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Background: Cancer treatments are still limited by various challenges, such as off-target drug delivery, posttreatment inflammation,
and the hypoxic conditions in the tumor microenvironment; thus, the development of effective therapeutics remains highly desirable.
Exosomes are extracellular vesicles with a size of 30-200 nm that have been widely applied as drug carriers over the last decade. In
this study, melanoma-derived exosomes were used to develop a perfluorocarbon (PFC) drug nanocarriers loaded with indocyanine
green (ICG) and camptothecin (CPT) (ICFESs) for targeted cancer photochemotherapy.

Methods: The ICFESs were fabricated by emulsification approach and characterized through instrumental detection. The capabilities
of the ICFESs on tumor targeting, intratumoral retention, and cancer photochemotherapy were evaluated using melanoma tumor-
bearing mice in association with histological studies and serum marker analyses.

Results: ICFESs can be rapidly internalized by homologous melanoma cells, induce hyperthermia and increase the yield of singlet
oxygen upon exposure to near-infrared (NIR) irradiation. After 5 min of NIR exposure and 24 h of in vitro culture, ICFESs
encapsulating > 10/10 uM [ICG]/[CPT] effectively killed more than 70% of the cancer cells, inducing greater mortality than that
caused by a 4-fold higher dose of CPT alone. In a murine melanoma model, we demonstrated that ICFESs indeed targeted homologous
tumors with prolonged intratumoral retention compared with free ICG in vivo. Moreover, tumor growth was significantly arrested by
ICFESs containing 40/40 uM [ICG]/[CPT] in combination with 30 sec of NIR exposure without systemic toxicity, and the resulting
tumors were approximately 15-fold smaller than those treated for 14 days with 40 pM free CPT alone.

Conclusion: We suggest that the aforementioned anticancer efficacy was achieved via a dual-stage mechanism, phototherapy
followed by chemotherapy. Taken together, the developed ICFESs are anticipated to be highly applicable for clinical cancer treatment.
Keywords: exosome, photochemotherapy, perfluorocarbon, hypoxia, homologous targeting, NIR irradiation

Introduction

Combined photo- and chemotherapy via the coadministration of photosensitizers and anticancer drugs, known as
photochemotherapy, has long been recognized as a feasible strategy to treat various types of cancers, such as lung,
skin, and breast malignancies.' > Photochemotherapy is particularly suitable for clinical applications because chemother-
apy is currently the mainstay treatment for the majority of solid and hematological carcinomas, whereas phototherapies,
including photodynamic therapy (PDT) and photothermal therapy (PTT), are a safe and effective anticancer adjuvants
with the advantages of noninvasiveness, high spatiotemporal control, and minor side effects compared with other
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treatment modalities.* In general, PTT induces hyperthermia (> 42 °C) to ablate cancer cells,”® whereas PDT hinders
cellular metabolism, DNA replication, and tumor angiogenesis through the generation of reactive oxygen species
(ROS).”® During photochemotherapy, anticancer drugs can provide sustained, synergistic tumoricidal effects to eliminate
the surviving cancer cells after laser irradiation. Moreover, phototherapy can reduce the effective dose of the chemother-
apeutics and extenuate its systemic chemotoxicity.” Furthermore, phototherapy may induce an adaptive immune response
by releasing damage-associated molecular patterns (DAMPs),'® which is highly favorable for subsequent anticancer
effects. However, challenges such as the hypoxic nature of the tumor microenvironment (TME) and the lack of an
efficient and safe carrier for the delivery of multiple agents remain considerable barriers for both treatment modalities.
Hypoxia is a hallmark of cancer and present in a variety of tumors, including pancreatic cancer, lung cancer, breast
cancer, and melanoma tumors.'"'* Intratumoral hypoxia is usually caused by hyperproliferating cancer cells and
deformation of the neoplastic vasculature, which dramatically decreases oxygen diffusion in the TME.'®> Such hypoxic
conditions may induce the hypoxia-inducible factor (HIF) pathway to reprogram cancer cell metabolism'® and conse-
quently trigger chemoresistance, tumor recurrence, and metastasis.'’'° On the other hand, hypoxia is highly unfavorable
for ROS generation, which greatly restricts PDT; in contrast, PDT may further aggravate the hypoxic conditions in
tumors and result in a poor treatment outcomes.”’ These circumstances indicate that oxygen plays a crucial role in
photochemotherapy, and an effective method for oxygen delivery to the TME is still highly demanded nowadays.
Nanoencapsulation may be a feasible strategy by which multiple agents can be stabilized and delivered to tumors
simultaneously since nanometer-sized carriers can enhance the stability, safety, and bioavailability of the encapsulated
payload.”' Among the various types of nanovehicles, exosomes, which are membrane-derived vesicles with diameters of
30-200 nm, are feasible drug delivery vectors that have gained increasing attention in recent decades because of their
excellent bioavailability and homologous targeting properties.”> Exosomes carrying multiple signaling molecules,
including RNAs, proteins, and lipids, form in multivesicular bodies inside cells and naturally function as intercellular
messengers.”>~* Cell-derived exosomes have exceptional abilities, as they can rapidly interact with cellular
membranes,” avoid phagocytic clearance,”® and induce tropism to transport payloads to their target tissue, such as
tumors.?’*® Therefore, exosomes can serve as drug carriers with an “invisibility cloak” for the loaded therapeutic agents
for targeted anticancer drug delivery. Indeed, exosomes have been extensively exploited as delivery vehicles for a variety
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of anticancer agents, including nucleic acids, proteins, and other compounds.
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To overcome the aforementioned challenges in cancer treatment, in this study, we sought to design and fabricate
indocyanine green (ICG) and camptothecin (CPT) coloaded perfluorocarbon (PFC) cancer-derived exosomes, named
ICFESs, and explore their applicability for cancer photochemotherapy. Near-infrared (NIR) was applied as the light
source since it can penetrate deeper into tissue than can visible light or ultraviolet (UV) light.*> CPT is a USFDA-
approved anticancer drug commonly used for melanoma treatment.***” ICG is a USFDA-approved NIR fluorophore that

38-40 and

emits fluorescence in the range of 650-850 nm and has been extensively utilized for both cancer diagnosis
anticancer phototherapy,4143 However, the drawbacks of ICG, including its thermal- and photo-susceptibility, rapid
clearance in vivo, and dose-dependent aggregation properties, seriously limit its utility in the clinic.***> PFC is
a fluorine-substituted hydrocarbon derivative that was employed as the oxygen storage medium in ICFES because its
oxygen dissolubility (35-44 mmol L") is ~20-fold greater than that of water (2.2 mmol L™").*® Therefore, we anticipate
that the developed ICFES is a promising multifunctional anticancer agent that can 1) protect the encapsulated ICG from
disintegration, 2) simultaneously transport CPT and ICG to tumors in a targeted manner, 3) promote both PDT and
chemotherapy due to the reduction in hypoxia mediated by PFC, and 4) provide an anticancer effect with reduced
chemotoxicity since combination phototherapy decreases the effective dose of the chemical drug. The hypotheses

described above are comprehensively investigated in this paper.

Materials and Methods
Cell Culture

The murine melanoma B16F10 cells and hepatic FL83B cells were purchased from the Bioresource Collection and
Research Center (Hsinchu, Taiwan ROC). B16F10 cells were cultivated in Dulbecco’s modified eagle medium (DMEM)
supplemented with sodium bicarbonate (1.5 g L), extracellular vehicles (EV)-free fetal bovine serum (FBS; 10%), and
penicillin/streptomycin (100 U mL™"). FL83B cells were cultured in Ham’s F12K medium supplemented with FBS
(10%), L-glutamine (2 mm), sodium bicarbonate (1.5 g L"), and penicillin/streptomycin (100 U mL™"). Both cell lines
were maintained at 37 °C with 5% CO, and 100% humidity.

Exosome Collection

BI6F10 cellular exosomes (BCEs) were harvested via ultrafiltration as reported previously.*’ Briefly, the BI6F10 cell
culture supernatant was centrifuged at 1500 x g and 4 °C for 10 min, after which the supernatant was collected and
subjected to centrifugation again at 10000 x g and 4 °C for 10 min. The resulting supernatant was collected and
concentrated using ultrafiltration columns (100K MWCO Macrosep®™ Advance, Pall Corp., Port Washington, NY, USA)
according to the manufacturer’s instructions. The BCEs were extracted from the concentrated medium using qEV2-70
nm columns (Izon Science, Addington, New Zealand) and concentrated using the Microsep™ Advance Kit (Pall Corp.).
Finally, the BCEs were suspended in 1 mL of phosphate-buffered saline (PBS) and immediately subjected to a BCA
assay for protein quantification.

Preparation and Characterization of the ICFESs

The ICFESs were fabricated via a one-pot synthetic approach. In brief, 1 mL of PBS was added by 100 pL of a 50% (v/v)
solution of ICG (0.2 wt%, Sigma—Aldrich, St. Louis, MO, USA) in methanol, 100 pg of CPT (Sigma—Aldrich),
perfluorooctyl bromide (PFOB; Sigma—Aldrich), and BCEs (at a PFOB:BCE protein ratio of 400:1 (w/w)) in the dark
at room temperature. Afterward, the mixture was homogenized for 6 min and then maintained at 37 °C for one hour to
yield the ICFESs. After washing twice with deionized (DI) water followed by centrifugation at 6000 x g and 4 °C for
10 min, the ICFESs were resuspended in 1 mL of DI water and stored in the dark at 4 °C until use.

The morphologies of the BCEs and ICFESs were observed via scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) with uranyl acetate (UA; 2%) staining. The sizes and zeta potentials of the BCEs and
ICFESs were measured by dynamic light scattering (DLS). The encapsulation and loading efficiencies of ICG and CPT in
the ICFESs were assessed spectrophotometrically as described elsewhere.’
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ICFES stability was assessed by measuring the changes in both the quantity (Np) and size of the material after storage
at 4 °C and 37 °C for 7 days. ICFES size was measured by DLS every 48 h, whereas Np was estimated according to the
following formula:

Np= (1

where Xp represents the volume ratio of PFOB in the ICFES sample and can be determined via a gravimetric method in
combination with regression analysis as described previously.* and V" represent the volume of the entire ICFES sample
and a single spherical ICFES entity, respectively. The exosomal characteristics of the ICFESs were detected by
examining the expression of the exosomal markers tumor susceptibility gene 101 (TSG101) and cluster of differentiation
9 (CDY) via Western blotting.

Evaluation of the Cell Uptake Efficiency of the ICFESs

Twenty-four hours after being seeded in 6-well culture plates, BI6F10 and FL83B cells (each 5x10° cells per well) were
separately treated with an equal amount of ICFES ([ICG]/[CPT] = 5/5 uM) and incubated at 37 °C for 4 h. Afterward, the
cells in both groups were washed twice with PBS and subjected to spectrofluorometric analysis (excitation/emission
wavelengths = 730/818 nm) for detection of the intracellular fluorescence intensity of ICG which is represented by RFUs.
The cellular uptake efficiency of ICFES was quantitatively analyzed after normalization to the blank sample.

Assessments of ICG Degradation and Kinetics of CPT Release from the |ICFESs
ICFES samples with known absorbance values at A = 780 nm were placed at separately 4 °C and 37 °C in the dark. After
3,6, 12, 24, and 48 h, the ICFES samples under each temperature condition were centrifuged at 6000 x g and 4 °C for
30 min, after which the precipitates and the supernatants were collected separately. The precipitates were resuspended in
DI water and subjected to spectrophotometric analysis at A = 780 nm to determine the amount of ICG remaining in the
ICFESs, whereas the supernatant was spectrophotometrically analyzed at A = 370 nm to determine the amount of CPT
released. In addition, the degradation rate coefficient (K4) for both ICG encapsulated in the ICFESs and free ICG
maintained at 4 °C or 37 °C was calculated according to the following equation:*’

oy = (K ) @
where C(0) and C(t) denote the concentrations of ICG in the medium (ICFES or DI water) at time # = 0 and at a specific
time ¢ > 0, respectively.

To assess how NIR irradiation affects drug release, the designated dose of ICFES was exposed to NIR, and the
amount of CPT in the supernatant was measured via spectrophotometry (A = 370 nm) every 60 sec for 5 min. NIR
treatment was performed using an 808 nm laser with an output intensity of 6 W ¢cm 2. The temperature of the ICFES
system was continuously measured using a thermocouple throughout the 5 min of NIR exposure.

Assessments of Hyperthermia and Singlet Oxygen Yields of the ICFESs Upon NIR

Irradiation

ICFESs containing 0 (DI water only), 2.5, 5, 10, 20, 40, and 80 uM ICG in 200 pL of DI water were separately placed in
96-well culture plates at ambient temperature in the dark and exposed to NIR light irradiation with an 808 nm laser at an
intensity of 6 W cm 2. Moreover, the temperature of each system was measured using a thermocouple every 30 sec for
5 min. Furthermore, the production of singlet oxygen in each system was detected using a singlet oxygen sensor green
(SOSG) kit (Life Technologies, Carlsbad, CA, USA) every 60 sec for 5 min.

Assessment of the Photochemotoxicity of the ICFESs
Twenty-four hours after being seeded in 96-well culture plates, BIGF10 cells (5 x 10* cells per well) were treated with
NIR, free ICG + NIR, CPT, or ICFES + NIR, in which the NIR exposure was conducted using an 808 nm laser at an
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intensity of 6 W cm 2 for 5 min. The concentrations of the free agents (ICG and CPT) used in the assay were equal to the
ICG/CPT doses in ICFES ([ICG)/[CPT] = 0/0 (blank), 2.5/2.5, 5/5, 10/10, 20/20, and 40/40 pM). The ICG/CPT doses in
ICFES were calculated on the basis of their encapsulation efficiencies, as described above. The viability of the cells in
each system was assessed by both MTT and calcein-AM/propidium iodide staining assays 24 h after treatment.

Animal Model

C57BL/6 mice (32 £ 5 g, 67 weeks) were purchased from BioLASCO (Taipei, Taiwan ROC) for the animal assay.
Cancer grafting was conducted by subcutaneously injecting 5x10° BI6F10 cells into the flank region of each mouse,
and the tumor size (V) was calculated every 48 h according to the formula ¥ = (W? x L)/2, where W and L denote the
minor and major axes of the tumor, respectively. The experimental mice were subjected to in vivo assays when their
tumor sizes ranged from 80—-100 mm>. All of the animal protocols complied with the guidelines reviewed by the
Institutional Animal Care and Use Committee at Cathay General Hospital (Taiwan ROC, approval number: CGH-
IACUC-113-003).

Analyses of Homotypic Targeting and Intratumoral Retention Efficacies of the ICFESs
in vivo

ICG solution or ICFESs (50 pL, each containing 80 uM ICG) was injected intratumorally or intravenously via the tail
into the BI6F10 tumor-bearing mice. The fluorescence intensity of ICG in the groups that received an intravenous
injection was analyzed after 1, 4, 16, and 24 h using an IVIS imaging system (In-Vivo Xtreme II"™, Bruker, Billerica,
MA, USA), whereas that in the groups that received an intratumoral injection were monitored every 48 h for 7 days.
Furthermore, the livers, lungs, kidneys, hearts, spleens, and tumors of the intratumorally injected mice were harvested
after sacrifice on the 7™ day and subjected to fluorescence detection using the IVIS imaging system.

Evaluation of the in vivo Tumoricidal Efficacy of the ICFESs

B16F10 tumor-bearing mice were intratumorally injected with 50 pL of PBS, free ICG + NIR, CPT, ICFES, or ICFES +
NIR (n = 4 in each group), and NIR irradiation (808 nm; 6 W cm 2) was applied to the appropriate groups for 30 sec. The
doses of free ICG and CPT were equal to the [ICG]/[CPT] doses in ICFES, which were determined on the basis of the
in vitro photochemotoxicity test results. Each agent was administered intratumorally every 48 h for two weeks. The
tumor size, physical appearance, and body weight of each experimental mouse were evaluated every 48 h prior to
treatment, and the tumors and organs, including the liver, lung, kidney, heart, and spleen, were excised after the mice
were sacrificed for histological and biocompatibility studies.

Histological Analyses

Tissue specimens were prepared according to standard histological procedures, as described previously.** All of the
tissue samples were stained with hematoxylin and eosin (H&E), and the tumors were further examined via caspase-3 and
Ki-67 immunohistochemical (IHC) assays. All of the staining images were processed with Motic DSA software (Motic,
Kowloon, Hong Kong), and the expression levels of Ki-67 and caspase-3 in each tumor tissue sample were quantitatively
analyzed using Imagel.

Evaluation of the Systemic Toxicity of the ICFESs

To assess the systemic toxicity of ICFES, the aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood
urea nitrogen (BUN), and creatinine (CRE) levels, as well as the platelet (PLT), white blood cell (WBC), and red blood
cell (RBC) numbers, in all the experimental mice were measured using a serum bioanalyzer (FUJI DRI-CHEM 4000i,
FUIJIFILM, Tokyo, Japan) three days before the experiment (day —3) and after 14 days of treatment (day 14). In addition,
for the mice treated with chemo drugs, the amount of CPT in each of their organs (liver, lung, kidney, heart, and spleen)
was measured via spectrophotometry analysis after sacrifice.
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Statistical Analysis

MedCalc software (version 17.2) was used for data analysis, and the results are presented as the means + standard
deviations (SDs) with n > 3. Comparisons between two groups were made via Student’s ¢ test followed by Dunnett’s post
hoc test. P < 0.05 was considered statistically significant throughout the study.

Results and Discussion

Fabrication and Characterization of the |CFESs

The fabrication of the ICFESs is schematically presented in Figure 1 (I). Based on the hydrophilic/hydrophobic
characteristics of the agents, we anticipate that the PFOB was entrapped in the interlayer of the ICFES, while both
ICG and CPT were encapsulated in the central/inner water phase of the ICFES, as illustrated in Figure 1 (I). Figure 1 (II)
shows SEM and TEM images of the BCEs and ICFESs, which reveal that the engineered ICFESs (Figure 1 (II), b and d)
retained the granular morphology of the BCEs after the drug encapsulation process including sonication and high-speed
centrifugation, but show a rougher surface (Figure 1 (II), a and b) and plumper shape (Figure 1 (II), ¢ and d) compared to
the BCEs. The ICFES sample appeared as a green emulsion as illustrated in Figure 1 (IIl/a). The dark precipitate and
clear supernatant after centrifugation shown in Figure 1 (III/b) indicated that ICG and CPT were certainly encapsulated in
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Figure | Fabrication and characterization of the ICFESs. (I) Schematic of ICFES fabrication. (II) SEM (a and b) and UA-stained TEM (c and d) images of the BCEs (a and c)
and ICFESs (b and d) at 40,000% and 100,000% magnification, respectively. (IIl) Visual appearance of the ICFES sample before (a) and after (b) centrifugation. (IV and V) Size
distributions (IV) and zeta potentials (V) of the BCEs and ICFESs determined by DLS. (VI and VII) Variations in the size (VI) and exosome density (V1) of the ICFESs after
incubation at 4 °C or 37 °C for 7 days. The values presented are the means + SDs (n = 3) *P < 0.05. (V1II) Images of Western blotting for the proteins of TSG101, CD9, and
GAPDH expressed in the BI6F10 cell lysate, BCEs, and ICFESs. (IX) Verification of ICFES homology. The fluorescence intensity of ICG in the ICFES-treated FL83B and
BI6F10 cells was detected by spectrofluorometry and is quantitatively represented by RFUs. The values presented are the means + SDs (n = 3) *P < 0.05.
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the exosomes. DLS analysis revealed that the BCEs and ICFESs had sizes of 136.4 = 35 nm and 281.3 = 86 nm (Figure 1
(IV)) and zeta potentials of —5.6 mV + 8.1 mV and —30.5 mV + 10 mV (Figure 1 (V)), respectively. We attributed the
increase in size of the ICFESs to chemical encapsulation, whereas the greater negative charge of the ICFESs was likely
due to the adsorption of anionic ICG on its surface. The encapsulation efficiencies of ICG and CPT in the ICFESs were
98.8 + 1.22% and 85.6 + 3.47%, respectively, while their loading rates were 0.27 = 0.05 wt% and 0.13 + 0.02 wt%,
respectively.

The stability of the ICFESs was assessed by detecting the changes in size and particle number after storage at
different temperatures over time. After incubation at 4 °C and 37 °C for 7 days, the ICFESs slightly increased in size by
4.27% and 7.45%, respectively (Figure 1 (VI)), whereas the density dramatically decreased by 16.4% and 39.6%,
respectively (Figure 1 (VII)). The quantity of ICFES significantly changed at 4 °C and 37 °C (P < 0.05), indicating that
the ICFESs are sensitive to the environmental temperature.

The exosomal integrity of the ICFESs after sonication was evaluated via Western blotting. As presented in Figure 1
(VIII), the typical exosome markers TSG101 and CD9°*! were expressed in the BCE and ICFES samples, but the
expression level of TSG101 in the ICFES samples was much lower than that of CD9. This observation was attributed to
the fact that TSG101 is an intraexosomal/cytosolic biomarker rather than a transmembrane protein such as CD9. It has
been known that sonication-mediated drug encapsulation reorganizes the exosomal loads, which leads to exchange of the
substances inside and outside the exosomes® and the subsequent loss of cytosolic molecules; therefore, trace amounts of
TSG101 were detected in the ICFES samples.

Homologous Targeting Effect of the ICFESs

The uptake of the ICFESs by the BCE source cells (B16F10 cells) was assessed by measuring the fluorescence intensity
of ICG and comparison with the results obtained with murine hepatocytes. As shown in Figure 1 (IX), the RFUs of the
B16F10 cells was 1.7-fold (P < 0.05) higher than that of the FL83B cells after 4 h of ICFES treatment, indicating that the
ICFESs are more rapidly internalized by the cells from which the exosomes were derived than by other types of cells
in vitro. These results demonstrate the homologous targeting property of the ICFESs to their parental cells, and we
attributed this efficacy to the function of CD9 as reported previously.>

Thermal Stability of the ICG Encapsulated in the ICFESs
Figure 2 (I/a) shows the variations in the UV—Vis spectra of free ICG and ICG entrapped in the ICFESs after incubation at 4 °C
or 37 °C for 48 h. According to the quantitative analysis, ICG degradation increased with increasing temperature and was
remarkably greater in aqueous solution than when encapsulated in ICFES at the same temperature (Figure 2 (I/b)). These
results show the photo- and thermosensitivity of I[CG.***°

In contrast to the high degradability of ICG, > 60% of the encapsulated ICG was retained in the ICFESs after
maintenance at 37 °C for 48 h, and this retention ratio was even greater than that obtained from the free ICG under 4 °C
storage for 48 h. Analysis of the degradation rate coefficient (Table 1) showed that the thermal stability of the ICG
encapsulated in the ICFESs was approximately 3.4- (P < 0.05) and 2.9-fold (P < 0.05) greater than that of free ICG after
48 h of incubation at 4 °C and 37 °C, respectively, demonstrating that the thermal stability of ICG increases dramatically
upon exosomal encapsulation.

Release Kinetics of the CPT Encapsulated in the ICFESs Upon NIR Irradiation
Figure 2 (Il/a) shows the spectra of CPT after it was released from the ICFESs into the supernatant during 48 h of
incubation under different temperature conditions. A biphasic release pattern, with rapid release occurring during the first
three hours followed by slow sustained release, was observed at both temperatures, resulting in cumulative release rates
of 15% and 47% at 4 °C and 37 °C, respectively (Figure 2 (II/b)). These data indicate that higher temperature promotes
drug release from the ICFESs because heat increases nanoparticle mobility and the incidence of collisions, leading to
breakdown of the exosome and drug leakage.

The CPT release kinetics upon NIR exposure were further analyzed to assess the photochemical efficiency of the ICFESs.
As presented in Figure 2 (IIT), drug release occurred quickly with a biphasic pattern upon NIR irradiation, and the cumulative
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Figure 2 Thermal stability and phototherapeutic effects of the ICFESs in vitro. (I) a: UV—Vis spectra of free ICG and the ICFESs showing ICG degradation over 48 h at
different temperatures. The absorbance at A = 780 nm in each spectrum indicates the amount of ICG in the sample. b: Ratio of the amount of ICG remaining in aqueous
solution and the ICFESs after incubation at 4 °C and 37 °C for 48 h. (Il) a: UV—Vis spectra of the ICFES supernatant showing the release of CPT over 48 h at different
temperatures. The absorbance at A = 370 nm in each spectrum indicates the amount of CPT in the supernatant. b: Kinetics of the release of CPT encapsulated in ICFES after
incubation at 4 °C or 37 °C for 48 h. (lll) Kinetics of the release of CPT encapsulated in ICFES upon NIR irradiation for 5 min (black curve). The red curve indicates the
change in temperature of the exosomal system over the 5 min of NIR exposure. (IV and V) Hyperthermia (IV) and singlet oxygen yield (V) produced from different
concentrations of free ICG or ICFESs over 5-min NIR irradiation. The values in (I)=(V) are the means + SDs (n = 3).

release of CPT was approximately 46% after 5 min of NIR exposure. Considering that temperatures > 70 °C (Figure 2 (III)) are
detrimental to the exosomal membrane,>* we assume that upon NIR treatment, the ICFESs quickly disintegrated and thus
released large amounts of CPT during NIR irradiation. These data indicate that CPT release efficiency from the ICFESs can be
greatly promoted by NIR irradiation.

Hyperthermia and Yield of Singlet Oxygen Induced by the ICFESs Upon NIR
Irradiation

Figure 2 (IV) shows the thermoresponsive profiles of free ICG and ICFESs with different ICG concentrations upon NIR
irradiation. The systemic temperature increased to > 42 °C within 5 min of NIR irradiation in both groups when the ICG
concentration was > 10 uM. However, the thermal effectiveness of the ICFESs was lower than that of free ICG at an
equal concentration. We speculate that this occurred because only some of the ICG in the nanocarrier was irradiated due
to shielding by the exosomes, which is in contrast to what occurred in the aqueous solution where all of the ICG
molecules react simultaneously upon NIR exposure, leading to reduced hyperthermia efficacy. Furthermore, since PFOB
has a higher evaporation enthalpy (~45.6 KJ mol ') than water (40.7 kJ mol '), the temperature change in PFOB
nanocarrier (ICFES) is lower than that in aqueous solutions (free ICG). Moreover, lipocarrier decomposition is an
endothermic process that may decrease the systemic enthalpy;>® therefore, the change in the ICFES temperature is

Table | Degradation Percentages and K Values of Free ICG and ICG
Encapsulated in the ICFESs After Incubation at 4 °C and 37 °C for 48 h

Group Temperature (°C) | Degradation (%) | Ky (h™')

Free ICG 4 49.8% 0.0141
37 77.6% 0.0312

ICFES-encapsulated ICG 4 18.1% 0.0042*
37 38.3% 0.0107*

Note: *P < 0.05 compared with the free ICG group at the same temperature.
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anticipated to be moderate compared with that in aqueous solutions. Nonetheless, these results indicate that ICFES can
induce hyperthermia in a dose-dependent manner upon NIR exposure and consequently provide PTT.

Figure 2 (V) shows the singlet oxygen production efficacies of free ICG and the ICFESs during 5 min of NIR
exposure. ICFES rapidly generated singlet oxygen within one minute of NIR irradiation with yields approximately 70%
higher than those produced with an equal concentration of free ICG on the basis of RFU analysis. We reason that this
increased ROS generation was mainly due to the PFC component, since PFOB has about 24-fold higher oxygen
dissolubility (53 mmol O, Lprog ') than water (2.2 mmol O, Ly |),>° which allows ICFES to carry more oxygen
than free ICG and enables the production of more singlet oxygen upon NIR irradiation.

Photochemotoxicity of the ICFESs in vitro

Figure 3 (I) shows the living and dead B16F10 cells 24 h after different treatments. MTT analyses (Figure 3 (II)) showed
92% cell viability after exposure to NIR without ICG (Figure 3 (II), X2), suggesting that the toxicity of 5 min of NIR
(808 nm; 6 W cm %) alone is negligible. On the other hand, all the drug-treated groups exhibited dose-dependent
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Figure 3 Photochemotherapeutic effects of the ICFESs in vitro. (A) Fluoromicrographic images of the BI6F10 cells 24 h after treatment with none (X1; blank control), NIR
alone (X2), free CPT (al-a5), free ICG + NIR (bl-b5), ICFES (cl1—c5), or ICFES + NIR (dI1-d5). The doses of ICG and/or CPT provided by the free agents or ICFES were
[ICG)/[CPT] = 0/0, 2.5/2.5, 5/5, 10/10, 20/20, and 40/40 puM, as indicated in the figure. Green and red spots indicate live and dead cells stained with calcein-AM and
propidium iodide, respectively. Scale bar = 100 um. (B) Quantitative analyses of the viability of BI6FI0 cells 24 h after various treatments. The values presented are the
means + SDs (n = 3). a, b, ¢, d, and e represent P < 0.05 compared to the group treated with none, NIR alone, free CPT, free ICG + NIR, and ICFES, respectively, under equal
ICG and/or CPT dose setting.

International Journal of Nanomedicine 2025:20 hetps: 335



Lee and Huang

decreases in cell viability (Figure 3 (I), Rows a—d), and the ICFESs without NIR displayed in vitro anticancer efficacy
similar to that of free CPT at the same dose. ICFES + NIR treatment led to significantly decreased cellular viability (<
10%) at ICG/CPT doses of > 20/20 uM, which was similar to the efficacy achieved with free ICG + NIR. These results
clearly indicate that the ICFESs in combination with NIR irradiation destroyed cancer cells, and phototherapy played
a vital role in the ICFES-mediated anticancer approach. However, using free ICG may not be appropriate in clinical

44,45

practice because it has off-target effects and is susceptible to the physiological environment, making it unfavorable

for use in vivo.

Homologous Targeting and Intratumoral Retention of the ICFESs in vivo
Given that the ICFESs were rapidly taken up by cancer cells in vitro (Figure 1 (IX)), the homologous tumor targeting and
intratumoral retention of the ICFESs in vivo were further assessed using the fluorescence intensity of ICG as an indicator.
As presented in Figure 4 (I), the fluorescence was barely detected in the group with free ICG after intravenous injection
for an hour, but marked fluorescence can be obtained in the tumors 16 h after treatment with the ICFESs according to the
degree of fluorescent expression. This result was attributed to the capabilities of immune escape, cancer-targeting, and
rapid cellular uptake of ICFES due to the exosomal membrane.?> 2

Figure 4 (II) shows the results of the intratumoral assay over 7 days. ICFES fluorescence was detectable throughout
the experiment, whereas that of free ICG was barely detected after 24 h, indicating that the retention of the ICFESs in
tumors was significantly greater than that of the free agents. On the basis of the fluorescence intensities in the organs and
tumors in situ on the 7™ day after intratumoral injection (Figure 4 (III)), the ICFESs were detected in the tumors
(Figure 4 (III/B, a)) and livers (Figure 4 (III/B, f)), whereas no fluorescence from free ICG was detected (Figure 4 (III/A,
a—f)), which is consistent with the results shown in Figure 4 (II).

Tumoricidal Effects of the ICFESs in vivo

On the basis of the photochemotoxicity of ICFES to melanoma shown in Figure 3, ICFES with 40/40 uM ICG/CPT was
used for the animal study. Figure 5 (I) shows the conditions of the mice subjected to various treatments over the 14-day
experiment. Only ICFES + NIR treatment successfully suppressed tumor growth (Figure 5 (I), Row e), whereas the
tumors in all the other groups (Figure 5 (I), Rows a—d) markedly grew during the 14 days. The body weights of the mice
in each group did not significantly change throughout experiment (Figure 5 (II), P = NS for each). According to the
measurement of tumor size plotted in Figure 5 (III), CPT and ICFES without NIR cannot inhibit the growth of melanoma,
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Figure 4 Tumor-targeting and retention of the ICFESs in vivo. (I) Time-lapse fluorescence images of ICG in BI6FI10 tumor-bearing mice after intravenous tail injection of
free ICG or ICFESs within 24 h. (Il) Time-lapse fluorescence images of ICG in BI6F10 tumor-bearing mice after intratumoral injection of free ICG or the ICFESs within 7
days. The dashed circles in (I) and (Il) indicate the positions of the tumors in vivo. (Ill) Images of ICG fluorescence in the tumors and five organs collected from the mice 7
days after intratumoral injection of free ICG (A) or the ICFESs (B). a, b, ¢, d, e, and f represent the tumor, heart, kidney, spleen, lung, and liver, respectively. The arrows in
B indicate the locations of the ICG signals in the tumor and liver.
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Figure 5 Anticancer effects of the ICFESs in vivo. (I) Appearance of the BI6FI0 tumor-bearing mice after 14 days of various treatments. (Il and Ill) Variations in body
weight (I1) and tumor size (Ill) of the experimental mice within 14 days. (IV) Photograph of all tumors collected after sacrifice on the 14" day. (V) The weights of the
tumors in each group after 14 days of treatment. The values in (Il), (), and (V) are the means + SDs (n = 4). *P < 0.05.

resulting in 21.7 and 20.4-fold increased size of tumors, respectively, after 14 days. Free ICG + NIR was able to damage
tumors, but cancer cells without irradiation remained intact and continuously grew over time, resulting in tumors with
a 10.7-fold increased size after 14 days. Only ICFES + NIR treatment effectively halted melanoma cell proliferation, and
the tumor size was merely enhanced by 1.5-fold after two weeks. Moreover, the above anticancer efficacies achieved by
different settings can be truly verified by the real dimensions (Figure 5 (IV)) and weights (Figure 5 (V)) of tumors
measured after extraction. Taken together, these findings clearly indicate that ICFESs with 40/40 uM ICG/CPT in
combination with 30 sec of NIR exposure (808 nm; 6 W c¢m ) enabled photochemotherapy of cancer in vivo.

The anticancer efficacy of the ICFESs without NIR was greater than that of free CPT at the same concentration on the
basis of tumor size (Figure 5 (III)). Such a result could be explained that because ICFES have longer intratumoral
retention time than free agents (Figure 4 (II)) and thus provide higher tumoricidal efficacy. Furthermore, the ICFESs
containing PFOB may oxygenate the TME and alleviate hypoxia-induced drug resistance accordingly. In addition, 40 uM
CPT alone may not be sufficient for anticancer applications in vivo since less than 50% cell mortality was achieved by
such a dose in vitro as illustrated in Figure 3 (B). However, CPT is critical for ICFES-mediated photochemotherapy
because it can offer sustained anticancer effects by interfering the proliferation of surviving cells after phototherapy. This
long-term growth inhibition is crucial for anticancer process but was not performed in the group with free ICG + NIR,
resulting in grown tumors as shown in Figure 5 (II). Given that the ICFESs are equipped with both phototherapeutic and
chemotherapeutic functionalities, they are certainly able to arrest the cancer progression upon NIR irradiation.
Furthermore, since the ICFESs with 40 uM CPT (< ICs) is sufficient for cancer treatment, they are foreseeably able
to alleviate chemotoxicity and drug resistance to patients when providing tumoricidal efficacy.

Prognosis of Cancer Development After ICFES-Mediated Photochemotherapy
Figure 6 (I) shows the H&E-stained images of tumors from mice subjected to 14 days of various treatments. Except for
the group with ICFES + NIR (Figure 6 (I), column e), the other four groups showed significant cancer cell proliferation
and agglomeration (Figure 6 (I), columns a—d), implying that the tumors in the latter groups were growing with high
integrity, and that can be reflected by their larger sizes and weights as shown in Figure 5.

Cancer progression after treatment was assessed in each group by IHC staining for caspase-3 and Ki-67 on the tumor
tissues. Caspase-3 is highly involved in apoptosis and plays vital roles in both receptor- and mitochondria-mediated cell
death pathways.”” Moreover, activation of caspase-3 is necessary to trigger cancer cell apoptosis in response to various
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Figure 6 Histological analyses of the tumors collected after animal sacrifice. (I-1ll) Representative H&E staining images (I) and caspase-3 (Il) and Ki-67 (Ill) IHC staining
images of tumor tissues from each group. a2—e2 are magnified images of the areas marked in al—el. (IV and V) Expression levels of caspase-3 (IV) and Ki-67 (V), which are
presented as percentages of the areas with marker expression, in the tumor tissues of each group. The values are presented as the means * SDs (n = 4) *P < 0.05.

chemotherapeutic agents such as CPT.*® Ki-67 is a nuclear protein that is highly expressed in growing cells but down-
regulated when the cells are in the resting/GO phase,” making Ki-67 a valuable biomarker for assessing cellular proliferation
and cancer development.®! Figure 6 (IT) and (IIT) display the protein expression levels of caspase-3 and Ki-67 in the IHC
images of the tumors from the different treatment groups. Compared with those in the other four groups, the tumors in the
ICFES + NIR group presented approximately 3-fold greater expression of caspase-3 (Figure 6 (IV), P < 0.05 for each) and
5-fold lower expression of Ki-67 (Figure 6 (V), P < 0.05 for each) after 14 days of treatment, indicating that most of the
cancer cells in this group had committed to apoptosis instead of proliferation after treatment. These data are consistent with
the results of tumor development shown in Figure 5, suggesting that the incidence of tumor recurrence in the ICFES + NIR

group is rather low. However, further validation is needed and efforts are currently in progress.

Systematic Toxicity of the ICFESs

Figure 7 (I) displays the quantitative analyses for blood cell numbers and hepatic as well as renal functions of the tumor-
bearing mice before and after treatment. All of the drug-treated mice exhibited changes in marker expression levels that
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Figure 7 Systemic toxicity of the ICFESs. (I) Concentrations of the serum markers AST (a), ALT (b), BUN (c), and CRE (d), as well as the WBC (e), RBC (f), and PLT (f)
counts of all the experimental mice measured 3 days prior to treatment (day —3) and immediately before sacrifice (day 14). The values are the means * SDs (n = 4) *P < 0.05;
P < 0.05 compared with the PBS group at the same time point. (B) Quantitative analysis of the amount of CPT in the hearts, kidneys, spleens, lungs, and livers of the mice
after 14 days of treatment. The values are the means + SDs (n = 4) *P < 0.05 compared with the value obtained from the same organ in the PBS group. (llI)
Photomicrographs of H&E-stained heart, kidney, spleen, lung, and liver tissues excised from the BI6FI0 tumor-bearing mice with various treatments after sacrifice on
the 14™ day.

were similar to those in the PBS, suggesting that the modalities and dosages of the treatments were not toxic to their liver
(Figure 7 (I), a and b), kidney (Figure 7 (I), ¢ and d), or blood (Figure 7 (I), e—g) over 14 days of treatment.
However, the AST levels (Figure 7 (I/a)) and PLT counts (Figure 7 (I/g)) in the PBS, free CPT, ICG + NIR, and
ICFES groups significantly increased after 14 days (P < 0.05 for all). In contrast, those values showed the least change in
the group with ICFES + NIR and were significantly lower on the 14™ day than those in the PBS group (P < 0.05 for
both). We hypothesize that the increased expression of these two markers was likely the result of cancer progression
rather than the therapeutic regimen. AST, also known as glutamate oxaloacetate transaminase (GOT), is a widely used
serum marker of hepatic function, and elevated levels of AST often imply hepatic injury.> On the other hand, an elevated
PLT count is strongly correlated with cancer progression because an increase in PLT number can promote tumoral
angiogenesis and consequently enhance cancer metastasis.®’ Since melanoma is characterized by high serum PLT

64,65 6657 the increases in AST and

levels and is one of the most typical carcinomas that may lead to liver metastasis,
PLT align with the known risks and clinical syndromes.

The amounts of CPT remaining in the tumors and five other organs of the mice administered CPT (the free CPT and
ICFES + NIR groups) were analyzed to assess the systemic effects of the ICFESs (Figure 7 (II)). Compared with the
amount of CPT in each organ of the PBS group, CPT may have accumulated in the liver (P < 0.05) but not the heart,
spleen, lung, or kidney (P = NS for each) after 14 days of treatment. These data are consistent with the results described
previously®® as well as those shown in Figure 4 (III). In addition, all three drug-treated groups presented similar CPT
levels in the liver (P = NS for each), implying that the developed PFC exosomal carriers did not affect CPT metabolism
in vivo. Furthermore, neither noticeable lesions nor inflammatory responses were found in the five examined organs from
all the drug-treated mice in comparison with those in the PBS group (Figure 7 (III)), indicating that ICFES + NIR is

highly biocompatible in vivo.

Conclusions

In this study, an engineered PFC exosome carrying photosensitizers (ICG) and chemotherapeutic agents (CPT), named
ICFES, was designed and fabricated for targeted cancer photochemotherapy. With the inclusion of PFOB, ICFES
maintains the functional properties of exosomes and enables the increased production of singlet oxygen for PDT without
limitations of the hypoxic nature of TME. Furthermore, the ICFESs encapsulating multifunctional agents decreased the
effective dose of CPT and consequently reduced the chemotherapeutic drug-induced side effects. In a murine model of
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melanoma, we further demonstrated that the ICFESs had homologous cancer targeting effects, a longer duration of
intratumoral retention, and effective tumoricidal activity upon NIR irradiation without systemic toxicity. These inhibitory
effects were thought to be achieved via a dual-stage anticancer mechanism of phototherapy followed by chemotherapy.
While homologous tumor targeting and cancer photochemotherapy can also be carried out using cancer-membrane-
camouflaged nanoemulsions made by multiple polymers,® this paper is the first report showing how exosomes can
incorporate with PFC to overcome the issues of off-target drug transport, severe chemotoxicity, and TME hypoxia, and
thus provide new insights into anticancer exosomics.
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