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Abstract: Ingestion is the preferred way for drug administration. However, many drugs have poor
oral bioavailability, warranting the use of injections. Extracellular vesicles (EVs) from cow milk have
shown potential utility in improving oral drug bioavailability. However, EVs produced by intestinal
epithelial cells have not been investigated for this application. We compared the capacity of cow
milk EVs and intestinal epithelial cell-derived counterparts to enhance oral drug bioavailability. EVs
were isolated, fluorescently labelled, and loaded with curcumin (CUR) as a model poorly absorbable
drug. These were then characterised before testing in an intestinal model (Caco-2). Epithelial cell-
derived EVs showed notably higher cell uptake compared to cow milk EVs. Cell uptake was
significantly higher in differentiated compared to undifferentiated cells for both types of EVs. While
both milk- and cell-derived EVs improved the cell uptake and intestinal permeability of CUR
(confirming oral drug bioavailability enhancement potential), epithelial cell EVs demonstrated a
superior effect.

Keywords: drug absorption; exosomes; extracellular vesicles; intestinal permeability; oral drug
bioavailability

1. Introduction

The oral route is the preferred method of drug administration [1-4]. However, many drugs,
including poorly water-soluble small drug molecules and macromolecular biologics (peptides,
therapeutic proteins and nucleic acid-based therapies), have low oral bioavailability. This often
necessitates the use of injection as the only clinically effective administration route. However, in
addition to pain and potential injection site injury, injections frequently require administration by
trained personnel, which increases treatment costs.

Because of the many benefits offered by oral drug administration, pharmaceutical strategies that
safely and effectively improve oral drug bioavailability are highly desirable. As part of these
strategies, vesicle- or particle-based nanoscale drug carriers have been studied for some time. This
includes polymeric nanoparticles [5], liposomes [6,7] and solid-lipid nanoparticles [6,8]. However,
these systems tend to suffer from inefficient translocation across the highly effective and selective
barrier of the intestinal mucosa, therefore requiring careful formulation. Drug nanocarrier systems
utilised to improve oral drug bioavailability can be designed to target epithelial biological transport
pathways [7,9-11]. While some of these systems have shown potential in vitro and in animal studies,
current understanding of orally-administered nanomedicine behaviours and biotransformation
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within the complex environment of the gastrointestinal tract (including interaction with gut biofluid
and mucus, as well as potential toxicity) is lacking. Furthermore, it is currently unclear whether the
transport capacity of such systems in vivo is adequate to ensure clinically relevant improvements in
drug bioavailability.

Extracellular vesicles (EVs) are different types of small-sized membrane vesicles or particles
(including exosomes, microvesicles, apoptotic bodies, and virus-like particles) secreted by cells. EVs
play a crucial role in intercellular communication by transferring information in the form of proteins,
nucleic acids, and lipids from one cell to another present in close proximity or distant sites. EVs are
secreted by all cell types and are present in biofluids, including blood, saliva, urine, cerebrospinal
fluid and breast milk, and others [12]. As part of their key role of cargo transfer between cells, EVs
clearly demonstrate an ability to cross biological barriers. Because of this property, EVs potentially
offer significant advantages as drug delivery systems and have been extensively researched for this
application in the past decade.

Exosomes—a type of EV—have in particular attracted significant attention in drug delivery.
Exosomes harvested from cow milk, which are interesting because of scalability potential [13], have
been shown to be transported by human endothelial cells and exhibit cross-species tolerance without
eliciting immune responses [14,15]. Importantly, cow milk exosomes have shown potential for
improving oral drug bioavailability [15-17]. This potential rests on the demonstrated ability of cow
milk exosomes to traverse the human intestinal epithelial barrier. However, the intestinal-permeating
efficiency of these systems is currently unclear. The present study for the first time compared the
intestinal translocation (and therefore oral drug delivery potential) of cow milk EVs with that of
epithelial cell derived EVs. EV were initially isolated and characterised, prior to fluorescent labelling
(to enable quantitation) and encapsulation, of curcumin (CUR) as a model of a poorly absorbed drug.
Cell uptake of bare and CUR-loaded EVs was tested in undifferentiated and differentiated intestinal
Caco-2 cells (gold standard in vitro intestinal model). Finally, EV permeability across Caco-2
monolayers was determined with or without CUR encapsulation. The study sheds further light into
the potential utility of EVs, including those from edible sources, as natural systems for improving
oral drug delivery.

2. Materials and Methods

Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium
pyruvate and sodium bicarbonate, Hank’s Balanced Salt Solution (HBSS) modified with sodium
bicarbonate (without phenol red), non-essential amino acids (NEAA), antibiotic/antimycotic solution
(penicillin, streptomycin, and amphotericin) and foetal bovine serum (FBS, non-USA origin),
Curcumin (CUR), Triton X-100 and QuantiPro™BCA Assay Kit were purchased from Sigma-Aldrich
(Poole, UK). Caco-2 cells were purchased from the European Collection of Cell Cultures (ECACC)
and used between passages p66-p74. MTS reagent, namely 3-(4,5-dimethylthiazol-2-yl)-5(3-
carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (commercially known as CellTiter 96
AQueous One Solution Assay) was purchased from Promega (Madison, WI, USA). Exosome isolation
kit from other body fluids and exosome isolation kit form cell culture were purchased from Thermo
Fisher Scientific (Loughborough, UK), ExoGlow™-Protein EV Labeling Kit (Red) and exosome-
depleted FBS were purchased from System Biosciences (Palo Alto, CA, USA). Transwell® permeable
cell culture inserts (polycarbonate filter, 1.1 cm? diameter, 0.4 um pores) were obtained from Corning
(Corning, NY, USA). PD-10 columns, Sephadex G-25 were obtained from GE Healthcare (Chicago,
IL, USA).

2.1. Isolation of EVs

EVs were isolated from cow skimmed milk obtained from a local grocery store, and from Caco-
2 cells. We used a commercial kit for EV isolation, similarly to recent studies [18,19]. Milk derived
EVs were isolated from 1 mL of milk according to the instructions supplied with the isolation reagent
namely Invitrogen™ Total Exosome Isolation Reagent (from other body fluids). For Caco-2 EVs, cells
were firstly grown in T75 flasks using DMEM supplemented with exosome-depleted FBS,
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antibiotic/antimycotic and NEAA. The flask was maintained under atmosphere set at 5% COz, 95%
relative humidity and 37 °C in an incubator. Cells were cultured until they were approximately 90%
confluent, exchanging culture medium every two days. Culture medium was collected on confluence
and EVs isolated according to the protocol enclosed within Invitrogen™ Total Exosome Isolation
Reagent (from cell culture media).

2.2. Characterisation of EVs

Characterization of both milk- and Caco-2 cell-derived EVs was performed by measuring the
average hydrodynamic size by dynamic light scattering (DLS), zeta potential and polydispersity by
a Malvern Zetasizer (Malvern instruments Ltd., Malvern, UK). The yield (EV particle number) was
measured by nanoparticle tracking analysis (NTA) using a Nanosight LM10 instrument (Malvern,
UK). Briefly, for DLS analysis a 1:100 dilution in phosphate buffered saline (PBS) of EVs was analysed
in equilibration time of 120 s at a constant temperature of 25 °C. For NTA analysis, EVs diluted 1:100
dilution in PBS were analysed at a constant temperature of 25 °C. In both analyses, each measurement
was repeated three times.

Bicinchoninic acid (BCA) protein assay was used to calculate EV proteins present in the solution
after the isolation. 10 uL of EV suspension (diluted 1:100 in PBS) was used for protein quantitation
and absorbance at 562 nm was measured and compared with the serially diluted bovine serum
albumin standards. A calibration curve was plotted using standard solutions of BCA in the range 0-
30 pg/mL and the concentration of the sample was measured.

2.3. Fluorescence Labelling of EVs

Isolated EVs were labelled using a commercially available ExoGlow™-protein EV labelling kit.
Briefly, 1 uL of 500X labelling dye per 200-500 ug of protein equivalent of EVs was added. The
solution was incubated for 20 min at 37 °C with shaking. Then, 167 uL of ExoQuick™ reagent was
added to the solution and incubated overnight at 4 °C. After incubation, the solution was centrifuged
at 12,300x g for 10 min and EVs in the pellet resuspended in PBS for downstream applications.

2.4. Curcumin Incorporation into EVs

CUR was encapsulated into EVs by mixing a solution of CUR in ethanol (2 mg/mL) with EVs in
PBS overnight at room temperature under stirring. The theoretical concentration ratio of CUR to EV
proteins (determined by BCA assay) was kept 1:4. After the incubation, a size exclusion
chromatography with PD-10 Sephadex G-25 column (Chicago,IL, USA). was conducted in order to
remove the unincorporated curcumin from EV suspension. Elution profiles of CUR alone and EVs
alone were used as controls.

The loading capacity and the entrapment efficiency were then calculated using Equation (1) and
Equation (2), respectively:

amount of CUR in EV — CUR

% D loading = x 100 1
% Drug loading amount of EV proteins in EV — CUR 1)

amount of CURInEV — CUR
X 100

% Entrapment ef ficiency = CUR addod 2)

2.5. Cell Uptake f Eovs in Undifferentiated and Differentiated Caco-2 Cells

Cell uptake of EVs was tested in undifferentiated Caco-2 cells (cultured in multiwell plates) and
differentiated, polarised monolayers (cultured on inserts) to determine whether Caco-2 cell
differentiation influences the extent of EV internalisation.

For the uptake in undifferentiated cells, Caco-2 cells were seeded at 5 x 10* cells/well in 48-well
plates and cultured for 72 h. This was followed by culture medium removal and replacement with
0.5 mL of HBSS to equilibrate the cells (45 min incubation). Cells were incubated with EVs applied in
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HBSS for 4 h. After incubation, cells were detached from wells with trypsin and permeabilised using
Triton-X 1% v/v. Cells were pelleted by centrifugation for 5 min. Then, 100 uL of supernatant was
transferred to a black 96-well plate. EV uptake was quantified by fluorescence using a Tecan plate
reader (excitation A 565 nm, emission A 615 nm) (Tecan Trading AG, Mannedorf, Switzerland).

To determine EV uptake in differentiated cells, Caco-2 cells were seeded on Transwell® inserts
at 105 cells/well and cultured for 21 days. Caco-2 cell growth, polarisation and cell monolayer integrity
were monitored by measuring the transepithelial electrical resistance (TEER). After 21 days, culture
medium was removed from inserts and replaced with 0.5 mL of HBSS to equilibrate the cells (45-min
incubation). Thereafter, EV uptake was measured by applying EV samples to the apical side of
polarised monolayers for 4 h. The applied samples were then removed, cells washed with PBS and
subsequently detached from inserts and permeabilised with trypsin and 1% w/v Triton X-100. Uptake
was determined by fluorescence, which was measured as above.

2.6. Influence of EV Encapsulation on Antiproliferative Effects of CUR

The MTS assay was performed to test the antiproliferative effect of CUR following encapsulation
into EVs. Caco-2 cells were seeded on 96-well plates at 10* cells/well and incubated at 37 °C/5% CO2
in culture medium for 24h before the assay. Culture medium was aspirated and replaced with the
samples suspended in exosome-depleted DMEM. Exosome-depleted DMEM was used as a negative
control and Triton X-100 (1% v/v in exosome-depleted DMEM) as a positive control. Cells were
incubated with samples and controls at 37°C/5% CO: for 72 h. After the incubation period, sample
solutions were aspirated and cells washed with PBS. 100 uL of culture medium (DMEM) was added
to each well, followed by 20 uL of MTS Reagent. Cells were incubated with the MTS reagent for 3 h
at37 °C. After incubation, the absorbance was measured at 492 nm. The relative cell metabolic activity
(%) was calculated using Equation (3):

D-T

Relative metabolic activity = x 100 3)

where S is the absorbance with the tested samples, T is the absorbance with Triton X-100, and D is
the absorbance with exosome-depleted DMEM

2.7. Intestinal Permeability

Caco-2 cells were seeded and cultured on inserts for 21 days as above. Permeability assays were
commenced by replacing the culture medium with 0.5 mL of HBSS and 45-min incubation to
equilibrate the cells. Thereafter, EVs were applied to the apical side of cell monolayers for 4 h,
followed by periodic sampling from the basolateral side. EV permeability was quantified by
fluorescence, measured as above.

2.8. Effect of EV-Incorporation on Intestinal Permeability of CUR

CUR was incorporated into EVs as described above. Permeability study on
polarised/differentiated Caco-2 monolayers was conducted as above, with EV-incorporated CUR and
free CUR applied to the apical side of cell monolayers at equivalent concentrations. Specifically, CUR
concentrations amounted to 15 pg/mL for milk EVs and 8 ug/mL for Caco-2 EVs. Permeability study
was undertaken for 4 h with periodic sampling of the basolateral solution and quantitation of CUR.

2.9. Statistical Analysis

Unpaired, unequal variance t test (or Welch t test) was performed for comparisons of two group
means, while one way analysis of variance (ANOVA) was utilized for comparison of three or more
group means. P value of <0.05 was considered statistically significant. ***, ** and * indicate p < 0.001,
p <0.01 and p <0.05, respectively. Statistical analysis was conducted using GraphPad Prism® Software
(version 6, San Diego, CA, USA).
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3. Results

3.1. Characterisation of EVs

EVsisolated from cow milk and from Caco-2 cells were initially characterised for hydrodynamic
size, polydispersity index and zeta potential. This analysis was conducted for unmodified EVs,
fluorescently-labelled EVs, and CUR-incorporated EVs. Data are reported in Supplementary
Materials, Table S1. Unmodified milk EVs showed an average diameter of 217 nm, PdI around 0.34
and zeta potential of —8.1 mV. Fluorescently-labelled milk EVs were found to display a larger
hydrodynamic radius of 278 nm, and zeta potential of -7.1 mV. CUR-incorporated, fluorescently-
labelled milk EVs were found to have hydrodynamic radius of around 390 nm and a zeta potential
similar to unloaded, fluorescently-labelled EVs.

Caco-2-derived unmodified and fluorescently-labelled EVs, with or without CUR, displayed
similar hydrodynamic radii and zeta potential values to milk-derived counterparts, specifically 200,
275 and 351 nm, respectively. Zeta potential values for unmodified cell-derived EVs were similar to
milk counterparts and somewhat lower for fluorescently-labelled and CUR-incorporated (and
labelled) Caco-2 cell-derived EVs compared to systems originating from cow milk.

NTA was used as an alternative approach to ascertain the size of unmodified EVs and to
establish the yield (nanoparticle numbers/volume). Data are shown in Figure 1A and 1B for cow milk
and cell-derived EVs, respectively. Table 1 shows that NTA data is in agreement with DLS
(Supplementary Table S1), with milk-derived EVs found to be 186 nm in size and cell-derived
counterparts 204 nm.
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Figure 1. Nanoparticle tracking analysis (NTA) graphs of (A) cow milk extracellular vesicles and (B)
Caco-2 cell-derived extracellular vesicles. Data are shown as mean +/- SD (n = 3).

Table 1 additionally depicts the yield and protein content of cow milk and Caco-2 cell-derived
EVs.

Table 1. Size (nm), yield (particles/mL) and protein concentration (pg/mL) of Caco-2 extracellular
vesicles and milk extracellular vesicles, as measured using nanoparticle tracking analysis instrument
(data expressed as mean +/-SD; n = 3). Protein concentration measured using the Bicinchoninic acid
(BCA) assay.

EV type Size (nm) Yield (particle/mL) Protein (ug/mL)
Caco-2 cells 2039 £4.1 1.82 x 10° + 1.06 = 108 468.1£15.5
Cow milk 185.8 +6.2 2.42 x 10° £ 6.86 x 107 3290 + 259.3
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3.2. CUR Loading and Entrapment Efficiency

Encapsulation efficiency calculated from the elution peaks for milk derived EVs and Caco-2
derived EVs (Supplementary Figure S1) were 36% and 12% (9 ug of CUR per 100 ug of milk EV
proteins and 3 pg of curcumin per 100 ug of Caco-2 EV proteins), respectively, while drug loading
values were 9% and 3%, respectively.

3.3. Cell Uptake of Evs in Undifferentiated and Differentiated Caco-2 Cells

The cellular uptake of milk- and cell-derived EVs in undifferentiated and differentiated Caco-2
cells following 4-h incubation is shown in Figure 2 (A and B, respectively). Figure 2A shows that 5%
of the applied amount of milk EVs were taken up by cells (48-well plate format). Uptake of cell EVs
amounted to 6.7% of the applied dose per well.

Regarding cell uptake into differentiated Caco-2 cells (polarised monolayers), Figure 2B shows
that the uptake of both milk and Caco-2 EVs was markedly higher in differentiated cells compared
to non-differentiated cells (both cultured to confluence on substrates of equivalent surface area of 1.1
cm?). Specifically, cell uptake of EVs was around two-fold higher (13.31%) for milk EVs and almost
five-fold higher (31.83%) for cell-derived systems. Cell EVs seem to be associated with a notably
higher level of cell uptake than milk-derived systems.
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Figure 2. Cell uptake of extracellular vesicles (EVs) (expressed as EV protein amount) in
undifferentiated and differentiated Caco-2 cells. (A) Cell uptake (percentage of applied dose) of milk-
derived and Caco-2 derived EVs in undifferentiated Caco-2 cells cultured on 48-well plates. Cells were
incubated with EVs for fourh. Data shown as the mean +/- SD (1= 3). * denotes p <0,05. (B) Cell uptake
of milk-derived and Caco-2-derived EVs in Caco-2 differentiated/polarised cells. Cells were cultured
for 21 days on permeable inserts. Cells were incubated with EVs for fourh. Data shown as the mean
+/- SD (n = 3). *** denotes p < 0.001.

3.4. Antiproliferative Effects of EV-incorporated CUR

Figure 3 shows the impact of EV encapsulation on antiproliferative effects of CUR, as
determined by the MTS assay. EV-encapsulated CUR demonstrated a notably greater inhibition of
cell proliferation compared to the same applied concentration of free CUR. Specifically, the
antiproliferative activity of CUR increased by 34% when incorporated in milk EVs and by 26%
following incorporation in cell EVs. Milk and cell EVs alone exhibited no significant inhibition of
Caco-2 cell metabolic activity (11% and 14% decrease, respectively).
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Figure 3. Antiproliferative activity of extracellular vesicle-incorporated curcumin (EV-CUR) and free
curcumin (CUR) in Caco-2 cells. Triton X-100 (0.1% v/v) and exosome-depleted culture medium were
used as controls relative to which metabolic activity of samples was calculated. Cells were treated
with milk EV-CUR! (4.5 pg/ml), free CUR! (4.5 ug/ml), Caco-2 EV-CUR? (1.5 pg/ml), free CUR? (1.5
ug/ml). Data shown as the mean +/- SD (n=6). ** and *** denotes p < 0.005 and p < 0.001, respectively.

3.5. Intestinal Translocation of EVs

Following investigation of cell uptake of milk- and cell-derived EVs, we were interested in
comparing their ability and capacity to traverse intestinal epithelial Caco-2 monolayers (intestinal
barrier model). Figure 4 depicts that cell-derived EVs demonstrated a markedly higher capacity to
translocate across Caco-2 monolayers compared to milk-derived EVs. While there was an overall
trend of gradual accumulation of EVs in the basolateral compartment, the rate of EV translocation
was highest in the first 30 min. By the last sampling point (4 h), cell EV translocation amounted to
6.15% compared to 1.51% for milk-derived counterparts.

-8 Caco-2 EVs -o—- Milk EVs

*%

—3———35—9

T T T T T 1
0 40 80 120 160 200 240

Time (min)

EV translocation (% of applied)
=N
1

Figure 4. Translocation of milk-derived extracellular vesicles (EVs) and cell-derived EVs in
differentiated/polarised Caco-2 cells. Data shown as the mean +/- SD (1 = 3). ** denotes p < 0.01

3.6. Intestinal Translocation of EV-Incorporated CUR

Following on from demonstration of ability of milk and cell EVs to translocate across intestinal
Caco-2 monolayers, we tested whether intestinal permeability of CUR might be improved by
incorporation into these biological vesicles. Table 2 reveals that apical-to-basolateral permeability of
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CUR (tested over 4 h) was significantly higher following EV-incorporation, as compared to free CUR,
for both cell and milk-derived EVs. However, CUR permeability enhancement following
incorporation into cell derived EVs was notable more pronounced compared to milk EV-CUR, with
enhancement ratio of 5.1 versus 2.9.

Table 2. Permeability of curcumin (CUR) and CUR incorporated into milk-derived and Caco-2 cell-
derived extracellular vesicles (‘Milk EV-CUR’ and ‘Caco-2 EV-CUR’, respectively). Permeability was
tested over fourh, with regular sampling of the basolateral solution and CUR quantitation by
absorbance. Permeability expressed as apparent permeability coefficient (Papp). Data shown as the
mean +/- SD (n = 3). * denotes p < 0.05 (EV-CUR vs ‘Free CUR).

Sample CUR permeability, Papp (cm/s) (SD) Enhancement ratio

Free CUR 2.69 x 106 (+ 3.84 x 107) -
Milk EV-CUR 7.70 x 106 (+ 3.93 x 10-6)* 2.9
Cell EV-CUR 1.38 x 105 (+ 1.12 x 106)* 5.1

4. Discussion

Ingestion is by far the most preferred route of drug administration, but many drugs require
parenteral administration (injections) owing to poor oral bioavailability. Low oral bioavailability can
result from a number of issues, with key factors involving low water solubility of the drug, instability
in the gastrointestinal tract environment, low absorption across the intestinal epithelium, or the “first-
pass’ metabolism. Particle-based carriers have the potential to overcome some of these issues and
improve bioavailability following oral drug administration. However, particles require careful
engineering for oral drug delivery as normally most particulates show limited ability to translocate
across the gastrointestinal mucosa.

The ability of EVs, particularly exosomes, to act as the body’s natural delivery systems,
effectively transferring cargo from one cell to another, makes them promising natural systems for
oral drug delivery. However, it is acknowledged that the current challenge in producing and/or
harvesting certain EVs on a commercial scale remains a concern [20,21].

Studies have shown that EVs (exosomes) from cow milk are capable of withstanding the hostile
gastric conditions, maintaining, and transferring their contents from the gastrointestinal tract into the
blood [15,22,23]. A human study demonstrated that functional miRNAs from cow milk are absorbed
systemically [22] and studies in mice showed that exosomes from cow milk are capable of cargo
delivery across the gastrointestinal epithelium [15,16,23,24], with therapeutic applications including
targeted delivery to cancer.

This work for the first time probes the oral drug delivery enhancing potential of intestinal
epithelial cell-derived EVs, whilst providing a comparison of this potential with cow milk-produced
EVs. EVs were successfully isolated, characterised, labelled and loaded with a poorly absorbable
compound serving as a model drug (CUR) (Figure 1 and Supplementary Figure S1, Table 1 and
Supplementary Table S1). We then performed cell uptake and transport analyses in undifferentiated
and differentiated intestinal Caco-2 cells.

Cell uptake data reveal that while both milk- and intestinal epithelial cell-derived EVs were
taken up by undifferentiated and differentiated (polarised monolayer) intestinal Caco-2 cells (Figure
2A,B, respectively), Caco-2-derived EVs demonstrated a higher cell uptake. Interestingly, the uptake
of both cow milk and intestinal epithelial cell EVs was notably higher in differentiated Caco-2 cells
compared to undifferentiated cells, specifically 2-fold higher for milk EVs and 5-fold higher for cell-
derived counterparts. Both milk and cell-derived EVs displayed notably higher levels of cell uptake
than, for example, 100 nm unmodified polystyrene nanoparticles reported in our previous study™.
Specifically, this difference amounts to 5% and 6.7% cell uptake for milk and cell EVs, respectively,
versus 1.57% for polystyrene nanoparticles in undifferentiated cells, whereas in polarised monolayers
cell uptake of milk and cell EVs was observed to be 13.31% and 31.83%, respectively, versus 4.1%
with polystyrene nanoparticles.
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A recent study has demonstrated that the neonatal Fc receptor (FcRn)-a receptor responsible for
trafficking of immunoglobulin G (IgG) across epithelia, including the intestinal epithelium-may play
a critical role in the intestinal absorption of cow milk exosomes [13]. Specifically, in a competition
experiment in mice were co-administered exosomes with varying amounts of free bovine IgG, which
reduced the uptake of exosomes. If the intestinal absorption of exosomes is indeed mediated via FcRn,
this may explain the significantly higher uptake of EVs in differentiated Caco-2 cells. This is because
the expression level of FcRn is differentiation-dependent, with the level of FcRn expression in post-
confluent Caco-2 cells found to be approximately three-fold higher compared to that in pre-confluent
cells [25].

To demonstrate that the cell uptake-enhancing effect of EVs can be utilised to facilitate the
intracellular delivery of drugs, we used CUR as a model drug with poor cellular uptake [26]. Studies
determining the anti-proliferative effect showed that EV-incorporated CUR was associated with a
significantly higher suppression of cell proliferation compared to free CUR, with its antiproliferative
activity increasing by 34% following encapsulation in milk EVs and by 26% when presented to the
cells incorporated in intestinal epithelial cell-derived EVs (Figure 3). This is in agreement with a
previous study evaluating the antiproliferative activity of EV-encapsulated CUR against several
human cancer cell lines (lung, cervical, and breast cancer cells), which demonstrated a significantly
increased antiproliferative efficacy of EV-enclosed CUR (compared to free CUR) in all the examined
cells [27].

There have been some attempts to compare the mechanisms of intestinal epithelial trafficking of
EVs. A prior study utilised inhibitors of endocytosis (cytochalasin D) and intracellular vesicle
trafficking (brefeldin A) to test the intestinal uptake of microRNAs encapsulated in bovine milk EVs
(exosomes) in Caco-2 cells. The attenuation of uptake under these conditions suggested that as an
active and saturable process, exosome uptake is most likely mediated by endocytosis [28]. In another
study, milk exosome uptake was confirmed to be an energy-dependent process [27]. In addition,
pharmacological inhibitors of caveolae-mediated uptake resulted in around 50% decrease in uptake
of exosomes in H1299 cells and microtubule inhibitors attenuated the uptake to a lower extent.

Studies assessing the transepithelial transport of EVs across polarised (differentiated) Caco-2
monolayers show that intestinal epithelial cell-derived systems demonstrated a significantly more
pronounced ability to translocate across the intestinal model (Figure 4). The data therefore suggest
that intestinal epithelial cell-derived EVs would potentially show more prominent bioavailability-
enhancing effects compared to cow milk EVs.

A previous study demonstrated that encapsulation of CUR in milk EVs protected this compound
from gastrointestinal digestion (tested in vitro) and facilitated its permeability across Caco-2
monolayers compared to free CUR [29]. Here we confirm these findings (Table 2). However, in line
with observations that intestinal epithelial cell-derived EVs permeated Caco-2 monolayers to a
greater extent compared to cow milk counterparts, Table 2 also confirms that CUR permeability
across the Caco-2 intestinal model is enhanced significantly more following incorporation in
intestinal epithelial cell-derived EVs relative to cow milk EV.

Overall, this study confirms the ability of cow milk EVs to traverse the intestinal epithelial
barrier, but shows that EVs derived from intestinal epithelial cells themselves have a notably superior
capacity to overcome this barrier. Cow milk derived EVs are more attractive potential delivery
systems due to lower production/scalability cost. Additionally, it has been demonstrated that cargo
(dietary microRNAs) encapsulated in milk exosomes is protected against degradation by low pH,
RNases and treatment that mimics digestion in the gastrointestinal tract [23,30,31], making cow milk
exosomes potentially attractive systems for oral drug delivery. However, the greater intestinal
epithelium barrier crossing capacity of EVs from human intestinal epithelial cells may be more useful
and produce a more pronounced improvement of oral drug bioavailability. At the same time, the
stability of intestinal epithelial cell-derived EVs in the gastrointestinal biofluid is not known and was
not assessed in this study. Future work should further explore their potential utility for facilitating
oral drug delivery, particularly of macromolecules, with studies on the optimisation of drug loading
(which is particularly challenging with large molecules), assessment of stability of EVs in the
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gastrointestinal tract, and determination of epithelial trafficking mechanisms. Finally, the delivery
potential and safety of these systems should be confirmed in vivo.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4923/12/3/226/s1, Figure
S1: Size exclusion chromatography profiles, Table S1: Hydrodynamic size, polydispersity index and zeta
potential of EVs.

Author Contributions: Conceptualization, D.V.; Methodology, G.C.,].M., EF. and D.V.; Software, G.C, E.F. and
D.V,; Validation, G.C., EF. and D.V.; Formal Analysis, G.C., EF. and D.V.; Investigation, G.C. and J.M,;
Resources, D.V.; Data Curation, G.C., ] M. and E.F.; Writing-Original Draft Preparation, G.C. and D.V..; Writing-
Review & Editing, G.C., E.F. and D.V.; Supervision, D.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was partially funded by the Engineering and Physical Sciences Research Council (EPSRC);
grant reference number EP/P002544/2.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khanvilkar, K.; Donovan, M.D.; Flanagan, D.R. Drug transfer through mucus. Adv. Drug Deliv. Rev. 2001,
48,173-193

2. Pozzi, A,; Yurchenco, P.D.; Iozzo, R.V. The nature and biology of basement membranes. Matrix Biology
2017, 57, 1-11.

3. Mantaj, ].; Abu-Shams, T.; Enlo-Scott, Z.; Swedrowska, M.; Vllasaliu, D. Role of the Basement Membrane
as an Intestinal Barrier to Absorption of Macromolecules and Nanoparticles. Mol. Pharm. 2018, 15, 5802—
5808.

4. Vllasaliu, D ; Falcone, F.H.; Stolnik, S.; Garnett, M. Basement membrane influences intestinal epithelial cell
growth and presents a barrier to the movement of macromolecules. Exp. Cell Res. 2014, 323, 218-231.

5. Hashem, L.; Swedrowska, M.; Vllasaliu, D. Intestinal uptake and transport of albumin nanoparticles:
Potential for oral delivery. Nanomedicine 2018, 13, 1255-1265.

6.  Fricker, G.; Kromp, T.; Wendel, A.; Blume, A; Zirkel, ].; Rebmann, H.; Setzer,C; Quinkert, R.-O.; Martin, F.;
Muller-Goymann, C. Phospholipids and lipid-based formulations in oral drug delivery. Pharm. Res. 2010,
27, 1469-1486.

7. Nguyen, T.X,; Huang, L.; Gauthier, M.; Yang, G.; Wang, Q. Recent advances in liposome surface
modification for oral drug delivery. Nanomedicine 2016, 11, 1169-1185.

8.  Talegaonkar, S.I Bhattacharyya, A. Potential of Lipid Nanoparticles (SLNs and NLCs) in Enhancing Oral
Bioavailability of Drugs with Poor Intestinal Permeability. AAPS PharmSciTech 2019, 20, 121.

9. Bird, ]J.L.,, Simpson, R., Vllasaliu, D.; Goddard, A.D. Neurotensin receptor 1 facilitates intracellular and
transepithelial delivery of macromolecules. Eur. J. Pharm. Biopharm. 2017, 119, 300-309.

10. Pridgen, EM.; Alexis, F.; Kuo, T.T.; Levy-Nissenbaum, E.; Karnik, R.; Blumberg, R.S.; Langer, R;
Farokhzad, O.C. Transepithelial transport of nanoparticles targeted to the neonatal Fc receptor for oral
delivery applications. Nanomedicine 2013, 5, 213.

11.  Yong, ].M.; Mantaj, J.; Cheng, Y.; Vllasaliu, D. Delivery of Nanoparticles across the Intestinal Epithelium
via the Transferrin Transport Pathway. Pharmaceutics 2019, 11, 298.

12.  Yafiez-Mo6, M,; Silijander, P.R.-M.; Andreu, Z.; Zavec, A.B.; Borras, E.I; Buzas, K.; Cappello, F.; Carvalho,
J.; et al. Biological properties of extracellular vesicles and their physiological functions. . Extracell. Vesicles
2015, 4, 1-60.

13. Betker, ]J.L.; Angle, B.M.; Graner, M.W. Anchordoquy, T.J. The Potential of Exosomes From Cow Milk for
Oral Delivery. . Pharm. Sci. 2019, 108, 1496-1505.

14. Kusuma, R.J.,; Manca, S.; Friemel, T.; Sukreet, S., Nguyen, C.; Zempleni, ]. Human vascular endothelial cells
transport foreign exosomes from cow’s milk by endocytosis. Am. J. Physiol. Physiol. 2016, 310, C800-C807.

15. Munagala, R.; Aqil, F.; Jeyabalan, J.; Spencer, W.A.; Beck, ]J.; Gachuki, B.W.; AlHakeem, S.; Oben, K.;
Munagala, R.; Bondada, S.; et al. Bovine milk-derived exosomes for drug delivery. Cancer Lett. 2016, 371,
48-61.

16. Agrawal, AK,; Aqil, F; Jeyabalan, ].; Spencer, W.A.; Beck, J.; Gachuki, B.W.; Alhakeem, S.S.; Oben, K;
Munagala, R. Bondada, S; Gupta, R.C. Milk-derived exosomes for oral delivery of paclitaxel. Nanomedicine
Nanotechnology, Biol. Med. 2017, 13, 1627-1636.



Pharmaceutics 2020, 12, 226 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Agqil, F.; Munagala R.; Jeyabalan, J.; Gupta, R.C. Milk derived exosomes: Scalable source of biologically
active drug delivery nanoparticles. Cancer Res. 2014, 74, 5407.

Helwa, I; Cai, J.; Drewry, M.D.; Zimmerman, A.; Dinkins, M.B.; Khaled, M.L.; Seremwe, M.; Dismuke,
W.M.; Bieberich, E.; Stamer, W.D.; et al. A comparative study of serum exosome isolation using differential
ultracentrifugation and three commercial reagents. PLoS One 2017, 12, 1-22.

Rekker, K.; Saare, M.; Roost, A.M.; Kubo, A.-L.; Zarovni, N.; Chiesi, A.; Salumets, Al.; Peters, M.
Comparison of serum exosome isolation methods for microRNA profiling. Clin. Biochem. 2014, 47, 135-138.
Akao, Y.; Iio, A,; Itoh, T.; Noguchi, S.; Itoh, Y.; Ohtsuki, Y.; Naoe, T. Microvesicle-mediated RNA molecule
delivery system using monocytes/macrophages. Mol. Ther. 2011, 19, 395-399.

Smyth, T.; Kullberg, M.; Malik, N.; Smith-Jones, P.; Graner, M.W.; Alnchordoquy, T.]J. Biodistribution and
delivery efficiency of unmodified tumor-derived exosomes. |. Control. Release 2015, 199, 145-155.

Baier, S.R., Nguyen, C., Xie, F., Wood, J.R.; Zempleni, J. MicroRNAs Are Absorbed in Biologically
Meaningful Amounts from Nutritionally Relevant Doses of Cow Milk and Affect Gene Expression in
Peripheral Blood Mononuclear Cells, HEK-293 Kidney Cell Cultures, and Mouse Livers. . Nutr. 2014, 144,
1495-1500.

Benmoussa, A.; Lee, C.H.; Laffont, B.; Savard, P.; Laugier, J.; Boilard, E.; Gilbert, C.; Fliss, I.; Provost, P.
Commercial Dairy Cow Milk microRNAs Resist Digestion under Simulated Gastrointestinal. ]. Nutr. 2016,
146, 2206-2215.

Zempleni, J.; Aguilar-Lozano, A.; Sadri, M.; Sukreet, S.; Manca, S.; Wu, D.; Zhou, F.; Mutai, E. Biological
Activities of Extracellular Vesicles and Their Cargos from Bovine and Human Milk in Humans and
Implications for Infants. J. Nutr. 2017, 147, 3-10.

Sato, K.; Nagai, J.; Mitsui, N.; R;; Yumoto, R.; Takano, M. Effects of endocytosis inhibitors on internalization
of human IgG by Caco-2 human intestinal epithelial cells. Life Sci. 2009, 85, 800-807.

Anand, P., Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and
promises. Mol. Pharm. 2007, 4, 807-818.

Aqil, F.; Munagala, R.; Jeyabalan, J.; Agrawal, A.K, Gupta, R. Exosomes for the Enhanced Tissue
Bioavailability and Efficacy of Curcumin. AAPS J. 2017, 19, 1691-1702.

Wolf, T.; Baier, S.R.; Zempleni, J. Transport of Bovine Milk Exosomes By Human Colon Carcinoma Caco-2
Cells and Rat Small Intestinal Iec-6. |. Nutr. 2015, 145, 2201-2206.

Vashisht, M.; Rani, P.; Onteru, S.K.; Singh, D. Curcumin Encapsulated in Milk Exosomes Resists Human
Digestion and Possesses Enhanced Intestinal Permeability in Vitro. Appl. Biochem. Biotechnol. 2017, 183, 993—
1007.

Izumi, H.; Kosaka, N.; Shimizu, T.; Sekine, K.; Ochiya, T.; Takase, M. Bovine milk contains microRNA and
messenger RNA that are stable under degradative conditions. ]. Dairy Sci. 2012, 95, 4831-4841.

Liao, Y.; Du, X,; Li, J.; Lonnerdal, B., Human milk exosomes and their microRNAs survive digestion in vitro
and are taken up by human intestinal cells. Mol. Nutr. Food Res. 2017, 61, 11.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



