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Abstract Exosomes, the extracellular secretary nano-vesicles, act as carriers of biomolecules
to the target cells. They exhibit several attributes of an efficient drug delivery system.
Curcumin, despite having numerous bioactive and therapeutic properties, has limited pharma-
ceutical use due to its poor water solubility, stability, and low systemic bioavailability. Hence,
this study aims to enhance the therapeutic potential of curcumin, a model hydrophobic drug,
by its encapsulation into milk exosomes. In the present study, we investigated the stability of
free curcumin and exosomal curcumin in PBS and in vitro digestive processes. Additionally,
their uptake and trans-epithelial transport were studied on Caco-2 cells. Curcumin in milk
exosomes had higher stability in PBS, sustained harsh digestive processes, and crossed the
intestinal barrier than free curcumin. In conclusion, the encapsulation of curcumin into the
exosomes enhances its stability, solubility, and bioavailability. Therefore, the present study
demonstrated that milk exosomes act as stable oral drug delivery vehicles.
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Introduction

Exosomes are the lipid bilayered nano-vesicles, which carry the cell-specific load of biomolecules
like microRNA (miRNA), mRNA, DNA, and proteins, released by the cells in the extracellular
environment [1]. They are the functional delivery vehicles that can act as the medium of commu-
nication between the cells via transferring their cargo to the target cells influencing their cellular
environment [2]. Exosome signaling is known to influence various cellular functions like immunity
[3], movement [4], inflammation [5], immunosuppression [6], differentiation [7], proliferation [8],
and metastasis [9]. Recently, they have emerged as the efficient delivery nano-vehicles for the
variety of drug molecules, including nucleic acids like miRNA [10], siRNA [11], proteins like
catalase [12], small molecules like doxorubicin [13], and paclitaxel [14]. These nano-vehicles may
possess a great potential in the treatment of severe diseases as a drug delivery vehicle like cancer
[13], Parkinson’s disease [12], inflammatory diseases [3], cardiovascular diseases [15], and viral
infections [16]. Exosomes have revolutionized the pharmaceutical field as they possess the various
properties of an effective drug delivery system. Exosomes can be used as the medium to load
unstable drugmolecules like curcumin, which can ultimately lead to the enhanced therapeutic effect.
It has been widely reported that curcumin, a symmetric molecule with three reactive functional
groups, i.e., one di-ketone moiety and two phenolic groups, is anti-inflammatory in nature [17]. It
has also been shown to possess the anti-cancer potential, as it inhibits the action ofmammalian target
of rapamycin complex 1 (mTORC1), by dissociating raptor from the complex [18]. But it is not able
to exhibit its potential therapeutic activity due to its instability, limited solubility, and poor absorption
[19]. So, there is a need to develop a delivery vehicle which can potentiate the therapeutic effects of
curcumin. In the present study, wemade an attempt to usemilk exosomes as a delivery vehicle using
curcumin as a therapeutic molecule, as bovine milk is the most suitable source of exosomes [20].
The major quest about these nano-vesicles in milk is whether they can be used as an oral drug
delivery vehicle which can release the natural contents/encapsulated drug in the blood circulation.
There is a need for more focused research that can confirm exosomes as an oral drug delivery
vehicle. In this study, we have used an in vitro approach to elucidate the effect of different digestive
processes on the stability of curcumin and exosome encapsulated curcumin along with their
absorption across intestinal cells to blood circulation. We used a validated in vitro digestion model
for free curcumin and exosomal curcumin digestion and then Caco-2 cells (human intestinal
epithelial cell model) to demonstrate their stability, uptake, and further their trans-epithelial transport
across themonolayer. Our results confirm that curcumin encapsulated intomilk exosomes are stable
against gastrointestinal digestion and can transfer their contents to the blood circulation crossing the
intestinal barrier, which ultimately opens up a new horizon of their application as a stable oral drug
delivery vehicle.

Methods

Chemical and Reagents

All the chemicals and enzymes for in vitro digestionwere purchased fromSigma-Aldrich (St. Louis,
MO, USA), except bile extract, which was purchased from Santa Cruz Biotechnology. For cell
culture, Dulbecco’s modified Eagle’s medium (DMEM), non-essential amino acids, glutamine, and
amphotericin were purchased from Sigma-Aldrich (St. Louis, MO, USA), whereas antibiotics
(penicillin-streptomycin) were purchased from Gibco™ (Grand Island, NY).
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Collection of Milk and Preparation of Milk Whey

Milk was collected from the healthy, non-pregnant, and early lactating Murrah buffaloes of
National Dairy Research Institute, Karnal. The animals were fed with similar diet and
maintained in the same herd. The milk samples were collected in 15-ml tubes and then
transferred to the laboratory on ice. Milk was centrifuged at 1200g at 4 °C for 10 min using
Hettich Mikro 22 R centrifuge (Tuttlingen, Germany). The fat layer and pellet fractions were
carefully eliminated. The supernatant was carefully transferred into a separate tube and
centrifuged at 21,500g at 4 °C for 30 min. The supernatant was transferred into the separate
tubes and again, centrifuged at 21,500g at 4 °C for 1 h. Discarding the fat and pellet fraction,
the supernatant was filtered through 0.45-μm filter to get the clear whey fraction. The milk
whey fraction was stored at −80 °C until use.

Incorporation of Curcumin Into Milk Whey

Five-milligram curcumin was added and mixed in 1.5-ml filtered clear whey fraction. Then, it
was kept undisturbed to incubate overnight at 4 °C.

Isolation of Exosomes and Exosomal Curcumin

miRCURY™ Exosome Isolation Kit (Exiqon) was used for the isolation of exosomes from
milk. Milk whey incubated with the curcumin was centrifuged at 2000g for 10 min at 4 °C to
remove the free curcumin. The supernatant was transferred into a sterile tube for the isolation
of curcumin-positive exosomes. Filtered milk whey fraction was used for the isolation of
curcumin-negative exosomes. Precipitation buffer (400 μl) was added to both the 1-ml whey
fractions and incubated at 4 °C for 3 h. After 3 h, they were centrifuged at 10,000g for 30 min
at 20 °C to get the exosome pellet for both, i.e., exosomes and exosomal curcumin. The
supernatant was discarded and the pellet was resuspended in 100 μl PBS. The resuspended
exosomes were stored at −20 °C until analysis.

Loading Efficiency of Curcumin

The loading efficiency of curcumin on exosomes was calculated as per a reported procedure
[21]. The curcumin-encapsulated exosomes were prepared as described above. The superna-
tant was collected and the encapsulated curcumin was quantified spectrophotometrically. From
the free curcumin available in the supernatant, the entrapped curcumin was calculated and was
expressed as loading efficiency.

Loading efficiency ¼ Amount of curcumin loaded in exosomes � 100

Amount of curcumin initially added

BCA Protein Assay

Exosomal protein estimation was done using Pierce™ BCA Protein Assay Kit. Ten microliter
of exosomal suspension (diluted in 1:10 ratio with PBS) was used for the protein estimation,
and absorbance was compared with the serially diluted BSA standards provided in the kit
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following manufacturer’s instructions. Values of exosomal protein concentrations were extrap-
olated using standard curve with r2 = 0.997 plotted using diluted BSA standards.

Characterization of Exosomes

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed for exosomes using a concentration of
∼20 μg/ml. Ten microliter of diluted exosomal solution was applied on coverslip and allowed
to air dry completely. The dried exosomal smear was fixed with 200 μl glutaraldehyde (2%)
for 4 h and then serially dehydrated with 30, 50, 60, 70, 80, and 90% for 10 min. Final
dehydration was done with 100% ethanol for overnight. The samples were then air dried
followed by gold coating. Gold coating was done using ion coater (Hitachi IB-3, Japan) with
an ion current at 6–8 mA and a vacuum of 0.05–0.07 torr for 2–4 min. Scanning electron
microscope (EVO® 18, Carl ZEISS Special Edition-UK) was used to image the coated
exosomes.

Dynamic Light Scattering Analysis of Exosomes

Size measurements of exosomes were done using the Zetasizer (Malvern Instruments Limited,
UK). Exosomes diluted in PBS (1:100) were analyzed in the equilibration time of 120 s at a
constant temperature at 25 °C. A laser beam at 632.8 nm was applied to the exosomal
suspension, and scattered light was detected by an avalanche photodiode detector (APD) at
173° and non-invasive backscattering (NIBS) optics. An average of the three measurements
was considered for determining the size of exosomes.

Analysis of Curcumin Concentration

The concentration of curcumin in samples was determined using a nano-photometer (Implen
GmbH, Germany). Standard curve of the curcumin was plotted to evaluate the concentration of
curcumin. Briefly, a stock of curcumin (100 μg/ml) was prepared by dissolving 1 mg of
curcumin in 10 ml acetonitrile. Standard solutions were prepared by diluting stock solution
with acetonitrile to obtain the solution in the concentration range of 8–100 μg/ml. Absorbance
was measured at 420 nm to calculate the concentration of curcumin.

Determination of In Vitro Solubility of Curcumin and Exosomal Curcumin

In vitro solubility of curcumin: 1 mg curcumin was dissolved in 1 ml PBS. It was allowed to
incubate on ice for 30 min, followed by centrifugation at 5000 rpm for 5 min to remove the
free curcumin. The supernatant was transferred into a sterile centrifuge tube. Absorbance was
measured at wave scan in the range of 250–800 nm.

In vitro solubility of exosomal curcumin: 1 mg curcumin was added and mixed with 10-μl
exosomes. The exosomal solution and curcumin mixture were vortexed and spun for 5 s. Then,
the mixture was incubated for 30 min at room temperature. After incubation, 1 ml 1× PBS was
added to it and then incubated further on the ice for 30 min, followed by centrifugation at
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5000 rpm for 5 min to remove the free curcumin. The supernatant was transferred into the
sterile centrifuge tube, and the absorbance was measured using wave scan in the range of 250–
800 nm. The spectrograph was obtained using a spectrophotometer.

Determination of Stability of Free Curcumin and Exosomal Curcumin

Identical concentrations of curcumin and exosomal curcumin were taken in separate tubes.
PBS was added to both the tubes and incubated in the dark at 37 °C water bath. At 30, 60, 90,
120, and 150 min, respectively, samples were taken and absorbance was measured at a
wavelength of 420 nm. The concentrations of in vitro curcumin and exosomal curcumin at
the beginning were set as 1.0. The fold reduction of the curcumin concentration at each time
point was compared to the beginning.

In Vitro Digestion of Free Curcumin and Exosomal Curcumin

Salivary, gastric, pancreatic, and bile juices were prepared, respectively, as described
earlier [22]. Using a rotating wheel at 37 °C, 2.25 ml of curcumin entrapped in exosomes
and identical amount of free curcumin (control) were initially mixed with 3 ml of
salivary juice and incubated for 5 min. Further, the mixture was incubated with 6 ml
of gastric juice for 120 min. Then, 6 ml of pancreatic juice and 3 ml of bile juice were
simultaneously added to the earlier mixture and incubated for 120 min. After incubation,
absorbance of both the solutions was measured at 420 nm to determine the fraction of
free curcumin.

Caco-2 Cell Culture

The human adenocarcinoma cell line, Caco-2 cells, was purchased from National Centre for
Cell Science (Pune), India. Caco-2 cells were cultured in DMEM along with 10% FBS, 2 mM
glutamine, non-essential amino acids, and antibiotics (penicillin-streptomycin (1%) and
amphotericin (25 μg/ml)) in a humidified atmosphere at 37 °C with 5% CO2 in air. Cells
were sub-cultured in T-25-cm2 flask with seeding density 1 × 106 cells/flask and took 8–9 days
to form a confluent monolayer. Replacement of media for cells was done after every 2–3 days.
Cells between the passages 37 to 55 were used for the experiments in this study.

Fluorescence Microscopy

Caco-2 cells were seeded with the density of 10,000 cells/well for the detection of uptake of
exosomal curcumin. Exosomes encapsulating curcumin were added to the Caco-2 cells with a
concentration of 200 μg exosomal protein/200 μl media and incubated at 37 °C for different
time intervals for 3 h. The cells were washed with PBS at the respective time intervals. The
cells were fixed with 4% formaldehyde for 20 min and washed with PBS for four times. Later,
permeabilization of the cells was performed with 0.2% Triton-X 100 for 10 min; the cells were
washed again with PBS for four times and stained with DAPI solution (Sigma-Aldrich, St.
Louis, MO, USA) to stain the nuclei. The cells were visualized by a fluorescence microscope
(Nikon Eclipse Ti, Japan).
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Trans-Epithelial Transport Studies

To carry out the transport studies of curcumin, Caco-2 cells were seeded with density
1 × 105 cells/well in 24-well plate with permeable supports having membrane pore size of
0.4 μm coated with fibrillar collagen (Corning). Experiments were performed post-21 days
culture of Caco-2 cells on permeable supports to allow the formation of the differentiated
confluent monolayer. The integrity of the Caco-2 cell monolayer on the permeable supports
was checked using phenol red dye test [23]. Both apical as well as basolateral chamber were
washed with PBS three times, followed by adding 500 μl DMEM containing phenol red in the
upper chamber and 500 μl PBS in the basolateral chamber. Absorbance was measured at
558 nm to detect phenol red using 100-μl aliquots from apical as well as basolateral chamber
after incubation at 37 °C for 60 min. PBS was added to the both apical and basolateral
chambers in control as well as treated wells. The identical concentrations of curcumin and
exosomal curcumin were added to the apical chamber in PBS and incubated for 3 h. After 3 h,
the fluid was collected from the basolateral chamber and absorbance of both the solutions was
measured at 420 nm to determine the fraction of curcumin undergoing trans-epithelial
transport.

Results

Solubility, Stability, and Characterization of Curcumin-Encapsulated Milk
Exosomes

Curcumin encapsulated into exosomes was found to be more soluble and stable as compared to
free curcumin. The loading efficiency of milk exosomes to load the curcumin was found to be
70.46%. Exosomes and curcumin-encapsulated exosomes were characterized by using various
techniques. Scanning electron microscopy revealed no change in the morphology of curcumin-
encapsulated exosomes as compared to exosomes without curcumin (Fig. 1A). The size of
both (exosomes with and without curcumin) was found to be in between the range of 30–
100 nm. Zetasizer analyzer confirmed the size of milk exosomes and curcumin-encapsulated
exosomes. The polydispersity index was less than 0.5 for these nano-structures when analyzed
according to the number weighted distribution at 37 °C in the Zetasizer (Fig. 1B). These
studies indicate that curcumin-encapsulated exosomes maintain their characteristic features. In
addition, curcumin encapsulated into exosomes was found to be more soluble and stable as
compared to free curcumin when assessed in PBS (Fig. 2). In addition, it was also found that
exosomal curcumin was more stable after in vitro digestion (Fig. 3). These findings indicate
that milk exosomes efficiently carry the curcumin, protecting against the harsh action of
digestive juices.

Uptake and Trans-Epithelial Transport of Curcumin Encapsulated in Milk
Exosomes Across Intestinal Epithelium in Vitro

Fluorescence microscopy studies revealed the localization of curcumin in the Caco-2
cells via milk exosomes (Fig. 4). Trans-epithelial transport of curcumin was confirmed
by the analysis of the curcumin from the fluid collected from basolateral chambers of
treated (encapsulated into exosomes) and control (without exosome encapsulation) wells.
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The concentration of curcumin was significantly (P < 0.05) higher in the treatment wells
compared to the control (Fig. 5). This study confirmed that exosomal curcumin can cross
the intestinal barrier surviving intestinal peptidases and gets secreted into the basolateral
chamber. In addition, it also confirmed that encapsulated curcumin is more bioavailable
than free curcumin.

Discussion

Eukaryotic cells release exosomes into the extracellular space by fusion of internal
multivesicular compartments [24]. These nano-vesicles are constitutively released from many
cell types and found in different body fluids like saliva [25], milk [26], semen [27], urine [28],
and cerebro-spinal fluid [29]. The membrane of exosomes is rich in lipids such as ceramide,
sphingolipid, and cholesterol with a density between 1.15 and 1.19 g/ml [30]. They play an
eminent role in cell-cell communication [31]. Exosomes, being naturally present in the
biological system, have long circulating half-life and are non-immunogenic in nature. Recent-
ly, it has been demonstrated that these exosomes are very stable even under harsh conditions
like low pH and high temperature [32, 33]. Recognizing these attributes, in the present study,

Fig. 1 Characterization of milk exosomes and exosomal curcumin. A) Scanning electron microscopy images
(×35,000 magnification) of milk exosomes (a) and milk exosomes encapsulating curcumin (b). B) Zetasizer
measurements for the size of milk exosomes (a) and milk exosomes encapsulating curcumin (b)
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we made an attempt to use milk exosomes as a delivery vehicle while curcumin was taken as
the therapeutic molecule. Zetasizer measurements indicated a unimodal size distribution of
milk-derived exosomes and exosomes encapsulating curcumin. Scanning electron microscopy
analysis found that the size and shape of milk-derived exosomes and curcumin-incorporated
exosomes were almost similar. Our results corroborate well with previous studies where it has
been shown that incorporation of curcumin into EL-4-derived exosomes did not change the
shape and morphology of exosomes [34]. We concluded that the sample preparation of the
present study contains a homogeneous population of exosomes and devoid of other
microvesicles. The shape and morphology of exosomes were maintained because curcumin
gets self-assembled into the exosomes.

Various curcumin delivery vehicles like liposomes [35] and ferritin [36] have been used to
increase the solubility of the curcumin, but synthetic delivery vehicles have certain limitations.
Synthetic carriers are sensitive to the attack by complement system, coagulation factor,
opsonin, and antibodies in the circulation [37]. Due to their inherent limitations, we empha-
sized on exosomes which are more stable and non-immunogenic in nature. The present results

Fig. 2 Enhanced stability and solubility of exosomal curcumin than free curcumin. a Identical concentrations of
curcumin and exosomal curcumin were taken in separate tubes. PBS was added to both the tubes and incubated
in the dark at 37 °C water bath. At 30, 60, 90, 120, and 150 min, respectively, samples were taken and absorbance
was measured at a wavelength of 420 nm. The concentration of in vitro curcumin and exosomal curcumin at the
beginning were set as 1.0. The fold reduction of the curcumin concentration at each time point was compared to
the beginning. b Solubility studies were conducted, and the graphs of curcumin and exosomal curcumin were
obtained using spectrophotometer scanned between 250 and 800 nm. An absorbance maximum of curcumin was
observed at 420 nm
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show that solubility of exosomal curcumin is higher in PBS (pH 7.4) than free curcumin. Our
results corroborate well with previous studies where it has been shown that incorporation of
curcumin into EL-4 (mouse lymphoma cell line) derived exosomes increases the solubility of
curcumin [34]. Previous studies support our results, which showed that after incorporation in

Fig. 3 Enhanced stability of
curcumin after its encapsulation in
exosomes than free curcumin.
Equal concentrations of curcumin
and exosomal curcumin were
subjected to in vitro digestion. The
experiments were repeated three
times, and different alphabets
indicate a significant effect
(P ≤ 0.001)

Fig. 4 Visualization of exosomal curcumin in Caco-2 cells. Exosomes encapsulating curcumin were added to
the Caco-2 cells with a concentration of 200 μg exosomal protein/200 μl media and incubated at 37 °C for 2 h.
After washing, the cells were fixed with 4% formaldehyde for 20 min and washed with PBS for three times.
Later, permeabilization of the cells was performed with 0.2% Triton-X 100 for 10 min; the cells were washed
again with PBS for three times and stained with DAPI solution. Uptake of exosomal curcumin was determined
using fluorescence microscope. The scale bar is 100 μm
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lipid nano-particles, the solubility of curcumin becomes higher than that of untreated curcumin
[38]. Curcumin is a hydrophobic molecule which makes it insoluble in water [39]. Water-
insoluble compounds can become water soluble with higher dissolution velocity and saturation
solubility, if they are in the form of nano-dispersion with a particle size in the nano-meter range
[40]. The solubility of curcumin is improved slightly in basic conditions [41]. The higher
solubility of exosomal curcumin is due to the binding of curcumin to exosomes [34]. From
previous studies and our results, we can conclude that higher solubility of curcumin when
encapsulated in exosome is due to the binding of curcumin to the exosomes because the rate of
dissolution of curcumin is increased by increasing its surface area. After encapsulation of
curcumin into exosomes, the surface area of curcumin is increased as it gets self-assembled
into nano-sized vesicles, i.e., exosomes [39]. Non-covalent interactions are possibly involved
in the interaction between curcumin molecules and inner surface of the exosomes.

Curcumin has three important functionalities: an aromatic o-methoxy phenolic group, α,β-
unsaturated β-diketone moiety, and a seven-carbon linker [42]. Curcumin undergoes rapid
hydrolytic degradation at neutral and basic pH, which becomes a significant disadvantage in its
therapeutic use [43, 44]. Our results demonstrated that exosomal curcumin was more stable
than that of free curcumin in PBS (pH 7.4). The present results corroborate well with previous
studies where it has been shown that encapsulation of curcumin into EL-4-derived exosomes
increases the stability of curcumin [34]. From previous studies and our results, we can
conclude that exosomes contain a lipid bilayer load curcumin through physical entrapment.
Curcumin can be self-assembled into the lipid bilayer of exosomes through the hydrophobic

Fig. 5 Increased transport of curcumin across intestinal epithelial layer in vitro via exosomes. Caco-2 cells were
seeded with density 1 × 105 cells/well on transwell permeable supports for 21 days. Equivalent amounts of
curcumin and exosomal curcumin were added to the cells in the upper chamber. Incubation was done for 3 h.
Transepithelial transport of curcumin was measured using spectrophotometer from the PBS collected from the
basolateral chamber of treated (exosomal curcumin) and control (free curcumin) wells. Y axis represents the
fraction of curcumin left after trans-epithelial transport across Caco-2 monolayer, and the X axis represents the
comparison between treated wells and the control wells.Different alphabets represent the significant difference of
trans-epithelial transport of curcumin in control and treated wells (P < 0.05)
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interaction between the hydrophobic tail and hydrophobic drug. Curcumin participates in
nucleophilic addition reaction, i.e., Michael addition which occurs through unsaturated ketone
as an acceptor (α,β-unsaturated β-diketone moiety of curcumin) and anions of –OH and −SH
as donors (proteins in exosomes). Through this reaction, α,β-unsaturated β-diketone moiety
of curcumin is protected from degradation after incorporation into exosomes.

Next, we evaluated whether curcumin incorporated in exosomes is stable to the in vitro
digestion. Our results showed that exosomal curcumin is more stable than free curcumin after
in vitro digestion. Previous studies have been demonstrated that these exosomes are very stable
even under harsh conditions like low pH and high temperature [32, 33, 45]. Accordingly, our
results suggested that curcumin encapsulated in these stable exosomes is stable at optimum
temperature, high and low pH, and different enzymatic treatments. However, free curcumin is
highly susceptible to pH change and leads to the destruction of its structure under in vitro
digestion. As per our knowledge, this is the first report studying the effect of all digestive
processes in determination of stability of exosomal curcumin.

Milk exosomes encapsulating curcumin were taken up by human intestinal cells and
crossed the barrier of intestinal epithelium in vitro. We studied the uptake of curcumin
encapsulated in the milk exosomes in the human intestinal cell model, Caco-2 cells, after
ensuring their stability to the digestive processes. The Caco-2 cell culture system represents the
well characterized in vitro system that closely mimics the process of absorption and the
transport of drugs as well as nutrients across the human intestinal epithelium for carrying
out the nutritional and pharmacological research [46, 47]. The uptake of bovine milk exosomes
is mediated via endocytosis [48]. We visualized the dynamic uptake phenomena of the

Fig. 6 Schematic representation of the methodology and concept representing a) Incorporation of curcumin in
the milk exosomes., b) Enhanced solubility of exosomal curcumin in PBS and stability of exosomal curcumin
than free curcumin in PBS and against digestive processes. c) Enhanced trans-epithelial transport of exosomal
curcumin than free curcumin across intestinal barrier
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exosomal curcumin in Caco-2 cells by using fluorescence microscopy. Specifically, exosomal
curcumin was found to be present in the cytosol of treated Caco-2 cells. Curcumin uptake
studies were also conducted in human pancreatic adenocarcinoma cells [49] and endothelial
cells [50]. Caco-2 cells in monolayer, cultured on the permeable inserts for 21 days, behave
like fully differentiated epithelium acting as an intestinal barrier, a best suited model for trans-
epithelial transport and bioavailability studies [51]. The present results of transwell experi-
ments conducted with Caco-2 cells demonstrated that the curcumin encapsulated in bovine
milk exosomes can pass through the differentiated intestinal monolayer. These results further
indicated that free curcumin is more vulnerable to degradation, whereas association with
exosomes makes it more stable in a physiological environment. The present results well
corroborate with the earlier results [34]. Our experimental cascade elucidated that the
exosomal curcumin is more resistant to digestion processes and can pass through the intestinal
barrier into the blood circulation, as compared to free curcumin. Considering the previous
reports, buffalo milk exosomes also contain miRNAs. They can transfer its encapsulated
miRNAs along with its encapsulated drug to the target cells. miR-21 is one of the abundant
miRNAs present in the buffalo milk exosomes [45]. Interestingly, curcumin shows anti-cancer
effects, which may be via regulating the expression of miR-21 [52]. Curcumin inhibits the
transcription of MIR-21 gene by binding to its promoter and also increases its exclusion from
the cells via exosomes [52]. Curcumin affects various processes in the cancerous cells like
proliferation, apoptosis, metastasis, and anti-cancer drug resistance, mediated by miR-21.
These effects can be mediated via different pathways like phosphatase and tensin homolog
(PTEN)/phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), programmed cell death pro-
tein 4 (PDCD4) [53] and NF-κB pathways [52]. Thus, in addition to the therapeutic effects of
curcumin encapsulated in exosomes, the transfer of milk exosomal miRNAs can also lead to
the adverse effects to the target cells.

In conclusion, curcumin encapsulated in exosomes is stable enough to resist the harsh
environment of human digestive system and can cross the barrier of intestinal epithelium
efficiently, with respect to the free curcumin as summerised in Fig. 6. The protective environ-
ment provided by the exosomes to the encapsulated curcumin leads to the potential of
exosomes as an efficient oral drug delivery vehicle.
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