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Abstract

Exosomes are biological nanovesicles that are involved in cell-cell communication via the 

functionally-active cargo (such as miRNA, mRNA, DNA and proteins). Because of their nanosize, 

exosomes are explored as nanodevices for the development of new therapeutic applications. 

However, bulk, safe and cost-effective production of exosomes is not available. Here, we show 

that bovine milk can serve as a scalable source of exosomes that can act as a carrier for 

chemotherapeutic/chemopreventive agents. Drug-loaded exosomes showed significantly higher 

efficacy compared to free drug in cell culture studies and against lung tumor xenografts in vivo. 

Moreover, tumor targeting ligands such as folate increased cancer-cell targeting of the exosomes 

resulting in enhanced tumor reduction. Milk exosomes exhibited cross-species tolerance with no 

adverse immune and inflammatory response. Thus, we show the versatility of milk exosomes with 

respect to the cargo it can carry and ability to achieve tumor targetability. This is the first report to 

identify a biocompatible and cost-effective means of exosomes to enhance oral bioavailability, 

improve efficacy and safety of drugs.
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1 Introduction

Over the last three decades, a number of nanoparticle-delivery systems have been developed 

for cancer therapy, including natural and synthetic polymer-based, lipid-based, and organic 

and inorganic materials [1, 2]. However, due to inherent limitations, only a handful of them 
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have been studied in clinics. The encapsulation of doxorubicin in liposomes (DoxilR) and 

paclitaxel in protein-based nanoparticles (AbraxaneR) represent two of the successful 

applications [3-5]. Factors that have stalled the clinical introduction of other nanoparticles 

include high cost, difficulty in reproducibly synthesizing them in sufficient quantities, and/or 

toxicity issues [2, 6]. The development of ideal nanoparticles with attributes such as long 

circulation time, evasion of the host immune system, and ability to target specific cells, 

minimum off site toxicity, and ability to carry versatile therapeutics remains elusive [7, 8].

Nature-derived nanoparticles could potentially overcome some of the limitations of 

synthetic liposomes. Among the different secreted membrane vesicles, exosomes 

intrinsically possess many attributes of a drug delivery vehicle [9, 10], such as they: i) are 

well tolerated in the body, as evidenced by their wide distribution in various biological 

fluids (including milk) [11-13], ii) have longer circulating half-life, iii) are internalized by 

other cells, iv) carry small molecules and cargoes (such as miRNA, mRNA, and DNA), that 

make these vesicles as delivery vehicles of therapeutics [14-16], and v) are amenable to 

ligand attachment for tumor targetability.

Although the field of exosome-based therapeutics is in its infancy, the ability to engineer 

exosomes to display proteins, incorporate specific nucleic acid and protein cargos, load 

therapeutic agents, its targeted uptake and tolerance in vivo have been demonstrated to some 

extent [14, 15]. However, before exosomes are accepted as a delivery vehicle in clinics, the 

development of biocompatible, economically-viable source and methods for harvesting 

exosomes, which are effective and well-tolerated in vivo, must be demonstrated.

We report here the suitability of bovine milk as a potentially scalable source of exosomes 

that could serve as a drug delivery vehicle. Bovine milk consumption is generally 

considered to be safe and to provide important nutritional benefits [17]. Thus, availability, 

cost and toxicity considerations make bovine milk a suitable natural source for large-scale 

production of exosomes. We demonstrate that milk-derived exosomes can serve as a vehicle 

to deliver both hydrophilic and lipophilic small molecules, including chemotherapeutic 

(chemo) drugs. Using in vitro and in vivo models, we show enhanced biological efficacy of 

the exosomal formulations. This effect was further increased by the addition of tumor-

targeting ligand, folic acid (FA). Therefore, milk exosomes represent a potentially scalable, 

biocompatible and cost-effective means to potentially enhance oral bioavailability, improve 

efficacy and safety of drugs.

2 Materials and Methods

2.1 Isolation of exosomes

Milk from pasture-fed Holstein and Jersey cows during the mid-lactation period was 

obtained from a local dairy; colostrum was from 2-3 days postpartum. Exosomes were 

isolated by differential centrifugation. Briefly, milk was centrifuged at 13,000×g in 250 ml 

centrifuge bottles (Nalgene, Thermofisher Scientific, Holtsville, NY) using TA-10.250 rotor 

and Allegra 25R centrifuge (Beckman Coulter, Brea, California) at 4 °C for 30 min to 

remove fat globules, casein aggregates and other debris. The whey was collected by passing 

through a cheese cloth and subsequently transferred into 70 ml polycarbonate tubes and 
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centrifuged at 100,000×g in Type 45 Ti fixed angle rotor using Optima LE-80K 

Ultracentrifuge (Beckman Coulter, Brea, California) at 4 °C for 60 min to remove large 

particles and microvesicles. Forty-five ml of the supernatant was carefully removed from the 

top and the lower slush portion along with pellet was discarded. This supernatant (70 ml/

tube) was finally centrifuged at 135,000×g for 90 min at 4 °C in a Type 45 Ti fixed angle 

rotor using Optima LE-80K Ultracentrifuge. The supernatant was discarded and the 

exosome pellet thus obtained was washed thrice with PBS. The exosome pellets were pooled 

and re-suspended in PBS to give homogenous suspension and filtered through 0.22 μm for 

sterilization. The total protein content of exosomes was determined and adjusted to get 6 

mg/ml and stored in aliquots at −80 °C until use.

2.2 Protein determination

An aliquot of milk exosome preparation was used for protein estimation using the BCA kit 

(Thermo Scientific, Rockford, IL). Exosome preparations, usually diluted by 10-fold, were 

compared in triplicates against serially diluted BSA as standard according to manufactures 

instructions. Values were extrapolated from this curve, using a third-order polynomial 

equation, with r2>0.98 for each assay.

2.3 NanoSight and Zetasizer

The size distribution of the isolated exosomes was measured by NanoSight and Zetasizer 

(Malvern Instruments Ltd, Malvern, Worcestershire, UK). A monochromatic laser beam at 

405 nm was applied to the diluted suspension of vesicles. Filtered PBS was used as a 

negative control. A video of 30s was taken with a frame rate of 30 frames/s and particle 

movement was analyzed by NTA software (version 2.2, NanoSight). The NTA software is 

optimized first to identify and then track each particle on a frame-by-frame basis, and its 

Brownian movement is tracked and measured. The velocity of particle movement was used 

to calculate particle size by applying the two-dimensional Stokes–Einstein equation [18]. All 

samples were evaluated in 4 replicates. Size determination of isolated exosomes was also 

performed using a Zetasizer Nano ZS (Malvern Instruments). Exosomes were diluted in 1 

ml PBS, and parameters such as zeta potential (electronegativity) and size distribution were 

analyzed at 37 °C according to the manufacturer's instructions.

2.4 Scanning electron microscopy (SEM)

Exosomes (6 mg/ml) were filtered through 0.22 μm syringe filter (Corning Incorporated, 

Manassas, VA) and diluted to 1000-fold using deionized water. Diluted exosomes (5 μl) 

were added onto a clean silica (~300 nm SiO2) wafers and air-dried for 30 min. A 

conductive layer of platinum metal was coated for 30 secs at a current of 20 mA and 

grounded with copper tape. Exosomes were imaged in Zeiss Supra 35 VP SEM 

(Thornwood, NY) under low accelerated voltage (5KV) using secondary electron detectors.

2.5 Atomic force microscopy (AFM)

Exosomes (6 mg/ml) were filtered through 0.2 μm syringe filter (Corning Incorporated, 

Manassas, VA) and diluted to 600-fold using deionized water. Then 5 μl of the diluted 

exosomes was added on to a cleaned silica (~300 nm SiO2) wafers and air-dried for 30 min. 

Munagala et al. Page 3

Cancer Lett. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Asylum MF-3D (Asylum Research, Oxford Instruments, Goleta, CA) atomic force 

microscope in tapping mode, and silicon probes coated with aluminum (Force Constant = 40 

Nm-1; Resonant Frequency = 300 kHz, BudgetSensors.com) was used for imaging. 

Topographic height, amplitude and phase retraces were imaged concurrently with a fixed 

force (< 1 nN) with a scanning rate of 1Hz. The images were recorded at 256 × 256 pixels 

and processed using IGOR software.

2.6 Opti-prep density gradient

Buoyant density of the milk exosomes and the drug-loaded exosomes was determined by 

layering on top of an Opti-prep density gradient (10-60%; w/v) medium (Sigma-Aldrich, St. 

Louis, MO) at 150,000×g and 4 °C for 16 h in a swing bucket rotor (SW 41Ti, Beckman 

Coulter Inc, Fullerton, CA). Distinct bands were collected from the tube, 10 ml of PBS was 

added to each sample, and exosomes were collected by centrifugation for 2 h at 135,000×g.

2.7 Isolation of total RNA

mirVana miRNA Isolation kit (Applied Biosystems, Foster City, CA) was used to isolate 

total RNA for mRNA expression studies. Small RNA was further enriched from total RNA 

for qPCR analysis of miRNAs according to the manufacturer's protocol. Trace genomic 

DNA in the crude total RNA samples was removed by incubation with 10 units of DNase I 

per 100 μg RNA (Ambion, Austin, TX) at 37 °C for 30 min. The concentration of the total 

and small RNA was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE) and RNA integrity was verified with a Bioanalyzer 2100 

(Agilent, Palo Alto, CA).

2.8 qRT-PCR for miRNA and mRNA expression

For miRNA analysis of the 5 selected miRNAs (miR-21, -181a, -155, -223 and -146a), the 

individual TaqMan human MicroRNA Assays were used. Briefly, 25 ng of total RNA was 

reverse-transcribed in a final volume of 20 μl with 12.5 nM of each RT primer using the 

TaqMan MicroRNA Reverse Transcription Kit. TaqMan miRNA PCR kit was used to 

perform PCR reactions on the ABI 7900 Real-Time PCR System (Applied Biosystems, 

Foster City, CA). The reactions were initiated in a 96-well optical plate at 95 °C for 5 min, 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Relative miRNA expression 

was assessed using the differences in normalized Ct (ΔΔCt) method after normalization to 5S 

rRNA.

To determine the exosome-associated mRNA expression levels, one-Step SYBR green qRT-

PCR Kit (Quanta Biosciences, Gaithersburg, MD) was used to perform cDNA synthesis and 

PCR amplification simultaneously from 100 ng of total RNA according to the 

manufacturer's instructions. Bovine specific primers for CD36, CD63, E1α, FAS, MFG-E8, 

MHC-II, PIGR and XDH were designed using primer 3 express software and synthesized 

(IDT DNA Technologies, Coralville, IA,). Reactions were run under the following 

conditions: hold at 50 °C for 10 min, 95 °C for 5 min, then 40 cycles at 95 °C for 10 s and 

60 °C for 30 s. Relative gene expression was assessed using the differences in normalized Ct 

(ΔΔCt) method after normalization to 5S rRNA.
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2.9 Western blot analysis

Milk exosomes were analyzed for exosomal surface proteins by western blot as described 

[19] and blots were probed for CD63, CD81, Tsg101 and Alix (Cell-Signaling, Danvers, 

MA). To rule out presence of contaminating mutlivesicular bodies (MVBs) and endoplasmic 

reticulum (ER) exosomes preparations were also probed with MVB markers such as integrin 

β1, p-selectin and CD40 and ER marker calnexin (Cell-Signaling, Danvers, MA). 

Appropriate secondary antibodies were used and detection carried out using enhanced 

chemiluminescence reagent (Thermo Scientific, Waltham, MA). Equal loading of the 

proteins was confirmed using β-actin (Sigma-Aldrich, St. Louis, MO).

2.10 In vivo biodistribution of exosomes

Athymic nude mice (n=4 per group) were employed to study biodistribution of exosomes 

administered via oral and intravenous routes. Animals were fed with purified AIN-93M diet 

and water ad libitum. Milk exosomes were labeled with near-infrared fluorescent dye DiR 

(20 μM) by incubation at 37 °C for 30 min, followed by centrifugation at 10,000×g for 30 

min to remove unbound dye. Labeled exosomes were concentrated with vivaspin 500 

centrifugal filter devices (10,000K MWCO, Sartorius Stedim, Bohemia, New York) and 

washed thrice with PBS. Exosome pellets were suspended in PBS and sterilized by passing 

through 0.22 μm filter. Animals were administered with a single dose of 100 μl DiR-labeled 

exosomes (60 mg/kg Exo protein). Animals were euthanized after 4 days of treatment; 

different organs were collected and imaged ex vivo using Photon Imager Optima (Biospace 

lab, Paris, France). The relative intensities were measured and compared with untreated 

control. For in vivo stability study, after administration of DiR-labeled exosomes by oral 

gavage as described above, blood were collected at different time points (1, 4, 24, 48, 72 and 

144 h) and imaged for fluorescent intensity.

2.11 Drug encapsulation and in vitro release

The drug loading of chemopreventive [withaferin A (WFA), bilberry-derived 

anthocyanidins (Anthos) and curcumin (Cur)] and chemotherapeutic drugs [paclitaxel (PAC) 

and docetaxel (DOC)] agents was achieved by mixing the test agent (dissolved in ethanol or 

1:1 mixture of ethanol and acetonitrile) with exosome suspension in the proportion of 1:9 at 

room temperature (22 °C). In a separate experiment, we determined that these solvents had 

no effect on the particle size, coagulation, etc. Unbound drug was removed by a low-speed 

centrifugation (10,000×g) for 10 min, and the drug-loaded exosomes were collected by 

centrifugation at 135,000×g for 2 h. The pellet was suspended in PBS and stored at −80 °C. 

Drug loading was determined by analysis of drug spectrophotometrically and/or by ultra-

performance liquid chromatography (UPLC and protein in the sample and percent drug load 

was calculated.

FA was loaded similar to other small drug molecules, except that it was mixed together with 

WFA and dissolved in dimethyl sulfoxide and the final concentration was maintained at 

2.5% (v/v). Vehicle-treated exosomes were processed in parallel to serve as a control. We 

determined the effect of solvents on the exosomes, based on the size and molecular markers 

and anti-proliferative activity. The presence of up to 10% of the solvents did not affect the 
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exosomes properties in any manner and also confirmed the activity of all formulations in 

cell culture.

For in vitro release, exosomes loaded with WFA, PAC, and DOC were added to the dialysis 

tubes and left in the PBS (pH 7.4) containing 0.2% Tween-80, in order to provide sink 

conditions. Aliquots (50 μl) were collected from the dialysis tubes after 1, 2, 4, 8, 24, 48 and 

72 h, and the residual drug levels were measured spectrophotometrically or by UPLC. The 

amount of drug released was determined by subtracting from the initial amount.

2.12 UPLC analysis

Percent drug load was determined by UPLC (Shimadzu, Kyoto, Japan). Briefly, 0.95 ml 

acetonitrile was added to 50 μl of drug loaded exosomes to extract the drug and precipitate 

the exosomal proteins. The precipitated proteins were separated by centrifugation at 

10,000×g for 10 min, supernatant was separated and 5 μl samples were analyzed on UPLC 

system using a Shim-Pack XR-ODS II reverse phase column (Shimadzu; 150 × 3.0 mm i.d., 

2.2 μm). Acetonitrile and water were used at a flow rate of 0.7 ml/min with a linear gradient 

elution in which acetonitrile concentration was increased from 5 to 60% from 1.3 to 5.1 min, 

followed by an increase to 80% from 5.1 to 7.7 min and finally, to 100% in 10 min, the latter 

ratio was maintained till 10.9 min and finally decreased to 5% in 12 min. The WFA was 

detected at 215 nm by PDA-UV and total WFA concentration was calculated against the 

standard curves of WFA. Similarly, other drugs like PAC were extracted using acetonitrile, 

supernatant was separated by centrifugation and samples were analyzed 

spectrophotometrically and drug concentration was calculated against a standard curve of 

reference compounds.

2.13 Cell culture

Human lung cancer (A549 and H1299), breast cancer (MDA-MB-231 and T47D) cell lines 

and human normal bronchial epithelial cells (Beas-2B) were obtained from American Type 

Cell Culture (ATCC, Manassas, VA). All cancer cell lines were supplemented with 10% 

fetal bovine serum and antibiotics. The A549 and H1299 cells were grown in F-12K and 

DMEM media, respectively. The T47D cells were grown in RPMI supplemented with 0.2 

units/ml insulin and MDA-MB-231 cells were grown in L-15 media. The Beas-2B cells 

were grown in Bronchial Epithelial Medium (BEBM) media supplemented with all the 

additives of BEGM, Kit (Lonza/Clonetics Corporation, San Diego, CA). All cell lines 

except MDA-MB-231 were grown at 5% CO2. All cell lines were maintained at 37 °C in a 

humidified chamber.

2.14 Confocal microscopy

Milk exosomes were labeled with PHK-67 as per manufacturer's instructions and labeled 

exosomes were washed twice with PBS and concentrated with VIVASPN 500 centrifugal 

filter devices (10,000 MWCO; Sartorius Stedim, Bohemia, New York). Human lung cancer 

H1299 cells were seeded into BD Falcon 8-well chamber Culture Slides (BD Biosciences, 

San Jose, CA) and labeled exosomes were added at various concentrations and incubated 

variable times. For confocal microscopy, samples were fixed with 4% methanol-free 

paraformaldehyde for 10 min, permeabilized in 0.1% Triton-X 100 in PBS for 3 min. After 

Munagala et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fixation and permeabilization, cells were washed thrice with PBS, blocked in 1% bovine 

serum albumin in PBS for 10 min, and stained with a solution containing 0.5 unit/μl Alexa 

Fluor 488 -conjugated phalloidin (Molecular Probes, Life Technologies, Grand Island, NY) 

for 20 min at room temperature. DNA was visualized through DAPI staining (Molecular 

Probes, Life Technologies, Grand Island, NY).

2.152.15 Electrophoretic Mobility Shift Assay (EMSA)

DNA binding of NF-κB was measured by EMSA as described [20]. Briefly, human lung 

cancer A549 cells pretreated with milk exosomes at 37 °C for 6h and then challenged with 

tumor necrosis factor- α (TNF-α) (1 ng/ml) or LPS (1 μg/ml) for 30 min and nuclear extracts 

were prepare. Nuclear protein (10 μg in each assay) was incubated at room temperature for 

30 min with 0.2 μg of 32P-end-labeled double-stranded oligonucleotide containing the NF-

κB binding motif (Promega, Madison, WI, USA) and 1 μg of poly (dI-dC) as an inhibitor of 

nonspecific binding, in binding buffer containing 20 mM N-2-hydroxyethylpiperazine-N'-2 

ethanesulfonic acid (HEPES; pH 7.4), 60 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 0.5 mM 

dithiothreitol, 0.5 mM phenylmehylsulfonyl fluoride, 1% Nonidet P-40 and 8% glycerol. 

The sequence of the double-stranded oligomers used for EMSA was 5'-AGT TGA GGG 

GAC TTT CCC AGG C-3'. In a cold-competition experiment, unlabeled oligonucleotide 

was incubated with extracts for 30 min at room temperature prior to the addition of the 

radiolabeled probe. The reaction mixtures were electrophoresed through 7.5% native 

polyacrylamide gels. After the gels were dried, DNA-protein complexes were visualized and 

quantified by Packard InstantImager (Downers Grove, IL).

2.16 Antiproliferative activity

The antiproliferative activity of the exosomal formulations of the test agents against normal 

bronchial epithelial cells (Beas-2B), breast (MDA-MB-231, T47D), and lung (A549, 

H1299) cancer cells was assessed by MTT assay, as described elsewhere [19]. Briefly, cells 

were seeded in a 96-well plate for overnight, and treated with either drug alone, exosomal 

formulation of the drug or exosomes alone at various concentrations for 72 h. At the end of 

treatment period the medium was changed and incubated with MTT (0.5 mg/ml) for 2 h, 

followed by solubilization in dimethyl sulfoxide and spectrophotometric measurement at 

570 nm.

2.17 Antitumor activity of drugs delivered as exosomal formulations

Female athymic nude mice (4-5 week old) were purchased from Harlan (Harlan Labs, 

Indianapolis, IN) and provided with AIN-93M diet and water ad libitum. Human lung cancer 

A549 cells in serum-free media (F-12K) were mixed with matrigel matrix in 1:1 ratio and a 

suspension of 2.5 × 106 cells (100 μl) was injected subcutaneously into the right flank of 

each mouse. When tumors grew to ~80 mm3, animals were randomized into five groups (n = 

6-8). The treatment group received intraperitoneal (i.p) injections of WFA or Exo-WFA (4 

mg WFA/kg; 25 mg protein/kg b. wt.) on alternate days (3 doses a week). Two control 

groups received exosomes alone (25 mg protein/kg b. wt.) or PBS alone. Tumor size, animal 

weights and diet intake were monitored weekly. All animals were euthanized after 7 weeks 

of treatment. Animals were also examined for any visible signs of toxicity.
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In another study, nude mice carrying the A549 lung tumor xenograft (n = 8-10) were treated 

with PBS, exosomes alone, Exo-WFA and FA-loaded Exo-WFA (Exo-WFA-FA). The dose 

of WFA was 8 mg/kg b. wt. Animals received the intervention when tumors grew to ~80 

mm3. Agents were administered by oral gavage on alternate days (3 doses a week). Animals 

were euthanized after 8 weeks and tumors were exercised. All other conditions were as in 

the previous study. Since FA + drug and exosomal formulations of FA did not provide any 

higher antiproliferative activity compared to the free drug based on cell culture studies, we 

did not include this group in the in vivo xenograft study. All the treatments were performed 

using PBS as control.

2.18 Toxicity assessment

Potential short-term and long-term toxicity of milk exosomes was assessed in female 

Sprague-Dawley rats (5-6 week old) (Harlan Labs, Indianapolis, IN). Wild-type rats were 

selected over mice to assess toxicity for the need of more blood to perform serum chemistry 

and hematological profiles. Animals were provided with AIN-93M diet and water ad 

libitum. After acclimation, animals were randomized into 4 groups (n=4) for short-term 

toxicity assessment and treated with a single dose of either PBS or exosomes (25 mg 

exosomal protein/kg b. wt.) by oral gavage, and animal were euthanized after 1, 3 and 6 h. 

For long-term toxicity assessment animals were randomized into 2 groups (n = 4) and 

treated daily with either PBS or exosomes (25 mg exosomal protein/kg b. wt.) by oral 

gavage. After 15 days, animals were euthanized by CO2 asphyxiation. Blood was collected 

at the time of euthanasia, and hematological parameters were analyzed using whole blood by 

Cell Dyn 3500 hematology analyzer (Abbott laboratories, Santa Clara, CA) as described 

earlier [21]. Serum was used to measure various biochemical parameters of liver and kidney 

function by an automated AU640® Chemistry Analyzer (Beckman Coulter, Inc., Brea, CA, 

USA) that uses an ion selective electrode to measure various electrolytes and in-built 

automated spectrophotometric techniques for all other assays.

2.19 Cytokine measurement

To assess cytokine levels in response to milk exosomes, serum samples from toxicity studies 

in vivo using Sprague-Dawley rats were utilized. Prior to use, serum samples were diluted 

1:4 in sample diluent and cytokines were analyzed using a Bio-Plex Pro rat cytokine 

Th1/Th2 12-plex immunoassay (Bio-Rad, Hercules, CA) according to manufacturer's 

instructions. The panel of cytokines included IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-12p70, IL-13, GM-CSF, IFN-γ and TNF-α. After collection, all the samples from each 

time point were run in single Luminex experiment. Samples were read on a Bio-Plex 200 

system with Bio-Plex Manager software (Bio-Rad, Hercules, CA). Data are expressed as pg 

of cytokine/ml (mean ± SEM), with n = 3 in duplicate for each group.

3 Results

3.1 Isolation and biological characterization of milk-derived exosomes

We isolated milk exosomes from bovine raw milk by differential centrifugation (Fig. 1A, 

Supplementary Fig. S1). The average yield of the exosomes was 335 ± 48 mg per liter of the 

milk prepared at different times. These exosomes were largely 40-100 nm in diameter, as 
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measured by NanoSight (Fig. 1B), and exhibited a polydispersity index (PDI) of 0.22 ± 0.06, 

calculated at 37 °C using Zetasizer (Fig. 1C). The exosome size was confirmed to be < 80 

nm by atomic force microscopy (AFM) and scanning electron microscopy (SEM) (Fig. 1D, 

1E and Supplementary Fig. S2). Buoyant density of the milk exosomes was determined 

using Opti-prep density-gradient centrifugation. We observed that exosomes resulted in a 

major band at 30% of Opti-prep concentration which corresponded to approximately 1.18 

g/ml density (Fig. 1F), in agreement with reported values [13, 22]. Exosome protein lysates 

were prepared and verified with western blot analysis for vital exosomal membrane markers 

CD63, CD81, transpanins, Tsg101 and alix [23, 24] (Fig. 2A). The absence of microvesicle 

surface markers β-integrin β1, p-selectin and CD40 [25] and endoplasmic reticulum (ER) 

marker calnexin [26] confirmed that the vesicles isolated were not contaminated with other 

multivesicular bodies. Exosomes were also isolated from bovine colostrum and observed a 

significantly higher yield (1.5 times compared to mature milk) with a buoyant density 

similar to that of mature milk.

In view of reports indicating the presence of RNA components in exosomes derived from 

various cells and secretory fluids including milk, we analyzed select miRNAs and mRNAs 

in the milk- and colostrum-derived exosomes by RT-PCR. As shown in Fig. 2B, a number 

of immune-related miRNAs –miR-155, -181a, -146a and -223, with the suggestive role in 

human health [27, 28], were detected in the milk and colostrum exosomes. Presence of 

exosomal mRNAs such as CD36, CD63, Eα1, FAS, MFG-E8, MHC-II, PIGR and XDH in 

exosomes isolated from milk and colostrum was also confirmed by RT-PCR (Fig. 2B).

We observed that when milk exosomes were stored at ≤6 mg exosomal protein/ml at −80 

°C, they remain largely free of coagulation for several months. Exosomes had initial particle 

size of 95.5 ± 14.8 nm which was insignificantly (104.5 ± 12.0 nm) altered after 18 months 

of storage. Effect of storage on biological activity of exosomes was assessed by anti-

proliferation activity and the results indicated no loss of activity upon storage. These 

findings suggested that milk-derived exosomes can be stored for prolonged periods without 

causing significant changes in their physical and biological properties.

3.2 Uptake, distribution and toxicity of milk exosomes in vitro and in vivo

To investigate the in vitro cell uptake of exosomes, human lung cancer H1299 cells were 

treated with PKH67-labeled milk exosomes at various concentrations (0-500 μg/ml) and 

durations (1-16 h). We observed a concentration-dependent increase in uptake of exosomes 

until 50 μg/ml concentration; at higher concentrations, the effect was non-linear (Fig. 3A). 

Similarly, a time-dependent increase in uptake of exosomes was observed for 8 h, which 

reached a plateau by 16 h (Fig. 3B). Thus, our results indicated concentration- and time-

dependent uptake of exosomes by the cells. The cellular internalization of PKH67-labeled 

milk exosomes was examined in H1299 cells by confocal microscopy. The images revealed 

that the PHK-67-labeled exosomes co-localize uniformly inside the cells (Fig. 3C), which 

was confirmed by depth Z-scanning (Supplementary Fig. S3).

To determine their stability and distribution in vivo, exosomes were labelled with lipophilic 

near-IR fluorescent dye DiR. The stability of exosomes was quantified by the fluorescent 

signal intensity in blood at different time intervals (1, 4, 24, 48, 72 and 144 h). Our results 
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indicated highest fluorescent signal after 24 h and a steady decrease in the intensity levels 

was observed until day 6 suggesting clearance from circulation (Fig. 4A).

The in vivo biodistribution was examined after administration of DiR-labelled milk 

exosomes by oral gavage or intravenous injection (i.v.) in female athymic nude mice. Our 

findings suggested that route of administration had a significant influence on the tissue 

distribution of DiR-labeled exosomes (Fig. 4B). Various organs imaged ex vivo, indicated 

that the tissue distribution of the exosomes within the liver, lung, kidney, pancreas, spleen, 

ovaries, colon and brain was somewhat uniform with the gavage route; however, with the 

i.v. route, the exosome concentration predominated in the liver. In the other organs, the 

distribution of exosomes was similar between the oral and i.v. routes.

To determine any systemic toxicity, the milk exosomes were administered to female 

Sprague-Dawley rats by oral gavage at 25 mg/kg b. wt. A single dose was monitored over 1, 

3, and 6 h to study short-term toxicity and daily doses were administered for 15 d to study 

long-term toxicity. All animals survived the duration of the study and had no noticeable 

changes in clinical signs, body weight gains and diet intake etc. Administration of exosomes 

did not result in any significant changes in biochemical parameters such as serum aspartate 

transaminase (AST) and alanine transferase (ALT), creatinine and blood urea nitrogen 

(BUN) compared to untreated animals, suggesting that exosomes treatment did not 

adversely affect liver and kidney function at all the time points examined. All other 

biochemical and hematological parameters remained unaltered except triglycerides, 

indicating no short-term or long-termtoxicity due to milk exosomes. Table I-II represents 

biochemical and hematological parameters values at 6 h and 15 day after administration of 

milk exosomes. Decrease in triglycerides was observed at both 6 h and 15 d treatment with 

exosomes compared to vehicle treated animals. In addition, cytokine profiling indicated no 

significant changes in pro- and anti-inflammatory cytokines and chemokines, except for the 

anti-inflammatory cytokine GM-CSF which was significantly elevated (Fig. 4C) suggesting 

possible beneficial effects due to the milk exosomes. These initial biocompatibility results 

indicate that the milk exosomes may be used as drug delivery vehicle in vivo.

3.3 Milk exosomes as nanocarriers of small drug molecules

Because exosomes are lipid bilayer nanovesicles with embedded proteins, they possibly 

have various binding sites on their surfaces. To exploit the possibility of using milk 

exosomes as a drug carrier, different hydrophilic and lipophilic agents, including 

chemotherapeutic drugs, were loaded onto exosomes using appropriate solvents. A wide 

variety of compounds [CUR, WFA, anthocyanidins (Anthos), PAC and docetaxel (DOC)] 

that vary in their lipophilicity, molecular weights, and functional groups were loaded onto 

the exosomes. Buoyant densities of the drug-loaded exosomes remained unaltered compared 

to unloaded or vehicle-treated exosomes (Fig 5A). The drug loading was assessed after 

solvent extraction of the drug formulations, followed by analysis of the drug by 

spectrophotometry or UPLC and protein by standard BCA assay. The results suggested that 

the drug loading of chemotherapeutic and chemopreventive agents varied from 10% - 40% 

based on the test agent.
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The drug release kinetics from the exosomal formulations were determined in vitro using 

tube-o-dialyzer tubes in the presence of Tween-80. Being a detergent Tween-80 helps in the 

extraction of drug from the exosomes by dissociating drug-exosomes interaction. The results 

indicated that Exo-WFA exhibited a time-dependent release. The cumulative release of 

WFA was 12, 31, 34, 40, and 58% after 1, 2, 4, 8 and 24 h, respectively (Fig. 5B). WFA 

extracted from the residual material was found to be stable during the workup, based on 

UPLC analysis. Similarly, exosomal formulations of the chemo drugs, PAC (Fig. 5B) 

exhibited time-dependent release. The cumulative release of PAC was 22, 29, 45 and 55% 

after 2, 3, 5, and 7 h, respectively, with almost the entire drug (96%) released after 24 h. The 

cumulative release of DOC was over 50% after 23 h (Supplementary Fig. S4).

The effect of long-term storage on the efficacy and stability of Exo-WFA was determined by 

anti-proliferative activity assay and solvent extraction of WFA followed by UPLC analysis. 

The efficacy results of the formulation as tested against lung cancer A549 cells in vitro 

indicated efficacy similar to at the time of its preparation (Fig. 5C). Furthermore, after 6 

months of storage at −80 °C, the levels of WFA were found to be essentially unaltered (Fig. 

5D). These findings suggest that exosomes can be effectivity loaded with small molecules to 

increase drug stability and the drug formulations and be stored for long-term without losing 

drug efficacy.

3.4 Enhanced anti-cancer and anti-inflammatory effects by exosomal delivery

We examined the anti-proliferative activity of drug-loaded exosomes against human lung 

(A549 and H1299) and breast (MDA-MB-231 and T47D) cancer cell lines Exosomal 

formulations show enhanced efficacy as determined by reduction in IC50 values of Exo-

WFA compared to WFA alone (0.4 μM vs 1.25 μM) and Exo-PAC compared to PAC alone 

(1.56 nM vs 3.12 nM) in A549 lung cancer cells after 72 h of treatment (Fig. 6A). We 

further observed that milk exosomes per se (in the absence of any drug) exhibited significant 

growth-inhibitory effects against lung (A549 and H1299) and breast (MDA-MB-231 and 

T47D) cancer cells that ranged from 15-45%, depending on the dose and cell line (Fig. 6B). 

These data indicate that the enhanced effects observed with the exosomal formulations could 

be partly due to milk exosome per se, in addition to increased stability of the drug and 

higher cellular uptake. Normal lung (Beas-2b) cells on other hand exhibited no toxicity to 

the milk exosomes and were well tolerated up to a concentration of 50 μg/ml dose for 72 h 

compared to A549 lung cancer cells (Fig. 6C).

We then determined if exosomal formulation could be effective in inhibiting tumor growth 

than free drug using in vivo tumor models. Mice bearing human lung cancer (A549) 

xenografts were treated with i.p injection of suboptimal doses of WFA at 4 mg/kg b. wt., 

either as free WFA or Exo-WFA. The suboptimal dose was opted in order to appreciate the 

anticipated higher efficacy of the exosomal formulation. Additional groups received vehicle 

or exosomes alone at the same doses used for the exosomal formulation. A significantly 

greater tumor inhibitory effect was observed with Exo-WFA compared to free WFA (46% 

vs 23%) (Fig. 6D), thus, confirming the enhanced efficacy of WFA in exosomal 

formulation.
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We then investigated if oral delivery of exosomal formulation carrying tumor-targeting 

ligand FA would further enhance the anti-tumor effect in mice bearing human lung cancer 

(A549) xenografts. For this study, milk exosomes were co-loaded with FA and WFA (i.e., 

Exo-WFA-FA), and all the test agents (vehicle, Exo, Exo-WFA and Exo-WFA-FA) were 

administered by oral gavage using a WFA dose that was 2-fold higher (8 mg/kg) than that 

used in our previous study in view of oral administration. The results presented in Fig. 6E 

indicate that the FA-tagged exosomal formulation (Exo-WFA-FA) led to significantly 

higher growth inhibition than Exo-WFA (74% vs. 50%; p = 0.016) after 8 weeks when 

compared to untreated control. Exosomes per se exhibited 21% inhibition vs. vehicle-treated 

animals. These data indicate tumor targeting feasibility of milk exosomes for enhanced anti-

tumor activity.

Since human and bovine milk exosomes can potentially modulate immune cell function and 

influence the immune system [29], we determined the anti-inflammatory effects of milk 

exosomes in vitro in H1299 cells challenged with either TNF-α or LPS to induce NF-κB 

activation. Cells pre-treated with milk exosomes exhibited signification inhibition of both 

constitutive and induced NF-κB levels (Fig. 7A) indicating anti-inflammatory effects of 

milk-derived exosomes. To validate the in vitro anti-inflammatory findings of milk 

exosomes, Sprague-Dawley rats were treated intraperitoneally with LPS (10 mg/kg b.wt.) 

and milk exosomes (25 mg exosomal protein/kg b.wt.), alone and in combination. After 6 h, 

animals were euthanized and the lung and liver NF-κB levels were measured. An evidence 

of a modest (30%-40%) reduction in the NF-κB levels with milk exosomes was observed 

(Fig. 7B). These protective effects of the milk exosomes presumably are derived from cargo 

it carries, such as immune factors, miRNAs and proteins [12, 13]. Additionally, our findings 

show that treatment of wild-type Sprague-Dawley rats with milk exosomes (25 mg/kg 

exosome protein, once daily) for 15 days did not induce inflammation marker NF-κB in the 

lung and liver (Fig. 7C) compared to positive control for inflammation LPS suggesting a 

lack of inflammatory reaction due to the cross-species origin of the milk exosomes.

4 Discussion

The focus of this study was to develop a biocompatible, exosome-based drug delivery 

technology. Secreted membrane vesicles such as exosomes inherently possess many 

characteristics of a drug delivery vehicle and could be accepted in clinics [30]. Here, we 

show bovine milk as a viable source for isolation of exosomes. Exosomes have been purified 

from biological fluids and cell culture media using a variety of strategies such as 

ultracentrifugation, density-based separation (sucrose and Opti-prep), precipitation 

(ExoQuick), ultrafiltration, and immunoaffinity (reviewed in [31]). However, all isolation 

procedures unvaryingly have some disadvantages and contain proportions of other 

membranous vesicles as contaminants [32]. We employed differential centrifugation method 

to isolate exosomes from bovine milk that was essentially free of any contamination from 

microvesicles. We acknowledge the fact that the method of vesicle isolation by differential 

centrifugation is unlikely to completely eliminate the presence of other vesicular bodies. 

Therefore, our protocol involved discarding the pellet collected at 100,000×g, thus, largely 

eliminating microvesicles contamination from the supernatant used to harvest the exosomes 

at 135,000×g. The 100,000×g centrifugation step is usually exercised to collect 
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microvesicles [33] and sometimes exosomes from biological fluids [11]. This approach 

significantly improved the purity of the exosomes at the expense of somewhat lower yield. 

Our method is also cost-effective as it does not require any filtrations or sucrose density 

gradient purifications.

Although there are several reports on exosomes isolation from bovine milk using differential 

centrifugation alone [34, 35] or in combination with density gradient fractionation [13, 36] 

or precipitation [37, 38] methods, none of these describe quantitative yield of exosomes. 

When this manuscript was in preparation, Arntz et al., [39] reported differential 

centrifugation and filtration methods to isolate exosomes from commercial semi-skimmed 

milk and collected exosomes pellet at 110,000×g, with a reported yield of 200 mg protein 

per liter of milk. Our protocol on other hand resulted in higher yield at 335 ± 49 mg protein 

per liter of milk. Compared to milk typically one liter of cell culture supernatant yields about 

0.5-2.0 mg exosomal protein depending of the cell type from which exosomes are harvested 

[40-43]. Thus, for drug delivery purposes isolation of exosomes from milk is extremely 

desirable as the yield is over 200 fold higher than those derived from cell culture 

supernatants. Although differential ultracentrifugation has been the gold standard for 

exosome isolation and purification, and large-scale ultracentrifugation is possible and has 

been used for production of other biologics, concerns relating to the relatively low yield 

prevail and remain to be evaluated for exosome isolation. Alternatively, filtration-based 

methods that can process thousands of liters are projected as viable alternative for industrial 

scale production of intact extracellular vesicles for therapeutic applications [44].

Characterization of the isolated particles by NanoSight and Zetasizer indicated an average 

particle size of <100 nm. The particle size measured by SEM and AFM further confirmed 

the size to be <80 nm. The buyout density of milk exosomes was estimated as 1.18 g/ml. 

Immunoblot analysis of the milk exosomes confirmed the presence of endocytic vesicle 

markers (CD63, CD81, Tsg101 and Alix) and absence of microvesicle (integrin β1 and p-

selectin and CD40) and ER (calnexin) markers. Despite reports in the literature, it is 

arguable whether universal markers for exosomes and microvesicles can be established. 

Nevertheless, these physical and molecular attributes were in accordance with reports for 

classification of the secreted vesicle as exosomes [11, 31]. The size and polydispersity index 

of exosomes further suggested that the material was less prone to excessive aggregation and 

precipitation, which is a favorable attribute for drug delivery system. The isolated milk 

exosomes could be stored for prolonged periods at optimal conditions such as at 

concentration < 6 mg/ml exosomal protein and at −80° C to minimize coagulation or loss of 

activity.

Immune-regulatory miRNAs and mRNAs are found in both human and bovine milk and 

play a role in thymic Treg differentiation [27, 45, 46]. Reports have also indicated presence 

of the RNA moieties in the exosomes isolated from milk [12, 45, 46]. Our findings show 

presence of several mammary gland- and immune function-related genes and miRNAs. 

Colostrum contained higher levels of immune-related miRNAs (namely, miR-223), and 

gene transcripts, a finding that correlates with the higher immune-boosting effects of 

colostrum compared with matured milk [12]. Recently, Melnik et al. reviewed the role of 
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milk exosomal miRNAs in promoting thymic regulatory T cell maturation and in controlling 

pivotal target genes [47].

We demonstrated the uptake and biocompatibility of milk exosomes in human cancer cell 

lines and rodent models. A dose and time dependent uptake of milk exosomes by cancer 

cells with a non-linear increase beyond 50 μg/ ml and after 8 h of incubation. Similar uptake 

of bovine colostrum/milk and human breast milk exosomes by cells have been reported [12, 

13, 42]. In vivo stability and distribution studies showed that DiR-labeled exosomes were 

stable in circulation for long periods (up to 6 days). Therefore, exosomal drug delivery is 

likely to increase drug efficacy due to prolong circulation time and facilitate uptake by cells. 

It was noted that route of administration had a considerable impact on the tissue distribution 

of DiR-labeled exosomes. Administration of exosomes by oral gavage route had somewhat 

uniform tissue distribution while predominant hepatic accumulation of exosomes was 

observed by i.v. route. Milk derived exosomes did not elicit any systemic toxicity or adverse 

immune reaction during short-term (1-6 h) or long-term (15 d) exposure in wild type rats. 

All biochemical, hematological parameters and cytokine profile, except triglycerides and 

GM-CSF remained unaltered indicating cross-species tolerance of milk exosomes following 

oral administration. A decrease in triglycerides level and increase in anti-inflammatory 

cytokine GM-CSF was noted in milk exosome treated animals. Although, these findings 

indicate potential health benefits of milk exosomes, it needs to be confirmed using a more 

appropriate animal model with larger sample size.

Milk exosomes exhibited versatility in carrying a wide range of small drug molecules of 

varied lipophilicity. Similar to liposomes, exosomes have a bi-lipid membrane and an 

aqueous core, therefore they could be potentially loaded with both hydrophilic and lipophilic 

drugs [31]. Although the exact mechanism of drug loading onto or into exosomes needs to 

explored, we hypothesize that the surface lipid and protein nature of the exosomes could, in 

part, facilitate the drug interaction, and thus loading. However, exosomal drug uptake by 

diffusion could also be a possible mechanism. Recent studies have exploited the idea of both 

passive methods such as incubation [48] and active encapsulation techniques such as 

electroporation, saponin treatment, extrusion and hypotonic dialysis [49, 50] for drug 

loading in cell-derived exosomes. These techniques could be adapted to milk exosomes to 

increase drug encapsulation that will result in further improvement in drugs therapeutic 

effect. In vitro release rates of different drugs ranged between 50-90% in 24 h, suggesting 

that rapid extraction of drug from exosomes is unlikely to be the case. Drug release from 

exosomes could be a combination of release of surface bound moieties and by diffusion of 

encapsulated drug. Slow-release of drugs from exosomes over a period of 24 - 48 h 

combined with longer circulation time are favorable properties implying that drugs can 

efficiently reach the target site with higher stability for enhanced therapeutic efficacy.

The enhanced in vitro growth inhibitory and in vivo anti-tumor activity that was observed 

with exosomal formulation could possibly be due to increased stability of the drugs 

formulated with exosomes. In addition, modest to significant protective effects such as anti-

inflammatory, anti-proliferative and anti-tumor were observed by exosomes alone in the 

absence of any drug with minimum or no toxicity to normal cells. It is speculated that milk 

exosomal macromolecules such as miRNAs and mRNAs can play a critical role in the 
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development and modulation of the immune system [35, 46]. Several studies have shown 

that one of the most remarkable characteristics of malignant cells is the alteration of biologic 

systems located at the plasma membrane level. Thus, it is plausible that there is a higher 

uptake of exosomes by cancer cells compared to the normal cells due to the leakiness of 

cancer cells. Moreover, milk exosomes might be involved in inhibiting cancer-related 

pathways (e.g., inhibition of NF-κB) for more cell kill against the cancer cells than normal 

cells. Therefore, the enhanced effects of the exosomal formulations could be ascribed, in 

part, to increased drug stability in the formulation, longer circulation time, higher uptake and 

to the intrinsic properties of exosomes.

FA and other vitamin receptors are overexpressed in many cancers and have been 

extensively exploited to achieve tumor targeting [51]. Tumor targeting of drugs is much 

sought to reduce off-target toxicity, reduce dose and improve drug efficacy. To this end, we 

show the feasibility of drug loaded milk exosomes functionalized with tumor targeting 

ligand such as FA for enhanced anti-tumor activity. Moreover, this higher anti-tumor effects 

was achieved by oral delivery of the exosomal formulation, indicating the potential of 

effective oral anti-cancer therapy by exosomal drug delivery. Further, tissue targeting or 

site-specific delivery of drug loaded exosomes, can be exploited by adding a wide variety of 

tumor-targeting ligands such as antibodies (e.g., VEGF, EGFR), peptides (e.g., transferrin, 

integrins, Her2), or receptor-targets (e.g., FA, biotin and hyaluronic acid) to the milk 

exosomes. Milk exosomes could also be explored to load and deliver potentially other 

macromolecules such as siRNA, miRNAs, plasmid DNA, cDNA, and proteins (antioxidant 

enzymes, etc.). Additionally, the protective effects of milk exosomes per se are very 

intriguing and suggest utility of these nanovesicles against many inflammation-based 

diseases. For example, exosomes from bovine milk and colostrum could be exploited as 

additives in formula milk thus potentially serve as immune booster in young children and 

could also be used for immune-compromised cancer patients undergoing chemotherapy.

5 Conclusions

In summary, we demonstrated that raw mature bovine milk can serve as a biocompatible and 

cost-effective source for harvesting bulk quantities of exosomes and that milk exosomes 

have tremendous potential as a drug carrier for hydrophilic and lipophilic agents, including 

chemo drugs. This nanodevice technology can overcome the limitations associated with the 

poor oral bioavailability of chemopreventives and chemotherapeutics and lower the total 

administered dose, thus minimizing or eliminating toxicity generally associated with high 

doses. Exosomal formulation of drugs can not only enhance biological efficacy and but 

exosomes functionalized with ligands for tumor targeting can further improve specificity 

and eliminate off-target side effects of drugs. Milk-derived exosomes has several properties 

such as physical and biological stability, tolerability, scalability of manufacturing process, 

versatility of agents it can carry, and ability to functionalize with ligands for targeting, that 

make it an ideal candidate for drug delivery with wide therapeutic applications. However, 

further studies are warranted to rule out any potential toxicity with long-term use of milk 

exosomes.
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Abbreviations

miRNA microRNA

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

PBS phosphate-buffered saline

qRT-PCR quantitative reverse transcription -polymerase chain reaction

cDNA complementary deoxynucleic acid

SEM scanning electron microscopy

AFM atomic force microscopy

CUR curcumin

WFA withaferin A

Anthos anthocyanidins

FA folic acid

PAC paclitaxel

DOC docetaxel

EMSA Electrophoretic Mobility Shift Assay (EMSA)

UPLC ultra-performance liquid chromatography

TNF-α tumor necrosis factor- α

LPS Lipopolysaccharide

MVB mutlivesicular bodies

VEGF Vascular endothelial growth factor

EGFR Epidermal growth factor receptor
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Highlights

• Bovine milk is a biocompatible and scalable source of exosomes.

• Milk exosomes can serve as a vehicle to deliver both hydrophilic and lipophilic 

small drug molecules.

• Exosomal formulations provide enhanced biological efficacy.

• Milk exosomes can be functionalized with ligands such as folic acid to achieve 

tumor targeting.

• Milk exosomes per se exhibit protective effects presumably due to the 

endogenous cargo of macromolecules.
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Fig. 1. Isolation and characterization of milk-exosomes
(A) Schematic representation of the major steps involved in the isolation of exosomes from 

bovine raw milk. (B) The exosome suspension (6 mg/ml protein concentration) was diluted 

20-50 fold in phosphate-buffer-saline (PBS), pH 7.4 and a total of 200 μl was analyzed by 

NanoSight. (C) Bovine milk-derived exosomes were analyzed using 1 ml of the diluted 

suspension (1 mg/ml) in disposable cuvettes and milk exosomes size distribution was 

measured by Zetasizer. (D) Diluted exosomal suspension was loaded on a cleaned silicon 

wafers and air-dried for 30 min. Asylum MF-3D (Asylum Research, Oxford Instruments) 

AFM in 3d and tapping mode, and silicon probes coated with aluminum (Force Constant = 

40 Nm-1; Resonant Frequency = 300 kHz, Budget Sensors.com) were used for imaging. 

Topographic and amplitude images were captured concurrently with a fixed force (<1 nN) 

with a scanning rate of 1Hz. (E) Exosomal suspension was filtered through 0.22 μm and 

loaded over clean silicon wafers and air-dried for 30 min. Silicon wafers were grounded 

using copper adhesive tape for conductivity. Exosomes were imaged in Zeiss Supra 35 SEM 

under beam energies (5kV). 142,000 × magnification. (F) Milk exosomes were layered onto 

Opti-prep gradient (10-60%) and centrifuged at 150,000×g for 16 h using 41 Ti swing rotor. 

The densities and refractive index values for the corresponding fractions are indicated in the 

table.
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Fig. 2. Exosomal markers and cargo
(A) Exosomes isolated in four different batches (numbered 1 - 4) were analyzed for the 

indicated exosomal and plasma membrane proteins. (B) Total RNA was isolated from 1 ml 

exosomal suspension (6 mg exosomal protein) by Trizol method (n=3), and reverse 

transcription and PCR were performed using bovine specific Taqman probes and primers 

(Applied Biosystems) for indicated immune-related miRNAs (Top) and exosome-related 

mRNAs (Bottom). Ct (threshold cycle) is plotted on y-axis and comparison between milk 

and colostrum exosomes were made. Student's t-test was performed to determine statistical 

significance; p<0.05=*, p<0.01= ** & p<0.001= ***.

Munagala et al. Page 22

Cancer Lett. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Uptake of milk exosomes
(A) Dose-dependent uptake of milk exosomes by human lung cancer H1299 cells in vitro. 

Left: PKH-67-labeled milk exosomes were added to H1299 cells in 8-well chamber slide at 

0-500 μg/ml and the uptake was monitored after 6 h. Cells were fixed and visualized under 

confocal microscope. Nuclei were visualized by staining with DAPI. Representative 

confocal images are shown (left panel). Scale bar, 100 μm. Fluorescent intensity of the 

PKH-67-labelled exosomes was quantified using ImageJ software (right panel). (B) 
PKH-67-labeled milk exosomes were added to H1299 in 8-well chamber slide at 50 μg/ml 

and the uptake was monitored after 1, 2, 4, 8 and 16 h. Cells were fixed and visualized. 

Confocal images are show in left panel and quantification of fluorescent images in right 

panel. (C) 500 μg/ml of the PKH67-labelled milk exosomes were added per 40,000 cells and 

incubated at 37 °C for 4 h. The uptake of the labeled exosomes was detected by confocal 

microscopy. Alexa fluor-phalloidin 594 (red) was used to detect actin filaments and DAPI 

for nucleus (blue) and PKH-67 to label the exosomes (green). Scale bar, 20 μm.
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Fig. 4. Biodistribution, stability and immunological response of milk exosomes
(A) Blood from nude mice treated with a single dose of 60 mg DiR-labeled exosomes by 

gavage (p.o.) was drawn and imaged at indicated times. Untreated control mice had baseline 

intensity value of < 1.25 × 108 units. (B) Female nude mice were administered a single dose 

of 60 mg DiR-labeled exosomes/kg body weight by gavage (p.o.) or intravenously (i.v.). 

Top: Ex vivo-imaging of the tissues after 4 days of exosome administration were performed 

using Biospace lab Photon Imager Optima. Representative images are shown. Bottom: 

Fluorescent intensity of exosomes distributed in various tissues quantified using photon 

optima software. Figure shows average ± standard deviation of four animals. (C) Female 

Sprague-Dawley rats were treated with a single dose (short-term toxicity) of exosomes (25 

mg exosomal protein/kg, b.wt.) by oral gavage or once daily for 15 days (long-term toxicity) 

and the serum was analyzed for cytokine levels using bio-plex cytokine Th1/Th2 assay. 

Acute toxicity observations were made at 1h, 3h and 6h post treatment. Vehicle-treated 

control (vehicle) animals were used as reference for baseline cytokine levels.
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Fig. 5. in vitro release profile and stability of drug-loaded exosomes
(A) Separation of vehicle- and drug-loaded milk exosomes by Opti-prep density gradient. 

Indicated agents were mixed with exosome in the presence of 10% ethanol. Unbound drug 

was removed by centrifugation at 10,000×g for 10 min. The drug loaded exosomes were 

layered onto Opti-prep gradient (10 - 60%) and separated by centrifugation at 150,000×g for 

16 h using SW 41 Ti swing rotor. (B) The release study was done of Exo-WFA (top) and 

Exo- PAC (bottom) formulations was using dialysis tubes against buffer containing the 

surfactant, Tween-80 (0.02%) at 37°C. (C) Anti-proliferative activity of exosomal-WFA 

formulation of fresh preparation (red) and after 6 months of storage (purple) against A549 

cells. Free WFA was included for reference (blue) (mean ± SD). (D) UPLC profile of WFA 

extracted from exosomal formulation at day 0 and after 180 days.
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Fig. 6. Increased drug bioavailability and enhanced anti-cancer effects
(A) Antiproliferative activity of drug-loaded milk exosomes versus free drugs [withaferin A 

(WFA) and paclitaxel (PAC)] in human lung cancer A549 cells. For Exo-drug treatments, 

exosomal protein concentration was maintained constant (50 μg/ml). (B) Anti-proliferative 

activity of milk exosomes per se against human lung (A549 and H1299), and breast (T47D 

and MDA-MB-231) cancer cells. Cells were treated with 50 μg/ml exosomal protein for 72 

h. The percent cell survival was analyzed by MTT assay. Data represent average ± SD 

(n=3). (C) Anti-proliferative activity of milk exosomes per se at concentrations 0- 50 μg/ml 

for 72 h against human normal lung Beas-2b and lung cancer (A549) cells. Data represent 

average ± SD (n=3). (D) Following inoculation with human lung cancer A549 cells (2.5 × 

106 cells), when tumor xenografts grew to over 80 mm3, animals were treated i.p. three 

times a week with Exo-WFA (4 mg/kg WFA and 25 mg/kg b. wt.). Two other groups were 

treated i.p. with Exo alone (25 mg/kg b. wt.) or WFA (4 mg/kg). Data represent average ± 

SE (n = 6–8); SE is not shown in WFA alone for clarity. Statistical analysis was done using 

student's t-test; *, p < 0.05; **, p < 0.005. (E) Animals bearing A549 xenografts were 

treated with oral gavage three times a week with FA-Exo-WFA (8 mg/kg WFA and 25 

mg/kg b. wt. exo protein) to achieve tumor targeting. Two other groups were treated with 

Exo alone (25 mg/kg b. wt.) or vehicle. Data represent average ± SE (n = 8–10). Statistical 

analysis was done using student's t-test; *, p < 0.05; **, p < 0.005.
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Fig. 7. Anti-inflammatory effects of milk exosomes
(A) Human lung A549 cancer cells were pre-treated with Exo (90 μg/ml Exo protein), for 6 

h followed by treatment with or without tumor necrosis factor (TNF)-α (10 ng/ml) or LPS (1 

μg/ml) to induce NF-κB activation. NF-κB levels were determined by electrophoretic 

mobility shift assay (EMSA). (B) Female Sprague-Dawley rats were treated with milk 

exosomes daily (25 mg Exo protein/kg b.wt.) by gavage for 15 days. Top: Lung and liver 

tissues were analyzed for NF-κB by EMSA. Animals treated with LPS served as a positive 

control. Data shown are from 3 individual animals. Bottom: Bar graph represents intensity 

quantification of NF-κB levels. Cont- vehicle control; Mexo- milk exosomes and LPS- 

Lipopolysaccharide. (C) Anti-inflammatory activity of milk exosomes in the lung tissue of 

female Sprague-Dawley rats treated with LPS as measured NF-κB activation by EMSA. 

Rats were treated with LPS (10 mg/kg b.wt.) and milk exosomes (25 mg Exo protein/kg b. 

wt.), both intraperitoneally, alone or in combination for 6 h. Data from 3-4 animals are 

shown for each group. Free probe was in excess in all samples and not shown for clarity. Bar 

graph represents intensity quantification, p<0.01.
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Table I

Effect on biochemical profile (systemic toxicity) following 6 h or 15 day exposure to milk exosomes in 

Sprague-Dawley rats

Biochemical profile
6h Exposure 15 day Exposure

Control Milk Exo Control Milk Exo

Liver profile

AST (SGOT) 202.8 ± 49.3 204.8 ± 43.1 235 ± 85.7 220.5 ± 58.7

ALT (SGPT) 65.3 ± 12.8 56.8 ± 13.4 66.0 ± 3.2 64.2 ± 9.7

Alk Phosphatase 192 ± 18.3 162.3 ± 23.8 243.8 ± 58.9 151.8 ± 55.7

GGT 1.3 ± 0.5 2.8 ± 2.1 5.3 ± 1.0 3.3 ± 1.7

Amylase 529.5 ± 107.2 585.5 ± 162.0 529.8 ± 55.3 496.0 ± 42.9

CPK 873.5 ± 238.6 915.8 ± 388.0 25.0 ± 0.0 25.0 ± 0.0

Kidney profile

BUN 19.8 ± 0.5 17.5 ± 2.6 23.8 ± 3.1 18.8 ± 1.9

BUN/Creatinine Ratio 36 ± 3.6 33.5 ± 5.0 98.8 ± 42.1 65.5 ± 30.3

Phosphorus 18.4 ± 3.0 13.1 ± 0.9 15.9 ± 1.7 15.1 ± 2.4

Calcium 12.4 ± 1.0 11.7 ± 0.9 10.6 ± 1.1 11.1 ± 1.1

Total Protein 6.9 ± 0.4 6.5 ± 0.5 6.8 ± 0.2 6.7 ± 0.5

Albumin 3.8 ± 0.2 3.7 ± 0.3 3.9 ± 0.2 4.0 ± 0.3

Globulin 3.1 ± 0.2 2.8 ± 0.2 2.9 ± 0.1 2.7 ± 0.2

A/G Ratio 1.2 ± 0.1 1.3 ± 0.0 1.3 ± 0.1 1.5 ± 0.1

Glucose 193.8 ± 55.8 208.3 ± 28.6 205.5 ± 31.0 193.5 ± 34.8

Cholesterol 94 ± 10.1 81.5 ± 9.3 105.8 ± 14.6 105.5 ± 12.9

Triglyceride 134.5 ± 26.6
86.0 ± 26.8

* 117.3 ± 9.4
69.3 ± 13.8

**

Female Sprague Dawley rats (6-7) weeks old were provided control diet (AIN 93M) and water ad libitum and treated with milk-derived exosomes 
(25 mg/kg, b. wt.) by oral gavage for 6 h or 15 days, once daily. At euthanasia blood was collected and analyzed using an automated AU640® 
Chemistry Analyzer (Beckman Coulter, Inc., Brea, CA, USA) by Antech diagnostics. Data represent average and Sprague-Dawley of four animals. 
Statistical analysis was performed by student t-test.

*
p-value <0.05

**
p-value <0.01.
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Table II

Effect on the hematological parameters (systemic toxicity) following 6h or 15 day exposure to milk exosomes 

in Sprague-Dawley rats.

Hematological profile
6h Exposure 15 day Exposure

Control Milk Exo Control Milk Exo

WBC 5.7 ± 2.5 6.5 ± 1.6 5.7 ± 1.7 7.0 ± 2.0

HGB 14.0 ± 1.2 13.5 ± 0.9 14.0 ± 0.3 13.8 ± 0.6

HCT 44.0 ± 3.5 41.5 ± 3.4 43.3 ± 2.1 42.3 ± 1.9

MCV 60.8 ± 1.0 59.0 ± 1.8 45.5 ± 29.0 59.3 ± 1.7

MCHC 31.8 ± 0.5 32.4 ± 1.0 32.3 ± 2.3 32.8 ± 0.5

Platelet Count 689.0 ± 145.8 605.8 ± 433.2 755.7 ± 134.9 772.8 ± 85.8

Neutrophils 12.0 ± 3.5 32.7 ± 35.8 11.5 ± 3.0 13.5 ± 8.4

Lymphocytes 84.5 ± 4.5 50.8 ± 40.4 86.0 ± 2.8 81.0 ± 7.4

Female Sprague Dawley rats (6-7) weeks old were provided control diet (AIN 93M) and water ad libitum and treated with milk-derived exosomes 
(25 mg/kg, b. wt.) by oral gavage for 6 h or 15 days, once daily. At euthanasia blood was collected and analyzed using an automated AU640® 
Chemistry Analyzer (Beckman Coulter, Inc., Brea, CA, USA) by Antech diagnostics. Data represent average and Sprague-Dawley of four animals. 
Statistical analysis was performed by student t-test and no significant change was observed in milk exosome treated animals compared to control 
group.
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