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A B S T R A C T

Current treatments for inflammatory bowel disease often fail due to systemic side effects, but bovine milk- 
derived extracellular vesicles (EVs) show promise for targeted delivery to inflamed gut tissue via the leaky 
gut effect. This study assessed the stability of EVs as drug carriers in simulated gastrointestinal (GI) fluids and 
their efficacy in a colitis mouse model. EVs were characterised after incubation in PBS at various pH levels, and 
their lipid bilayer stability in biorelevant GI fluids was evaluated using the polar probe laurdan. Two small 
molecules, acridine orange (lipophilic) and riboflavin (hydrophilic), were loaded into EVs to test their release 
under GI conditions, while unloaded EVs were investigated for therapeutic effect via oral gavage or rectal enema 
in a colitis mouse model. Although no significant changes in EVs’ physical properties were observed at different 
pH levels, lipid bilayer damage was evident in acidic (p ≤ 0.05) and enzyme-rich environments (p ≤ 0.01). 
Acridine orange release was significant (p ≤ 0.05), but riboflavin remained encapsulated, and no therapeutic 
effect was observed with unloaded EVs in vivo. These results suggest that physical characterisation alone does not 
reflect EV stability, that bovine milk EVs have limited potential for oral drug delivery and are better suited for 
hydrophilic drugs.

1. Introduction

Inflammatory bowel disease (IBD), comprising ulcerative colitis (UC) 
and Crohn’s disease (CD), affects over 7 million people worldwide [1,2]. 
Despite advances in treatment, up to 50 % of CD patients may require 
surgery within 10 years of diagnosis due to poor adherence caused by 
systemic side effects and immunogenic responses [1,2]. While most IBD 
therapeutics are administered orally, their systemic absorption means 
that only a small fraction reaches the sites of inflammation, resulting in 
unwanted systemic side effects [3]. Effective oral targeted drug delivery 
requires both the drug and its carrier to withstand the varying pH and 
enzymatic conditions of the gastrointestinal tract [4]. These pH changes, 
along with diverse enzymatic compositions, challenge the structural 
integrity of drugs and carriers [4,5]. Colon-targeted delivery systems are 
essential for increasing drug concentrations in inflamed areas, reducing 
systemic side effects, and improving patient adherence[6]. These sys
tems exploit the specific physiological conditions of the colon, such as 

pH, microflora, and transit time [7]. Phloral® coating technology, for 
example, combines pH and enzymatic triggers for reliable colonic tar
geting [8]. However, current technologies often deliver drugs to both 
healthy and inflamed tissues indiscriminately. Novel approaches, such 
as synthetic nanoparticles (NPs), target inflamed colonic tissues by 
exploiting gaps in the tight junctions of the leaky gut associated with IBD 
[9–12]. Moreover, in IBD, goblet cell dysfunction leads to reduced 
mucin production and a defective colonic mucosal barrier [13–16]; 
allowing weakly negatively charged NPs to penetrate and bind to the 
positively charged proteins, such as eosinophil cationic proteins and 
transferrin, which are present in higher concentrations in inflamed re
gions [17–21]. Although synthetic NPs offer promise, clinical trials have 
faced challenges related to complex molecular targeting, such as the 
masking of targeting ligands by the formation of a protein corona or the 
decreased extravasation due to the impact on ligands on particle size; 
these issues may be mitigated by using naturally targeting nano systems 
such as small extracellular vesicles (EVs) derived from plants or 
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mammalian cells [22].
Small EVs are naturally occurring nanocarriers with high permeation 

and targeting abilities, making them promising candidates for targeting 
IBD in the GI tract [23,24]. Characterised by their small size (< 200 nm), 
lipid bilayer structure, and rich cargo (including nucleic acids, proteins, 
lipids, tetraspanins and metabolites), they offer significant potential for 
therapeutic delivery [25,26]. These vesicles are produced by every cell 
type in the body and facilitate cellular communication by transferring 
cargo to recipient cells via surface receptor binding or plasma membrane 
fusion [27,28]. Due to their natural origin, EVs are less immunogenic, 
well-tolerated, and can be found in various body fluids, including blood, 
urine, amniotic fluid, and breast milk [29]. Their transmembrane tet
raspanins aid in receptor interactions, providing high biocompatibility 
and preferential uptake by human cells compared to synthetic NPs 
[30,31], making them attractive therapeutic vectors. Research has 
demonstrated that cow milk-derived EVs can cross the human gut 
epithelium intact, presenting a potential for oral therapeutic delivery 
[32–36]. Milk-derived EVs are a scalable EV source and exhibit cross- 
species tolerance without eliciting immune responses in mice [37]. 
Their therapeutic efficacy in treating IBD has been demonstrated in 
colitis mouse models [38–40], highlighting their potential as dual- 
function carriers to deliver innate anti-inflammatory compounds. 
However, the GI tract poses significant acidic and enzymatic challenges 
that can affect drug carriers stability, as seen with liposomes which are 
prone to degradation by gastric acid, digestive enzymes, and bile salts 
[41], leading to loss of integrity and payload breakage [42]. Due to their 
structural similarity to liposomes, milk-derived EV stability in the GI 
tract requires investigation. The stability of milk-derived EVs in oral 
delivery has been investigated both in vitro, showing resistance of milk- 
derived EV miRNAs and mRNAs to digestion in acidic conditions 
[43–47], and in vivo, with studies demonstrating absorption of fluo
rescently labelled EVs in host organs and their accumulation in the 
colon, highlighting their potential as oral carriers for targeting local 
inflammation in IBD [11,37,48–51]. Interestingly, Xu et al. (2022) found 

that while sublingual administration of liraglutide-loaded milk EVs 
effectively reduced blood glucose levels in diabetic mice, oral gavage 
was ineffective, suggesting differences in EV stability between salivary 
and gastric fluids [52]. These findings highlight discrepancies in the 
literature, with some studies supporting the stability of milk EVs for oral 
drug delivery, while others indicate accumulation in the colon or inef
fectiveness via the oral route. Therefore, further research into the GI 
stability of EVs is critical to fully harness their potential as effective oral 
delivery vehicles for targeted therapies.

In the work described in this paper, our aim was to clarify EV sta
bility in the colon and at the pH range encountered in the GI tract in vitro 
and evaluate EV efficacy in vivo in a mouse model. EVs were isolated 
from bovine milk and characterised for stability following incubation in 
PBS at the different pH levels found in the GI. EVs were also loaded with 
laurdan to assess the effect of pH and biorelevant enzymes on the lipid 
bilayer integrity. Hydrophilic and lipophilic drugs were loaded into milk 
EVs and drug release in simulated GI fluids was assessed. The thera
peutic effects of orally or rectally administered milk EVs in a colitis 
mouse model was assessed.

2. Materials and Methods

2.1. Materials

EDTA (0.5 μM), calnexin monoclonal antibody (AF18), bovine serum 
albumin monoclonal antibody (3G3A2), TSG101 monoclonal antibody 
(4A10), CD81 monoclonal antibody (M38), magnesium sulphate hep
tahydrate, pepsin (MP Biomedicals), calcium chloride hexahydrate, 
peptone and SYBR Green PCR master mix were purchased from Thermo 
Fischer Scientific (Loughborough, UK). Fetal bovine serum, pen
icillin–streptomycin, minimum essential medium eagle, Dulbecco′s 
phosphate buffered saline (dPBS), hemin (bovine), pancreatin from 
porcine pancreas 4x USP specifications, α-amylase from porcine 
pancreas, liposome kit: Lipid mixtures for the preparation of liposomes 

Fig. 1. Schematic diagram depicting the genesis from endosomes and multivesicular bodies (MVB) and the isolation process of EVs from milk using chelation and 
centrifugation then ultracentrifugation and SEC.
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(catalog number L4395), Millipore Sigma Amicon® Ultra centrifugal 
filter units (10 kDa MWCO), Tween® 20, Tween® 80, yeast extract, bile 
salts, L-cysteine hydrochloride, riboflavin, acridine orange, phytome
nadione, hexadecyltrimethylammonium bromide, dianisidine dihydro
chloride, human neutrophil MPO and vitamin K were purchased from 
Merck Life Science (Gillingham, UK). Other chemicals for the prepara
tion of the simulated GI fluids include xanthan gum, potassium dihy
drogen phosphate and sodium bicarbonate from VWR (Lutterworth, 
UK), and resazurin tablets from Scientific Laboratory supply (Fairham, 
UK). Fresh organic unhomogenised semi-skimmed bovine milk was 
obtained from a local supermarket (Dutchy organic Waitrose, UK). Size 
exclusion chromatography (SEC) columns qEVoriginal 35 nm Gen 2 
were purchased from IZON Science Ltd. (Lyon, France). EVspin columns 
mini were purchased from Cambridge Bioscience (UK). Formvar/carbon 
on 400 mesh copper for TEM imaging were purchased from Agar Sci
entific LTD (UK).12––230 kDa Wes Separation Module, 8 x 25 capillary 
cartridges, Anti-Mouse Detection Module for Wes, Peggy Sue, and Sally 
Sue, were purchased from Bio Techne LTD, UK. Nucleospin RNA II kit 
was purchased from Macherey-Nagel (Hoerdt, France). HPLC-grade 
water was obtained via an ELGA HPLC water purification system 
(ELGA LabWater, High Wycombe, UK).

2.2. The EV isolation process

Bovine milk-derived EVs were isolated from pasteurized unhomog
enized organic semi-skimmed milk, purchased from a local supermarket 
(Waitrose, UK), following the method by Vaswani et al. [53] (Fig. 1). 18 
mL of milk was diluted with 30 mL of PBS and centrifuged at 3,000 × g 
for 15 min to pellet cells and cellular debris. The supernatant was mixed 
with an equal volume of 0.25 M EDTA and incubated on ice for 15 min to 
chelate casein-calcium complexes. The mixture then underwent suc
cessive ultracentrifugation steps at 12,000 × g, 35,000 × g, and 70,000 
× g, each for 1 h (Sorvall WX80 + Thermo Fisher Scientific and Optima 
L-90 K, Beckman Coulter), to remove protein aggregates and larger 
vesicles. After each step, the supernatant was filtered through 0.22 μm 
syringe filters. Finally, the supernatant was ultracentrifuged at 100,000 
× g for 2 h to pellet the milk EVs. The EV pellets were resuspended in 
500 μL of PBS and further purified using a qEV Gen2 SEC column (35 nm 
pore size, Izon, Lyon, France), collecting 2000 μL fractions. The final EV 

fractions were concentrated to 500 μL and stored at − 80 ◦C for down
stream applications.

2.3. Preparation of simulated gastro-intestinal (GI) fluids

2.3.1. dPBS at physiologically relevant pHs
Dulbecco’s Phosphate Buffered Saline (dPBS) was adjusted to 

different pH values (1.2, 6.8, 7.0, 7.4) using 1 M hydrochloric acid (HCl) 
and 1 M sodium hydroxide (NaOH).

2.3.2. Simulated stimulated saliva fluids (SSSF)
SSSF was selected for this study as it simulates saliva produced in 

response to stimuli such as taste, chewing, or other sensory inputs, 
making it most suitable for assessing the stability of a medicinal carrier 
compared to unstimulated saliva and was prepared according to a pro
tocol by Ali et al.: Xanthan gum (0.05 g) was dissolved in 6.892 mL of pH 
7.4 buffer, followed by the addition of 1 g porcine gastric mucin, 100 mg 
porcine amylase, and 5.6 µL of Tween 20. The volume was made up to 
100 mL with deionised water, and the pH was adjusted to 7.4 [54].

2.3.3. Simulated gastric fluids (SGF) for the pH and laurdan stability 
assays

For the pH and laurdan stability assays, SGF was prepared according 
to a USP specifications protocol by Wang et al. [55]. Sodium chloride 
(0.2 g) was dissolved in 50 mL of water, and 0.7 mL of 10 M HCl was 
added to adjust the pH to 1.2. Pepsin (0.32 g) was then added, and the 
volume was made up to 100 mL with water. Pepsin was added only after 
the pH adjustment to avoid enzyme degradation. For the acridine orange 
and riboflavin release assays, fasted state simulated gastric fluid 
(FaSSGF) was prepared according to a previously described protocol 
[56] by dissolving 80 µM sodium taurocholate and 20 µM lecithin in 
deionised water. This was followed by the addition of 0.1 mg/mL pepsin, 
34.2 mM sodium chloride, and 100 µg/mL lipase from porcine pancreas. 
The pH was adjusted to 1.20 using HCl and thoroughly mixed.

2.3.4. Simulated intestinal fluids (SIF) for the pH and laurdan stability 
assays

For the pH and laurdan stability assays, SIF was prepared according 
to a USP specifications protocol by Wang et al. [55]. Monobasic 

Fig. 2. Schematic representation of the in vivo experimental set-up for the therapeutic assay of bovine milk EVs by oral gavage or rectal enema in DSS-induced colitis 
C57BL/6 mice (n = 7) with a positive control (ciclosporin in an olive oil/ethanol mixture) and a negative control (dPBS).
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potassium phosphate (0.68 g) was dissolved in 25 mL of water, then 7.7 
mL of 0.2 N NaOH was added to adjust the pH to 6.8. Pancreatin (1 g) 
was added, gently shaken until dissolved, and the volume adjusted to 
100 mL with water. Pancreatin was added after pH adjustment to pre
vent enzyme precipitation.

For the acridine orange and riboflavin release assays, fasted state 
simulated intestinal fluid (FaSSIF) was prepared according to a previ
ously described protocol [56] by dissolving 3 mM sodium taurocholate 
and 0.75 mM lecithin in deionised water. This was followed by the 
addition of 28.65 mM potassium dihydrogen phosphate, 105.85 mM 
sodium chloride, and 20 mg/mL lipase from porcine pancreas. The pH 
was adjusted to 6.80 using HCl or NaOH as necessary.

2.3.5. Simulated colonic fluids
Peptone and yeast extract (2 g each) were weighed into a glass flask 

containing distilled water (500 mL). Calcium chloride hexahydrate 
(0.01 g), potassium dihydrogen phosphate (0.04 g), magnesium sul
phate heptahydrate (0.006 g), and sodium chloride (0.1 g) were added 
into the flask and dissolved by stirring. Tween 80 (2 mL), l-cysteine HCl 
and bile salts (0.5 g each) were then added and subsequently dissolved 
in the same solution. Into this, hemin (0.005 g in two drops of 1 M 
NaOH), 0.025 % (w/w) resazurin in deionized water solution (4 mL), 
and vitamin K (10 µL) were added under stirring. Upon dissolution, 
sodium bicarbonate (2 g) and distilled water were added to make the 

final volume of solution up to 1000 mL. The pH of this solution was 
subsequently adjusted to 6.8 using 0.1 M HCl or 1 M NaOH solutions.

2.4. Characterisation of EVs

2.4.1. Protein quantification
The protein concentration of EVs was quantified by the bicinchoninic 

acid (BCA) assay using the Pierce™ BCA Protein Assay Kit (Thermo 
Fisher, UK) according to the manufacturer’s protocol. Purified EV 
samples for BCA were prepared by a 1:3 dilution in dPBS. BCA working 
reagent was prepared by mixing reagents A and B in a 50:1 ratio. A 
standard curve was generated using bovine serum albumin (BSA) stan
dards, and absorbance was measured at 600 nm after a 2-hour incuba
tion at 37 ◦C.

2.4.2. Zeta potential of EVs
The zeta (ζ) potential of the EVs was measured using Dynamic Light 

Scattering (DLS) with a Malvern ZetaSizer (Malvern Panalytical Ltd., 
Malvern, UK). EV samples (100 μL) were diluted in deionised water 
(900 μL) and measurements (n = 3) were conducted at 25 ◦C with an 
equilibration time of 120 s. The measurement settings were 173◦

backscatter (NIBS default), with an automatic measurement duration.

Fig. 3. (A) Particle size (NTA peak mean), (B) ζ potential, (C) particle concentration and (D) protein concentration of milk EVs following exposure to PBS at 
physiologically relevant GI pH (n = 3).
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2.4.3. Nanoparticle-Tracking analysis (NTA)
NTA was conducted using a Nanosight LM14C, equipped with a 

green laser (532 nm) and NanoSight NTA 3.4 software (Malvern Pan
alytical, Ltd., UK). EV samples were diluted in PBS to achieve an optimal 
concentration for detection (typically around 108 particles/mL). Each 
sample was measured five times, with videos recorded for 90 s each, 
yielding a size distribution based on hydrodynamic diameter and par
ticle concentration.

2.4.4. Transmission electron microscopy (TEM) imaging
Concentrated EV samples were prepared for electron microscopy by 

fixing them onto Formvar-carbon coated EM grids (Agar Scientific, 
Stevenage, UK). The grids were placed on a 10 μL droplet of EV sample 
for 30 s. Following this, the grids were transferred to a 4 % (w/v) 
aqueous uranyl acetate droplet for 90 s to stain the samples. The grids 
were then subjected to two washes by placing them on deionised water 
droplets for 30 s each. After washing, the grids were carefully dried by 
blotting with filter paper and allowed to air dry completely at room 
temperature. Imaging was conducted using a JEOL 1400 Plus electron 
microscope operated at an accelerating voltage of 120 kV. The micro
scope was equipped with a Gatan Rio16 camera and used the Digital 
Micrograph® software (Version 3.5, Gatan Microscopy Suite, California, 
USA) for image acquisition and analysis. Magnification settings ranged 
from 35,000x to 60,000x to capture detailed images of the EVs.

2.4.5. Characterisation of EV protein markers
Western blotting was performed using the Wes ProteinSimple (Bio- 

Techne, Minnesota, USA) following the manufacturer’s instructions, 
utilizing a 12–230 kDa Separation Module and the anti-mouse detection 
module. EV samples were first concentrated to 3 μg/μL and then lysed by 
mixing with equal volumes of RIPA buffer, followed by incubation on ice 
for 20 min. The lysed EV solution, at a concentration of 1.5 μg/μL, was 
added to a Fluorescent Master Mix at a 4:1 ratio and heated at 95 ◦C for 
5 min. Subsequently, the prepared samples, along with blocking reagent, 
primary antibodies (diluted in antibody diluent buffer), HRP-conjugated 
secondary antibodies, and chemiluminescent substrate, were loaded 
into the plate provided in the Separation Module. The instrument was 
operated using the default settings: stacking and separation at 475 V for 
30 min; blocking reagent for 5 min, primary and secondary antibody 
both for 30 min; Luminol/peroxide chemiluminescence detection for 
approximately 15 min (exposures of 1–2-4–8-16–32-64–128-512 s). The 
resulting electropherograms are then used for automatic peak detection.

2.5. Laurdan dye analysis of EVs and liposomes to assess bilayer integrity

Liposomes were used as a positive control in this study. The liposome 
suspension was produced according to the instructions of the liposome 
kit: Lipid mixtures for the preparation of liposomes (Sigma-Aldrich, 
catalog number L4395). The lipids were hydrated in 1 mL of deionised 
water, resulting in the following composition: L-α-phosphatidylcholine 
(63 µmol/mL), stearylamine (18 µmol/mL), and cholesterol (9 µmol/ 
mL). The suspension was then passed through polycarbonate mem
branes with pore sizes of 200 nm and 100 nm sequentially using an 
extruder (Avanti Polar Lipids). Each sample was extruded a total of 20 
times through each membrane at 37 ◦C to produce unilamellar vesicles 
around 100 nm in size. Laurdan dye (0.1 μmol/L) was added to milk EVs 
(1200 μg) and liposomes (600 μL) suspended in 0.5 mL buffer solution at 
the relevant pH and in simulated gastrointestinal fluids, as schematically 
shown in Supplementary Fig. S2. The mixtures were incubated at 37 ◦C 
for 1 h in the dark. The buffer solutions used included PBS at various pH 
values and simulated gastrointestinal fluids prepared according to 
standard protocols to mimic the conditions of the gastrointestinal tract. 
After incubation, the laurdan excitation spectra were recorded using a 
SpectraMax (M2e, Molecular Devices, USA) set at an excitation wave
length of 340 nm, with emission spectra collected at 435 nm and 490 nm 
at 37 ◦C. The generalised polarisation (GP) values were calculated ac
cording to the equation: GP = (I435–I490)/(I435 + I490), where I435 and 
I490 are the emission intensity of 435 and 490 nm, respectively. Each 
measurement was performed in triplicate to ensure reproducibility. 
Controls included buffer solutions without EVs or liposomes to account 
for background fluorescence.

2.6. Assessment of the encapsulation stability of hydrophilic and lipophilic 
cargo stability in milk EVs

2.6.1. Loading of riboflavin and acridine orange into milk EVs
The hydrophilic drug riboflavin (logP − 1.5111; 1.2 mg/mL) was 

dissolved in deionised water to create a supersaturated solution. This 
solution was then filtered using a 0.22 µm filter and added to milk EVs 
(3750 µg/mL). The EVs-drug mixture was sonicated using a Soniprep 
150 with the following settings: 20 % amplitude, 6 cycles of 30 s on/off 
for three minutes, with a 90-second cooling period between each cycle. 
Following sonication, the milk EVs loaded with riboflavin (milk EVsR) 
were incubated at 37 ◦C for 2 h to allow the EV membranes to recover 
and then isolated from unentrapped riboflavin through a qEV Gen2 SEC 
column (35 nm pore size, Izon, Lyon, France). For the lipophilic drug 
acridine orange (AO), milk EVs (3750 µg/mL) were loaded by passive 
diffusion, following the method of Agrawal, A. K. et al. [37]. The milk 
EVs were incubated with a 100 µg/mL solution of AO (logP 3.4112) in 
ethanol for 30 min at room temperature, the final solvent concentration 
was maintained at 10 % (v/v). After 30 min, the milk EVs loaded with 

Fig. 4. Example of TEM images of bovine milk EVs obtained for the physical 
characterisation study following incubation in dPBS at pH 1.2.

Table 1 
Characterisation of bovine milk-derived EVs isolated for the laurdan, release and 
animal studies.

Study Size 
(nm)

ζ 
potential 
(mV)

Particle 
concentration 
(particle/mL)

Protein 
concentration 
(µg/mL)

Particle to 
protein 
ratio 
(particle/ 
µg)

Laurdan 
study

159 
± 6

− 14 ± 0 6E + 12 ± 3E 
+ 11

1260 ± 9 5E + 09 
± 2E + 08

Release 
study

111 
± 4

− 14 ± 1 7E + 12 ± 7E 
+ 11

1610.6 ± 30 4E + 09 
± 8E + 07

Animal 
study

116 
± 1

− 12 ± 0 7E + 12 ± 3E 
+ 11

1632 ± 266 5E + 09 
± 2E + 08
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AO (milk EVsAO) were isolated from unentrapped AO through a qEV 
Gen2 SEC column (35 nm pore size, Izon, Lyon, France). The loading 
efficiency of Acridine Orange and Riboflavin were found to be 0.025 % 
and 0.008 %, respectively.

2.6.2. Determination of drug location with a Bligh & Dyer assay
Lipid and aqueous phase extraction for localisation of acridine or

ange and riboflavin was performed using the Bligh and Dyer method 
with the use of methanol and chloroform [57]. Methanol was added to 
riboflavin in water (0.012 mg/mL) and AO in ethanol (0.1 µg/mL) so
lutions at a 2:1 vol ratio and vortexed thoroughly. Chloroform was then 
added at a 1:1 ratio (chloroform: methanol), followed by another vortex 
mixing. Water was added to the mixture at a 2:2:1.8 ratio (chloroform: 
methanol: water), and the mixture was vortexed again before centrifu
gation at 1,000 × g for 10 min to facilitate phase separation. The con
tents of each phase were analysed against a blank with excitation 
wavelengths of 490 nm for acridine orange and 450 nm for riboflavin 
using a fluorescent plate reader (SpectraMax M2e, Molecular Devices, 
USA).

2.6.3. Acridine orange and riboflavin release study
The release of acridine orange and riboflavin from milk EVs was 

measured as schematically shown in Supplementary Fig. S2. Milk EVs 
loaded with riboflavin (milk EVsR) and acridine orange (milk EVsAO) 
were incubated in dPBS at relevant gastrointestinal (GI) pH and simu
lated fluids at 37 ◦C for 1 h. Following incubation, the samples were 
subjected to size exclusion using EV-spin 96 columns (Cell Guidance 
Systems, UK). The collected fractions were analysed using a plate reader 
(SpectraMax M2e, Molecular Devices, USA) with excitation wavelengths 
of 490 nm for acridine orange and 450 nm for riboflavin, both at 37 ◦C.

2.7. In vivo assessment of the therapeutic efficacy of milk EVs

2.7.1. Study design for the efficacy evaluation of milk EVs in a DSS-induced 
colitis mouse model

Female C57BL/6 mice aged 6 weeks (Janvier Labs, Le Genest-Saint- 
Isle, France) were housed under standard conventional conditions. Mice 
experiments were performed in accordance with the approval (Author
isation No. 7267–2016100410284439) from the Ethics Committee in 
Animal Experimentation Nord-Pas de Calais (CEEA75) which was 
approved by the French ministry for higher education and research. The 
CEEA75 carries out its activity according to the principles of European 
directive 2010/63/EU (transposed into French law 2013/2/1/ 
AGRG1238767A) and the “National Charter on the ethics of animal 
experimentation” while respecting the recommendations for specific 
procedures issued by the National Ethics Reflection Committee on ani
mal experimentation.

Mice (n = 7 per group) received bovine milk EVs (1 mg/mouse/day) 
once daily by oral gavage (100 μL) or by rectal enema (50 μL) for 8 
consecutive days, as schematically shown in Fig. 2. Ciclosporin (70 mg/ 
Kg/day) dissolved in an olive oil/ethanol mixture (9:1 v/v) was used as a 
positive control, and dPBS was used as a negative control also admin
istered by oral gavage (100 μL) or by rectal enema (50 μL) once daily for 
8 consecutive days. DSS in drinking water (2 % w/v) was used to induce 
colitis over the course of the first 5 days. Throughout the total 8 days of 
the study, mice were monitored daily for weight, stool consistency and 
for the presence of blood in their faeces. The Disease Activity Index 
(DAI) was used to assess disease severity based on weight loss, faecal 
consistency, and rectal bleeding, with scores ranging from 0 to 8, where 
higher scores indicate greater disease activity. Weight loss was scored as 
follows: 0 = <1 %, 2 = 1–5 %, 3 = 5–10 %, and 4 = >10 %. Faecal 
consistency was scored from 0 to 3, with 0 indicating normal pellets, 1 =
moderate soft pellets, 2 = partly formed stool, and 3 = watery diarrhoea. 
Bleeding was scored as 0 = no visible blood, 1 = visible blood in faeces 
and 2 = rectal bleeding. On Day 8, mice were sacrificed, dissected, and 

Fig. 5. Western blot results for bovine milk derived EVs used in (A) the laurdan assay, with no detected bands for calnexin and showing bands TSG101 at 43 kDa and 
CD81 at 26–30 kDa; (B) the release study, with no bands for calnexin and bands for TSG101 at 54 kDa and CD81 at 33 kDa; (C) the in vivo study, with three different 
batches showing no bands for the negative control calnexin and bands for TSG101 at 36 kDa and bands for CD81 at 34 kDa (n = 3).
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Fig. 6. TEM images of bovine milk derived EVs (A) and liposomes (B) as a negative control used in the laurdan study, milk EVs used in the drug release study (C) and 
milk EVs used in the in vivo study (D).

Fig. 7. Bar chart showing the laurdan GP values in different fluids for milk derived EVs and liposomes following exposure to various simulated fluids (n = 3). 
Statistically significant increases in GP values were observed upon exposure to PBS at pH 1.2 (p < 0.05), simulated gastric fluid (p < 0.01), and simulated intestinal 
fluid (p < 0.001) compared to the control condition (PBS, pH 7.4). No significant changes were observed in either EVs or liposomes at pH 6.8.
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colonic tissues were collected from the visibly diseased areas, identified 
by oedema in the DSS model, and used for microscopic analyses and the 
detection of inflammatory markers.

2.7.2. Histology
For histological analysis, colon tissues were fixed in 4 % para

formaldehyde overnight, embedded in paraffin, and sectioned. Sections 
were stained with May-Grünwald Giemsa (MGG) and scored for the 
presence of inflammatory cells and tissue damage. Scores ranging from 
0 to 6, where higher scores indicate greater colitis. Inflammation was 
scored on a scale of 0 to 3, with 0 = no inflammation, 1 = increased 
inflammatory cell infiltrate in the lamina propria, 2 = increased in
flammatory cell infiltrate in the sub-mucosa, and 3 = transmural in
flammatory cells. Tissue damage was assessed on a scale of 0 to 3, where 
0 = no mucosal damage, 1 = increased number of intraepithelial lym
phocytes (mild epithelial damage), 2 = erosions and crypt abscesses 
(moderate epithelial damage), and 3 = ulcerations (severe epithelial 

damage). All scoring was performed in a blinded manner by an experi
enced investigator.

2.7.3. qPCR quantification of inflammatory markers
Colonic tissue samples underwent total ribonucleic acid (RNA) 

extraction using a Nucleospin RNA kit in accordance with the manu
facturer’s guidelines (Macherey-Nagel, Düren, Germany). Subsequent 
reverse transcription was conducted utilising a High-Capacity cDNA 
Archive Kit, followed by quantitative polymerase chain reaction (qPCR) 
using SYBR Green (Thermo Fisher Scientific). Primer sequences were 
designed utilising Primer Express 3 (v3.0.1, Thermo Fisher Scientific). 
Melting curve analyses were performed for each sample and gene to 
validate the specificity of amplification. Quantification of target gene 
expression relied on the comparative cycle threshold (Ct) value, with 
fold changes in target genes determined utilising the 2-ΔΔCt method.

2.7.3.1. Myeloperoxidase (MPO) activity for immune system activation 
assay. MPO is present within neutrophils and is released when the im
mune system is activated thereby acting as a biomarker of inflammation 
[58]. Mice colons were homogenised in a 0.5 % (w/v) hexadecyl
trimethylammonium bromide solution in 50 mM PBS. They were then 
subjected to three cycles of freeze-thawing followed by centrifugation at 
14,000 × g for 15 min at 4 ◦C. MPO activity was assessed in the resulting 
clear supernatant by adding dianisidine dihydrochloride at a concen
tration of 1 mg/mL along with 5 × 10-4 % (w/v) hydrogen peroxide 
(H2O2). The change in optical density was measured at 450 nm. Human 
neutrophil MPO served as the standard reference. MPO activity was 
quantified in terms of units, where one unit of MPO activity corre
sponded to the degradation of 1.0 µmol of peroxide per minute at 25 ◦C. 
To standardise the readings from tissue samples, MPO activity was 
normalised to the total protein content, which was determined using the 
DC™ protein assay (Bio-Rad, France).

Fig. 8. Stacked bar graph depicting the location of recovered acridine orange 
and riboflavin following a Bligh & Dyer test (n = 2). The majority of riboflavin 
was recovered in the aqueous phase, while approximately 75 % of acridine 
orange was found in the lipid phase. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 9. Bar charts depicting the concentration of acridine orange (A) and riboflavin (B) loaded milk EVs remaining after incubation in GI fluids (n = 3). The 
fluorescence in PBS at pH 7.4 is the control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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2.8. Statistical analysis

GraphPad Prism (Version 10.1.1, GraphPad Software LLC, Califor
nia, USA) was used to plot figures and perform statistical tests. All in- 
vitro analyses were performed using one-way ANOVA followed by 
Tukey’s post hoc test as a comparison between the control fluid (PBS at 
pH 7) and all relevant GI fluids. Differences between study arms for the 
in vivo assays were assessed using the Mann-Whitney U test to account 
for any animal losses and to evaluate the differences between two in
dependent variables without assuming a normal distribution of the data. 
This approach provided a robust and reliable comparison across all 
treatment groups and time points. In all cases, p ≤ 0.05 was considered 
significant. Significance markers were used accordingly on plots: * p ≤
0.05, ** p ≤ 0.005 and *** p ≤ 0.001. Unless stated otherwise, bar on 
charts and points on plots represent mean values and error bars repre
sent standard deviation.

3. Results and discussion

3.1. Vesicle stability measured via physico-chemical properties

Following EV incubation in PBS at physiologically relevant GI pHs 
(pH 7 for the control, pH 7.4 for saliva, pH 1.2 for gastric and pH 6.8 for 
intestinal and colonic) [59], their size (see Fig. 3A), ζ potential (see 
Fig. 3B), particle concentration (see Fig. 3C) and protein concentrations 
(see Fig. 3D) were measured.

The stability of milk EVs was assessed across physiologically relevant 
GI pH levels using one-way ANOVA. There were no observed statistically 
significant (p > 0.05) differences in size, ζ potential, or particle con
centration. However, a significant (p < 0.05) difference was found in 
protein concentration. A Tukey post hoc test indicated that the colonic 
pH group had a significantly (p < 0.05) higher protein concentration 
compared to the control group, and no significant (p > 0.05) differences 
between the control and saliva groups, control and gastric groups, and 
control and intestinal groups. These results indicate that pH does not 
affect the physical characteristics of EVs and may potentially indicate 
stability. The observed increase (> 2-fold) in protein concentration for 
milk EVs at colonic pH is surprising and likely due to an error as this was 

not seen at intestinal pH, despite both colonic and small intestinal 
conditions using only dPBS at pH 6.8. TEM images confirmed the pres
ence of small EV-sized particles with lipid bilayers (see Fig. 4) but did 
not reveal differences between particles exposed to different GI pH 
levels.

These results are in accordance with other studies investigating the 
structural stability of EVs based on variations in EV size and poly
dispersity index (PDI) [37,44,60]. Further assessments of EVs in simu
lated GI fluids using physiologically relevant enzymes was impeded by 
residual GI proteins, specifically when using pepsin for gastric fluids and 
pancreatin for intestinal fluids. These residual proteins interfered with 
protein concentration measurements using the BCA assay following SEC. 
According to the Minimal information for studies of extracellular vesi
cles (MISEV) 2023 guidelines, comprehensive EV characterization re
quires total protein quantification [25]. However, the use of ExoSpin96 
for EV isolation resulted in the co-elution of a significant proportion of 
simulated GI enzymes, as ExoSpin96 retains only approximately 95 % of 
proteins. This considerable extent of GI enzymes elution complicated the 
accurate protein concentration analysis of the EVs. Therefore, alterna
tive approaches are required to assess EV stability whilst in the presence 
of these enzymes. This can be achieved by continuing with traditional 
EV characterisation techniques, while adding phospholipid quantifica
tion [61], or by loading the EVs with fluorescent probes or a drug 
payload for stability evaluation.

3.2. Physical characterisation of EVs prior to subsequent assays

Milk EVs were characterised for their size, ζ potential, particle con
centration and protein concentration prior to loading with laurdan, 
hydrophilic and lipophilic cargo for the release assay and prior to 
administration in the in-vivo assay (see Table 1). The presence of spe
cific protein markers, including CD81 and TSG101 and the absence of 
Calnexin was confirmed using Western blot analysis for the Laurdan 
assay (see Fig. 5A), the release study (see Fig. 5B) and the in vivo study 
(see Fig. 5C). Additionally, the structural integrity of the EVs was veri
fied through TEM, which revealed their characteristic cupped shape and 
lipid bilayer structure as shown by the visible thin electron-dense 
boundary around the vesicle for the laurdan assay (see Fig. 6 A&B), 

Fig. 10. Percentage change in body mass of the DSS-treated mice following administration of either PBS, ciclosporin or EVs by (A) oral gavage or (B) rectal enema 
and the Disease Activity Index (DAI) scores following (C) oral and (D) rectal administration (n = 7).
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the release study (see Fig. 6C) and the in vivo study (see Fig. 6D).

3.3. Vesicle stability measured via a laurdan fluorescence assay

Milk EVs and liposomes as a positive control were successfully 
loaded with the fluorescent dye laurdan (2-dimethylamino-6-laur
oylnaphthalene) via passive diffusion and exposed to simulated GI 
fluids. Laurdan is non-fluorescent in water but intercalates into lipid 
bilayers, exhibiting different emission properties based on the polarity 
of its environment. Variations in membrane water content cause shifts in 
the laurdan emission spectrum, quantified by calculating the general
ized polarization (GP). Tightly ordered lipids shift the maximum emis
sion spectrum to 435 nm, while a peak at 490 nm indicates a disordered 
state. The GP index is calculated using the formula: GP = (I435–I490)/ 
(I435 + I490), with values ranging from − 0.2 to 0.7. GP values closer to 
− 0.2 indicate an environment with high lipid packing, and a low 
number of hydrogen bonds (low polarity) in the probe surroundings 

whereas GP values around 0.7 demonstrate a more polar environment 
[62]. In the event of lipid bilayer disruption, water penetrates the sur
face of the bilayer driving laurdan molecules deeper into the bilayer by 
their hydrophobic lauric acid tail. Since laurdan does not fluoresce in 
water, the fluorescent signal obtained originates from the deeper bilayer 
environment where the amount of dipolar relaxation is reduced; thereby 
displaying an increase in GP values [63,64]. Milk EVs exhibited statis
tically significant increases in GP values when exposed to PBS at gastric 
pH (p < 0.05), in gastric fluids (p < 0.01) and in small intestinal fluid (p 
< 0.001) indicating lipid bilayer damage (Fig. 7). Conversely, GP values 
decreased in the presence of colonic fluids, which is likely attributed to 
the presence of surfactants such as Tween 80. These surfactants may 
localise around the EV membrane, reducing the polarity of the sur
rounding environment and thus leading to lower GP values. Liposomes 
were used as a positive control, it is known that liposomes are particu
larly unstable in gastric and small intestinal fluids, due to the presence of 
gastric acid, bile salts and pancreatic lipases [65,66]. As expected, 

Fig. 11. Bar charts indicating (A) colon length, (B) colon weight, (C) colon weight to length ratio and (D) histological scoring following administration of either EVs, 
Ciclosporin or PBS by oral or rectal administration (n = 7).
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liposomes exhibited a significant increase in GP values in the presence of 
gastric pH and gastric and intestinal fluids but not in the presence of 
colonic fluids, thereby confirming the reliability of the assay.

In this study, we observed similar trends in lipid bilayer instability 
for milk EVs and liposomes in the GI environment; given the conve
nience and cost-effectiveness of isolating bovine milk EVs, they consti
tute promising carriers for oral drug delivery if used in combination with 
colon-targeted delivery technologies. These results contrast with studies 
reporting RNA stability from human or bovine milk EVs under in vitro 
digestion conditions [43,47,51]. Agrawal et al. reported similar drug 
release profiles in PBS and fed-state GI fluids, but their study used non- 
acidic gastric pH (pH 5) and lacked enzymes, which doesn’t reflect the 
true gastric conditions [37]. Additionally, Wu et al.’s conclusion that 
increasing GP values indicate membrane stability conflicts with Para
sassi et al.’s work, which links such increases to lipid bilayer damage. 
Our results and the use of liposomes as a positive control support Par
asassi et al.’s interpretation, suggesting that Wu et al.’s conclusions may 
be incorrect [60,63].

3.4. Vesicle stability measured via drug release

Milk EVs were isolated and loaded with two different types of fluo
rescent molecules/model drugs: riboflavin, a hydrophilic drug intended 
to reside in the aqueous core of the EVs, and acridine orange (AO), a 
lipophilic dye expected to integrate into the lipid bilayer of the EVs. Both 
molecules exhibit fluorescence when excited at specific wave
lengths—450 nm for riboflavin and 490 nm for AO. The emission spectra 

showed peaks at 525 nm for riboflavin and 530 nm for AO, see Fig. S3. 
The Bligh and Dyer lipid extraction method was utilised to determine the 
distribution of riboflavin and acridine orange within the EVs and the 
results are shown in Fig. 8 [57]. It can be seen that most of the riboflavin 
was located in the aqueous phase, indicating that riboflavin is pre
dominantly situated in the aqueous core of the EVs. In contrast, three 
quarters of the loaded acridine orange was in the lipid phase and a 
quarter was in the aqueous core. It is interesting to note that while ac
ridine orange primarily resided within the lipid bilayer of the EVs, a 
small portion was also present in the aqueous core. These findings 
confirm the expected localisation of these hydrophilic and lipophilic 
molecules within the different compartments of the EVs. Our findings 
are also are in line with reports stating that a small proportion of AO 
binds to DNA and RNA located within the aqueous EV cores [67].

Upon exposure to simulated gastrointestinal (GI) fluids, milk EVs 
loaded with riboflavin showed no variations in fluorescence intensity (p 
> 0.05) following exposure to simulated GI fluids, which (Fig. 9B) 
suggests that milk EVs are capable of maintaining their hydrophilic 
cargo in the simulated GI fluids. In contrast to riboflavin loaded EVs, 
those loaded with acridine orange (milk EVsAO) exhibited a clear 
reduction in fluorescence (Fig. 9A). One-way ANOVA revealed a sig
nificant (p < 0.05) difference in fluorescence intensities across the 
different fluids. Post hoc Tukey tests indicated a significant (p < 0.05) 
decrease in fluorescence at acidic pH and in enzyme-containing simu
lated fluids, including α-amylase in saliva and pancreatin in intestinal 
fluids and gastric enzymes in gastric fluid. These findings indicate that 
milk EVsAO are susceptible to both acidic and enzymatic degradation 

Fig. 12. Scatter plots of qPCR analyses of colonic the inflammatory markers (A) TNFα, (B) IL-1b, (C) iNOS and (D) MPO (n = 7).
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and would be unstable in the stomach and in the small intestine, but 
stable in the colon. This instability for AO at acidic gastric pH and in 
simulated gastric and small intestinal fluids aligns with the instability 
observed for the lipophilic probe laurdan.

The observed maintenance of hydrophilic cargo, alongside the loss of 
lipophilic cargo, suggests that exposure to saliva, low pH, and simulated 
gastrointestinal fluids alters the fluidity of the EVs’ lipid bilayer, leading 
to leakage of lipophilic compounds. However, these changes in the lipid 
bilayer are insufficient to cause any loss of hydrophilic cargo within the 
aqueous EV core. These findings indicate that EVs are ideally suited for 
the oral delivery of hydrophilic compounds, particularly nucleic acids, 
which aligns with their preferential capacity to encapsulate hydrophilic 
biomacromolecule drugs [68]. Alongside laurdan results, these findings 
collectively underscore the vulnerability of EVs’ lipid bilayers to acidic 
and enzymatic degradation, which leads to the release of encapsulated 
drugs. Our results are aligned with those of Xu et al., who showed the 
instability of milk-derived EVs in the stomach. In their study in diabetic 
mice, a single dose of liraglutide-loaded bovine milk-derived EVs 
effectively reduced blood glucose levels after sublingual administration, 
while oral gavage was ineffective [52]. However, Xu et al.’s results also 
indicate stability of milk EVs in the saliva so that sublingually admin
istered liraglutide-loaded EVs were effective. In this respect, our data 
with acridine orange loaded milk EVs, which showed significant drug 
release in saliva fluids contradicts those of Xu et al.’s findings. It is 
possible that the difference was due to our prolonged incubation for 
saliva fluids. It is important to note that sublingual absorption is rapid, 
and the 1-hour incubation time used in this release study may not reflect 
this rapid absorption. It must also be noted that most studies on the oral 
stability of EVs have focussed on the stability of hydrophilic cargoes 
such as milk RNA in EVs isolated from human or bovine milk and have 
shown partial RNA stability upon EV incubation in simulated GI fluids 
[43,47,51].

3.5. In vivo study: EVs by oral gavage and rectal enema in an acute model 
of colitis

In this study, an acute model of colitis was induced in mice via oral 
gavage of 2 % (w/v) dextran sulphate sodium (DSS) over the course of 5 
days. Mice were subsequently administered either bovine milk-derived 
EVs in PBS, ciclosporin in a mixture of olive oil and ethanol (positive 
control), or PBS (negative control) by oral gavage (100 µL) or rectal 
enema (50 µL) daily for 8 days. Analysis of body weight variations 
indicated a significant increase in weight for mice treated with ciclo
sporin via oral gavage compared to the negative control (p < 0.05), 
whereas no significant effect was observed with rectal enema (Fig. 10). 
Notably, the administration of milk EVs did not result in any reduction 
in weight loss or disease activity index (DAI) when delivered either by 
oral gavage or rectal enema. Interestingly, oral gavage of EVs led to 
significant weight loss (p < 0.05) and an increase in DAI compared to the 
control PBS (p < 0.05).

In colitis mouse models, colon length and weight serve as crucial 
indicators of disease severity [69,70]. Inflammation in the colon affects 
muscle tone [71], leading to colon shortening, while swelling due to 
inflammation results in increased colonic weight [72]. Additionally, the 
infiltration of immune cells also results in an increase in spleen weight 
[73,74]. Macroscopic analysis of sacrificed animals revealed distinct 
outcomes across experimental groups. As expected, treatment with the 
positive control, ciclosporin, by oral gavage exhibited significant pre
ventive effects on colitis progression, indicated by increase in colon 
length (p < 0.05) and concomitant reductions in colon weight (p > 0.05) 
weight/length ratio (p < 0.05) and in histological scores (p < 0.05) 
whilst showing an increase in colon length (p < 0.05) indicating the 
expected efficacy of ciclosporin in maintaining colon integrity Fig. 11
illustrates. In this study, bovine milk derived EVs given by either oral 
gavage or rectal enema did not show any significant effects in the 
macroscopic analysis.

Analysis of colonic inflammatory markers via qPCR, as shown in 
Fig. 12, mirrored the patterns observed in weight variation and 
macroscopic analyses. Specifically, ciclosporin administered by oral 
gavage significantly reduced inflammatory markers (p < 0.05). In 
contrast, ciclosporin given rectally, as well as EVs administered either 
orally or rectally, did not demonstrate significant effects. Overall, these 
findings indicate that bovine milk-derived EVs do not exert a therapeutic 
effect in a DSS colitis mouse model.

These results do not indicate any beneficial properties for the treat
ment of colitis in DSS-induced C57BL/6 female mice when administered 
orally or rectally. These findings contradict recent studies in genetic and 
colitis DSS mouse models that reported therapeutic effects following 
oral gavage administration [39,40]. For instance, Reif et al. (2020) 
showed that oral gavage of both cow and human milk-derived EVs 
prevented significant weight loss and colon shortening in a DSS mouse 
model. Additionally, cow milk EVs significantly decreased inflammatory 
markers and lymphocyte infiltration scores. Several factors could 
explain the discrepancies between this study’s results and those of 
previous studies. One study used Balb/c mice, a strain known to resolve 
colitis spontaneously shortly after the acute phase, which may not 
accurately reflect the therapeutic potential of EVs [69,75,76]. Further
more, all previous studies used male mice, which have higher suscep
tibility to colitis than females [77], making it easier to detect significant 
improvements. When investigating therapeutic effects, it is crucial to 
demonstrate efficacy across sexes and in different animal models 
[77,78]. Moreover, previous studies varied in their outcomes, with some 
reporting only macroscopic effects and others showing changes in in
flammatory markers without consistent data. Additionally, in vitro re
sults in this study demonstrated that EVs were unstable in the upper GI 
tract, raising questions about their efficacy when administered orally. 
This was further highlighted by a study from Xu et al., which found that 
liraglutide-loaded milk EVs had no therapeutic effect when given by oral 
gavage but did when administered sublingually [52]. Moreover, in the 
study by Zhang et al., milk EVs loaded with siRNA for TNF-α showed a 
therapeutic effect when given by oral gavage to a colitis rat model, but 
milk EVs alone did not have an effect [79]. These results suggest that the 
therapeutic effects observed in some studies may be due to the loaded 
therapeutic agents rather than the milk EVs themselves. Collectively, 
this study’s results indicate that bovine milk-derived EVs do not have 
inherent therapeutic effects for the treatment of colitis in the DSS mouse 
model.

These findings, alongside the apparent stability results from physical 
characterization assays, suggest that the lipid bilayer of the EVs is 
degraded by GI fluids, leading to the degradation/release of their cargo 
while maintaining an apparent physical structure, highlighting that 
physical characterisation alone does not fully capture the stability of EVs 
as drug carriers. The results from this release study, combined with the 
laurdan assay, suggest that milk EVs are unsuitable as carriers for con
ventional oral drug delivery but show potential for targeted colonic 
delivery. Since EVs exert their preferential cell uptake abilities via the 
cargo they contain, particularly their transmembrane proteins, main
taining the integrity of the entire carrier is necessary to exploit the 
preferential uptake properties of EVs. Therefore, targeted colonic de
livery is the only suitable delivery site for EVs.

4. Conclusion

In this study, the stability of bovine milk derived EVs in simulated GI 
fluids was assessed. Firstly, the physical characteristics of the EVs were 
evaluated following exposure to the varying pH levels found in the GI 
tract, which showed no significant changes indicative of instability 
based on a one-way ANOVA analysis. To specifically assess the effect of 
enzymes on EVs, they were loaded with laurdan, a polar probe, to 
examine the stability of the lipid bilayer in GI fluids. The laurdan assay 
revealed that the lipid bilayer was damaged after exposure to highly 
acidic environments and to gastric and intestinal fluids. Furthermore, 
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milk EVs were loaded with two fluorescent small molecules, riboflavin 
(hydrophilic) and acridine orange (lipophilic) and exposed them to 
simulated GI fluids. A significant reduction in fluorescence was observed 
for the lipophilic drug, indicating EV instability, in the presence of 
saliva, gastric, and intestinal fluids. These findings confirm that EVs are 
susceptible to acidic and enzymatic degradation, highlighting that 
physical characterisation alone does not fully capture their stability as 
drug carriers. In vivo studies further demonstrated that bovine milk- 
derived EVs did not exhibit any beneficial properties for the treatment 
of colitis in DSS-induced C57BL/6 female mice model when adminis
tered orally or rectally. Overall, bovine milk-derived EVs lack intrinsic 
therapeutic properties for treating colitis and are limited for conven
tional oral drug delivery but show promise for the oral delivery of hy
drophilic compounds if used in combination with colon-targeted 
delivery technologies.
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