability. Com-
pared with the other ligand-functionalized groups, the tumor
site of the dual ligand functionalized FA-AuNR@RGD-DOX-
Exos showed a higher level of fluorescence and a strong fluo-
rescence signal even at 48 h postinjection, indicating prolonged
blood circulation and good tumor targeting ability.

To characterize the tumor targeting effect of various ligand-
functionalized AuNR@ Exos more accurately, ex vivo fluorescence
images of the excised tumor tissues and other major organs were
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Figure 4. Tumor targeting of functionalized FA-AuNR@RGD-DOX-Exos in Hela tumor-bearing mice in vivo. A) Left: in vivo NIR fluorescence images
of mice injected with single and dual ligand functionalized AUNR@DOX-Exos at the indicated time points after injection. Right: ex vivo fluorescence
images of the tumor and other major organs at 48 h postinjection. B) Concentration of DOX in cancer tissue and major organs. Error bars indicate the
SD (n = 3). C) Concentration of Au in cancer tissue and major organs. Error bars indicate the SD (n = 3).
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taken after sacrificing the mice at 48 h postinjection. Consistent
with the in vivo imaging results, the mice administered the FA-
AuNR@RGD-DOX-Exos showed a strong tumor fluorescence
signal but nearly no fluorescent signal in the other organs com-
pared with the other three groups. In addition, the distribution of
DOX in the major organs and cancer site was tested. As shown
in Figure 4B, nonfunctionalized AuNR@Exos changed the DOX
biodistribution and accumulated in the tumor through the EPR
effect. By contrast, tumors treated with the FA-AUNR@RGD-
DOX-Exos exhibited significantly higher signals than any other
major organs, whereas liver tissue showed a weak signal. These
results revealed that the combination of passive active receptor
ligand-mediated targeting of the FA-AuNR@RGD-DOX-Exos pro-
vided a higher level of targeting delivery efficiency and increased
the DOX concentration. Moreover, the accumulation of Au in the
organs and tumor tissues was further measured by ICP-atomic
emission spectrometry. As shown in Figure 4C, we found that
the Au tumor concentration was the greatest in mice treated with
FA-AuUNR@RGD-DOX-Exos and was decreased in normal organs
in the dual ligand functionalization groups compared with the
single ligand or no ligand groups, although the accumulation of
ligand-functionalized AuNR@Exos in normal organs was much
weaker than that in the tumor. These results verified FA-AUNR@
RGD-DOX-Exos as a potential ideal nanomaterial for prolonging
circulation, decreasing nonspecific uptake by the liver and tar-
geting tumors with high efficiency.

2.5. Photothermal Efficacy of FA-AuNR@RGD-Exos In Vivo

The excellent in vivo tumor targeting effect of the FA-AUNR@
RGD-Exos encouraged us to investigate its photothermal thera-
peutic efficacy on tumor xenograft mice. The time-dependent
biodistribution of NIR signals was captured by the intravital
fluorescence imaging system. As shown in Figure 5A, during
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the 48 h postinjection, in the tumor site, the strong fluorescence
(Cy5.5) intensity of the FA-AuUNR@RGD-Exos indicating the fact
that FA-AuNR@RGD-Exos showed better tumor targeting efficacy.

At the time-point of 48 h of the postinjection, the tumors
were experimented to expose to NIR laser irradiation in terms
of photothermal treatment. At the tumor site, the temperature
increased after the mice treated with FA-AuNR@RGD-Exos
upon the NIR laser irradiation (808 nm, 1.0 W cm™2, 6 min),
as monitored by an IR thermal camera (Figure 5B), was from
36.1 to 47.5 °C, which could enhance drug release and effect
irreversible tumor tissue damage. By contrast, the same laser
irradiation of tumors injected with saline yielded a maximal
temperature below 38.2 °C, which would be ineffective at irre-
versibly damaging tumor tissues (Figure 5C).

After the mice treated with NIR laser irradiation were sacri-
ficed, ex vivo fluorescence images of the excised tumor tissues
and other major organs were taken (Figure 5D). Notably, nearly
all the FA-AAUNR@RGD-Exos accumulated at the tumor site.
This excellent targeting ability of the FA-AuNR@RGD-Exos
probably resulted from the unique physicochemical properties
and excellent biocompatibility of the exosomes. Importantly,
the photothermal ability of the NIR laser-irradiated FA-AUNR@
RGD-Exos had no impact on their tumor targeting efficacy.

2.6. Synergistic Photothermal Chemotherapy Effects of
FA-AuNR@RGD-DOX-Exos In Vivo

Mice bearing Hela cells received intravenous injections of
saline (200 uL) (G1), FA-AuNR (5 mg mL™!, 200 uL) (G2), FA-
AuUNR@RGD-Exos (5 mg mL™!, 200 pl) (G3), FA-AuUNR@
DOX-Exos (5 mg mL, 200 uL) (G4), or FA-AUNR@RGD-DOX-
Exos (5 mg mL™, 200 uL) (G5). Tumors were treated with the
NIR laser (808 nm, 1.0 W cm™?) for 6 min at 2, 4, 6, 8, and
10 d postinjection. As shown in Figure 6A,B, the saline plus
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Figure 5. A) Overall fluorescence imaging of Hela xenograft nude mice after the injection of FA-AUNR@RGD-DOX-Exos. In vivo NIR fluorescence
images were taken before injection and at 1, 6, 12, 24, and 48 h postinjection. B) Thermal imaging and C) photothermal heating curves of FA-AUNR@
RGD-DOX-Exos in mice tumors irradiated with an 808 nm laser (1.0 W cm™2, 10 min). D) Ex vivo fluorescence images of the tumor and other major
organs at 48 h postinjection.
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Figure 6. A) Representative images of the xenograft tumors in mice after treatment with different nanocarriers (saline, FA-AuNR, FA-AuNR@DOX-
Exos, FA-AuNR@RGD-Exos, and FA-AUNR@RGD-DOX-Exos) and NIR irradiation at day 4 (left) and day 15 (right). B) Tumor growth curves after
intravenous injection of the different nanocarriers under NIR irradiation. One dose was administered at day 0. Error bars indicate the SD (n = 8).
*P < 0.05, **P < 0.01. C) Images of typical tumors at the end of the experiment. D) The cumulative survival of tumor-bearing nude mice after intrave-
nous injection of different nanocarriers. Error bars indicate the SD (n = 8). E) Body weight changes in the mice after treatment. Error bars indicate the
SD (n=28). F) TUNEL staining of tumor sections from the mice injected with 200 L of different nanocarriers (saline, FA-AuNR, FA-AuNR@RGD-Exos,
FA-AUNR@DOX-Exos, and FA-AUNR@RGD-DOX-Exos) (5.0 mg mL™") and treated with NIR irradiation (808 nm laser, 1.0 W cm™2, 6 min). Scale bar =
200 pm for all images.
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NIR laser group mice exhibited rapid tumor growth from 0 to
5 d postinjection, demonstrating the fact that laser irradiation
did not influence the tumor growth. The FA-AuNR + laser group
showed apparent efficacy in restricting tumor growth because
FA mediated the AuNR tumor accumulation and because the
NIR light absorbed by the AuNRs was converted into cytotoxic
heat, thus destroying hyperthermia-sensitive tumor cells. By con-
trast, mice treated with FA-AuUNR@RGD-Exos + NIR laser, FA-
AuNR@DOX-Exos + NIR laser, and FA-AuNR@RGD-DOX-Exos
+ NIR laser exhibited significant tumor growth inhibition, which
resulted from the tumor cell death mediated by the localized
hyperthermia induced by the AuNRs and by the heat-enhanced
encapsulated drug release from the exosomes. Notably, Both
FA-AUNR@RGD-Exos + NIR laser and FA-AuNR@DOX-Exos +
NIR laser could inhibit tumor growth within only the first 15 d,
after which the tumors eventually recurred. By contrast FA-
AuNR@RGD-DOX-Exos + NIR laser could inhibit tumor growth
for 30 d because of the synergistic targeting effect of the FA and
RGD dual ligands on tumors and the higher tumor accumula-
tion of the nanocarriers via receptor-mediated cellular uptake.

The images in Figure 6C were typical tumors which were
collected at the end of the treatment period, providing insight
into the antitumor efficacy of the different treatments. Among
the treatment groups, the tumor size of the FA-AuUNR@RGD-
DOX-Exos with NIR irradiation group was the smallest, con-
firming that the FA-AuNR@RGD-DOX-Exos was capable of
effective chemo-photothermal antitumor treatment. For the
purpose to assess the survival time of the experimented mice,
analysis of the Kaplan—-Meier with log-rank test was conducted,
of which the results were shown in Figure 6D. No animal sur-
vived longer than 28 d in the group of saline combined with
NIR laser, whereas the animal survival time in the FA-AUNR@
RGD-Exos + NIR laser group and FA-AuNR@ DOX-Exos + NIR
laser group was prolonged and was improved compared with
the FA-AuNR + NIR laser group. Importantly, the FA-AuNR@
RGD-DOX-Exos + NIR laser group showed the best efficiency at
tumor growth inhibition and showed the longest survival time.
As there exist no obvious variations in mice weight in any of the
treated groups, the experimental treatments were well tolerated
(Figure GE). Furthermore, in the tumor tissues, we evaluated
apoptosis by using TUNEL, which represents the terminal deoxy-
nucleotidyl transferase dUTP nick end labeling assay, as well as
H&E (hematoxylin and eosin) staining. As shown in Figure 6F,
among the treatment groups, the highest cell apoptosis rate, as
well as substantial cell remission, occurred in the tumors treated
with FA-AuNR@RGD-DOX-Exos under NIR irradiation, further
confirming the synergistic effect of dual ligand mediated targeted
photothermal chemotherapy on suppressing tumor growth.

For the purpose of evaluating the biosafety of FA-AUNR@
RGD-DOX-Exos in vivo, FA-AuNR@RGD-DOX-Exos
(5 mg mL™!, 200 uL) were injected into the tail vein of BALB/c
mice. The toxicity of FA-AUNR@RGD-DOX-Exos to major
organs was investigated by H&E staining, hematological anal-
ysis, and liver/kidney function indices (liver functions indices:
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST); kidney function indices: creatinine (CRE) and blood urea
nitrogen (BUN)), as determined by a blood biochemistry test. As
shown in Figure S18 (Supporting Information), apparent organ
injury and inflammation changes were not observed in the FA-
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AuNR@RGD-DOX-Exos group compared with those in the con-
trol group, indicating the negligible histological toxicity and bio-
compatibility and biosafety of treatment with FA-AuNR@RGD-
DOX-Exos in mice. The results from hematological analysis
showed that indicators for blood cells, hemoglobin, and platelets
did not significantly change, even after 3 weeks (Figure S19,
Supporting Information). Moreover, the ALT/AST/CRE/BUN
concentration showed no obvious changes compared with the
control group (Figure S20, Supporting Information). Although
the quantitative result (Figure S21, Supporting Information)
obtained by fluorescence activated cell sorting showed that our
engineered exosomes had more opportunity to be engulfed by
phagocytes cell than pure exosomes, it showed superior tumor
targeting ability than unmodified ones (Figure S22, Supporting
Information). These results demonstrated that our proposed FA-
AuNR@RGD-DOX-Exo is a biocompatible nanocarrier without
significant side effects in vivo. The excellent synergistic photo-
thermal chemotherapy efficacy of the biocompatible engineered
exosomes inspired us to develop natural theranostic nanoplat-
forms, which are promising tools for clinical treatment.

3. Conclusion

In summary, exosomes have shown advantages as drug delivery
platform. It not only can efficiently transport drug between
cells but also can overcome various biological barriers. How-
ever, there still remain several challenges before exosomes used
at clinical applications, including the development of exosomes
capable of efficient targeted drug delivery and controlled drug
release. To date, there is no report about a method for simul-
taneously achieving active targeting and stimuli-responsive
controlled release of engineered exosomes to enhance therapy
efficacy and reduce side effects. Most promisingly, we developed
a platform for targeted combined tumor chemo-photothermal
therapy based on dual ligand functionalized, AuNR-conjugated
exosomes (FA-AuNR@RGD-Exos) by a biofriendly and con-
venient donor-cell assisted strategy. The engineered exosomes
could accumulate at the tumor site with high efficiency because
of the cooperative dual ligand targeting through receptor-medi-
ated endocytosis. The AuNRs attached to the exosomes could
transform NIR light into heat with high efficiency. Moreover,
the heat could impact the permeability of exosomes membrane
by affecting the lipid bilayer and/or transmembrane proteins
to enhance drug release from the carriers. Notably, this NIR-
enhanced drug release on-demand behavior could be rapidly,
selectively, and locally activated by remote controlling the
NIR laser parameters, including the spot size and laser power
density. Consequently, FA-AuUNR@RGD-Exos showed an out-
standing chemo-photothermal synergistic therapeutic effect
both in vitro and in vivo. It served as a novel platform for devel-
oping new “biotech drugs” with excellent therapeutic efficiency
and targeting capacity for precise cancer therapy.

4. Experimental Section

Materials and Reagents: All culture consumables for cell culture
were purchased from Corning (Acton, MA). All culture media, FBS,
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and phosphate-buffered saline (PBS) buffer were bought from Gibco
Life Technologies Corporation (Grand Island, NY, USA). DAPI, calcein
acetoxymethyl ester (Calcein-AM), propidium iodide (Pl), DOX, phorbol-
12-myristate-12-acetate (PMA), sodium hydroxide (NaOH), FA, HS-poly
(ethylene glycol) (PEG)-NH, were bought from Sigma-Aldrich (St. Louis,
MO, USA). CCK-8 kit was purchased from Thermo Scientific (Waltham,
MA, USA). Commercially available AuNR with peak absorption in the
near infrared was purchased from NANOEAST Biotech (Nanjing, China).
RGD  functionalized  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
poly (ethylene glycol)-2000 (DSPE-PEG-RGD), sulfhydryl functionalized
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-poly  (ethylene glycol)-
2000 (DSPE-PEG-SH), and NHS-FA were purchased from Ponsure Biotech
(Shanghai, China). Flow-count calibrator beads were purchased from
Beckman Coulter (Miami, FL, USA). Fluorochrome-labeled antibodies
for flow cytometry including CD63-TRITC and CD81-FITC, Mouse anti-FA
monoclonal antibody, and Mouse anti-RGD monoclonal antibody were
bought from BD Biosciences located in San Diego, CA, USA. With the
aim to prepare for all solutions, a Millipore-Q system was put into use to
purify the water. All the chemicals involved were of analytical grade.

Cell Culture: The human THP-1 cells were bought from the American
Type Culture Collection (ATCC, Manassas, VA). Supplemented with 10%
(v/v) FBS 1% (v/v) and antibiotic, the RPMI 1640 medium was used
to maintain the THP-1 cells. It is requested that the cell cultures were
supposed to be incubated in a circumstance at 37 °C in a 95% air/5%
CO, atmosphere.

Preparation of AUNR@ RGD-DOX-Exos: THP-1 cells were induced into
macrophages via incubated with 320 x 10~° m PMA for 12 h. To achieve
the macrophages modified with RGD and sulfhydryl, macrophages were
cultured in RPMI 1640 medium containing 10% exosome-depleted FBS,
DSPE-PEG-SH (0-50 pg mL™"), and DSPE-PEG-RGD (0-5 pg mL~,
1/10 of DSPE-PEG-SH). It was maintained routinely under normal
conditions for 3 d. Under the condition at 150 000 x g for 16 h at 4 °C,
ultracentrifugation was used to collect Exosome-depleted FBS. The
engineered exosomes were purified from the supernatants of starved
macrophages cells according to the method as previously report.’4
Besides, serial centrifugation was put into use to remove cells and debris
for 10 min at 500 x g and for 20 min 3000 x g at 4 °C. Ultracentrifugation
at 150 000 x g for 2 h at 4 °C was being used to isolate the engineered
exosomes. Furthermore, to analyze the engineered exosomes membrane
markers, standard microbeads with a diameter of 300 nm were used
to set the upper size limit of the exosomes, and this population was
used to gate the exosomes. The engineered exosomes were stained
with anti-CD63 antibody and anti-CD&1 antibody. We used a FAC Scan
flow cytometer (Becton Dickinson, San Diego, CA, USA) to analyse flow
cytometry experiment result.

To load DOX into the engineered exosomes, the engineered exosomes
(2 mg mL™", 50 uL) and DOX were mixed in 250 uL electroporation
buffers in 0.4 cm cuvette (Bio-Rad). Electroporation was then carried
out at 250 V and 350 UF on a Bio-Rad Gene Pulser Xcell Electroporation
System. After electroporation, the mixture was incubated at 37 °C for
30 min to allow the recovery of the membrane of the electroporated
exosomes. AuNR (5.0 x 107 wm) and the engineered exosomes
(2 mg mL™") were reacted at shaking incubator at room temperature for
20 h for the purpose to form AuNR@RGD-DOX-Exos.

Characterization: For TEM characterization, purified exosomes, RGD-
Exos-SH, FA-AuNR@RGD-Exos solutions were dropped onto a carbon-
coated copper grid and stained with 2% uranyl acetate. The transmission
electron microscope was used at 75 kV to observe samples (8H-7000FA,
Hitachi, Japan). Nano-ZEN 3600 (Malvern Instruments, UK) was used
to test the hydrodynamic diameters and zeta potential of suspended
purified exosomes, RGD-Exos-SH and FA-AUNR@RGD-Exos. And the
spectrophotometer (UV2550, Shimadzu, Japan) was used to test the
UV-vis absorption spectra. With the speed of 2 mm s~ by an FTIR
spectrometer, in the range of 400-4000 cm™', FTIR analyses in terms of
pure exosomes and FA-AuNR@RGD-Exos as well as RGD-Exos-SH were
recorded (VERTEX 70, Bruker, Germany).

Preparations of FA-AUNR@RGD-Exos: AuNR@RGD-Exos was
resuspended in 100 pL of PBS buffer and then HS-PEG-NH,

Adv. Funct. Mater. 2018, 28, 1707360

1707360 (12 of 14)

(10 x 107 m, 100 uL) was added into the AuNR@RGD-Exos solution,
and then in a dark circumstance at room temperature, it was stirred for
4 h. After centrifuging the reaction solution at 9000 g for 5 min at the
temperature of 25 °C, the obtained precipitate was washed twice for
the purpose of removing the excess HS-PEG-NH,. After that, 20 uL of
NHS-FA (0.1 m, in dimethyl sulfoxide) at PBS (pH = 11) was reacted with
the functionalized AuUNR@RGD-Exos solution of 1.0 mL for 8 h. In order
to obtain the precipitates, ultracentrifugation was used to collect the
mixture for 5 min at 9000 g. The precipitates were washed twice using
PBS and resuspended in PBS for further use.

Stability Study: In terms of the effect of therapy, the stability of
nanocarrier for drug delivery plays an important role. During the study,
after different periods in various days, the stability of FA-AAuNR@RGD-
DOX-Exos was tested under the condition that it was after the storage
at 4, 25, and 37 °C, respectively. On different days at certain time-points,
the FAAAUNR@RGD-DOX-Exos’ stability was evaluated by hydrodynamic
diameters.

Drug Release Assay: Under the circumstances of pH 5.5 and pH
7.4, respectively, by using a dynamic dialysis method, the released
performances of DOX from FA-AUNR@RGD-DOX-Exos were
demonstrated. For the purpose of simulating the normal environments
of body and the tumor, the PBS media of pH 7.4 and pH 5.5 were put
into use. Further, they were separated into 2 groups, which are non-NIR
groups and NIR group. Loaded in the dialysis bag (cutoff = 14 kDa),
sample (4 mL) was then immersed in 100 mL of PBS and it was stirred
with 100 rpm at the temperature of 37 °C. At some predetermined
time-points including 12, 16, 20, and 24 h, in the NIR groups, the
samples were irradiated with NIR light (808 nm, 1.0 W cm™) for
6 min. Concentration of DOX was determined by UV-vis absorption
spectroscopy and all tests were taken in triplicates.

Cancer Cell Targeting Confocal Imaging Study In Vitro: FITC signals
of FA-AUNR@RGD-DOX-Exos uptake rates of different cancer cells
were detected. Confocal fluorescence microscopy was used to assess
intracellular trafficking of FA-AUNR@RGD-DOX-Exos. Cells grown
on glass coverslips (pretreated with polylysine) of a six-well plate
were incubated with FITC-labeled FA-AUNR@RGD-DOX-Exos for 4 h.
Following incubation, the cells were washed three times with PBS and
were fixed in paraformaldehyde for 15 min. Cells were stained with DAPI
fluorescent dye. Localization of FITC labeled FA-AuNR@RGD-DOX-Exos
and DOX in cells was visualized using a confocal microscope ((FV 1000,
Olympus, Japan) with identical settings. FITC signal uptake rates were
detected using flow cytometry. According to the above method, the same
concentrations (50 pg mL™") of FITC labeled different ligand modified
AuNR@Exos (FA-AuUNR@Exos, AuNR@RGD-Exos, FA-AUNR@RGD-
Exos) were added to the Hela cells and incubated for 12 h at 37 °C.
Samples were visualized using a confocal microscope and the uptake
efficiency was detected using flow cytometry.

Cellular Uptake Flow Cytometry Study In Vitro: Flow cytometry was
used for quantitative analysis of cell uptake. Hela cells and nontumor
cells (NIH-3T3, 293T, MCF-10A) were seeded in12-well plate (4 X
10° cells mL™") and cultured for 12 h. Cells were then changed with a
medium containing 50 pug mL™" of FA-AUNR@RGD-DOX-Exos. Cells
were washed three times using PBS and were then harvested, and
the fluorescence histograms of DOX were recorded by flow cytometer
(FC500, Beckman Coulter).

Cell Viability Assay: The cytotoxicity of FA-AUNR@RGD-DOX-Exos
in cancer cells was evaluated using a CCK-8 kit. First, HelLa cells (4 x
10° cells mL™", 100 pL per well) were seeded into 96-well plates and
grown in complete dulbecco's modified eagle medium (DMEM)
containing 10% (v/v) FBS at 37 °C for 24 h. Subsequently, the culture
medium in each well was replaced with PBS and added with fresh
complete medium DMEM medium containing 10% (v/v) exosome-
depleted FBS that contained different concentrations of FA-AUNR@
RGD-DOX-Exos. Cells added with PBS in wells were used as a control
group. Every group was treated with NIR light irradiation or without it,
for the purpose to make a comparison. FA-AuNR@RGD-DOX-Exos were
filtered via the filter membrane of sterile 0.22 um and then were diluted
to different concentrations (10, 20, 30, 40, 50 ug mL™") and were added
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to the Hela cells (4 x 10° cells mL™", 100 uL per well). After incubation
of 4 h, the NIR groups were then exposed to NIR light (808 nm, 1.0 W
cm™2) condition for different time and incubated for 20 h continuously. By
comparison, the other groups were directly incubated with the samples
for 24 h. After the treatment above, CCK-8 solution (10 uL) was added and
its absorbance was measured at 450 nm to calculate the viability of cells
(Synergy, Bio-Tek, USA).

Establishment of Xenografts in Nude Mice: Hela cells (108 cells in
100 pL medium) were inoculated subcutaneously into the flanks of the
male nude mice (18-20 g, 4 weeks old) to establish cervical cancer-
bearing mouse model. The tumor growth was assessed by measuring
the size of the xenografts every two days, and the tumor volumes were
calculated according to the formula as Volume = (Length x Width?)/2.

Tumor Targeting Study In Vivo: The engineered exosomes were labeled
by NHS-Cy5.5 (mass ratio of 100:1) in pH 8.5 buffer solution for 4 h.
When the tumor volumes reached to 50 mm?3, the tumor-bearing mice
were weighed and randomly divided into four groups (n = 8) and injected
intravenously with different solutions: AuNR@DOX-Exos, AuNR@
RGD-DOX-Exos,  FA-AUNR@DOX-Exos, =~ FA-AuNR@RGD-DOX-Exos
(5 mg mL™", 200 uL per mice), whereas the control group was injected with
saline. After injection for 1, 6, 12, 24, and 48 h, nude mice were imaged
using the CRI Maestro in vivo fluorescence imaging system. After 48 h, the
mice were euthanized, and major organs were harvested. All experimental
protocols were conducted within Huazhong University of Science and
Technology's guidelines for animal research and were approved by the
Institutional Animal Care and Use Committee. The tumors were stored
overnight in 4.0% (v/v) paraformaldehyde solution and were then washed
twice with PBS to remove excess formaldehyde. Paraffin embedded
tissue sections and dissected into sections (7 um) were then stained
with hematoxylin and eosin (H&E) and observed through an optical
microscope (Olympus IX51, Japan). For the TUNEL apoptosis staining,
the fixed tumor sections were stained by 50 uL TUNEL reaction mixture
(Roche) for 60 min at 37 °C according to the manufacturer’s protocol. The
cell nuclei were visualized by staining with DAPI. Images were captured
using an inverted fluorescence microscope (IX71, Olympus, Japan). The
amount of Au on the liposomal surface was measured by ionizing the
sample with ICP spectroscopy (ELAN DRC-e, PerkinElmer, USA) followed
by MS to separate and quantify the generated ions.

Photothermal Effect of the FA-AuNR@ RGD-DOX-Exos on Solid Tumors:
The photothermal conversion effect of FA-AuNR@RGD-DOX-Exos
was also evaluated in tumor mice. Two mice bearing Hela tumors
were injected (tail vein intravenous injection) with saline (200 uL) or
FA-AUNR@RGD-DOX-Exos (200 WL, 5 mg mL™"). After 48 h, the tumors
were irradiated with an 808 nm NIR laser (1.0 W cm™2, 6 min). The
thermal imaging and temperature increase were monitored by using a
photothermal imaging system (P1400, Optris, Germany).

Chemo-Photothermal =~ Synergistic Therapy of Cancer In Vivo by
FA-AUNR@RGD-DOX-Exos: To measure the chemo-photothermal
synergistic therapy effect of cancer, the Hela tumor-bearing mice
were randomly separated into four groups (three mice in each group)
and intravenously injected (tail vein intravenous injection) with saline
(200 L) (G1), FA-AUNR (5 mg mL™, 200 pL) (G2), FA-AuNR@RGD-
Exos (5 mg mL™", 200 ul) (G3), FA-AUNR@DOX-Exos (5 mg mL™,
200 uL) (G4), and FA-AUNR@RGD-DOX-Exos (5 mg mL™", 200 L) (G5).
At 24 h postinjection, the NIR laser (808 nm, 1.0 W cm™2) was used to
irradiate the tumors for 6 min. The changes in the tumor volume and
body weight were monitored, and according to the animal protocol, the
experimented mice of tumor sizes exceeding 2000 m3 were euthanized.

Biosafety of FA-AuNR@RGD-DOX-Exos In Vivo: The male BALB/c
mice (5 per group) were intravenous injected via the tail vein with PBS,
Exosomes, and FA-AUNR@RGD-DOX-Exos (200 pL, 5 mg mL™', n=5).
The mice were euthanized after three weeks and =600 pL blood samples
were collected from each mouse, followed by blood chemistry tests and
whole blood cell analyses. The ALT/AST and BUN/CRE were evaluated
by a liver and renal function activity assay kit (JianCheng Biotech, China).
Major organs were excised, fixed in 4% buffered paraformaldehyde for
24 h, then embedded, sliced into 6 um sections for H&E staining, which
was observed using an Olympus microscope (Olympus IX51, Japan).
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Statistical Analysis: The quantitative data were analyzed by Student’s
t-test. P value is expressed as the differences between control and
experimental samples. The difference of **P < 0.01 is more significant
than *P < 0.05.
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