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Background: Cutaneous melanoma is an aggressive type of cancer characterized by rapid progression, resistance to chemotherapy,
and metastasis to the lung. Conventional chemotherapy and radiotherapy are the principal approaches for treating metastasizing
tumors, but the lack of targeting results in severe side effects and low treatment efficacy. Nanoparticles reportedly increase selectivity,
given that they can accumulate at specific locations owing to the enhanced permeation and retention (EPR) effect. In this respect,
plasmonic nanoparticles, such as gold nanorods (AuNRs), are interesting because of their photothermal and optical properties, making
them suitable for biomedical applications, such as drug delivery, tumor ablation, and theranostics. To increase the tumor accumulation
of AuNRs, extracellular vesicles (with sizes ranging from 40-150 nm) have attracted attention because of their remarkable
biocompatibility and natural cell-accumulation selectivity. To further increase the targeting properties of the nanosystem, we
functionalized the AuNRs with methotrexate (MTX), which is known to interact with the overexpressed folate receptors in cancer
cells. We combined the inherent homing properties of exosomes from B16F10 cells with the active targeting properties of MTX to
increase the accumulation of AuNRs in metastatic lung melanoma tumors.

Methods: We obtained and exhaustively characterized B16F10 exosomes loaded with MTX-functionalized AuNRs (EXOS-AuNR-
MTX). The safety of the complete nanosystem, as well as its specific and time-dependent accumulation in B16F10 cells, was
determined using the mitochondrial MTS assay and fluorescence analysis, respectively.

Results: Surface functionalization with MTX in combination with BI6F10 EXOS was used to promote the accumulation of AuNRs
in metastatic lung nodules, with significantly greater amounts of gold in the tumors following EXOS-AuNR-MTX treatment than
following only AuNR-MTX treatment, as was determined in vivo and ex vivo by quantitative gold measurements. Remarkably,
5.5% of the injected dose of the AuNRs was recovered at the tumor sites, whereas only 1% of the injected dose usually
accumulated in tumors due to the EPR effect, as reported. We further confirmed the preferential accumulation of AuNRs from
EXOS-AuNR-MTX rather than from AuNR-MTX in tumor vessels and tumor nodules rather than healthy tissues by histological
analysis.

Conclusion: Our approach provides a valuable tool to improve the accumulation of gold nanoparticles in metastatic tumor nodules by
combining the natural properties of exosomes to drive the targeting of AuNR-MTX.
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Introduction

Cancer represents a group of diseases characterized by genetic and epigenetic alterations that lead to uncontrolled cell
proliferation, cell transformation and, ultimately, metastasis." Among these diseases, cutaneous melanoma is one of the
most aggressive types, with an increasing global incidence.” Its rapid progression, elevated metastatic potential,
particularly to the lungs®* and resistance to conventional treatments make it a major therapeutic challenge. Currently,
chemotherapy and radiotherapy are the principal strategies for managing metastatic melanoma.> However, their lack of
selectivity between cancerous and normal cells leads to severe side effects and reduced treatment efficacy, highlighting
the urgent need for more targeted and effective therapeutic approaches.®®

Nanoparticle (NP)-based drug delivery has emerged as a promising alternative for improving cancer therapy, given
that they can accumulate in tumors via the enhanced permeation and retention effect (EPR).’ This effect is attributable to
the leaky vasculature in tumors, in combination with a dysfunctional lymphatic system that facilitates the retention of
AuNPs at tumor sites.'® As a consequence, NPs loaded with drugs are delivered to specific locations.'""'* The use of
plasmonic NPs, such as gold nanoparticles (AuNPs), represents an interesting option for temporally controlled drug
release because they efficiently convert a light stimulus into heat owing to the photothermal effect.'> Among the various
shapes of AuNPs, gold nanorods (AuNRs) are of particular interest because of their high photothermal efficiency
(approximately 30-40%)'*2°
axis ratio. This light absorption can be tuned to near-infrared (NIR) biological windows (first 700980 nm and second

and modulable light absorption properties, which can be manipulated by changing their

10001200 nm),*" where biomolecules display low absorption and irradiation results in high tissue penetration.”* For
cancer treatment applications, the heat produced by AuNRs after NIR irradiation can be used for photothermally
controlled drug delivery,” as well as tumor ablation by hyperthermia and cell death via reactive oxygen species
(ROS) production.”*?® On the other hand, AuNRs also have photoacoustic, light scattering and X-ray attenuation
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properties, making them potentially useful for medical imaging applications, such as computed tomography (CT),
surface-enhanced Raman spectroscopy (SERS) and magnetic resonance imaging.*® '

Given the broad range of biomedical applications that therapies with AuNRs can offer, it is desirable to design
approaches that permit increasing the accumulation of these NPs in tumor tissues. Unfortunately, although the AuNRs
can reach the tumor tissue via the passive EPR effect, this per se is inefficient, and less than 1% of the administered doses
reach their target.*>** To overcome this limitation, surface modification of AuNRs with different ligands, including cell-

penetrating peptides,34’35 folic acid,*** folic acid analogs-”fﬁ*‘l 42-44

and proteins, among others, has been shown to
increase AuNRs internalization by cells in tumors (active targeting). In this study, we surface-functionalized AuNRs with
methotrexate (MTX), an analog of folic acid (FA), with similar structural and physicochemical properties but higher
affinity than FA for folic acid receptors overexpressed in cancer cells.*>*” MTX was linked to the gold surface by
a previously reported adduct,*® consisting of an S-S-containing linker, bound to the AuNR surface via S-Au bonds, which
function as spacers between the gold surface and MTX. In this manner, the pteridine rings of MTX, mainly responsible

for the interaction with folate receptors,**->°

remain exposed and available for interaction with the folic acid receptors on
cancer cells (see Graphical Abstract).

Although active targeting via interaction with folate receptors that are overexpressed in cancer cells increases the
uptake of AuNRs in cancer cells, it remained necessary to develop a strategy that permits protection of the AuNRs in
circulation while ensuring their increased accumulation at tumor sites before their internalization by tumor cells.
Interestingly, the use of extracellular vesicles (EVs) produced by cells can increase the targeting and accumulation of
AuNRs at tumor sites. Moreover, extracellular vesicles (EVs), particularly exosomes, have emerged as promising natural
carriers for targeted drug delivery and have been shown to increase the accumulation of AuNRs at tumor sites.”' >® One

group of EVs, exosomes, range in size from 40—150 nm,>”->®

possess a lipid bilayer and contain specific proteins, as well
as the RNAs of the parental cells from which they are secreted.’® Exosomes have attracted considerable attention because
of their remarkable biocompatibility and natural homing selectivity properties. Specifically, these findings suggest that
exosomes derived from a particular cell line are preferentially taken up by the same cell line.®*®' In this study, we
exploited the homing properties of exosomes from the B16F10 melanoma cell line to increase the accumulation of
AuNRs at tumor sites via a previously reported strategy.>’ In brief, the phospholipid layer of the exosomes was modified
with amphiphilic DSPE-PEG-SH, and then, the AuNRs were conjugated to the exosomes by the formation of Au-S
bonds. This strategy was found to preserve the tumor-targeting and intrinsic functionalities of the exosomes and increase
the tumor accumulation of the AuNRs.>” Previous studies have investigated the use of exosomes and nanorods for
targeting solid tumors;’’ however, their application for targeting metastatic melanoma lung tumors, which is more
complex, has not yet been explored.

Therefore, in this study, we combined the homing properties of exosomes from B16F10 cells with the active targeting
properties of MTX mediated by the interaction with overexpressed folate receptors in cancer cells to increase the
accumulation of AuNRs in metastatic lung melanoma tumors (see Graphical Abstract). To evaluate the effectiveness of
this nanosystem, we conducted in vivo biodistribution studies in a C57BL/6 mouse model of metastatic lung melanoma.
This dual-targeting approach aimed to improve the selective delivery of AuNR-MTX to metastatic lung tumors, thereby
addressing the limitations of both passive and active targeting strategies. To the best of our knowledge, this is the first
study in which MTX-functionalized AuNRs were combined with autologous B16F10 cell-derived exosomes to achieve
specific targeting of metastatic melanoma lung tumors in vivo with potential implications for enhancing the therapeutic
efficacy of AuNR-based treatments in metastatic cancer.

Materials and Methods

Materials

Gold (IIT) chloride hydrate (HAuCl,), hexadecyltrimethylammonium bromide (CTAB), silver nitrate 99% (AgNO3),
ascorbic acid 99% and sodium tetrahydridoborate (NaBH,4) were purchased from Sigma—Aldrich (St. Louis, MO, USA).
Polyethylene glycol 5 kDa (SH-PEG-COOH, 5 kDa) was acquired from JenKem Technology (TX, USA). The Milli-Q
water used in all the experiments was obtained via the purification of distilled water with a Simplicity SIMS 00001
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(Millipore, Molsheim, France). The cell culture plates and flasks were purchased from Corning Costar (NY, USA).
Penicillin/streptomycin, fetal bovine serum, the L3224 cell live/death kit, DMEM, RPMI cell culture medium, DiR
(D12731, Life Technologies) and DiD (D7757, Life Technologies) were purchased from Thermo Fisher Scientific (OR,
USA). DSPE-PEG-SH was purchased from Avanti (AL, USA).

Methods

Synthesis and Characterization of AuNR-CTAB

AuNRs-CTAB were synthesized via the seed-mediated procedure as previously reported.®> Briefly, a 0.3 mm HAuCl,
solution in a matrix of 0.1 M CTAB was reduced in ice-cold 10 mm NaBH, to generate the seed solution. A growth
solution was prepared by reducing 0.5 mm HAuCly solution in a 0.1 M CTAB matrix using ascorbic acid in the presence
of AgNOs. Subsequently, 120 pL of the seed solution were added to the growth solution and allowed to rest for 30 min at
30 °C. The obtained AuNRs-CTAB were subsequently centrifuged twice at 13000 x g for 30 min, after which the
resulting pellet was resuspended in Milli-Q water.

Preparation of AuNRs and AuNRs-MTX

To 10 mL containing 1 nM of the previously obtained AuNRs-CTAB, 100 uL of a 1 M KOH solution were added to adjust the
solution to pH=10. Then, 50 pL of a 1 mM HS-PEG-OMe solution were added, and the mixture was allowed to incubate for
10 min while stirring. The obtained nanoparticles were centrifuged at 13,000 x g for 10 min, and the pellet was subsequently
resuspended in 10 mL of Milli-Q water. Then, 100 pL of KOH and 300 pL of a 1 mm HS-PEG-COOH solution were added. The
solution was then stirred for 1 h and sonicated for another 15 min. The resulting AuNRs were centrifuged at 13,000 x g for
10 min, and the pellet was resuspended in 10 mL of Milli-Q water.

To obtain AuNR-MTX, 10 puL of a 100 mM solution of a previously reported MTX-containing Diels-Alder adduct in
DMSO* were added to 10 mL of the previously prepared AuNRs and allowed to incubate while stirring for 2 h. The
functionalized AuNRs-MTX were subsequently centrifuged twice at 13,000 x g for 15 min, resuspended, and stored at 4
°C prior to use. The supernatants were collected, and the presence of MTX containing adducts in the supernatant was
quantified via UV-VIS using a standard calibration curve at 307 nm (Figure S1). The amount of adduct in the
supernatants was subtracted from the initial amount to estimate the adduct concentration in the AuNR-MTX.

Characterization of the AuNRs and AuNR-MTX

AuNRs and AuNR-MTX were monitored via UV—Vis spectroscopy via a Lambda 25 spectrophotometer (Perkin Elmer,
Waltham, MA, USA). The hydrodynamic diameter and Z potential were determined by a Zetasizer 3000 (Malvern
Instruments, Malvern, UK) in a disposable DTS 1061 polycarbonate capillary cell DTS 1061, at 25 °C in triplicate in
aqueous solution. The Smoluchowski approximation was used to measure the Z potential of the synthesized AuNPs.
Transmission electron microscopy (TEM) images were acquired with a JEOL JEM-1010 microscope using Formvar
carbon-coated copper microgrids; the size distribution was determined by measuring at least 50 particles.

Cell Culture

B16F10 cells were obtained from ATCC and cultured in RPMI culture medium containing 1% penicillin/streptomycin
and 10% fetal bovine serum. MLG cells were cultured in DMEM containing 1% penicillin/streptomycin and 10% fetal
bovine serum. The cultures were maintained under standard cell culture conditions at 37 °C and 5% CO,. To obtain
exosome-depleted FBS, commercial FBS was centrifuged at 100,000 x g for 8 h at 4 °C.

Preparation of EXOS and EXOS-AuNR-MTX

To obtain the HS-modified exosome-enriched fractions (EXOS), B16F10 cells were cultured in RPMI 1640 medium
supplemented with 10% FBS until 40% confluence was reached. The medium was subsequently replaced with medium
containing exosome-depleted FBS (10%) + DSPE-PEG-SH (1%). After 48 h, the medium was collected, and the
exosomes were isolated via a sequential centrifugation protocol with some modifications.’” Briefly, the medium was
centrifuged to remove cell debris for 10 min at 300 x g and for 30 min at 2000 x g at 4 °C. The resulting supernatant was
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filtered through a 0.22 um pore filter and centrifuged at 100,000 x g for 2 h at 4 °C to isolate the EXOS. The protein
amount in EXOs was quantified using a commercial micro-BCA kit following the manufacturer’s recommendations. The
particle amount was estimated by nanotracking analysis (NTA) in triplicate using a Nanosight® NS300 (Malvern, UK).

To obtain EXOS-AuNR-MTX, freshly prepared EXOS (100 pL, 1x10"" particles/mL) were incubated with 100 pL of
a solution containing previously isolated AuNR-MTX (1x10'? particles/mL) with shaking at 4 °C for 24 h. Then, EXOS-
AuNR-MTX were collected from the supernatant by centrifugation at 13,000 x g for 5 min. The final gold concentration
in EXOS-AuNR-MTX was estimated by Graphite Furnace Atomic Absorption (GFAAS, ContrAA 800G-Analytic Jena,
Germany) for in vivo studies.

EXOS and EXOS-AuNR-MTX were characterized by TEM using 1% uranyl acetate and 0.1% phosphotungstic acid.
Briefly, a copper grid was deposited in a drop of the sample and allowed to interact for 2 min. Subsequently, the grid was
washed with a drop of water for one min, stained with uranyl acetate or phosphotungstic acid for 30s, washed again and
left to dry overnight. EXOS and EXOS-AuNR-MTX were also characterized by Cryo-TEM. EXOS and EXOS-AuNR-
MTX were characterized by Western blotting in three independent experiments, to identify proteins commonly present in
exosomes, such as Alix, TSG-101 and CDS8].

Preparation of DiD- and DiR-labeled EXOS

For microscopy, EXOS and EXOS-AuNR-MTX were labeled with a DiD fluorescent probe. Alternatively, for in vivo
biodistribution analysis, EXOS and EXOS-AuNR-MTX were labeled with DiR. Freshly isolated EXOs (100 pg of
protein) were incubated at 4 °C for 30 min with 1 pL of a 1 uM solution of the fluorescent lipophilic tracers DiR or DiD.
The labeled EXOS-DiR or EXOS-DiD exosomes were separated from the remaining lipophilic tracer using an Amicon
filter and washed 2 times with PBS.

MTS Mitochondrial Activity Assays

To confirm the safety of the complete nanosystem in vitro, a cell viability experiment was performed. B16F10 cells (5 x 10°
cells/well) were seeded in pretreated 96-well plates and allowed to attach for 24 h. Then, the medium was removed, and fresh
medium containing EXOS-AuNR-MTX (1-10 pg protein) was added and cells were incubated for 24 h. Then, the medium
was replaced with phenol red-free medium containing MTS/PMS (Promega), and the cells were incubated for
3 h. Subsequently, the absorbance of the culture medium at 490 nm was recorded using a microplate reader, and the cell
viability was calculated compared with a control without treatment. Statistical analysis was performed with GraphPad Prism
V9.3.1 and values averaged from n=4 experiments are presented with error bars representing the SEM. *Significant
difference according to the Kruskal-Wallis test: **p < 0.01 compared with the medium control (Additional File 1).

Uptake Assessment by Fluorescence Microscopy

B16F10 or MLG cells (from ATCC), 5x10° cells/well, were seeded in 24-well, poly-L-lysine precoated glass-
bottom culture dishes and allowed to attach for 24 h under standard culture conditions. The medium was then
replaced with fresh medium containing the DiD-labeled treatments EXOS, EXOS-AuNR-MTX (5 pg of protein)
and PBS (control) and incubated for 1, 3, 6 and 24 h. After treatment, the cells were washed with PBS, and fresh
red phenol-free medium containing HOECHST and DiO (1 nM final concentration) was added for nuclear and
membrane labeling, respectively. The cells were incubated for 30 min, washed 2 times with PBS, fixed in 4% PFA
for 20 min and mounted on slides using Fluoromont montage solution for visualization. Fluorescence was detected
using a BioTek Cytation 5 cell imaging multimode reader from Agilent (CA, USA). Hoechst in the cell nucleus
was excited at 377 nm, and emission was recorded at 447 nm. The DiD from EXOS was excited at 628 nm, and
the emission was recorded at 685 nm. Finally, DiO in the cell membranes was excited at 469 nm, and emission
was recorded at 525 nm. Images were processed using BIOTEK software (CA, USA). The mean red fluorescence
intensity was quantified and plotted £+ SEM after treatment with EXOS or EXOS-AuNR-MTX in B16F10 and
MLG cells, and significant differences were calculated using the Kruskal-Wallis test.
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Animal Experiments

All mouse studies were performed in C57BL/6 mice following a bioethics protocol (22561-MED-UCH) approved by the
Animal Ethics Committee (CICUA) of the Universidad de Chile. C57BL/6 mice were housed in polycarbonate cages in
a temperature-controlled room at 20 °C under a 12-h light/dark cycle. Rat chow and filtered water were available ad
libitum.

Metastasis Model and Biodistribution Analysis

Eight-week-old C57BL/6 mice were injected intravenously with 2x10° B16F10 cells (400 pL of saline solution or 0.9%
NaCl). After 19 days, the mice were injected intravenously with 200 pL of the following treatments: PBS (control
group), EXOS (50 pg protein, DiR-labeled), EXOS-AuNR-MTXs (50 pg protein, 1x10'° particles/mL AuNR, 0.9
+0.18 pmol/mL MTX, DiR-labeled) or AuNR-MTX (1x10'® particles/mL). After 24 h, the animals were anesthetized
(2% isoflurane, via inhalation), shaved on the back and visualized in vivo using the In-Vivo FX PRO imaging system
(Bruker, USA), as shown in the Additional File 1. The animals were then perfused with PBS, and the organs were
visualized with an In-Vivo FX PRO (Bruker). The lungs were fixed with FEKETES fixing solution for 48 h at 4 °C, and
black tissue was separated from normal lung tissue, lyophilized and weighed. The extent of metastasis was expressed as
the percentage (%) of tumors/lung mass post-fixation (Additional File 1) as previously reported,’> and significant

differences in tumor percentage were estimated compared with that of PBS using the Kruskal-Wallis test. Organs
were lyophilized and homogenized with a mortar, and the gold content was determined by Graphite Furnace Atomic
Absorption Spectrometry (GFAAS, see conditions for detection in Table S1). Gold was quantified in the organs of the
animals in all the experimental groups, but only in the AuNRs-MTX and EXOS-AuNR-MTX groups was the amount of
gold quantified. The percentage of the injected dose per gram (%ID/g)** was calculated as follows:

ID total quantified gold (ng)/total gold in injected dose
0o— —

o x 100
g organ mass (g)

Statistical analysis for gold quantification was performed using GraphPad Prism V.9.3.1, and the Mann—Whitney test was
used for multiple comparisons against the PBS control. In parallel, sections of the lung and liver were fixed in FEKETES,
embedded in paraffin, and sectioned (5 puM) using a microtome for gold nucleation analysis and assessment of liver
damage, respectively. These experiments were repeated four times (n=4 animals). To observe gold nucleation,
a commercially available kit (Gold Enhancement™ Nanoprobes (NY, USA)) was used. At least five digital images
were obtained per sample by light microscopy at 40—-100% magnification with identical camera settings.

Results and Discussion

Characterization of AUNR-MTX and EXOS-AuNR-MTX

AuNR-MTX in each functionalization step as well as BI6F10 EXOS and EXOS-AuNR-MTX-FAM were characterized
using different techniques. Initially, the AuNRs-CTAB obtained were stabilized by the cationic surfactant CTAB, which
is inherently toxic to cells. Therefore, the CTAB was then replaced by HS-PEG-COOH and HS-PEG-OMe on the surface
before functionalization with the MTX-containing adduct. As shown in Figure 1 and Table 1, the freshly synthesized
AuNRs-CTAB presented a characteristic plasmon peak at 799 nm, leading to a hypsochromic shift to 789 nm in the
AuNRs and 786 nm in the AuNRs-MTX because of variations in the dielectric constant following surface
functionalization.®> The amount of MTX containing the adduct on the surface of the AuNRs-MTX was determined
using a standard calibration curve, considering 49.800+10.000 molecules of adduct per AuNR (Figure S1). Additionally,
the hydrodynamic diameter was determined to be 2 and 43 nm for the AuNRs-CTAB; 9 and 79 nm for the AuNRs; and 8
and 51 nm for the AuNR-MTX. An increase in diameter was observed after each step of functionalization (Figure 1,
Table 1 and Figure S2), which is in agreement with previously reported studies, where the hydrodynamic diameter
gradually increased following surface functionalization with PEG and small molecules.”**°**3> Additionally, the
Z potential was found to be +41 mV for the AuNRs-CTAB due to the presence of the cationic surfactant CTAB and
—12 mV for the AuNRs and AuNR-MTX, following the displacement of the cationic CTAB by the negatively charged
PEG-COO and the neutral MTX-containing adduct in the functionalization steps (Figure 1, Table 1 and Figure S3).
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Figure | Characterization of the AuNRs-MTX following the functionalization steps: (A) UV-Vis-NIR spectrum showing plasmon displacement by functionalization; (B) TEM
image of AuNRs with the size distribution inset.

These results are in agreement with previous studies, where the displacement of CTAB by PEG-COO  on the surface
resulted in negative zeta potential values,?*2%-3435:64:65

Fractions of enriched HS-modified vesicles (EXOS) were successfully obtained by ultracentrifugation. We confirmed
the incorporation of thiol groups in the EXO-SH samples by comparing FT-IR spectra of control exosomes (without
incubation with HS-DSPE-PEG) and EXOS samples (Figure S4). A peak in the 2300-2400 cm ™' range, corresponding to
the thiol group, was found in the EXOS sample and this peak was absent in the spectrum of the control exosomes, which
were not enriched with DSPE-PEG-SH. Additionally, the association between AuNR-MTX and EXOS at different
EXOS:AuNR-MTX ratios was studied by NTA Analysis (Figure S5); notably, at a 1:1 ratio, the peak corresponding to
the EXOS-AuNR-MTX complex is highly prevalent, indicating effective binding. However, at the 1:2 ratio, a smaller
peak at 69 nm begins to emerge, and at the 1:5 ratio, this peak at 62 nm is most prevalent, suggesting the presence of
excess, non-associated AUNR-MTX. These results indicate that higher AuNR-MTX concentrations beyond the 1:2 ratio
increase dramatically the prevalence of non-bound nanoparticles. On the other hand, the results of TEM (Figure 2A)
revealed circular or elliptical vesicles with diameters ranging from 80—150 nm. Additionally, Figures 2B and C show the
presence of AuNR-MTX associated with EXOS in the EXOS-AuNR-MTX preparations. The appearance of EXOS and
EXOS-AuNR-MTX was confirmed by Cryo TEM (Figure 2E and F). The mode of the diameter as determined by NTA

Table | Summary of the Physicochemical Characterization Results Showing That the
Displacement of the Plasmon (Ana.x) Increases with the Hydrodynamic Diameter, the
Z Potential Varies as Functionalization Proceeds, and Finalizes Upon EXOS Functionalization
with AuNR-MTX

Amax (nmM) Hydrodynamic Diameter PDI | Z Potential (mV)
(nm)
AuNR-CTAB 799 2+0.1 43+0.9 0.5 41+3
AuNR 789 9+2.6 79+3.0 0.5 —12+3
AuNR-MTX 786 8+1.2 51+2.5 0.6 —12+4
EXOS - - 258+27 0.4 —10%1
EXOS-AuNR-MTX 786 - 396+30 0.3 —14+2
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Figure 2 Representative TEM images of glutaraldehyde-fixed EXOS (A) and EXOS-AuNR-MTX (B) samples stained with 0.1% phosphotungstic acid. TEM image of nonfixed
EXOS-AuNR-MTX stained with 1% uranyl acetate (C). In A-B, the dark circles (positive staining) represent the EXOS; in C, the light circular areas (negative staining)
represent EXOS. Western blot showing the absence of CANX (ER marker) and the presence of markers Alix, TSG-101 and CD81 in the EXOS, EXOS-AuNR, EXOS-AuNR
-MTX and cell lysates (D). Cryo TEM images of EXOS (E) and EXOS-AuNR-MTX (F). NTA showing the mode of size: | 14.412.7 nm for EXOS (G) and 137.4£1.0 nm for
EXOS-AuNR-MTX (H). Scale bars: (A, B, E and F) 200 nm; (C) 500 nm.

was found to be 114 nm for EXOS and 138 nm for EXOS-AuNR-MTX (Figure 2G and H), which agrees with the
expected increase in diameter following the association between AuNR-MTX and EXOS. We then detected the proteins
commonly present in the exosomes by Western blotting. The exosome markers Alix, TSG-101 and CD81 were observed
in lysates of EXOS, EXOS-AuNR and EXOS-AuNR-MTX. Alternatively, calnexin, (CANX), an endoplasmic reticulum
marker, was not detected in the isolated EXOS with or without the inclusion of AuNRs, indicating that the exosome
preparations were not contaminated by components of the endoplasmic reticulum.

The stability of the nanoconjugate EXOS-AuNR-MTX was evaluated under different storage conditions (4°C, —20°C,
—80°C, and —80°C with 5% DMSO as a cryopreservant), and the results have been included in Figure S6. One month
after the synthesis of the nanosystem, the size distribution remained similar, and no detectable peak corresponding to free
AuNRs was observed, suggesting that the conjugates remained stable over time. Additionally, we demonstrated the safety
of the complete EXOS-AuNR-MTX nanosystem in B16F10 cells after 24 h of treatment using a cell viability assay
(Figure S7). No significant effects on B16F10 cell viability were detected under the conditions evaluated (1-10 pg of
protein). These results suggest that we were able to generate EXOS from B16F10 cells loaded with AuNR-MTX for
potential bioapplications.

Cellular Uptake of BI6FI10 EXOS in vitro

In order to determine whether the uptake of B16F10 EXOS and EXOS-AuNR-MTX is cell-type specific, we compared
the uptake by B16F10 cells with that observed for MLG cells (normal mouse lung cells) under similar culture conditions,
as shown in Figure 3 (40X objective) and Figure S8 (20X objective). The EXOS and EXOS-AuNR-MTX were labeled
with the lipophilic tracer DiD (red channel), and the membrane was labeled with the lipophilic tracer DiO (green
channel), in order to identify the cell membrane and to determine whether the localization of the EXOS was intracellular
following uptake. As shown in Figures 3 and S8, similar patterns of accumulation for EXOS and EXOS-AuNR were
observed over time, suggesting that the incorporation of AuNR-MTX did not affect the uptake in the cell lines. EXOS
and EXOS-AuNR-MTX were observed to be bound and internalized into the cytoplasm of B16F10 cells in a time-
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Figure 3 Uptake by cells of EXOS and EXOS-AuNR-MTX. Uptake by BI6F10 cells was elevated compared to MLG cells. Cells were incubated with DiD-labeled EXOS and
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EXOS (A) and EXOS-AuNR-MTX (B) for BI6FI10 cells (yellow) and MLG cells (Orange). Significant differences according to the Kruskal-Wallis test are indicated: *p<0.05,

*p < 0.01. (C) Microscopy images of cell internalization acquired at 40X. The DiD-labeled samples are shown in red; the membranes were stained with DiO in green, and
the nuclei are shown in blue following Hoechst staining.
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dependent manner. The uptake increased from 1 to 6 h but did not increase further after 24 h. Interestingly, at earlier time
points (1 h and 3 h), the EXOS and EXOS-AuNR-MTX accumulation in B16F10 cells and MLG cells did not show
substantial differences. However, after 6 and 24 h, the fluorescence intensity was notably higher for B16F10 than MLG
cells. These findings suggest that exosome uptake by B16F10 cells increases over time, whereas this is not the case for
MLG cells, indicating a preference for the uptake of exosomes by their cells of origin after extended incubation periods
(6 and 24 h). In previous studies, the specificity and time-dependent uptake of B16F10 exosomes by cells were
reported.®>°¢%® Additionally, the cell-specific uptake of exosomes by other cell lines has been described,’ " in
agreement with our results.

Lung Metastasis Model

A lung melanoma metastasis model was established by intravenous injection of B16F10 cells into recipient syngeneic
C57BL/6 mice (Figure S9) as reported previously.>”* The animal survival rate was 100% in all the experiments, and the
body weight was not significantly altered by any of the treatments (Figure S10). The fact that no changes in body weight
were observed throughout the study suggests that the nanoformulations do not induce acute toxicity. This observation is
consistent with previous studies, in which the potential toxicity of exosome administration was assessed by monitoring
body weight before and after treatment. No significant variations were reported, further supporting the safety of
exosome-based therapies.”>”’® In addition, the percentage of tumors in the mouse lungs was approximately 20% in all
the conditions evaluated (Figure S11), as previously reported for this metastasis model.**"*

Representative lung sections obtained from the lungs of C5S7BL/6 mice inoculated with PBS, EXOS, AuNR-MTX or
EXOS-AuNR-MTX are shown (Figure 4A-D). For all the animals, metastatic nodules were found in the lungs and
parenchyma (Figure 4 and Additional File 1). In these tumors, the melanoma cells were characterized by the expression
of melanin and their typical cell morphology (blue arrows). No notable differences were observed following the different
treatments.

Additionally, we assessed liver cytotoxicity following the different treatments, given that nanoparticles generally
accumulate to a considerable extent in the liver. The results revealed no histopathological abnormalities, such as
inflammation, necrosis, or cell damage, indicating that EXOS-AuNR-MTX do not induce liver toxicity under the
experimental conditions used (Figure 4E-H).

Liver

Figure 4 Histological analysis of tumor growth and metastasis of BI6F10 cells in the lungs (A-D) of C57BL/6 mice: Bl 6F 10 metastatic nodules showing melanin expression
and melanoma cell morphology (blue arrows). Histological sections of liver (E-H) showing no hepatic cell abnormalities after 24 h of treatment. Mice (n=4) were treated
with PBS (A, E), EXOS (B, F), AuNR-MTX (C and G), or EXOS-AuNR-MTX (D and H) (50 pg protein EXOS, 1x10'® particles/mL AuNR, 0.9+0.18 pmol/mL MTX).
Hematoxylin and eosin staining; magnification bar: 100 ym.
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Biodistribution of EXOS and EXOS-AuNR-MTX in the Lung Metastasis Model in vivo
The treatments PBS, EXOS, AuNR-MTX and EXOS-AuNR-MTX were administered and the biodistribution was studied
24 h after intravenous injection into the mice. For visualization in vivo, the backs of the animals were shaved to confirm
the delivery of the DiR-labeled EXOS and EXOS-AuNR-MTX to the lungs, at A.=720 nm and A.,=790 nm,
respectively (Figure S12). The presence of the EXOS in the lungs following the treatments was detected in vivo
(Figure S12) and confirmed ex vivo (Figure S13). Fluorescence in the lungs ex vivo due to the presence of EXOS or
EXOS-AuNR-MTX was significantly higher than for lungs from PBS and AuNR-MTX control animals.

Once we confirmed the presence of the EXOS in the lungs of the animals by fluorescence, the total content of gold
was determined by GFAAS (Figure S14) in the animals treated with AuNR-MTX or EXOS-AuNR-MTX. Values shown
were calculated as the percentage (%) of the injected dose per gram of the respective tissues %ID/g, Figure 5 (materials
and methods 3.1). Similar patterns of biodistribution of AuNRs-MTX and EXOS-AuNR-MTX were found in heart,
kidney, liver, and spleen. In contrast, significantly higher amounts of gold were found in the tumors following the EXOS-
AuNR-MTX treatment, which can be attributed to the targeting effect of the exosomes. As expected, and previously
reported, liver and spleen retain most of the administered nanomaterials, decreasing the delivery to the tumors.?¢%7% %!
In the liver, Kupffer cells, hepatic B cells and liver sinusoidal endothelial cells are the main cells responsible of retention
of nanoparticles, whereas macrophages are responsible for most of the retention observed in the spleen.®?

Interestingly, the exosomes combined with AuNR-MTX in EXOS-AuNR-MTX accumulated to a greater extent in the
tumors, compared to AuNR-MTX alone. Specifically, the %ID/g of tissue increased 11 times for EXOS-AuNR-MTX
(5.5% average) compared to nanoparticles AuUNR-MTX alone (0.5% average). This represents an important finding,
given that the accumulation of AuNRs alone in tumor tissues is estimated to be less than 1% of the administered
dose.** It is also interesting to note that although there appears to be an increase in gold accumulation in non-target
cells in the lungs, this may in fact be due to the presence of tumors smaller than 1 mm in size (see histological images in
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Figure 5 Accumulation of gold particles (percentage of injected gold per gram of tissue %ID/g) in the tumors (A) and different organs (B-F) ex vivo in the mice after 24 h
treatment with AuNR-MTX or EXOS-AuNR-MTX (50 pg protein, Ix1010 particles/mL AuNR, 0.9£0.18 pmol/mL MTX). Remarkably, significant differences in the gold
concentration were found only in the tumors (A), whereby higher gold concentrations were observed following the treatment with EXOS-AuNR-MTX. Significant

differences according to t-test are indicated: *p<0.05.
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Figures 4 and S15-S18), which are difficult to separate completely from the rest of the lung tissue. Therefore, since
increased levels were found in the lung, a histological study was performed in order to confirm the selective accumula-
tion of the gold in tumor rather than healthy lung tissue sites.

Selective Accumulation of the EXOS-AuNR-MTX in Metastatic Lung Nodules

To verify the accumulation of AuNRs in the lungs of the animals, histological sections were prepared to evaluate the
distribution of the gold in the lung tissue using the gold enhancement commercial kit. The procedure enriches the gold
nucleation in the zones where gold accumulation exists, making the AuNRs accumulation visible as blue stains. As
shown in Figures 6A,B and S15-S17, no accumulation of gold was observed for the controls PBS or EXOS.
Interestingly, the accumulation of the AuNR-MTX in lungs was not high enough to be detected by this technique.
Remarkably, the accumulation of gold in the lungs of the animals treated with EXOS-AuNR-MTX was clearly detected
as blue staining (Figure 6C-F and Figure S18). Also, the accumulation of the gold was found to be selective and
enhanced in metastatic tumor sites (colocalization with brownish melanin spots and disorganized cell structure).
Meanwhile, no accumulation was detected in the healthy tissues (pink color with eosin staining, organized cell structure).
The increased accumulation of the EXOS-AuNR-MTX is likely attributable to higher retention and residence in the
tumors, due to the homing properties of the exosomes and the vascularization of the tumors.®*¢>%3#4 Therefore, the
presence of the EXOS in EXOS-AuNR-MTX increased the specific accumulation of the nanosystem in the metastatic
melanoma tumors present in the lungs.

The efficient accumulation of EXOS-AuNR-MTX in tumor tissues can be attributed to a combination of biological
and physicochemical factors that enhance selective targeting and retention within the tumor microenvironment. First, the
enhanced permeability and retention (EPR) effect contributes to the passive accumulation of the nanoconjugates in tumor
tissues. The irregular vasculature of solid tumors, characterized by leaky blood vessels and impaired lymphatic drainage,
allows nanoparticles to extravasate and accumulate at the tumor site.°“** Given the nanoscale dimensions of EXOS-
AuNR-MTX, they can efficiently exploit the EPR effect, particularly in pulmonary metastatic lesions, where tumor-

EXOS-AuNR- ,E}'(d‘S-AuNR.—MTx

| —

Figure 6 Histological detection of AuNR loaded exosomes in small metastatic nodules (blue circles) by gold enhancement in the lungs of mice treated 24 h with PBS control
(A), AuNR-MTX (B), EXOS-AuNR-MTX (C-F), (50 pg protein, 1x10'° particles/mL AuNR, 0.9£0.18 umol/mL MTX). Eosin (Pink), gold enhancement (blue), melanin
(brown). Images show the colocalization of the AuNRs (blue arrows) and melanin-containing metastatic nodules (brown arrows) exclusively following the treatment with
EXOS-AuNR-MTX (blue arrows). Magnification bar: (A—C) 200um [0X, (D) 100 um 20X, (E and F) 50 ym 40X.
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associated vascular abnormalities are pronounced.®** Second, the homing selectivity of exosomes plays a critical role in
directing the nanosystem to the tumor site. The exosomes utilized in this study are derived from B16F10 melanoma cells,
the same cell line used to generate tumors in the animal model. Since exosomes retain molecular markers and membrane
components from their parental cells, they exhibit an affinity for recipient cells of the same cell line. This recognition
pattern facilitates the preferential accumulation of EXOS-AuNR-MTX in B16F10-derived tumors. Third, the folate
receptor (FR)-mediated endocytosis further enhances cellular internalization of the nanosystem. Methotrexate (MTX),
a folic acid analog, is conjugated to the surface of AuNRs, enabling interaction with folate receptors, which are
overexpressed in cancer cells. This ligand-receptor interaction promotes active targeting and receptor-mediated uptake,
thereby increasing intracellular delivery of the nanoconjugates.

Additionally, the intercellular communication function of exosomes may also play a role in the enhanced tumor
targeting of EXOS-AuNR-MTX, since exosomes naturally mediate the transfer of biomolecules between cells, a process
that is particularly active within the tumor microenvironment.®* The interaction between tumor-derived exosomes and
recipient cancer cells may facilitate increased uptake through membrane fusion or receptor-mediated endocytosis,®
further promoting the intracellular accumulation of EXOS-AuNR-MTX. These mechanisms, synergistically enhance the
selective accumulation of EXOS-AuNR-MTX in tumor, underscoring their potential as an efficient nanoplatform for
targeted cancer therapy.

Conclusion

In this study, we successfully developed and fully characterized EXOS-AuNR-MTX, demonstrating their safety and
preferential accumulation in B16F10 melanoma cells compared to other cell lines in vitro. In an in vivo metastatic
melanoma lung model, the nanosystem exhibited a favorable biodistribution profile, with 5.5% of the injected AuNR
dose accumulating in tumor tissues, a significant increase compared to the 1% typically reported for AuNRs. Notably,
histological analysis confirmed that AuNRs selectively accumulated in tumor vessels and nodules rather than healthy
tissues, highlighting the tumor-targeting efficiency of this approach.

The efficient accumulation of EXOS-AuNR-MTX in tumors can be attributed to the synergistic effects of
exosomal homing selectivity, the enhanced permeability and retention (EPR) effect, folate receptor-mediated
endocytosis, and exosome-mediated intercellular communication, collectively enhancing tumor targeting and intra-
cellular uptake. These findings provide valuable insights to the design of nanoplatforms that exploit the natural
properties of exosomes for targeted drug delivery. The scientific significance of this study resides in showing that
tumor-derived exosomes can be exploited to improve the biodistribution and tumor accumulation of gold nanorods,
offering a promising strategy for metastatic melanoma treatment. This innovative approach enhances the selective
delivery of cytotoxic agents, such as MTX, potentially reducing off-target effects and improving therapeutic
efficacy.

However, certain limitations should be addressed in the future. While the study provides strong evidence for tumor
accumulation and selectivity, additional research is needed to evaluate long-term biodistribution and the therapeutic
efficacy of the nanosystem in extended preclinical models. Future studies should also assess their potential clinical
translation in other cancer models.

Overall, this study presents a novel exosome-based strategy to improve the accumulation of gold nanoparticles in
metastatic melanoma lung tumors, as a strategy to facilitate future advances in targeted nanomedicine.
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