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ARTICLE INFO ABSTRACT

Keywords: Curcumin is a natural molecule widely tested in preclinical and clinical studies due to its antioxidant and anti-
nanoparticle inflammatory activity. Nevertheless, its high hydrophobicity and low bioavailability limit in vivo applications. To
€xosome overcome curcumins drawbacks, small extracellular vesicles (sEVs) have emerged as potential drug delivery
curcumin

systems due to their non-immunogenicity, nanometric size and amphiphilic composition. This work presents
curcumin cargo into milk sEV structure and further in vitro and in vivo evaluation as a therapeutic nanoplatform.
The encapsulation of curcumin into SEV was performed by two methodologies under physiological conditions: a
passive incorporation and active cargo employing saponin. Loaded sEVs (sEVCurPas and sEVCurAc) were fully
characterized by physicochemical techniques, confirming that neither methodology affects the morphology or
size of the nanoparticles (sEV: 113.3+5.1 nm, sEVCurPas: 127.0+4.5 nm and sEVCurAc: 98.5+3.6 nm). Through
the active approach with saponin (sEVCurAc), a three-fold higher cargo was obtained (433.5 pg/mL) in com-
parison with the passive approach (129.1 pg/mL). These sEVCurAc were further evaluated in vitro by metabolic
activity assay (MTT), confocal microscopy, and flow cytometry, showing a higher cytotoxic effect in the tumoral
cells RAW264.7 and HepG2 than in primary hepatocytes, specially at high doses of sEVCurAc (4%, 15% and 30%
of viability). In vivo evaluation in an experimental model of liver fibrosis confirmed sEVCurAc therapeutic effects,
leading to a significant decrease of serum markers of liver damage (ALT) (557 U/L to 338 U/L with sEVCurAc
therapy) and a tendency towards decreased liver fibrogenesis and extracellular matrix (ECM) deposition.

drug delivery system
hepatic disease
extracellular vesicle

1. Introduction mortality worldwide, with more than 840 million people affected and 2
million deaths in 2020 [1]. Various causes of CLD may involve a pro-
Chronic liver disease (CLD) is a major cause of morbidity and gressive deterioration of liver function leading to fibrosis. Liver fibrosis
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disease; ROS, reactive oxygen species; DDS, Drug delivery systems; NPs, nanoparticles; PBS, phosphate-buffered saline; DLS, Dynamic light Scattering; NTA,
Nanoparticle Tracking Analysis; TEM, Transmission Electronic Microscopy; RT, room temperature; FC, Flow Cytometry; SCy5, Sulfo-cyanine5 NHS ester; HPLC, high
performance liquid chromatography; AM, attachment media; DMEM, Dulbecco’s Modified Eagle Medium; FBS, Fetal Bovine Serum; DPBS, Dulbecco’s phosphate-
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represents the excessive accumulation of ECM proteins, mostly collagen,
that occurs in many types of CLD. Advanced liver fibrosis results in
cirrhosis, liver failure, and portal hypertension and often requires liver
transplantation [2]. The pathology of liver fibrosis is associated with
increased oxidative stress, regardless of the origin of the liver pathology
[3]. The excess of reactive oxygen species (ROS) and the imbalance
between oxidants and antioxidants give rise to oxidative stress, which
can lead to the degradation of cellular components. Although our
knowledge of the cellular and molecular mechanisms of liver fibrosis has
greatly advanced in the last decades, the reversibility of advanced liver
fibrosis in patients is still an issue, which has stimulated researchers to
work on the development of antifibrotic drugs. Therefore, there is a need
for therapeutic interventions that might be effective in experimental and
clinical liver fibrosis.

Curcumin is a natural polyphenol molecule extensively employed as
a treatment for multiple diseases due to its beneficial properties,
attributed to its anti-oxidative, anti-inflammatory, immunomodulatory,
and protective properties [4,5]. This natural compound has been widely
investigated in the treatment of several liver diseases, including
non-alcoholic and alcoholic steatohepatitis [6-8]. Curcumin inhibits
inflammatory molecules and enhances antioxidant defense, protecting
against liver illnesses as well as cardiovascular, neurological, or tumoral
damage [9-12]. Despite the promising application of curcumin as an
efficacious and safe compound for therapy, some limitations still need to
be addressed, such as its poor bioavailability associated with its low
solubility, limited absorption, rapid metabolism, and rapid elimination
[13]. To overcome these limitations, several methodologies have been
developed to improve drug bioavailability and enhance drug delivery to
target tissues. Thus, the use of novel nanoparticle-based drug delivery
systems has emerged as one promising tool [14,15].

In the development of novel drug delivery systems (DDS) based on
nanometric platforms, small extracellular vesicles (sEVs) are emerging
as interesting natural nanoplatforms. sEVs are natural vesicles with a
nanometric size (30-150 nm), physiologically released by the cells [16].
They are well-known for their implication in the exchange of lipids,
proteins, mRNA or effector molecules between cells [17]. In addition, in
the last decade these vesicles have been widely employed in the devel-
opment of imaging agents for diagnosis [18,19] and as natural nano-
particles (NPs) for therapy [20]. Their intrinsic characteristics make
them appropriate candidates for their use as DDS [21]. On the one hand,
their structure based on a bilipid membrane allows the incorporation of
hydrophilic molecules into their aqueous lumen as well as hydrophobic
drugs into their lipidic membrane, similar to that of synthetic liposomes
[22,23]. On the other hand, their natural origin reduces possible toxicity
and immunogenicity [24]. Finally, from a chemical point of view, the
richness of their biochemical composition provides numerous functional
groups that facilitate possible structural modifications or
biofunctionalizations.

sEVs are secreted by a number of different cells, and they can be
isolated from different biological fluids such as blood, urine, and milk
[24-26]. Among all types of natural NPs, milk derivate sEVs are a
potentially interesting resource due to their scalability, low cost and
reduced immunogenicity [24]. Previous studies by our group demon-
strated the promising application of goat milk sEVs as natural NPs in
inflammatory processes, as well as their high hepatic uptake [18,27].

The aim of this work was to develop a novel DDS for curcumin by
employing goat milk sEVs as nanovehicles (SEVCurPas and sEVCurAc).
In vitro and in vivo validation as a therapeutic system is also presented
in a model of experimental liver fibrosis.

2. Materials and methods
2.1. Milk sEV isolation

sEVs were obtained following previous protocols developed by our
group [18]. Briefly, sEVs were isolated and purified from goat
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semi-skimmed milk (El Cantero de Letur, Albacete, Spain) by differential
centrifugation at 4°C using a centrifuge instrument Avanti J-30I (Beck-
man Coulter, Brea, CA, USA), rennet and size exclusion chromatog-
raphy. To remove fat globules and milk casein, milk was centrifuged
10 min at 5,000 x g and mixed with microbial rennet (Ultzama, Navarra,
Spain). The supernatant was sequentially centrifuged for 10 min at 5,
000x g, 35 min at 13,000 x g, and 15 min at 35,000 x g to eliminate large
vesicles and cell debris. Finally, milk whey was ultracentrifuged at 100,
000 x g for 70 min to precipitate the sEVs. The resultant pellet was
washed three times with phosphate-buffered saline (PBS 1X) and puri-
fied by PD-10 size-exclusion columns (Cytiva, Merck, Germany). sEVs
were concentrated by ultracentrifugation at 100,000 x g for 90 min and
dispersed in 100 uL PBS 1X and stored at —80°C until used (Scheme S1).

Protein content of sEVs was quantified by Bradford Coomassie
methodology (Merck, Germany) and measured by a microplate-reader
(680 XR, BIO-RAD, Hercules, California, USA).

2.2. Encapsulation of curcumin in milk sEVs structure

2.2.1. Passive methodology (sEVCurPas)

For the passive incorporation of curcumin into the vesicle structure
(sEVCurPas), 200 pg of sEVs were mixed with 1000 pg of curcumin
(Merck, Germany) in 1 mL of Phosphate-buffered saline (PBS) (Gibco,
Life Technologies, Madrid, Spain). As control samples, SEVs were also
exposed to similar reaction conditions without curcumin. The samples
were incubated at 37°C in agitation (300 rpm) and dark conditions
during 90 min for passive approach. Then, each sample was purified by
PD-10 size exclusion columns, collecting the initial 3 mL of the sample
for further physicochemical characterization.

2.2.2. Active methodology (sEVCurAc)

Active cargo of the curcumin in the sEV structure (sEVCurAc) was
achieved by means of saponin (Merck, Germany) by mixing 200 pg of
sEVs with 1000 pg of curcumin, and 0.2% of saponin detergent in 1 mL
of PBS 1X. As controls samples (SEVAc), we performed the same steps
above without adding curcumin. In both assays, we obtained a homo-
geneous solution by using the vortex for 10 s. Then, each sample was
purified by PD-10 size exclusion columns, collecting the initial 1.5 mL of
the sample to for its physicochemical characterization.

2.3. Physicochemical characterization

2.3.1. Dynamic Light Scattering (DLS)

Hydrodynamic size of the samples was measured in a Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK). sEVs were diluted in 1 mL of
PBS 1X (1:250) and filtered using a 0.45 pm filter. Size distribution was
analyzed at 25°C according to the manufacturer’s instructions.

2.3.2. Nanoparticle tracking analysis (NTA)

NTA was performed using a Nanosight NS300 instrument equipped
with a 532 nm green laser and sCMOS camera (Malvern Instruments,
Malvern, UK). To define the size and concentration of the particles, the
samples were diluted appropriately in PBS 1X solution and filtered by
0.45 um filter. Five videos were recorded under 0.9 cP (water) and 25°C
conditions. Real-time concentration (particles/mL), mean, mode and
median of the extracellular vesicles were analyzed by NTA 3.4 Build
software.

2.3.3. Transmission electron microscope (TEM)

sEV morphology and structure were characterized by TEM employ-
ing a JEOL JEM-1010 (JEOL, Japan) in Centro Nacional de Microscopia
Electrénica (Madrid, Spain). Samples were prepared by diluting sEVs in
PBS 1X (1:5) and filtered by 0.45 pm. A drop was put on a 200 mesh
Formvar-coated copper grid previously negative staining with uranyla-
cetate (2%) by glow discharge. Images were acquired at 100 KV by a
Megaview II camera and processed by digital micrograph software.
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2.3.4. Nanophotometry

Curcumin incorporation into sEV structure was assessed by absor-
bance employing a NanoPhotometer OD600 equipment (Implen GmbH,
Germany) at room temperature (RT). sEVCurPas, sEVCurAc and
curcumin-free sEVAc were diluted (1:5) ratio in PBS 1X to do a mea-
surement in triplicate following the manufacturer’s instructions. As
negative control, PBS 1X was used. Between measurements, the system
was cleaned with distilled water. A standard curve of curcumin in a
range of 4 — 1000 ug/mL measured at 420 nm was plotted to evaluate the
incorporation of curcumin.

2.3.5. Flow cytometry (FC)

sEV based nanoconjugates were processed in a Flow Cytometer
equipment (Beckman Coulter, Brea, CA, USA) at RT and 405 and 488 nm
laser excitation for curcumin self-fluorescence detection and 633 nm
laser excitation for Sulfo-Cyanine5 NH ester (SCy5) fluorescence
detection. Data was evaluated by Gallios Software. Fluorescence data
was quantified and evaluated by FlowJo™ v10.7 software.

2.3.6. High Performance Liquid Chromatography (HPLC)

Purity of the SCy5 fluorescently labelled and curcumin encapsulated
nanovehicle (SEVSCy5-Cur) was confirmed by HPLC analysis Agilent
1200 series (Agilent Technologies, Santa Clara, CA, USA) equipped with
a UV-VIS detector (425 nm for curcumin and 600 nm for SCy5) and SEC-
3000 column (300 x7.8 mm; Phenomenex Inc., Torrance, CA, USA). An
isocratic gradient of PBS 1X with a flow rate of 0.5 mL/min for 50 min
was employed. Gina Star (Microbeam S.A., Madrid, Spain) Chromatog-
raphy Software was employed for data acquisition, evaluation, inte-
gration, and system control.

2.4. In vitro curcumin release from sEVCurAc

Release of curcumin from sEVCurAc was in vitro assessed in aqueous
solution at pH 7.4 by using 0.1 M NaHCOs buffer. sEVCurAc were
incubated at 37°C and 300 rpm and evaluated at 0, 1, 3, 6, 24, 48, 72,
144, 168, 192 and 216 h. For each time point, 100 uL of sample were
purified via Amicon 100 kDa (Merck, Germany) following manufac-
turer’s instructions. Then, we measured the absorbance of the pellet and
supernatant by NanoPhotometer OD600 equipment. To calculate the
percentage of curcumin concentration, the curcumin content in the su-
pernatant was divided by the combined curcumin concentration of the
supernatant and pellet.

2.5. Cell culture

Primary hepatocytes were freshly isolated from C57/BL6 wildtype
mice by a two-step protocol for hepatic perfusion from the inferior cava
vein [27]. Briefly, the liver was first perfused with Hank’s Balanced Salt
Solution (without phenol-red, calcium or magnesium; Gibco, Thermo-
Fisher Scientific, Waltham, MA, USA), containing 0.2 mM EGTA,
10 U/mL heparin and 10 mM HEPES (pH 7.4). Then, perfusion was
performed with Williams E Medium (Gibco, ThermoFisher Scientific,
Waltham, MA, USA), containing 10 mM HEPES (pH 7.4) and 0.4 mg/mL
collagenase type IV from Clostridium histolyticum (Merck, Germany).
Cells were resuspended, after filtering the digested liver through a 100
um-pore cell strainer, in attachment media (AM) (DMEM:F12 with 10%
FBS supplemented with 5 mM sodium pyruvate, 2 mM L-glutamine,
0.05% NaHCOs, 20 mM HEPES, 0.12% glucose, 0.02% BSA, 100 U/mL
penicillin, and 100 pg/mL streptomycin). Next, the mixture was
centrifuged at 50 x g, and purified with density gradient centrifugation
in an isotonic solution of Percoll (GE Healthcare Bio-Sciences AB,
Sweden). After a wash in AM with a 50 x g centrifugation, cells were
cultured in AM at 37°C in a humidified incubator containing 5% CO».

RAW 264.7 cells (ATCC® TIB-71™) and HepG2 cells (ATCC® HB
8065™) were provided by American Type Culture Collection. Cells were
cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM)
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(Merck, Germany) supplemented with 10% Fetal Bovine Serum (FBS)
(Cultek, Madrid, Spain) and 1% of penicillin/ streptomycin/ anfotericin
B (Cultek, Madrid, Spain) as antibiotics at 37°C in a humidified incu-
bator containing 5% COs.

2.6. Confocal microscopy

In vitro uptake of the nanoconjugate was visualized by confocal im-
aging. Cells were seeded in 24-well plates at a density of 3 x10% cells for
RAW 264.7 and HepG2 and 9 x10* per well over a circular coverslip of
12 mm diameter (Marienfeld Superior, Germany) in primary hepato-
cytes. Four hours after seeding, cells were treated with 0.5 pg/mL or
5 ug/mL of sEVCurAc diluted in Dulbecco’s phosphate buffered saline
(DPBS) (Merck, Germany). Cells were incubated with sEVCurAc at 37°C
and 5% of CO, for 5 min, 1 h, 4 h and 24 h. After those incubation time
points, we gently removed the medium and added 2% para-
formaldehyde for 10 min at RT to fix cells. Subsequently, well plates
were washed once with 1 mL of DPBS and stored at 4°C until labeling.
Each condition was performed in triplicate. In all experiments, cells
without treatment were used as control.

In the case of primary hepatocytes and HepG2 cells, a pre-
conditioning step was included. Therefore, before cell seeding over
treatment coverslips, rat tail collagen (Merck, Germany) was added to
the coverslips to allow the adhesion and growth of these cells. Briefly,
we prepared a solution (1:1000) of collagen in DPBS. We added 500 pL
of solution in each coverslip and then UV sterilized for 30 min and
incubated for 1 h at 37°C. Then, we removed the excess of collagen and
washed once with DPBS. We then removed the DPBS and seeded and
incubated the cells with the sEVCurAc following the protocol described
above.

2.7. Immunofluorescence labelling

Fixed cells were stained with 300 uL/well of phalloidin -ifluor 555
(ab176756, Abcam, Cambridge, UK) for actin cytoskeleton, and 4',6-
diamidino-2-phenylindole (DAPI) (Merck, Germany) for nuclei, during
30 min at RT in agitation and darkness conditions. Then, we washed
twice with PBS 1X. Subsequently, each coverslip was mounted over a
slice with mounting medium (DAKO, Merck, Germany) overnight at 4°C.
Samples were excited by 405 (DAPI), 488 (curcumin), 555 nm (phal-
loidin) and 635 nm (SCy5) laser with LEICA-SPE upright fluorescence
microscope (Leica, Germany). Images were analyzed by LCS 15.37
software Images were processed by Fiji ImageJ software (U. S. National
Institutes of Health, Bethesda, MD, USA).

2.8. MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
kit (MTT) (Merck, Germany) was employed in the assessment of in vitro
cytotoxicity of SEVCurAc at 24 h and 48 h in RAW264.7, primary he-
patocytes and HepG2. RAW264.7 or HepG2 were seeded on 96-well
plates (Corning, NY, USA) at a concentration of 1 x10* In the case of
primary hepatocytes, cells were seeded at a density of 2 x10* cells on
96-well plate previously treated with collagen. Cells were treated with
0.5 pg/mL or 5 pg/mL of sEV control (sEV)or loaded sEVs sEVCurAc at
37°C and 5% of CO,. After treatment time points (24 h and 48 h), 10 pL
of MTT reagent were added in each well and well-plates were incubated
2 h at 37°C. Then, the media was removed, and formazan crystals were
dissolved by adding 100 pL of DMSO. Then, absorbance was measured
(BIO-RAD, 680 XR) at 540 nm. Each condition was performed in
quadruplicate.

2.9. Cell uptake assessment of sEVCurAc by FC

FC was employed for the quantification of the in vitro incorporation
of sEVCurAc in cancer cell lines RAW 264.7 and HepG2 at 1 h, 4 h and



V. Albaladejo-Garcia et al.

24 h of incubation. Briefly, 1.5 x10° RAW 264.7 or 2 x10° HepG2 cells
were seeded in 12- well plates (Corning, NY, USA). Cells were treated
with 5 ug/mL of sEVCurAc diluted in DPBS. Cells were incubated at 37°C
and 5% of CO2 for 1 h, 4 h and 24 h. After that, cells were trypsinized
using EDTA-trypsin (Merck, Germany) for 10 min and then, well plates
were neutralized by FBS-depleted DMEM. All volume was recovered in
flow cytometry tubes (Beckman Coulter, Brea, CA, USA) and centrifuged
5 min at 600 x g. Subsequently, we removed supernatant and washed
once with 1 mL of DPBS. Then, tubes were centrifuged 5 min at 600 x g.
We removed supernatant again and resuspended in 250 pL of DPBS in
triplicate. Blank control and single staining control groups were set up.
Each tube was evaluated during 5 min by Gallios Software. Data were
analyzed by FlowJo™ v10.7 software.

2.10. Fluorescent labelling of sEV (sEVSCy5-Cur)

In vivo biodistribution of SEVCurAc was carried out by non-invasive
optical imaging. For this purpose, the sEVCurAc systems were fluo-
rescently labelled with the commercial dye SCy5 following protocols
previously described by our group. For that, 200 pg of sEVs were mixed
with 2 uL of 16.9 mM SCy5 (Lumiprobe, GmbH, Hannover, Germany) for
60 min at 37°C and pH 8.5 following previous protocols of the group
[27]. The final product was purified using Slide-A-Lyzer™ G2 Dialysis
Cassettes (3.5 KMWCO, 0.5 mL, ThermoFisher Scientific, Waltham, MA,
USA) for 24 h and concentrated by Amicon® Ultra-2 mL 100 kDa Cen-
trifugal Filters (Merck-Millipore, USA). The resulting product was
encapsulated with curcumin (sEVSCy5-Cur) following the active pro-
tocol in presence of saponin, previously described in section Active
methodology (sEVCurAc).

2.11. In vivo optical imaging of sEVSCy5-Cur

In vivo probe biodistribution was evaluated by optical imaging using
an IVIS® Lumina III in vivo Imaging System (Perkin Elmer, Waltham,
MA, USA) employing a spectral unmixing protocol for SCy5 fluorophore.
Mice were kept anesthetized with 2% isofluorane in 100% of O3 via a
facemask during the whole in vivo imaging procedure with an anesthesia
System XGI-8 (100 V). Images were taken after 24 h, 48 h and 72 h of the
intravenous injection of the probe (5.56x10° + 1.85x107 particles, PBS
1X, n=3). Analysis and quantification of the images were carried out
with Living Image® 4.4 software (Perkin Elmer, Waltham, MA, USA).
After last time point (72 h) organs of interest were harvested and ex vivo
imaged (heart, lungs, liver, spleen, kidneys and intestines) and quanti-
fied by average radiant efficiency. Data were expressed as mean + SD, in
(p/s/cm2/sr)/(pPW/cm2).

2.12. Western blot analysis

Liver lysates were separated by SDS-PAGE Handmade gels contain-
ing 5% polyacrylamide stacking gel and separating gel that range from
8% to 15% according to the molecular weight of the proteins were used;
proteins were transferred to 0.45 pm or 0.22 pm PVDF membranes
(BioRad, Madrid, Spain). Membranes were incubated with the appro-
priate first antibody (NQO1 sc-23793 and NRF2 CST12721S) and
horseradish peroxidase (HEP)-conjugated secondary antibodies. Immu-
nocomplex was detected using Amersham ECL Prime (GE, Healthcare,
Amersham, UK).

2.13. Mouse model of liver fibrosis

All experimental procedures with animals conformed to EU Directive
2010/63EU and Recommendation 2007/526/EC, found in RD 53/2013.
Animal protocols were approved by the Comité de Etica en
Experimentacién Animal de la Universidad Complutense de Madrid and
the Animal Protection Area of the Comunidad Auténoma de Madrid
(PROEX 125.1/20).
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Mice were housed in a pathogen-free (SPF) animal facility and kept
on a 12-h light/dark cycle at constant temperature and humidity and
normal chow diet. Wild type female and male 129 s/BL6 mice at the age
of 8- to 12-week-old were chemically induced liver injury by the
administration of repeated intraperitoneal injections of carbon tetra-
chloride (CCly) [0.6 mL/kg] twice per week for 28 days. Corn oil was
used as vehicle. 8 days after the start of CCl4 administration, mice were
treated intravenously with a total of 90 pug sEVCurAc divided into 3
different doses (3 administrations of 30 pg sEVCurAc) administered for
the last 20 days every 5 days. All mice were sacrificed 48 h after the last
injection.

Blood samples were extracted from cava vein and centrifuged at
12,000 x g during 10 min at 4°C. To evaluate liver damage, levels of
serum parameters of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were analyzed in the Central Laboratory in
Gregorio Marandn Research Health Institute of Madrid (ilSGM).

2.14. Ex vivo histology

Liver samples were fixed with 4% paraformaldehyde (PFA) (Appli-
Chem, Barcelona, Spain) and embedded in paraffin for histological
evaluation using hematoxylin & eosin (H&E) and Sirius Red staining
(SR). Photomicrographs of stained sections were taken in a 20x
magnification in an optical microscope (Nikon Eclipse Ci, Tokyo,
Japan). The percentage of positive area with both staining’s was quan-
tified using free NIH ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

2.15. Statistical analysis

Data was analyzed by Prism software 6 (Graph pad, Inc., San Diego,
CA, USA) and performed by One-Way ANOVA and Tukeys post-test for
physicochemical characterization or Two-Way ANOVA and Tukey$ post-
test for in vitro assessments. Data were represented as mean + standard
deviation (SD). P-values <0.05 were considered significant.

Statistical analysis of in vivo data consisted of One Way ANOVA
followed by Tukey post-hoc tests using GraphPad Prism version 8.0
software (San Diego, CA, USA). A p value <0.05 was considered statis-
tically significant. Data were expressed as mean + standard deviation of
the mean (SEM).

3. Results

3.1. Verification of curcumin encapsulation and physicochemical
characterization

FC (Fig. 1. A) confirmed curcumin incorporation into vesicles
structure both in sEVCurPas and sEVCurAc. Further quantitative
assessment by fluorescent nanophotometry (Fig. 1. B) confirmed three-
fold higher incorporation of curcumin when employing active approach
with saponin (433.5 pg/mL) than with passive approach (129.1 pg/mL).

A complete physicochemical characterization of the nanosystems
was carried out to assess the effect of the loading methodology into the
vesicle structure after the incorporation of the drug. In both cases TEM
images confirmed charged sEVs, sEVCurPas and sEVCurAc, maintained
size and typical ‘cup-shape’ morphology, compared to control sample
(Fig. 2. A). Hydrodynamic size assessed by DLS showed that encapsu-
lated sEVs presented a smaller hydrodynamic size compared to control
with statistically significant differences (sEV: 130.0+6.7 nm, sEV-
CurPas: 120.5+0.3 nm and sEVCurAc: 106+4.1 nm) (Fig. 2. D) with PdI
values of 0.122+0.034 and 0.14340.026 for sEVCurPas and sEVCurAc
respectively [28,29]. NTA showed a similar nanometric size in the
encapsulated samples in comparison to the curcumin-free sEVs (sEV:
113.3+5.1 nm, sEVCurPas: 127.0+4.5nm and sEVCurAc: 98.5
+3.6 nm) (Fig. 2. C) and slight reduction in NPs concentration after
incorporation of the drug in their structure (sEV: 3.31x10% + 2.56x10”
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p<0.0008, ** p<0,0022.

particles/mL, sEVCurPas: 2.31x10° + 1.31x10’ particles/mL and
sEVCurAc: 2.30x108 + 3.34x107 particles/mL) (Fig. 2. B).

3.2. Longitudinal assessment of curcumin release from sEVCurAc

Longitudinal assessment of the curcumin release by means of the
percentage of curcumin concentration in the supernatant revealed an
increase of the drug release along time (Fig. 3. A) compared to baseline
values. During the initial 4-48 h the release of curcumin showed a slow
kinetic, but the curcumin concentration of the supernatant, and thus the
presence of curcumin, showed an intense sharply increased from 48 h to
144 h until 216 h.

In addition, we performed a fluorescence spectrum analysis by flu-
orospectrometry (Fig. S1) to verify if fluorescence properties, and
therefore structural morphology of the curcumin, were kept after
loading into the sEVs. Both, free curcumin and sEVCurAc, showed the
same fluorescence plot confirming that loaded NPs maintained struc-
tural and optical properties of the curcumin structure.

3.3. In vitro evaluation of sEVCurAc

In vitro evaluation of the nanosystem in tumour-related (RAW 264.7
and HepG2) and control cells (primary hepatocytes) showed different
patterns in the presence of high (5 pg/mL) or low (0.5 pg/mL) doses of
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Fig. 3. A. Release of encapsulated curcumin from sEVCurAc at pH 7.4 at
different times points (0, 1, 3, 6, 24, 48, 72, 144, 168, 192 and 216 h).

sEVCurAc (Fig. 4 and Fig. S2).

None of the cell populations showed significant toxic effects at the
low dose (0.5 pg/mL) compared to the vehicle (sEV) at any time point
(Fig. 4. Aand Fig. S. 3. A). However, for drug-loaded vesicles, sSEVCurAc,
a significant cytotoxic effect was observed for RAW 264.7 and primary
hepatocytes compared to control cells at 48 h. Only HepG2 cells showed
no reduction in viability. Instead, a significantly higher viability was
observed at 48 h in the presence of both vehicle and loaded sEVs
(sEVCurAc) (Fig. 4. A).

At the high dose (5 pg/mL), all cell lines treated with EVsCurAc
showed significant cytotoxic effects compared to vehicle-treated cells
(sEVs without curcumin) and untreated control cells. This effect was
observed both at 24 h and 48 h (Fig. 4 and Fig. S2. B). More specifically,
RAW 264.7 cells showed higher viability at 24 h in the presence of
vehicle (SEV) compared to the control group. The HepG2 cell line
showed an abrupt decrease in viability at the higher dose at 24 h and
48 h up to 35% and 15% respectively (Fig. 4. A and B). In the case of
HepG2, vehicle sEVs did not seem to affect the viability of HepG2 in any
way compared to control cells. Finally, in the case of primary hepato-
cytes, viability was reduced up to 50% and 80% at 24 h and 48 h in the
presence of high dose of sEVCurAc showing a significant reduction in the
viability compared to the effect of the vehicle without the curcumin
(Fig. 4. A and B).

In vitro qualitative evaluation of sEVCurAc internalization by
confocal microscopy (Fig. 5. A and Fig. S3) confirmed the presence of
sEVCurAc (488 nm laser) in all cell lines (RAW 264.7, HepG2 and pri-
mary hepatocytes), with a dispersed cytoplasmatic distribution at both
low (0.5 pg/mL) and high doses (5 ug/mL). Compared to control con-
ditions, RAW 264.7 proliferate less when in contact with sEVCurAc, with
a significant effect found with the higher dose where very few rounded
cells could be found in accordance with their low metabolic activity
results (Fig. 4). HepG2 cells showed similar behaviour with the higher
dose with more prevalent morphological changes as the cells lost the
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elongated phenotype. sEVCurAc produced a cytotoxic effect in all tested
cells being noticeable in a time- and dose- dependent manner (Fig. 5. A.
and Fig. S3).

In the FC analysis based on curcumin fluorescence at higher doses,
both, RAW 264.7 and HepG2 cell populations (Fig. 5. B and C) were
100% positive for the curcumin (SEVCurAc) at every time point indi-
cating the uptake of the probe, showing a longitudinal and statistically
significant increase in MFI over the time. However, this uptake was
higher in the case of RAW cells at each time point, especially at 24 h
(~100000 MFI for HepG2 and ~ 150000 MFI for RAW 264.7 cells).

3.4. In vivo tracking of sEVSCy5-Cur by optical imaging

In vivo imaging of the nanovesicles was carried out with the fluo-
rescent version of SEVCurAc (SEVSCy5-Cur). A previous characterization
(Fig. S4) of the fluorescent compound by HPLC confirmed the high pu-
rity of the sample, by the presence of a single peak in both HPLC chro-
matograms (254 nm and 600 nm) at 10 min, with no secondary peaks
from the fluorophore or free curcumin (Fig. S4. B). FC confirmed the
presence of curcumin and dye colocalization (Fig. S4. C).

Longitudinal in vivo imaging of healthy mice confirmed the hepatic
accumulation of sEVSCy5-Cur from the initial timepoint at 24 h,
showing hepatic accumulation of the nanosystem at 48 h and 72 h post-
injection (Fig. S5 and Fig. 6). This accumulation of sEVCurSCy5 in liver
tissue was confirmed by the ex vivo analysis (Fig. 6) with a result of
2.84e+08 +2.20e+08 (p/s/cm2/sr)/(pW/cm2).

3.5. Invivo assessment of the therapeutic effect of SEVCurAc in an acute
hepatic model

Finally, sEVCurAc was evaluated as a therapeutic drug delivery
system in an animal model of acute liver disease induced by CCly in-
jection (Fig. 7. A), taking advantage of the natural migration of sEVs into
liver tissue [5,18,30].

Histological analysis by H&E and Sirius Red staining showed that
control CCly model animals displayed higher collagen deposition in the
liver than the group treated with sEVCurAc, indicating a significant
reduction in fibrogenesis (Fig. 7. B). Interestingly, control animals did
not show differences in their liver tissue morphology despite being
treated with sEVs; thus, sEVCurAc had no effect on healthy animals.
Necrotic foci assessed by H&E were evaluated and plotted (Fig. 7. C),
and collagen deposition was analysed using SR (Fig. 7. D), staining
showed a clear trend towards a reduction in necrotic foci and ECM
deposition after sEVCurAc treatment. Next, we evaluated serum markers
of liver injury (AST, ALT). Notably, a tendency towards decreased levels
of AST (Fig. 7. E) and a significant decrease in ALT (Fig. 7. F) levels were
observed in SEVCurAc-treated livers of fibrotic CCls-induced mice. RNA
expression analysis of extracellular matrix components such as Collagen
IA1 and alpha-smooth muscle actin on liver tissue showed a significant
decrease in collagen deposition (A) in tissue from damaged livers treated

1 || Em RAw 2647
‘ Bl HepG2
Il Primary Hepatocytes
Control SEV sEVCurAc

Fig. 4. Viability evaluation by MTT assay of sEVCurAc and vehicle (sEV) with RAW 264.7, HepG2 and primary hepatocyte cells at 48 h. at low doses (0.5 ug/mL) (A)

and high doses (5 pg/mL) (B) of Exo or sEVCurAc. **** p<(0.0001.
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Fig. 5. Uptake of encapsulated sEVs (sEVCurAc). A. Confocal microscopy of sEVCurAc in RAW 264.7, HepG2 and primary hepatocytes cells at 5 ug/mL at 24 h. The
scale bar corresponds to 50 um. FC evaluation of sEVCurAc at 1 h, 4 h and 24 h and 5 pg/mL in RAW 264.7 (B) and HepG2 (C). **** p<0.0001.

Fig. 6. Ex vivo biodistribution of sEVSCy5-Cur 72 h post administration in wild type mice by optical imaging in full animal (A) and excised liver (B).

with sEVCurAc (Figure S6). In addition, although sEVCurAc had no
direct effect on the phosphorylation of Nrf2, one of the target genes of
Nrf2, previous assessment of NQO1 by WB showed that NQO1 appears
to be significantly attenuated by sEVCurAc treatment after CCl4
(Figure S7).

4. Discussion

This work presents the use of milk SEVs as a natural nanometric DDS
for the natural anti-inflammatory and antioxidant molecule curcumin.
Previous studies have demonstrated the use of milk EVs without any
toxicity associated [19,31]. To carry out encapsulation and avoid any
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morphological modification of the sEV structure during the curcumin
incorporation process, we employed two of the least invasive method-
ologies used in other similar synthetic NPs (liposomes): passive encap-
sulation in mild conditions (37°C, PBS 1X pH 7.4) and active
encapsulation in the presence of the detergent saponin, previously
proposed for other liposome-like nanoparticles [32]. Both approaches
confirmed the successful encapsulation of the drug with no membrane or
structure alteration. Although both methods confirmed the encapsula-
tion of the drug, three-fold higher yields of encapsulation were obtained
by the active cargo method (SEVCurAc) [33,34]. However, for the
clinical translation of our approach, further studies to reduce the con-
centrations of saponin should be considered due to the possible toxicity
induced by this detergent [35]. To assess the release profile of the cur-
cumin from our sEVCurAc system, a longitudinal evaluation was per-
formed under physiological conditions. Although initial timepoints
showed a slow release of the curcumin, main release occurred between
48 h and 216 h of study, with the maximum release at the longest study
time (216 h). These outcomes suggest the possibility of reaching a sus-
tained drug release. However, the release study did not show a plateau
or stabilisation in the values, it would be interesting to evaluate longer
times to determine the time at which the release of curcumin completes.
This profile of drug release is similar to that described for other
liposome-like systems [36]. Based on these results, we selected the
compound sEVCurAc for further in vitro and in vivo evaluation.

In vitro evaluation of our nanosystem sEVCurAc by MTT assays,
confocal microscopy and FC showed a diverse toxicity behaviour be-
tween curcumin-free sEVs (vehicles) and loaded sEVs. In all the cell lines
tested, curcumin reduced the viability of all cell types in a dose- and
time-dependent manner, being most noticeable in the cell lines RAW
264.7 and HepG2 compared to primary hepatocytes. These results sug-
gest that loaded sEVs produce more intense damage to cells present in
cancer environments, perhaps facilitating targeted therapy. Cytotoxicity
assay and confocal microscopy results showed a high effect on RAW
264.7, which agrees with previous anti-inflammatory studies employing
curcumin nanoemulsions in these same cells [37]. We observed a lower
cytotoxic effect on HepG2 cells than on inflammatory cells (RAW 264.7)
at the highest dose, which could be explained by the higher uptake of the
nanosystem by the macrophages. This higher uptake in RAW 264.7 was
also confirmed by FC and may be due to its natural function of elimi-
nating foreign or harmful substances. Also, it is worth noting that RAW
264.7 cells are derived from mice and HepG2 cells from human, which
may play a role in their uptake capacity due to their different metabo-
lisms [38]. Although we have observed that primary hepatocytes were
less affected by sEVCurAc, we could not perform FC assessment in pri-
mary hepatocytes because of the cell autofluorescence at the same
wavelength as curcumin. The absence of significant changes in cell
viability in presence of sEVs without curcumin confirmed that the
cytotoxic effect was due to the curcumin encapsulated in the sEV
structure. These data support the idea that the effect is due to the cargo
and not to the sEV itself. Therefore, these results validate the innocuous
effect of the sEVs and the therapeutic (anti-inflammatory and
anti-tumour) effect of curcumin.

Regarding the distribution of DDS into the cell structure, confocal
microscopy confirmed the incorporation of the sEVCurAc system into
tumoral and inflammatory cell lines, with main cytoplasmatic distri-
bution related to phago-lysosomal compartment [39], similar to other
studies employing other nanoparticles as DDS of curcumin [40].

To evaluate the biodistribution of sSEVCurAc, we performed an in vivo
assessment by optical imaging. Longitudinal tracking of the fluorescent
and curcumin-loaded sEVs showed a main liver uptake. Based on these
results and previous studies [19,41,42], the last step of our work was the
in vivo assessment of the therapeutic effect of our sEVCurAc as DDS in
chronic acute liver disease induced by CCly. Histological evaluation of
liver tissue in control models with sEVs and sEVCurAc showed no
remarkable morphological changes, supporting the safety of our nano-
platforms. It has previously described the use of other water-soluble
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organic nanoparticles as curcumin-loaded vehicles to enhance
curcumin-based therapy in models of CCl4-induced liver injury [43]. In
the case of the CCl4 model, treated group showed a significant reduction
of serum makers of liver damage (eg: ALT levels), supporting the hep-
atoprotective biological role of curcumin in liver diseases [12]. A.
Mahmoudi et al. described the target involvement of curcumin in nine
potential genes linked to hepatopathology [44]. Histology images
confirmed a tendency towards reduced in fibrogenesis as well as
decreased necrotic area. Curcumin possesses therapeutic benefits These
findings agreed with other research who reported that after treatment
with curcumin, both serum markers and fibrosis area diminish in CCly
model [45-47]. Also, these results are in accordance with other studies
suggesting that curcumin may be of future interest in hepatic fibrosis
therapy specifically by modulating several intracellular signalling
pathways in liver hepatic stellate cells (HSCs) [48,49]. Regarding the
evaluation of other hepatoprotective markers such as NFR2 and NQO1,
our results are in line with the literature and show that in a mouse model
of CCl4-induced liver fibrosis there is indeed an increase in the expres-
sion and activity of both target genes of the antioxidant response.
Furthermore, treatment with our SEVCurAc resulted in an increase in
NQO1, an antioxidant response element, indicating enhanced antioxi-
dant response. Nonetheless, the antifibrotic effect of sSEVCurAc should
be further tested in other models of chronic liver disease as well as using
different doses and administration methodologies in order to find the
optimal treatment conditions. Mechanistically, it is very likely that the
antioxidant effect might help ameliorate the progression of hepatic
fibrogenesis. Therefore, sSEVCurAc might constitute a possible future
treatment for patients with liver fibrosis.

5. Conclusions

We have developed a natural drug delivery system based on the
encapsulation of curcumin into goats milk sEVs, and confirmed the
suitability of this DDS for being used as nanocarrier of hydrophobic
drugs such as curcumin. Passive and active methodologies developed
were tested and in all cases. The small extracellular vesicles maintained
their original physicochemical properties after loading. Exosomal cur-
cumin (SEVCurAc) produced cytotoxicity in cells, being more aggressive
in stablished immortal cell lines (RAW 264.7 and HepG2) than in pri-
mary cells (primary hepatocytes). Also, SEVCurAc used as DDS were able
to deliver to the liver and to ameliorate liver injury produced by CCly
reducing fibrotic deposits and transaminases levels.
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