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Abstract 
 
 Many pharmaceuticals must be administered intravenously due to their poor oral 
bioavailability.  In addition to issues associated with sterility and inconvenience, the cost of 
repeated infusion over a six-week course of therapy costs the healthcare system tens of billions 
of dollars per year.  Attempts to improve oral bioavailability have traditionally focused on 
enhancing drug solubility and membrane permeability, and the use of synthetic nanoparticles has 
also been investigated.  As an alternative strategy, some recent reports have clearly demonstrated 
that exosomes from cow milk are absorbed from the gastrointestinal tract in humans, and could 
potentially be used for oral delivery of drugs that are traditionally administered intravenously.  
Our previous work has shown that antibodies are present in exosome preparations, and the 
current work with milk exosomes suggests that absorption from the gastrointestinal tract occurs 
via the “neonatal” Fc receptor, FcRn.  Furthermore, our results demonstrate that milk exosomes 
are absorbed from the gut as intact particles that can be modified with ligands to promote 
retention in target tissues. 
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Introduction 

Many drugs are not readily absorbed from the gastrointestinal tract, and therefore are 

typically administered via intravenous infusion.  Accordingly, many patients undergoing therapy 

for cancer and microbial infection are required to receive multiple rounds of infusion as part of 

their treatment regimen.  Because these drugs require infusion, sterile formulations must be 

prepared and administered by trained personnel.  Not surprisingly, this significantly increases the 

cost associated with therapy, and 6 weeks of inpatient infusion therapy in the hospital costs 

$50,980 [1].  Although the costs associated with infusion therapy are reduced significantly at 

extended care facilities ($31,072) or when administered in the home ($12,307), expenses 

associated with infusion of sterile solutions represents tens of billions of dollars each year [2].  In 

addition to the higher costs, the requirement for infusion therapy forces some patients to leave 

the comfort of their home, and be exposed to other sick patients during treatment.  Considering 

that many of these patients are elderly and immune-suppressed, the risk of contracting hospital-

acquired infections increases dramatically, which greatly compromises patient outcomes, 

significantly enhances the chances of mortality, and further increases costs [3-5]. 

 In order for a drug to be orally bioavailable, the molecule must be inherently chemically-

resistant or protected from the low pH and degradative enzymes encountered in the stomach [6].  

Although encapsulation in a particulate delivery system can protect therapeutics from this harsh 

environment, absorption of the drug-containing particle from the gut and delivery into the 

circulation remains a formidable barrier [6-11]. In an attempt to understand the well-known 

phenomenon by which intact antibodies are passed into a baby’s circulation via mother’s milk, 

Brambell and colleagues first postulated and later identified a receptor that is capable of binding 

IgG in breast milk and transporting it into the blood circulation [12, 13].  Subsequent work has 
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shown that the binding of IgG to the neonatal Fc receptor (FcRn) is strongly pH-dependent, 

which explains its high affinity in the acidified environment of the upper gastrointestinal tract [6, 

8, 14].  It is important to recognize that this receptor is highly expressed in the human 

gastrointestinal tract throughout life, and thus the “neonatal” moniker is misleading [6-8, 15].  In 

fact, studies have shown that FcRn is heavily involved in fighting infections by allowing IgG to 

be readily transcytosed back-and-forth across the gastric epithelium [16, 17].  Furthermore, it is 

not generally appreciated that FcRn is located in the endosomal membrane of the vascular 

endothelium, where it plays a critical role in recycling and extending the circulation half-life of 

IgG [6, 8, 18, 19].  To this end, studies have clearly documented that the pH-dependent binding 

of IgG to FcRn causes antibodies to escape the lysosomal pathway and avoid cellular 

degradation [19]. 

In a seemingly unrelated area of drug delivery, the ability of exosomes to cross biological 

barriers (e.g., the blood-brain barrier) has received significant attention in recent years [20-23].  

Accordingly, many laboratories (including ours) have attempted to harvest exosomes from 

various cell lines and use them as drug delivery vehicles [20-25].  Although many studies have 

reported remarkable results with exosomal carriers, issues associated with scale-up and 

immunogenicity represent significant barriers to the development of exosomes as therapeutic 

products [20, 22].  Put simply, harvesting exosomes from cell lines and/or patient samples is not 

compatible with commercial pharmaceutical production, and the protein component of exosomes 

will likely trigger immune responses when administered systemically.  However, these obstacles 

could potentially be overcome if copious amounts of exosomes could be harvested from readily-

available bulk sources, and if immune concerns could be mitigated/resolved.  In this regard, it is 

intriguing that exosomes harvested from cow milk have recently been shown to be transported by 
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human endothelial cells and exhibit cross-species tolerance without eliciting immune responses 

[26, 27].  Consistent with the potential for utilizing milk exosomes for oral drug delivery, a 

clinical trial has demonstrated that miRNAs from milk exosomes are absorbed into the blood of 

human patients at levels sufficient to regulate genes in blood mononuclear cells [28, 29].  

Additional studies have suggested that exosomes can be harvested from cow milk in scalable 

quantities, and that milk exosomes can be used to deliver drugs via oral administration [27, 30, 

31].  While these studies were conducted in mice, research has shown that murine FcRn is very 

promiscuous and binds strongly to IgG from many species (including human and bovine).  

Although human FcRn is more discriminating, the binding of bovine IgG is approximately 28% 

of that observed for human IgG [32], suggesting that cow exosomes might have sufficient cross-

reactivity to be used as delivery vehicles in human patients.  The fact that most people in the 

U.S. consume milk as children, and that many consume dairy products that contain exosomes 

throughout their lifetime (e.g., milk, yogurt), it is likely that humans have developed an immune 

tolerance to the proteins in cow milk exosomes that would permit their use as oral delivery 

vehicles.  This phenomenon has been extensively studied by Gupta and colleagues who have 

used cow milk exosomes to orally deliver chemotherapeutics in mice [27, 30].  In addition to this 

published work, our previous studies with exosomes have documented significant quantities of 

IgG in exosome preparations [33-35].  Accordingly, we performed experiments in mice to assess 

the potential of using cow milk exosomes for oral delivery, and test our hypothesis regarding the 

role of FcRn in gut absorption. 
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Materials and Methods 

Materials   

Raw milk from different cows was donated by Pam and Jeff Fiorino of Mucca Bella 

Dairy (Carr, Colorado).  DIR (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide), 

DiD (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine) and SYTO13 were obtained 

from Thermo Fisher Scientific, Carlsbad, CA.  Egg phosphatidylcholine and cholesterol were 

acquired from Avanti Polar Lipids (Alabaster, AL).   Bovine IgG was purchased from Pierce 

Protein Biology (Thermo Fisher, Rockford, IL).  A cyclic iRGD peptide (CRGDRGPDC) was 

purchased from Peptides International (Louisville, KY), and specifically conjugated to the 

hydroxyl moiety of cholesterol via a carbamate linker with the terminal amine as previously 

described [36]. 

Exosome Isolation and characterization 

Exosomes were freshly harvested from raw cow milk by the three-step centrifugation 

process according to the methods of Agrawal et al. [30].  Briefly, milk was centrifuged at 13,000 

x g for 30 min, before passing through cheese cloth. Large fat globules, casein debris, large 

particles, and microvesicles were then removed by spinning at 100,000 x g for 60 min.  

Exosomes were isolated by centrifugation at 135,000 x g for 90 min at 4 °C on a Beckman 

Optima centrifuge (model # LE-80k, SW-28 rotor, K factor 257.1 at 135,000 x g) as previously 

described [30].  The size and zeta potential of exosomes was measured on a Zetasizer (Malvern, 

England).  In addition, isolated exosomes were visualized via transmission electron microscopy.  

Four to five microliters of sample were applied to negatively charged formvar/carbon 300 mesh 

copper grids (EMS) for 20 seconds, then the excess was wicked off with filter paper.  The grid 

was quickly rinsed by touching it to two drops of MilliQ water, wicking each time, and then 
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stained with two drops of 0.75% uranyl formate.  The grid was touched to the first drop of uranyl 

formate for a few seconds, wicked with filter paper, and then applied to the second drop of 

uranyl formate for 20 seconds.  After the excess stain was wicked off, the grid was allowed to 

dry for at least 10 minutes before it was imaged on the electron microscope.  Images were 

collected on a FEI Tecnai G2 transmission electron microscope (Hillsboro, OR) at 80kV with an 

AMT digital camera (Woburn, MA). Exosomes were characterized for marker expression using 

Exo-Check Arrays (System Biosciences/SBI, Palo Alto, CA, USA) for eight purported exosome 

markers. 

Animal Experiments 

DIR labelled exosomes. Purified exosomes were labelled with DIR according to the protocol 

used in our previous studies [24].  Briefly, the dye is dissolved in ethanol at a concentration of 

220 µg/mL. Five microliters of the dye is mixed with 220 µg/mL of exosomes (or control 

liposomes) in 100 µl PBS and incubated at room temperature for 1 h.  Preparations were loaded 

on a sepharose column, and exosomes eluted with PBS to remove free dye [24].  DIR-labelled 

milk exosomes were administered to female balb/c mice (6-10 weeks old; acquired from Jackson 

labs, Bar Harbor, ME) via oral gavage at a dose of 40 mg exosome protein/kg in approximately 

100 µl.  For comparison, a single mouse was administered an equivalent dose of DIR-labelled 

liposomes (egg phosphatidylcholine, ≈ 100 nm).  A single control mouse administered PBS was 

also included as a control for background fluorescence.  Blood samples were collected at 30, 60, 

120, 240 and 360 min from the sub-mandibular veins to evaluate both the extent and timing of 

absorption.  A cotton swab was used to smear each blood sample onto a nitrocellulose membrane 

that was imaged on an Odyssey Imager (LI-COR Biosciences, Lincoln, NE).  Immediately after 

sacrifice, organs (liver spleen, kidney, heart, lung, blood via cardiac puncture) were harvested 
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and placed in 12 or 24- well plates for imaging.  All animal procedures were approved by the 

University of Colorado Institute for Animal Care and Use Committee in accordance with 

guidelines from the National Institutes of Health. 

Dual labelled exosomes. Purified exosomes were labelled with SYTO 13 and DiD. Briefly, DiD 

was dissolved in DMSO to produce a 9.5 mM stock solution. SYTO 13 was supplied as a 5 mM 

stock solution in DMSO.  Eight hundred micrograms of exosomal protein (as measured by BCA 

protein assay) were incubated with 200 µl of 50 µM SYTO 13 for 30 min at 37°C.  

Subsequently, 40 µl of 95 µM DiD were added to the exosomes and incubated for an additional 

30 min at 37°C. Unincorporated dye was removed by passing the exosomes over a Sepharose 

CL-4B loaded spin column. Labeled exosomes were administered to female balb/c mice via oral 

gavage at a dose of 40 mg exosomal protein/kg.  Blood was collected via cardiac puncture 4 hrs 

post-administration and allowed to clot overnight at 4°C to obtain serum. Exosomes were 

obtained from serum by differential centrifugation. Briefly, serum was centrifuged at 20,000 x g 

at 4°C for 30 min to remove debris. Samples was then centrifuged at 110,000 x g at 4°C for 70 

min using a SW28 rotor and pellets were washed in 1X PBS. Samples were centrifuged again at 

110,000 x g at 4°C for 70 min and pellets were resuspended in 1X PBS. Exosome samples were 

mounted and imaged via laser scanning confocal microscopy using a Zeiss LSM780 microscope.  

In vivo bovine IgG competition.  Purified exosomes were labelled with DIR per the method 

described above, and bovine IgG purchased from Pierce Protein Biology (Thermo Fisher 

Rockford, IL) was administered via oral gavage.  Bovine IgG was spin concentrated 3-fold using 

a 100 kDa Amicon Centrifugal filter (Millipore Burlington, MA).  Exosomes (80 µg exosomal 

protein in approximately 100 µl) were administered by oral gavage immediately followed by 

bovine IgG at three doses (20 µg, 200 µg, 2000 µg).  A similar experiment was conducted to 
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determine the effect of a large oral dose of protein on exosome uptake.  Accordingly, a protein 

that does not interact with FcRn (erythropoietin; 2000 µg) was administered immediately after 

exosomes.  Blood samples were taken from the submandibular veins at 30, 60, 120, 180 minutes 

post-gavage.  The mice were then sacrificed and blood and organs were harvested.  The blood 

was again smeared on a nitrocellulose membrane and the organs were imaged in 12- or 24-well 

plates on the Odyssey Imager. 

Studies with Tumor-Bearing Mice.  Because of the unexpectedly high levels of absorption and 

the signal saturation observed in our initial studies (Figs. 2 + 3), we reduced the amount of DIR 

used to label exosomes by 10-fold in further experiments.  These exosomes were used to assess 

tumor accumulation in immunocompetent tumor-bearing mice.  Briefly, female balb/c mice were 

inoculated in the flank with murine colon carcinoma cells (CT26), and tumors were allowed to 

grow to ≈ 100 mm3.  Triplicate mice were administered DIR-labelled milk exosomes, and tissues 

were harvested after 4 h.  To assess the ability to target exosomes with ligands, we incorporated 

iRGD-cholesterol [36] into exosomes at a concentration of 0.1% using the same procedure 

described above for DIR loading.  The term “iRGD” refers to a family of related peptide ligands 

that bind specifically to the αν β3/β5 integrin on tumor vasculature and promote transcytosis 

across tumor vasculature [37-40].  After translocation, the iRGD ligand is cleaved by an 

endogenous protease to yield a peptide that serves as a ligand for the neuropilin-1 receptor to 

promote uptake by cancer cells [37-40].  Although we did not determine the stability of the 

iRGD peptide in simulated gastric fluid, previous studies have shown that cyclic peptides can 

survive these conditions [7].  Accordingly, another set of triplicate mice were administered DIR-

labelled, iRGD-targeted exosomes.  In order to allow comparison with IV administration, single 

mice were IV injected with either free DIR or DIR-labelled milk exosomes.  To simulate 
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comparable dosing via the two routes of administration, we estimated the efficiency of oral 

absorption at 10%, and thus mice receiving IV injection received only one-tenth of the DIR dose 

that was administered via oral gavage.  After 4 h, blood samples were collected and imaged as 

described above.  In the experiments involving iRGD-containing exosomes, tissues were 

homogenized in homogenization buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris HCL pH 

7.2 and protease inhibitor cocktail from Pierce Protein Biology Thermo Fisher, Rockford, IL) 4 h 

after oral gavage, and the fluorescent signal from accumulated DIR-labelled exosomes was 

measured with the Odyssey Imager.  Values for DIR fluorescence (RLU) were standardized 

against the protein levels in each tissue homogenate. Exosome protein levels were determined by 

BCA assay (Pierce Thermo Fisher Rockford, IL).  It is worth noting that several other methods 

for protein quantitation were tested including a Bradford (Biorad Hercules, CA), phase 

extraction, and a lysis protocol.  Protein levels varied dramatically with each assay (data not 

shown), hence it is very critical to be cognizant of which assay is chosen when quantifying 

exosomal protein. We chose the BCA assay in order to be consistent with previous studies by 

Gupta and colleagues with respect to measurements and dosing [27, 30]. 

Western Blot 

Purified milk exosomes were precipitated with ExoQuick (System BioSciences, Palo 

Alto, CA); one batch was untreated (XOQ ppt), and the other batch was treated with 0.2 M 

glycine, pH 2.0 to strip antibodies. Glycine-treated exosomes (XOs strip) and eluted antibodies 

(eluted Abs) were separated by centrifugation through a 300 kDa cutoff membrane. Samples 

were electrophoresed, transferred to nitrocellulose (Western blot), and probed with goat anti-

bovine IgG (H&L chain)-HRP, 1:2000 dilution (ThermoFisher Scientific, Grand Island, New 

York, USA; catalog #A18751). The blot was developed with chemiluminescence, and imaged 
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with a FluroChem Q Imager III device (ProteinSimple, Santa Clara CA).  Bovine γ-globulin 

(Bio-Rad Life Sciences Research, Hercules, CA, catalog #5000005) was included as a positive 

control, and “unbound” antibodies came from the ExoQuick supernatant. 
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Results 

To characterize exosomes extracted from cow milk, we acquired fresh milk from a local 

dairy and harvested exosomes according to previously described protocols [27, 30].  As shown in 

Figure 1A, we were able to isolate vesicles that have sizes consistent with exosomes.  As 

observed in our previous work with exosomes, dehydration of samples for electron microscopy 

causes some clumping and yields slightly smaller particle sizes as compared to the hydrated 

diameters measured by dynamic light scattering (127 nm) [25].  Consistent with other exosome 

preparations, the size distribution is quite uniform, and particles possess a negative charge (-15.2 

mV).  We also examined the variability of exosomes prepared from milk obtained from cows at 

different stages of lactation (early, mid, late).  The size and zeta potential of exosomes harvested 

from four different cows were very consistent, and hydrated diameters ranged from 127 to 140 

nm, and zeta potentials ranged from -15.2 to -7.6 mV. 

Exosome marker characterization (using an Exo-Check Array) showed that bovine exosomes 

have markers consistent with other exosomes (Figure 1B). We note that ALIX is not apparent in 

our preparations, consistent with the protein’s presence in exosomes from colostrum, but not 

mature milk [41]. We have also not found EPCAM identified on bovine milk exosomes in the 

literature. 

Our next set of experiments involved assessing the extent to which exosomes are 

absorbed from the gastrointestinal tract.  To track uptake, we utilized an infrared dye, DIR, that 

we have previously validated/optimized for tracking intravenously-administered exosomes [24].  

DIR-labelled milk exosomes were administered to mice via oral gavage at a dose of 40 mg 

exosome protein/kg.  For comparison, a single mouse was administered an equivalent dose of 

DIR-labelled liposomes (egg phosphatidylcholine, ≈ 100 nm), and a single control mouse 
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administered PBS was also included as a control for background fluorescence.  As shown in 

Figure 2, blood smears from mice administered PBS exhibited undetectable levels of background 

infrared signal.  Blood from mice administered DIR-labelled liposomes had a low infrared signal 

at 30 min, which increased at 60 min, diminished by 120 min, and was undetectable at later time 

points.  In sharp contrast to the results with liposomes, the infrared signal of blood from mice 

administered exosomes saturated our detector, even on the lowest sensitivity setting (Fig. 2).  

The area of signal saturation increased after 30 min, but remained relatively constant (almost 

completely saturated) from 60-240 min, and then diminished slightly after 360 min in all mice.  

We feel these initial results are quite striking, and clearly demonstrate that molecules loaded into 

milk exosomes (in contrast to liposomes) are readily absorbed.  In addition, the timing of 

absorption is surprisingly rapid, and sufficient quantities of dye are in the circulation after only 

30 min.  Furthermore, high levels of dye are sustained for at least 6 h.  This initial experiment 

demonstrates that milk exosomes are capable of facilitating the transfer of significant quantities 

of molecular cargo into the blood after oral administration.  Moreover, the fact that blood from 

mice administered DIR-labelled liposomes had markedly lower absorption suggests that the 

mechanism of absorption is not simply due to random particle uptake. 

The mice described in the experiment above were sacrificed after 6 h, at which time the 

liver, spleen, kidney, heart and lungs were harvested and placed in 24-well plates for imaging.  

As shown in figure 3, background levels of IR signal were barely detectable in organs from mice 

administered PBS.  The signal from mice administered DIR-labelled liposomes was clearly 

evident in the kidneys and liver.  In contrast, organs from mice administered DIR-labelled milk 

exosomes displayed large regions in which the IR detector was saturated.  Consistent with the 

high levels of absorption into the blood seen in figure 2, large amounts of dye accumulate in all 
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organs 6 h after oral administration of milk exosomes (Fig. 3).  It is important to point out that 

blood levels of dye are still high at this time point, and thus tissue accumulation will likely be 

greater at longer times.  These data are consistent with previous studies showing that milk 

exosomes facilitate the transfer of cargo into the blood, which ultimately accumulates in tissues 

[27, 30]. 

Because of the unexpectedly high levels of absorption and the signal saturation observed 

above, we reduced the amount of DIR used to label exosomes by ten-fold in future experiments.  

These exosomes were then used to assess tumor accumulation in immunocompetent tumor-

bearing mice after 4 h.  In order to more effectively compare fluorescent signals from blood 

achieved after IV versus oral administration, IV doses were reduced an additional ten-fold.  As 

shown in figure 4, no signal was seen in blood from mice administered free DIR by IV injection, 

suggesting that free dye is cleared from the blood within 4 h.  Blood from mice administered 

DIR-labelled exosomes via IV injection had a strong IR signal that was just below the saturation 

limit of the detector.  However, blood from mice dosed via oral gavage had a stronger signal that 

exceeded the saturation limit (Fig. 4).  Furthermore, the incorporation of the iRGD ligand into 

exosomes did not substantially alter absorption.  While these data are not quantitative, the fact 

that blood levels were higher after oral gavage, as compared to that from mice administered a 

ten-fold lower dose via IV injection, suggests that oral bioavailability may be greater than 10% 

under these conditions. 

To assess tumor accumulation, tumors were harvested from mice after 4 h.  In an effort to 

obtain semi-quantitative results, tumors were homogenized and the relative fluorescence units in 

the resulting suspension were quantified with the Odyssey imager and standardized against the 

protein content.  Figure 5 depicts the relative amounts of dye in tumors from mice receiving oral 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

gavage as compared to mice dosed via intravenous injection.  The results suggest that 

comparable levels of tumor accumulation were achieved via oral and intravenous administration 

(10% of the oral dose), and that the iRGD ligand significantly increased tumor accumulation.  

The fact that a ligand alters accumulation after oral absorption suggests that the dye remains 

associated with the ligand, potentially in an intact exosome.  To test this hypothesis, we 

conducted an additional experiment wherein both the membrane and RNA encapsulated within 

milk exosomes were fluorescently-labelled, and these double-labelled exosomes were orally 

administered to three mice as described above.  Blood from the mice was collected after 4 h, and 

exosomes were isolated from the pooled blood samples and analyzed by confocal microscopy.  

As shown in figure 6, some exosomes isolated from the blood of mice possessed both fluorescent 

labels, suggesting that milk exosomes can be absorbed from the gastrointestinal tract as intact 

particles.  This suggestion is consistent with the greater tumor accumulation we observe with 

iRGD-containing exosomes (Fig. 5).  It is important to note that previous studies have shown 

that particles can be altered during transcytosis, even if they remain intact [10]. 

In addition to the tumor, other organs were harvested after 4 h, homogenized, and 

analyzed for IR signal.  As is commonly observed in drug delivery, liver accumulation was the 

highest of all the organs, consistent with clearance (Fig. 7).  Interestingly, the organ 

accumulation of iRGD-containing exosomes was dramatically reduced despite enhanced tumor 

distribution and comparable absorption from the gastrointestinal tract.  While this result is very 

encouraging in terms of limiting off-target effects, it suggests that iRGD-containing exosomes 

are excreted more efficiently and/or accumulate at a different site. 

The results presented above are consistent with reports claiming that milk exosomes are 

absorbed from the gastrointestinal tract [27-30].  These findings can be viewed more broadly in 
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terms of the ability of exosomes to cross other cell barriers (e.g., the blood-brain barrier).  This 

phenomenon has gained a tremendous amount of interest, but no mechanistic explanation for this 

effect has been proposed [20-22].  However, previous studies have demonstrated the ability of 

FcRn to facilitate transport of Fc-targeted particles across the gastrointestinal tract [9, 42].  

Furthermore, it is important to recognize that FcRn is expressed in the vascular endothelium as 

well as the gastrointestinal tract throughout life in humans [6-11].  Because both mouse and 

human FcRn bind bovine IgG [32], we proposed that interactions with this receptor might play a 

critical role in the ability of milk exosomes to be absorbed after oral administration.  To test this 

hypothesis, mice were co-administered a constant amount of DIR-labeled exosomes with varying 

amounts of free bovine IgG.  It follows that the free IgG should compete with exosomes for 

FcRn in the gastrointestinal tract, and should thereby reduce absorption.  As before, blood 

samples were collected at different timepoints and imaged, and figure 8 clearly shows that the IR 

signal intensity diminishes at higher doses of co-administered IgG.  To assess the potential for 

this effect to be simply due to the presence of increased protein in the gut, a parallel experiment 

was conducted in which erythropoietin was co-administered with exosomes, but no effect of this 

protein was observed (Fig. 8).  Virtually identical effects on organ accumulation were observed 

(data not shown).  These studies demonstrate that co-administration of bovine IgG reduces 

uptake, and that this effect is not generally observed with other proteins.  Taken together, these 

data strongly support our hypothesis that FcRn is involved in absorption of milk exosomes from 

the gastrointestinal tract.  However, we suggest that the significant absorption of exosomes we 

observe despite swamping amounts of co-administered IgG indicates that other factors may 

contribute to gastrointestinal uptake. 
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It seems evident that utilization of the gut epithelial FcRn would require Fc ligand on 

milk exosomes; however, this has not been specifically explored. Other reports [41, 43-45] have 

identified immunoglobulin (Ig) components via proteomics of cow milk exosomes. Following a 

similar protocol as described previously [46], we detected the presence of both tightly-bound and 

elutable bovine IgG in/on cow milk exosomes (Fig. 9).  Our results demonstrate that there are 

substantial amounts of bovine IgG in/on cow milk exosomes, and the majority of it remains 

associated with the exosomes following the glycine stripping. Densitometry determinations 

indicate that cow milk exosomes have 1-2 µg IgG per 50 µg of exosome protein. While this may 

seem like a high percentage, cow milk contains 300-600 µg/ml of IgG [47], so we feel that the 

exosome IgG concentrations are reasonable. 
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Discussion 

Although oral dosage forms are clearly preferable for patients, many drugs require 

parenteral administration due to poor oral bioavailability.  The reasons for poor oral 

bioavailability can be multiple, but typically involve low aqueous solubility, instability under the 

conditions in the gastrointestinal tract, low absorption through the gut epithelium, and/or the 

first-pass effect in the liver [48].  The use of particulate delivery systems for oral delivery has the 

potential to circumvent many of these issues, but uptake of particles from the gastrointestinal 

tract is the predominant barrier.  Indeed, previous work with lipid-based formulations and 

emulsions have been used to improve the solubility of lipophilic drugs and enhance permeability 

of the intestinal endothelium [49, 50].  It is conceivable that successful oral delivery could be 

achieved by using particles that release drug into the intestinal epithelial cells and rely on 

subsequent diffusion to access the systemic circulation.  This scenario would appear more 

feasible, albeit potentially less efficient, because it does not require uptake of intact delivery 

systems from the gastrointestinal tract and subsequent transport across the epithelium.   

It is well established that exosomes play a role in many biological processes and possess 

the ability to transfer molecules among cells.  Previous research from our laboratory and others 

have attempted to harvest exosomes from cells in culture for use as delivery vehicles [20-25, 51].  

While some promising results have been reported, the inability to produce and harvest exosomes 

on a commercial scale has always been a concern associated with exosome-mediated delivery 

[20, 21, 24].  In this regard, the isolation of small quantities of exosomes needed for in vitro 

experiments is labor-intensive, but feasible.  However, in vivo experiments and potential clinical 

studies require that large amounts of exosomes be harvested from a readily-available source [24, 

25, 29].  It is now recognized that all bodily fluids (e.g., blood, urine, lymph, milk) contain 
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exosomes that are secreted by every cell type [52, 53].  Not surprisingly, exosomes from 

mother’s milk have evolved to resist conditions encountered in the stomach in order to transfer 

molecules to the baby.  In fact, studies have shown that exosomes from cow milk are capable of 

withstanding simulated gastric conditions, maintaining and transferring their contents from the 

gastrointestinal tract into the blood [27, 28, 54].  With particular relevance to the clinical 

application of this approach, it is important to point out that a human study documented that 

functional miRNAs from cow milk are absorbed into the circulation [28].  Furthermore, previous 

studies in mice have demonstrated that exosomes can be isolated from cow milk and used to 

transfer molecules across the gastrointestinal epithelium [27, 29, 30, 54].  Our results are 

consistent with these previous studies, and suggest that significant quantities of exosomes are 

absorbed from the gut within 30 min, and blood levels remain high for at least 6 h in mice (Fig. 

2).  In addition, significant levels of orally-administered exosomes were observed in all tissues 

after 6 h (Fig. 3). 

Our experiments in tumor-bearing mice suggest that ligands can be incorporated into 

orally-delivered exosomes to enhance accumulation in tumors (Fig. 5).  These findings are 

consistent with previous studies by Munagala et al. [27] who reported improved tumor shrinkage 

by incorporating folic acid into drug-loaded milk exosomes.  In addition to enhanced tumor 

accumulation, we observed a reduced accumulation in other organs as compared to exosomes 

lacking the iRGD ligand (Fig. 7).  The ability of the ligand to alter the distribution profile 

suggests that the ligand remains associated with the exosome throughout absorption and 

distribution via the systemic circulation.  This implies that milk exosomes can be absorbed as 

intact particles from the gastrointestinal tract, and previous studies have suggested that some 

level of repackaging may occur during passage through the intestinal epithelium [29, 55].  While 
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we did not attempt to characterize molecular-level changes to orally-administered exosomes 

upon absorption, our results from the double-label experiment demonstrate that at least some 

exosomes are absorbed as intact particles (Fig. 6).  

Although previous studies have utilized milk exosomes for oral delivery, a plausible 

mechanism by which exosomes (especially intact exosomes) could be absorbed from the 

gastrointestinal tract has been lacking.  Considering the ability of FcRn to salvage IgG and 

transport it from the gastrointestinal tract into the blood, researchers have attempted to exploit 

this natural mechanism to transcytose particulate delivery systems across the gut after oral 

administration.  Early studies conducted with liposomes demonstrated that IgG could be used as 

a ligand to facilitate uptake from the gut into the circulation [9].  More recent studies have 

utilized a similar approach with Fc-targeted PLA nanoparticles in an attempt to develop an 

orally-administered form of insulin [42].  Similar to the earlier studies with liposomes, the 

researchers demonstrated significant oral bioavailability with Fc-targeted particles, and achieved 

very high mean absorption efficiencies of 13.7 ± 1.3%/hr.  In contrast, non-targeted particles 

exhibited an oral absorption efficiency of 1.2 ± 0.2%/hr [42].  As mentioned earlier, our 

proteomic work has documented the presence of antibody fragments on purified exosomes [33-

35], and we hypothesized that this may play a role in uptake via FcRn.  Our experiments 

demonstrating that co-administration of bovine IgG substantially reduces the levels of exosomes 

absorbed into the blood is consistent with this hypothesis (Fig. 8).  The fact that co-

administration of another protein (i.e., erythropoietin) did not affect absorption indicates that this 

effect is specific to IgG, consistent with uptake involving FcRn. 

In considering the absorption of bovine exosomes across the intestinal epithelium of mice 

or humans, it is important to recognize that studies quantifying the relative binding affinities of 
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bovine IgG for murine and human FcRn have documented significant cross-reactivity among 

these species [32].  More specifically, the affinity of bovine IgG for the mouse receptor is 

comparable to that of murine IgG.  With regards to uptake in humans, the relative binding of 

bovine IgG for the human receptor is approximately 28% of that for human IgG [32].  

Considering that lactating cows have evolved mechanisms to pass materials through the 

intestinal epithelium of their calves, it is conceivable that the cross-reactivity with human FcRn 

could permit similar transport, albeit with reduced efficiency.  We feel that these reports are 

consistent with a role for FcRn in the absorption of milk exosomes observed in both humans and 

mouse models, presumably via transcytosis [6-8, 10, 56].  However, we cannot rule out that 

additional factors may be involved in transport across the intestinal epithelium.  In fact, previous 

studies have suggested that additional components are likely involved in FcRn-mediated 

transcytosis, and even postulated that a yet unknown “Factor X” provides an additional function, 

working in collaboration with FcRn, that results in highly-efficient transport across epithelia [6, 

8].  Future studies are planned with transgenic mice to provide further insight into the 

mechanism of gastrointestinal transport. 

It is worth considering differences between exosome-mediated delivery and conventional 

nanoparticles in terms of drug release and tumor delivery.  As shown in figure 4, high blood 

levels of exosome-bound dye are observed 4 h after exosome-mediated delivery regardless of the 

route of administration (e.g., oral or intravenous).  In contrast, intravenous administration of free 

dye resulted in undetectable blood levels under the same conditions, indicating that dye remains 

sequestered within exosomes after gastrointestinal uptake.  This is in agreement with the findings 

in figure 6 demonstrating that exosomes are transported across the gastrointestinal epithelium as 

intact particles that are dissociated after internalization by the recipient cell.  This scenario is 
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consistent with the biological role of exosomes in the intercellular transfer of microRNAs that 

would likely not survive exposure to the extracellular environment.  Taken together, these data 

indicate that dye release from circulating exosomes is minimal, and that drugs encapsulated 

within exosomes may be most effective against intracellular targets.  However, the data in figures 

5 + 7 suggest that molecules present on the exterior surface of exosomes are able to access cell 

receptors (i.e., the mechanism of iRGD targeting involves binding to the αν β3/β5 integrin on 

tumor vasculature [36]), indicating that it may be possible to achieve both targeting via surface 

moieties and efficient intracellular delivery after accessing the circulation.  This could prove 

especially advantageous for reducing the systemic distribution and off-target effects of 

chemotherapy if efficacious tumor targeting can be achieved.  Our results showing increased 

tumor accumulation and reduced organ accumulation by employing iRGD-mediated targeting are 

very promising in this regard.  

In conclusion, our data are in agreement with previous studies showing uptake of cow 

milk exosomes in both mice and humans [27-30, 55].  In addition, we propose that milk 

exosomes can be taken up as intact particles via a process involving FcRn.  It is important to 

recognize that FcRn is expressed in humans at high levels throughout life [6-8, 11, 15].  It is also 

noteworthy that analyses have indicated that the isolation of milk exosomes could be scaled up to 

yield large quantities for pharmaceutical applications [31].  It follows that many drugs that are 

currently administered intravenously due to poor oral bioavailability (e.g., antibiotics, 

chemotherapeutics) could potentially be incorporated into milk exosomes for oral administration.  

In that regard, oral administration allows considerable flexibility in terms of dosing, such that 

large quantities (hundreds of grams) could be consumed even if drug loading is inefficient.  For 

example, if only 1% drug loading is achieved and our estimate of 10% oral bioavailability is 
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accurate, blood levels equivalent to a 100-mg intravenous dose should be possible via this 

approach.  This is a conservative estimate considering that studies have shown drug loading to be 

considerably higher for chemotherapeutic agents (10-40%) [27].  This general strategy is 

potentially applicable to the oral administration of larger molecules (e.g., peptides, proteins, 

DNA, RNA) if loading procedures that overcome the formidable barriers of maintaining the 

integrity and function of the exosome and its therapeutic cargo can be developed [57].  It is also 

not clear that there would be a benefit to loading antibodies in or on exosomes because they 

might interfere with FcRn binding and/or transcytosis.  In addition, therapeutic antibodies 

typically target cell surface and/or extracellular proteins.  As mentioned above, we believe that 

the milk exosome delivery system has evolved predominantly for intracellular delivery, but 

could also be used to accommodate proteins or peptides that are below the renal threshold for 

clearance and/or easily-degraded nucleic acid entities.  Considering the enormous quantities of 

exosomes that can be harvested from ordinary cow milk that humans have routinely consumed 

for thousands of years [58], it is conceivable that this process could be scaled rapidly, and be 

approved for treatment with minimal regulatory hurdles.  Although we observe consistent 

exosome properties isolated from cows at different stages of lactation, variability among 

preparations will need to be considered during product development.  Furthermore, current 

studies indicate that milk exosomes can be stored frozen without significant changes in their 

physical properties, and it may also be possible to lyophilize drug-loaded exosomes using 

conventional methods developed for lipid-based nanoparticles [59-64].  The application of 

existing stabilization technology could potentially provide dehydrated preparations with shelf-

lives compatible with pharmaceutical products.  Considering all these factors, we feel that the 

benefits of oral administration in terms of both improved health and convenience for many 
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patients, in addition to the reduced costs and potential for commercial production, support further 

investigations into oral dosage forms employing milk exosomes.     
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Figure Legends 

Figure 1A.  Transmission electron micrograph of exosomes isolated from milk.  

 

Figure 1B: Bovine milk exosomes contain standard markers of exosome-like vesicles. 

ExoCheck Array was probed with lysed milk exosomes, showing positive staining for 

typical exosome markers (CD63, CD81, ANXA5, FLOT1, ICAM, and TSG101) while 

negative for the putative contaminant GM130. “+ cont+ = positive control for secondary 

antibody reactivity; “-cont” = negative control spot. 

 

Figure 2.  Absorption from the Gastrointestinal Tract after Oral Gavage.  Blood samples 

collected from mice at 30, 60, 120, 240, and 360 min were applied to a membrane (A) and 

imaged with an infrared detector (B-F).  Samples from mice administered PBS (B) had no 

detectable levels of IR signal.  Blood from mice administered DIR-labelled liposomes (C) 

showed low levels of IR signal which was undetectable after 120 min.  In contrast, blood from 

mice administered DIR-labelled milk exosomes (D-F) exhibited high IR signal which saturated 

the detector even on the lowest sensitivity.  High signal is maintained in the blood for the 

duration of the experiment (6 h). 

 

Figure 3.  Tissue Accumulation after Oral Administration.  Organs harvested (6 h) from mice 

administered PBS (A), DIR-labelled liposomes (B), and DIR-labelled milk exosomes (C-E) were 

imaged.  High accumulation of dye in all organs from mice administered exosomes was 

observed. 
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Figure 4.  Bioavailability in Tumor-bearing Mice.  Blood from mice administered free DIR or 

DIR-labelled milk exosomes via IV injection is compared to that from mice administered DIR-

labelled exosomes (untargeted or targeted w/ iRGD) via oral gavage after 4 h.  Note that the IV 

dose was 10% of the oral dose. 

 

Figure 5.  Effects of Targeting and Route of Administration on Tumor Accumulation.  Tumors 

from mice administered free DIR or labelled exosomes via IV injection accumulated comparable 

levels of delivery to oral administration.  Note that IV doses were 10% of that administered 

orally.  iRGD-targeting significantly increased tumor delivery.  (n=3 for oral administration; std. 

error < 2%). 

 

Figure 6.  Double-labelled Exosomes Isolated from Blood after Oral Administration.  The image 

shows that the membrane dye (left) and the RNA dye (middle) are present in the same exosomes 

(merged, right) after oral administration. 

 

Figure 7.  Effect of Incorporating the iRGD Ligand on Organ Accumulation.  Relative infrared 

signal in different organs after intravenous injection of untargeted and targeted exosomes (left 

panel).  IV-administered free DIR and untargeted exosomes compared to orally-administered 

targeted exosomes (right panel).  Note difference in scales between panels. 

 

Figure 8.  Co-administration of IgG Reduces Absorption.  DIR-labelled exosomes were co-

administered with different amounts of bovine IgG via oral gavage and blood samples were 
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imaged at 0.5, 1, 2, 3, and 4 h (left).  Co-administration of erythropoietin (EPO) did not reduce 

absorption (right). 

 

Figure 9. Western blot demonstrating that bovine IgG is present in/on cow milk exosomes. 

Purified milk exosomes were untreated (XOQ ppt) or treated to strip antibodies (XOs strip).  

Eluted antibodies (eluted Abs), bovine g-globulin as a positive control, and “Unbound” Abs from 

the supernatant are also shown. 
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